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The first steps have been taken to analyze the effects of small pelagic harvests on the Gulf of California ecosystem. The primary goal of this study was to estimate the latitudinal differences in regionalized baselines of endangered and threatened marine species attracted to a purse seine in a Mexican fishery of small pelagic fish. We also analyzed the spatial patterns in fishing effort in the Gulf of California. Seven zones were analyzed in the Gulf of California, including the east and west coasts, and a total of 3,051 fishing sets were analyzed during January 2013 and July 2014; the data provided a comprehensive picture of the distribution of the fishing effort, small pelagic fishes harvested, and the presence of species attracted to the fishing sets. The region in the upper Gulf of California showed a low presence of individuals, and the east coast recorded more sightings than the west coast; consequently the fishing effort was mainly distributed in the east coast. The number of individuals for several species sighted and counted by fishing set was used for each zone in the Gulf of California, and a conservative baseline based on the Pennington estimator was computed. It provided an average value of endangered and threatened marine species attracted to a purse seine for each zone. The Pennington estimator is recommended due to the precision of the confidence intervals and the nature of the uncertainty in the data collection based on sightings.
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INTRODUCTION

The first Pacific sardine fishery (Sardinops sagax) in Mexico was established in the port of Ensenada, Baja California, in the late 1920s, and there were significant records of catches there since the late 1940s, as well as later in Isla Cedros, Baja California, and Bahía Magdalena, Baja California Sur (Pedrín and Ancheita, 1976; Lluch-Belda et al., 1986; Cisneros-Mata et al., 1995; Nevárez-Martínez et al., 2014). However, as a consequence of significant declines in Pacific sardine in the Mexican Pacific, and the discovery of a significant stock of Pacific sardine and other small pelagic species in the Gulf of California, this fishing activity also moved to the Gulf in the late 1960s, becoming the basis for what is now a small pelagic fishery whose base ports are in Guaymas and Yavaros, Sonora. These ports are now extensively developed, with important fleets and the most significant industrial plant in the country (Cisneros-Mata et al., 1995; Nevárez-Martínez et al., 2014). Although this is a multi-species fishery, Pacific sardine is on average the largest proportion of total catches (Nevárez-Martínez et al., 2001, 2014; Morales-Bojórquez and Nevárez-Martínez, 2005).

Small pelagic fish are commercially caught using large vessels (23–30 meters in length and 120–220 t ship’s hold) equipped with a purse seine, an auxiliary boat (skiff) and a maximum crew size of 10 (Nevárez-Martínez et al., 2014). Fishing activities take place over a period of 22–26 days, centered on the new moon. The fishing set begins by searching for the location of schools of fish. Once a school has been detected, the purse seine is set around it, the skiff is released, and the purse seine is quickly maneuvered to surround the school. The lower part of the net is closed, pulling the purse line through the lower rings of the net. Most of the net is then recovered; leaving a bag on one side of the ship, from which the catch is uploaded to the ship’s hold using a suction pump. The incidental catch in this fishery, although very low, is mostly composed of other fish species (e.g., wavyline grunt, rough triggerfish, Pacific sierra), but jumbo squid, cannonball jellyfish, and shrimp have also been found (Nevárez-Martínez et al., 2014). Larger animals, such as marlin or dolphins, can usually be released alive by lowering a section of the net or using a dip net, and birds are kept out of the fishing gear using a jet of water and by making a lot of noise.

It is important to analyze the structure of marine communities in order to understand the regional processes and the functioning of ecosystems. There is concern over the effect of fishing on benthic and demersal environments, mainly by shrimp trawl fisheries (Jennings and Kaiser, 1998; Hall, 1999; Gislason et al., 2000). Fishing has both direct (e.g., removal of individuals) and indirect (e.g., habitat modification) effects on ecosystems. These effects include the capture of non-target species, collectively known as bycatch, which includes species that are unwanted and thrown away (discards), and species that are retained and sold (byproducts). This issue is of particular concern in the small pelagic fishery in the Gulf of California, Mexico, given that the Marine Stewardship Council has certified this fishery as sustainable (Izquierdo et al., 2020). The interaction between marine fauna and this small pelagic fishery must therefore be evaluated to understand the effects of the harvest on the coastal marine ecosystem.

The large volume of bycatch in various fisheries has contributed to the widespread belief that this practice may be causing detrimental changes to ecosystems. The effects of global fisheries on bycatch species are little known, although some studies have documented changes in specific bycatch species (Casey and Myers, 1998; Pope et al., 2000). There are also reports of the maximum sustainable yield being reached in some species of the families Lutjanidae and Haemulidae, where juveniles are present in the bycatch of shrimp trawl fisheries (Espino-Barr et al., 1997). Løkkeborg and Robertson (2002) have reported the negative effects of longline fisheries on seabirds. Zador et al. (2008) and Kimberly et al. (2009) reported the mortality of albatrosses in an Alaskan trawl fishery and a demersal longline fishery, respectively. Darby and Dawson (2000) reported the bycatch of yellow-eyed penguins in gillnets in New Zealand. Best practice seabird bycatch mitigation has been proposed by Zador et al. (2008), Lescrauwaet et al. (2013), and Melvin et al. (2014). The bycatch for combined species has also been analyzed, including seabirds and turtles (Burgoni et al., 2008), seabirds and marine mammals (Norman, 2000; Majluf et al., 2002), and fish (Madrid-Vera et al., 2007).

Mortality due to bycatch is unavoidable for several types of marine fisheries. Dillingham and Fletcher (2008) estimated the likelihood of seabirds being killed by human activity, based on the annual growth rates of the populations, current status, and management objectives. Zydelis et al. (2009) evaluated the effects of additive mortality on bird populations, applying the potential biological removal (PBR) concept to three species with the most extensive bycatch information. PBR is a viable management tool, for example, PBR thresholds can be readily estimated to populations with limited demographic information, additionally, PBR estimates are easy to update once new data becomes available.

Sampling programs are required in the Gulf of California in order to obtain reliable estimates of the effects of the small pelagic fishery harvest on marine fauna. Estimates of discards are also needed to evaluate the impact of fishing on both non-commercial species and the ecosystem as a whole (Alverson et al., 1994; Madrid-Vera et al., 2007), as well as to assess the effectiveness of technical management measures aimed at reducing incidental mortality. In the Gulf of California, the first steps have been taken in the small pelagic fishery to analyze the effects of the harvest on the ecosystem, recognizing that the fishing gear (purse seine) risks incidentally catching, killing, or injuring non-target species. In response, the Mexican fleet has incorporated several actions to avoid mortality due to bycatch, including a water curtain to prevent birds from entering the purse seine, the release of small marine mammals or birds trapped by the purse seine, and best practices among the fleet and crew to carefully handle marine fauna, thereby improving the survival of non-target species. Thus, the primary goal of this study was to estimate the latitudinal differences in regionalized baselines of endangered and threatened marine species attracted to a purse seine in a Mexican fishery of small pelagic fish. We also analyzed the spatial patterns in fishing effort in the Gulf of California.



MATERIALS AND METHODS


Marine Species Attracted to the Fishing Gear

Many marine fauna are attracted to bait, offal, and discards from fishing vessels (Zador et al., 2008), and this feeding behavior often brings these species into dangerous contact with a variety of fisheries, because fishing vessels provide a potential food source (Kimberly et al., 2009). This phenomenon occurs during the fishing sets of the small pelagic fishery, where several species are attracted. Onboard observers therefore collected marine fauna data during 2013 and 2014. For each fishing trip, observers recorded basic information on the vessels, daily fishing activities (including fishing geographical position), and catch information, which was mainly the number of species retained, discarded, and live-released, including elasmobranch and teleost fishes and ecologically related species such as sea turtles, seabirds, and marine mammals. For this group of species, the observers recorded whether the individuals were released, and whether they were alive, dead, or in poor condition. Digital photographs were taken of individuals not immediately identified, to be determined later in the laboratory.



Survey Research and Data Collection

The study area was along the continental shelf of the east and west coasts of the Gulf of California. The Mexican National Fisheries Institute (MNFI), the Mexican agency for fisheries management, conducts fisheries acoustics surveys here in the Gulf of California, analyzing the most important zones, where the occurrence, abundance and recruitment of small pelagic species are traditionally observed. The sampled region was based on a spatial modification of the areas proposed by Nevárez-Martínez et al. (2001). The information was collected in these areas, and the marine stations were surveyed over 19 months from January 2013 to July 2014 on board commercial vessels using trained observers. The fishing sets were predominantly inshore. Data analysis was focused on endangered and threatened marine species that were attracted to the purse seine in the small pelagic fishery (hereafter called “individuals attracted”) in the Gulf of California, and the status of each species was defined according to Mexican laws1 and international organizations such as the International Union for Conservation of Nature (IUCN) and the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES).



Regionalization of the Study Area

The Gulf of California is a region of high biological productivity, which is affected by a combination of bottom topography and a high degree of wind-induced mixing and upwelling from strong predominantly northwesterly winds, particularly in the midriff islands region (Lanz et al., 2009). According to Lavín et al. (1997) the ocean circulation in the Gulf of California is determined mainly by the tide and winds; whilst the residual currents in the Gulf of California promote the net transport of nutrients. These oceanographic conditions are favorable for the existence of a variety of populations of small pelagic fishes (e.g., sardines, anchovies), mainly distributed on the east coast of the Gulf of California where their abundance is greater (Sonora and Sinaloa states). In comparison, the west coast of the Gulf of California includes a low abundance of small pelagic fishes (Baja California Peninsula). A regionalization was proposed by Nevárez-Martínez et al. (2001), based on the spatial distribution of the main species harvested in the Gulf of California (Pacific sardine Sardinops sagax, Pacific mackerel Scomber japonicus, thread herring Opisthonema libertate, and northern anchovy Engraulis mordax), thus classifying 11 subzones. This study is based on a slight modification of the regionalization initially proposed, such that the data obtained from the onboard fisheries observer program was according to the spatial coverage of the different species of small pelagic fishes. The zones were identified as follows:

Zone I: This zone is close to the Biosphere Reserve of the upper Gulf of California; where a coastal area is traditionally authorized for fishing activities, and some vessels harvest small pelagic species.

Zone II: This includes an extensive oceanic area where small pelagic species are occasionally harvested. Their boundaries are defined from the south limit of Zone I to the north of Isla Tiburón (Sonora state).

Zone III: This traditional fishing ground is very well-identified and close to the port of Guaymas, Sonora state, where an important fishing industry has been established since 1960.

Zone IV: This covers the southern region of Sonora state, which is also a productive fishing ground, and where Yavaros port is located.

Zone V: This is defined from the south boundary of Sonora state to the north area of Sinaloa state; in this zone two species of thread herring Opisthonema libertate and Cetengraulis mysticetus are the most important in the fishery.

Zone VI: This zone is identified as a spawning and nursery area for Pacific sardine Sardinops sagax and anchovy Engraulis mordax; the zone is characterized by the adjacent waters to the Isla Ángel de la Guarda (Baja California).

Zone VII: This is defined from the south boundary of Baja California state to the north area of Baja California Sur state. This zone traditionally exhibits a high interannual variability in fishing pressure, which depends on the spatial availability of small pelagic fish.



Data Analysis

The data provided a comprehensive picture of the distribution of the fishing effort, small pelagic fishes harvested, and the presence of species attracted to the fishing sets. The number of individuals for several species sighted and counted by fishing set was thus used. Hsiang-Wen and Kwang-Ming (2010) and Guy et al. (2013) used this approach based on combined data. A monthly average value for species attracted was estimated for the different fishing areas defined by the MNFI. A basic assumption of the species-attracted data obtained by the onboard observers was that it had the same ratio of species attracted as the small pelagic fishery, because they were collected using the same boats and the same fishing gear used at the commercial fishery, hence their catchability and fishing power would be similar during 2013 and 2014. Given that each species identified in this study depended on the level of experience and training of the onboard observers, and given that the fishing maneuver takes place at night, when the small pelagic species are available to the fishing fleet, it was possible that the observers would miss, or fail to identify and count correctly, the number of species and organisms for each species; therefore, there is some degree of uncertainty linked to the attracted species data. Nevertheless, it was possible to estimate from the database the number and percentage of endangered and threatened marine fauna attracted, released and killed by fishing sets in the small pelagic fishery on the Gulf of California.

The Kappenman distribution estimated the average value (φ) of the species attracted, using the number of positive fishing sets according to the zones defined by the MNFI. This estimator computed the expected values of all observations, and if these were of the same magnitude as those computed by a kernel estimator, the procedure was concluded. Otherwise, the Kappenman estimator performed a replacement by recalculating the abundance of the unusually large fishing sets, estimating the average value based on a normal probability density function (Kappenman, 1999). This avoided the risk of an average value being biased by unusually large fishing sets. Pennington (1996) proposed a general model incorporating Δ-distribution and log-normal distribution into a new estimator which is useful for estimating the mean (δ) and the variance from highly skewed marine data. Pennington’s proposal is based on the product of two independent components: the probability of non-zero observations associated with the probability of positive highly abundant fishing sets (Ortiz et al., 2000). This general model is effective when the marine data shows a predominance of zero values, the presence of highly aggregated observations, or both (Pennington, 1983, 1986, 1996; Pennington and Stromme, 1998; Folmer and Pennington, 2000).



Pennington Estimator

This is a generalized probabilistic density function supported by a Δ distribution and a log normal distribution. In this study, the Pennington estimator was used for computing the average number and variance of individuals attracted by a fishing set, and the estimators are described as follows:

[image: image]

and

[image: image]

where: ρ and θ are the minimum variance of unbiased estimates of the mean and its variance of the Δ-distribution, n is the number of fishing sets, δ is the number of positive fishing sets, zi = ln (yi), [image: image] and s2 are the sample mean and variance of positive fishing sets logged values, y1 is a single (untransformed) fishing set when δ = 1, and Gδ(t) is a function of δ and t (e.g., t = s2/2) shown as:
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The minimum variance unbiased estimator of the variance of the mean (varest(ρ)) is given by:

[image: image]

when δ = n, the estimator assumes a lognormal distribution.



Kappenman Estimator

The Kappenman estimator performs a replacement by recalculating the abundance of the unusually large fishing sets, estimating an average value based on a normal probability density function (Kappenman, 1999). The basic equations for computing average value from Kappenman distribution include the kernel estimator [image: image] expressed as (Larios-Castro et al., 2021):

[image: image]

where and zi = lnyi, for i = 1,…n. The number h in the above equation is the value of h which maximizes:

[image: image]

When the statistical procedure concludes and the kernel estimator did not detect significant statistical differences between the unusually abundant fishing set and the expected values, then the analysis concludes by estimating the average value as [image: image]. Otherwise, the unusually abundant fishing set or sets are estimated and replaced as [image: image]; consequently, the average value was estimated as:

[image: image]

Both statistical procedures are widely documented in the literature, and were solved here using the functions cpuekapp (Kappenman estimator and gap function) and deltadist (for Pennington estimator) contained in the “fishmethods” package (version 1.11-1; Nelson, 2019) in the R programming language (R Core Team, 2020); the gap function finds unusually large values in vectors of random samples (Tukey, 1971; Kappenman, 1999). Finally, once the average values (φi and δi) of each zone were estimated, the baselines for each zone i, and each statistical estimator (Kappenman and Pennington) were computed as [image: image] and [image: image] (Morales-Bojórquez et al., 2008), where n was the number of monthly average values for each zone i analyzed. The baselines for each zone i therefore represented the number of animals attracted to the purse seine by a fishing set; thus, the attracted animals were those counted within the net and those that swam or flew outside. According to Blackhart et al. (2006) the baseline is defined as a set of references used for comparative purposes; it can be based on a set of standard conditions, and in this study this was established from φi and δi, as suggested by Folmer and Pennington (2000).



Spatial Distribution of the Fishing Effort and Kernel Maps

The geographical location of fishing sets was recorded. For visualization purposes, the fishing sets were mapped into the regions analyzed in the Gulf of California. Kernel maps for representing the fishing effort in the Gulf of California were estimated based on two-dimensional (Gaussian) kernel density estimation with bandwidth selected by pilot estimation derivatives (Sheather and Jones, 1991; Venables and Ripley, 2002).



RESULTS

The fishing ground on the east coast of the Gulf of California includes Sonora and Sinaloa states, where Zones II, III, IV, and V were the most important fishing areas in both years analyzed, whereas Zone I presented a reduced number of fishing sets (Figures 1, 2). The kernel maps showing the spatial concentration of the fishing effort also indicated the east coast as the predominant region. During 2013, the fishing sets exhibited high frequency, mainly toward the north region in Zone III, and a lower quantity of fishing sets at the southern limit of this same zone (Figure 3). A different spatial pattern was observed for the fishing effort during 2014, although Zone III remained a suitable region for harvest, and Zones IV and V showed a concentration of fishing sets greater that observed in Zone III (Figure 4). In comparison, the fishing effort during 2013 was concentrated on the central east coast of the Gulf of California, and during 2014 the fishing effort changed its location toward southern coasts, identifying a more extended region where the fishing sets were recorded, and even the boundary between Zones II and III were suitable for harvest. Zones I, II, VI, and VII were not identifiable as suitable regions for harvesting Pacific sardine in either year.


[image: image]

FIGURE 1. Zones and geographical locations of fishing sets in the small pelagic fishery in the Gulf of California, Mexico, during 2013.
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FIGURE 2. Zones and geographical locations of fishing sets in the small pelagic fishery in the Gulf of California, Mexico, during 2014.
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FIGURE 3. Study area showing the spatial distribution of fishing sets in the small pelagic fishery in the Gulf of California, Mexico, during 2013. The red contours indicate the geographical locations with a greater concentration of fishing effort.
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FIGURE 4. Study area showing the spatial distribution of fishing sets of the small pelagic fishery in the Gulf of California, Mexico, during 2014. The red contours indicate the geographical locations with a greater concentration of fishing effort.


Zone I corresponds to the upper Gulf of California, and showed a very low level of fishing activity, with only 204 fishing sets recorded across January, February, April, May, and June 2014 (Figures 5, 6); the baseline in this zone varied between φ = 52 and δ = 70 individuals attracted to the fishing set. For both statistical estimators, the monthly average number of individuals attracted by fishing sets varied from 104 (May) to 6 (June). Zone II showed baseline values (φ = 30 and δ = 33), estimated from 295 fishing sets from March 2013 to July 2014. The comparison of statistical estimators showed similar minimum and maximum values, which were observed during July 2013 (14 monthly average individuals attracted to the fishing set), and April 2014 (53 monthly average individuals attracted to the fishing set), respectively. This zone had a spatial coverage for the east coast in the Gulf of California (Figures 5, 6).
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FIGURE 5. Monthly average values estimated for endangered and threatened marine fauna attracted by fishing sets based on the Kappenman estimator. The discontinuous line represents the expected value of individuals released alive by fishing set, defined by the φ value.
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FIGURE 6. Monthly average values estimated for endangered and threatened marine fauna attracted by fishing sets based on the Pennington estimator. The discontinuous line represents the expected value of individuals released alive by fishing set, defined by the δ value.


Zone III was found to be a suitable area for the small pelagic fishing fleet, 802 fishing sets being recorded here. The baselines for both statistical estimators were φ = 39 and δ = 44. There was an estimated increase in the monthly average of individuals attracted between November 2013 and January 2014. Monthly averages of 39 and 160 individuals were thus estimated during November 2013 and January 2014, respectively. A low presence of organisms was recorded for several months (January, February, and April 2013), varying from 3 to 7 individuals attracted to the fishing set (Figures 5, 6). There were also a large number of fishing sets (867) in Zone IV. The baselines for the statistical estimators were φ = 19 and δ = 20, indicating a similar performance for both. Nevertheless, the monthly average values from February to June were relatively stable, showing only a slight increment for the Pennington estimator (from 27 to 32 individuals attracted to the fishing set), in contrast to the Kappenman estimator. An increase in the average number of individuals attracted was observed from May to August 2013. Considering the variation between the two statistical estimators, the monthly average of individuals attracted varied from 5 to 31 (Figures 5, 6). In comparison, the number of individuals attracted in this zone was less than that observed in Zone I.

In Zone V, 595 fishing sets were recorded; the baselines were φ = 26 and δ = 29. The fishing sets during 2013 were reduced (145) in this zone, and only occurred during January, August, November and December, in comparison to 2014 when there were 450 fishing sets from January to July. In Zone VI, 106 fishing sets were analyzed; the baselines were φ = 37 and δ = 49. Only 3 months were sampled in this zone, January 2013, and March and May 2014. In comparison, Zone VI showed the lowest harvest in the Gulf of California (Figures 5, 6). Finally, Zone VII, located on the west coast of the Gulf of California, exhibited similar baselines of φ = 24 and δ = 25, both estimated from 182 fishing sets, which were recorded from April to July 2013, and from February to April, and June 2014 for the Pennington estimator. The Kappenman estimator showed the same temporality, except in April 2013, when the data did not provide a monthly average of individuals attracted due to the limited fishing sets (10) (Figures 5, 6).

During the study period, 3,051 fishing sets were sampled, and the mortality of endangered and threatened marine fauna from the Gulf of California was 260 individuals. They were identified as follows: (a) sharks Carcharodon carcharias (1), and Sphyrna lewini (1); (b) fishes Hippocampus ingens (4), Totoaba macdonaldi (3), and Pomacanthus zonipectus (2); (c) reptiles Chelonia agassizii (2); (d) birds Pelecanus occidentalis (107), and Sula nebouxii (100); and (e) marine mammals Zalophus californianus (2), Tursiops truncatus (24), and Delphinus capensis (14). Of the 260 organisms that died, the highest mortality proportions were estimated for brown pelican P. occidentalis (41%), blue-footed booby S. nebouxii (38%), and common bottlenose dolphin T. truncatus (9%). The species of whale shark Rhincodon typus and olive ridley sea turtle Lepidochelys olivacea were also sighted by onboard observers, although these species did not exhibit interaction with the fishing sets during the study period (Table 1). Other species frequently attracted by fishing sets were members of the cnidarian, gastropoda, crustacean, cephalopoda, osteichthyes and chondrichthyes taxonomic groups, grouping approximately 13 species, which are not classified as endangered or threatened marine fauna (Table 2).


TABLE 1. Endangered and threatened marine fauna attracted by fishing sets in the small pelagic fishery in the Gulf of California, Mexico.

[image: Table 1]
TABLE 2. Species most frequently attracted by fishing sets in the small pelagic fishery in the Gulf of California, Mexico.

[image: Table 2]The interaction between marine fauna and fishing sets included the number of organisms for whatever species was attracted to the fishing maneuver, as well as the number of organisms released and dead by species. In this study, the species released included individuals that interacted with the fishing gear and freely moved away from the fishing maneuver; this was mainly birds and marine mammals, so that few individuals were released for the fishers, and the low impact on these species of endangered and threatened marine fauna was observed in the high values of organisms released, which was greater than 88% (Table 3). In contrast, the taxonomic groups of sharks, fishes and reptiles exhibited a lower percentage of individuals released; although the number of organisms attracted to the fishing sets were also low; for example, the number of individuals attracted in these species varied between 3 (reptiles) and 12 (sharks). The fishes were characterized by Hippocampus ingens, Totoaba macdonaldi, and Pomacanthus zonipectus; if a fish species is captured it is difficult to release it alive, although the frequency of these fishes was extremely low, only nine individuals were recorded as bycatch from January 2013 to July 2014 (Table 3). The incidental catch of these fishes is not strictly conditioned as species attracted to the fishing sets, and their capture is an exceptional event in the small pelagic fishery.


TABLE 3. Number of organisms of endangered and threatened marine fauna attracted, released, and killed by fishing sets in the small pelagic fishery from the Gulf of California, Mexico.

[image: Table 3]


DISCUSSION

This study is the first analysis of endangered and threatened marine fauna attracted by fishing sets in a small pelagic fishery, including different species attracted to bait, offal, and discards from fishing vessels, and therefore, these species may have been temporally vulnerable to mortality. According to Gislason et al. (2000), incidental mortality is unavoidable in several marine fisheries. The estimates of this study, obtained using Kappenman and Pennington estimators provided two different average values of individuals attracted during each fishing set realized; both statistical distributions exhibited a high level of performance when the biological data was skewed. The presence and number of organisms varied greatly across zones, and depended entirely on the ability of the onboard observers to identify and count individuals.

It was not possible in this study to compare the Kappenman and Pennington estimators. Both estimators are useful for computing average values, but they are not goodness-of-fit functions, and therefore cannot be statistically discriminated (Hilborn and Walters, 1992). Nevertheless, both estimators indicated similar average values based on different statistical assumptions (Pennington, 1996; Kappenman, 1999). The application of both estimators was thus necessary because the information was collected in terms of animals sighted rather than dead, increasing the degree of uncertainty in the observations, including misidentifications and unaccounted numbers of animals, as well as the experience of the onboard observers (Uhlmann and Jeschke, 2011). The probability of identifying whether an individual is alive or dead may also be associated with specific environmental (e.g., sea state, visibility), technical (e.g., gear type, fishing strategy), or biological (e.g., body size, behavior, abundance) conditions (Uhlmann and Jeschke, 2011).

Cisneros-Mata et al. (1995) and Nevárez-Martínez et al. (2001) explained that the east coast of the Gulf of California is the main fishing marine area of the small pelagic harvest, mainly Sardinops sagax. Zones I and II along this coast in the northwestern part of the Gulf of California showed reduced fishing activity, as they were important sites for the spawning, mating and nursing of numerous species of commercial and ecological importance, including areas where fishing activity is limited and/or forbidden (Aragón-Noriega and Calderon-Aguilera, 2000). Despite the low presence of the fishing fleet in these regions, however, their average values were relatively high. Zones III, IV, and V were preferred by the fishing fleet, and the average number of individuals attracted by fishing set varied from 19 to 44. In comparison, the west coast did not vary notably in terms of the average number of individuals attracted into Zone VII (φ = 24, δ = 25 organisms). The average values estimated for each fishing zone from the Gulf of California may prove useful management criteria in order to avoid high rates of incidental mortality. According to Pitcher and Pauly (1998), baselines must meet three basic assumptions: (1) that there is a natural baseline which can be identified and agreed upon; (2) baselines can be described accurately; and (3) baselines can be restored. The actions implemented to improve the survival of non-target species caught by the Mexican small pelagic fishery, and their effects on endangered and threatened marine fauna require baselines, and a conservative baseline is recommended. The Pennington estimator may be useful for this purpose, considering the precision of its confidence intervals and the nature of the uncertainty involved in data collection regarding endangered and threatened marine fauna.

Undoubtedly, the number of organisms interacting with this fishery was very high and the mortality due to bycatch was extremely reduced (260 organisms). This result was similar to that reported for the sardine purse seine fishery on the southern coast of Western Australia, where only 30% of the fishing trips caused bycatch (Norriss et al., 2020). In comparison, the estimated bycatch of the purse seine fleets in south-central Chile affects the survival of birds such as the sooty shearwater (Ardenna grisea), Magellanic penguin (Spheniscus magellanicus), and Guanay cormorant (Phalacrocorax boungainvillii). Although specific studies are required to analyze the effect of the bycatch on the sardine fishery in the Gulf of California, the results suggest that the fishing gear used to catch small pelagic species has little impact on the ecosystem; the incidental catch is low, and even negligible for some taxonomic groups, such as birds, sharks, fishes, and reptiles. Management actions must be implemented to this end, and the incidental mortality rate in this fishery must be continuously monitored, particularly for the current status of species analyzed in this study.

The sardine fishery provides an abundant, easy and predictable food source for many opportunistic species, such as seabirds or marine mammals; however, this modified feeding behavior also exposes them to threats, such as accidental bycatch (Le Bota et al., 2019; Wise et al., 2019). The mortality caused by bycatch in the Mexican sardine fishery (purse-seine fleet) is less than that reported for fishing gear such as longlines, gillnets, trammel net or bottom trawl, where there is a severe impact for bycatch on several marine populations and the marine ecosystem (Hamilton and Baker, 2019; Holland and Martin, 2019; Zhou et al., 2019; Calado et al., 2021; Simeone et al., 2021). Thus, this study was focused on the estimation of regional baselines for the bycatch of endangered and threatened marine species attracted to a purse seine in the Mexican small pelagic fishery; these baselines quantify the number of organisms attracted to the fishing gear, which could potentially be killed due to accidental bycatch, although the results suggested the high survival of organisms successfully released by the fishers.

The fishing effort was concentrated on the east coast of the Gulf of California (Zones III, IV, and V), the traditional fishing grounds reported for Sardinops sagax (Cisneros-Mata et al., 1995), indicating that the fishing fleet had a very low harvest in the Biosphere Reserve of the upper Gulf of California and the spawning and nursery area for Pacific sardine. The effects of the annual bycatch on the pool of endangered and threatened marine species showed low mortality proportions; a similar situation was reported by Norriss et al. (2020) where zero mortalities for seabirds on at least 70% of trips were recorded during 2009–2018. Conversely, Simeone et al. (2021) reported high mortalities of seabirds; approximately 19,000 individuals of 16 species were killed over 14 years (2005–2019).

The framework for the spatial analysis of the bycatch for the pool of endangered and threatened marine species incidentally harvested by the Mexican fishing fleet requires adequate hypotheses. First, the effects of the fishing effort must be quantified for the total number of species incidentally caught; the pool of endangered and threatened marine species is particularly relevant for conservation goals, however, there are more species susceptible to incidental harvest. According to Gordoa et al. (2006), the importance of the fishing effort can be assessed through the changes in catchability for the target species; they also found a strong negative relationship between monthly catch rates for Namibian Cape hake and bycatch; when the catch rate diminished, the bycatch increased. Second, the bycatch analytically estimated using Pennington and Kappenman estimators indicates its temporal variability in two hypothetical distributions, and the selection of the best estimator requires further analysis, such that it can be used for a spatial analysis with the lowest uncertainty possible.

Studies of incidental mortality are relevant because they allow an understanding of the potential effects on non-target species and their populations; indeed, the objective is to reduce the vulnerability of these species (Lawrence and Bazhin, 1998). In this study, the bycatch in the Mexican small pelagic fishery was not strictly analyzed, because the field data of incidental mortality showed a very low frequency and was only useful for descriptive purposes. A total of 3,051 fishing sets were sampled during the fishing seasons in 2013 and 2014, with a mortality of 260 individuals. The contribution to the implementation of actions to improve the survival of non-target species should be monitored from the specific baseline for each zone, so that the impacts on the populations constituting the non-target species can be analyzed in the future.



CONCLUSION

In the small pelagic fishery, a conservative baseline based on the Pennington estimator was estimated for each zone in the Gulf of California, considering the precision of the confidence intervals and the nature of the uncertainty in the data collection based on sightings. The upper Gulf of California region showed a low presence of individuals, and the east coast of the Gulf of California recorded more sightings than the west coast; consequently the fishing effort is mainly distributed in the east coast. The number of organisms interacting with this fishery (seabirds, fishes, reptiles, marine mammals, and sharks) was very high, and the mortality due to bycatch was extremely reduced.
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FOOTNOTES
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