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This study presents an overview of bivalve assemblages in Bahia Magdalena (BM, México) and the possible impact of environmental variability on these populations, constantly stressed by fishing. This lagoon is responsible for a high proportion of harvest of regional bivalves. First, we list the bivalve species reported in public biogeographic databases. Based on eight commercially exploited species, we described the composition of the bivalve assemblage and its biological characteristics, the history of fishery, and environmental variability in the marine area adjacent to the lagoon (1970–2019) and the habitat of bivalves (2002–2020). Sources of data were public databases and published literature. The enlisted species (n = 184) belong to six orders, and most are small and infaunal, but the structure of the assemblage is unknown. The fisheries began at different times and focused on the most valuable resources. Almost all harvest of bivalves had wide variations because of intensive fishing and a weak regulation frame. After 2015, the main resources were the Pacific wing-oyster (a new resource since 2017) and the geoduck clam due to the declining abundance of other resources (e.g., pen shells, Pacific calico scallop). There was a warming trend in the region since the 1970's, but the strongest El Niño-Southern Oscillation (ENSO) phases caused the most notable changes before 2013; after that year, a combination of large-scale phenomena increased the temperature significantly. The trend of chlorophyll-a abundance negatively correlated with temperature, but there was an almost constant supply of particulate organic matter in the interior of Bahia Magdalena (BM). After 2015, the quality of lagoon water gradually deteriorated, and in 2017 and 2019, harmful algal blooms developed, but the impact was not fully assessed. The challenges faced by the fishery are multiple (institutional weakness and regional warming); however, permanent monitoring programs of environmental conditions and critical biological variables should be implemented to design scenarios that allow fishery sustainability.
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INTRODUCTION

The diversity of bivalves in the American Tropical Pacific is high, especially between the Gulf of California and Peru, with latitudinal differences (Roy et al., 2000); on the western coast of Baja California, diversity decreases, so at the 24°N parallel, around 200 species have been recorded (Coan and Valentich-Scott, 2012), composed mainly of infauna species (80%). Bivalves provide numerous ecosystem services, including particle removal, carbon fixation, sediment stabilization, and protection against storm surges, among others (Brumbaugh and Toropova, 2008). On the other hand, clams accounted for 2% of the Mexican Pacific fishing catch in 2018 (CONAPESCA home page1), and the Baja California Sur (BCS) state contributed around 70% of the total, and ≈22% of the income of the state from fishing corresponded to bivalves.

The coastal lagoon system Bahia Magdalena-Bahia Almejas (BM-BA) is the most important source of bivalve fisheries from BCS and the Mexican Pacific. It is considered a biological activity center (BAC) because of its high productivity and biodiversity (Lluch-Belda, 2000; Funes-Rodríguez et al., 2007). Fourteen species support fisheries (Baqueiro et al., 1982a); however, the most valuable are the California Venus (Chione californiensis), frilled Venus (Chione undatella), pustulose ark (Anadara tuberculosa), squalid callista (Megapitaria squalida), Pacific calico scallop (Argopecten ventricosus), pen shells (Pinna rugosa, Atrina maura, Atrina oldroydii), and the geoduck clam (Panopea globosa).

Commercial fisheries began between the 1970 and 1990's, except for the geoduck clam, which began in 2005 (Félix-Pico, 2006; Amezcua-Castro, 2014; Magadán-Revelo, 2015). Commercial harvest has had wide variations during its history; however, from 2014 to 2017, almost all species were scarce. Squalid callista and pen shell populations were classified as “overexploited” (DOF, 2017, 2018b), and the Pacific calico scallop reached a low density that the fishery was closed for several years. The primary support of the fishery was the geoduck clam, complemented with Venus clams and pustulose ark, whose value is significantly lower. In 2017, fishermen began to harvest the Pacific-wing oyster to compensate for the declining of most valuable species (Barrón-Barraza, comm. pers.).

One hypothesis to explain the decrease in catch is that the lagoon system has been undergoing significant environmental changes since 2010. The variability of Physico-chemical characteristics and the plankton communities in BM-BA depend on periodic fluctuations of the California and Mexican currents and large-scale climatic processes, such as the El Niño-Southern Oscillation (ENSO) phenomenon (Gárate-Lizárraga and Siqueiros-Beltrones, 1998; Palomares-García et al., 2003; Jiménez-Quiroz et al., 2019). Other large-scale climatic processes, such as the Pacific Decadal Oscillation (PDO) and the North Pacific Gyre Oscillation (NPGO), also affect BM, because they influence the California current and the transport of nutrients from north of the Pacific to Baja California (Di Lorenzo et al., 2008). Marine heatwaves, The Blob (2013–2015), and the 2019 and 2020 North Pacific Marine Heatwaves (NEP) have also disturbed all-region conditions. On the other hand, global temperature has been increasing since the 1970's, and the 2014–2017 span has been the warmest since the measurement of temperature began in the nineteenth century (NOAA, 2021).

The quality of water in BM, described with the trophic index (TRIX, 2015–2019), has seasonal changes. It has low values during winter and autumn, indicating oligotrophic-mesotrophic status, and eutrophic during spring and at the beginning of summer when coastal upwellings are more frequent and stronger (Cervantes-Duarte et al., 2021). However, there was a gradual deterioration in the quality of water over the last 5 years. In 2019, a harmful algal bloom (HAB) covered the adjacent marine region and the interior of the lagoon system. HABs are recurrent phenomena in the NE Pacific; on the western coast of the United States and Latin America, they are common in the El Niño years and affect ecosystems (composition and function), fisheries, and even human health (Müller et al., 2020). However, there is little information on the southern region of Baja California, including BM-BA, because of the absence of a systematic sampling program.

In this context, this study presents an overview of bivalve assemblages in BM and the possible impact of environmental variability on these populations, constantly stressed by fishing. First, we compile a list of species and their biological characteristics in biodiversity databases to show the biological richness of BM; we describe the commercially exploited biological characteristics of species to have insight into the assemblage characteristics of the bivalves. Also, we depict the history of bivalve fisheries, including the regulations of fishing authorities, to illustrate the intensity of the harvest. The environmental characteristics were described from 1970 to 2019 in the oceanic zone and from 2002 to 2020 in the interior of BM to show the variations in temperature and food availability indicators. This theme includes an analysis of the trophic state and water quality from 2015 to 2019 when high temperatures prevailed. Finally, we discussed the impact of fishing and environmental variability on commercial bivalve abundance, and pointed out the importance of monitoring the harvest, biological characteristics, and environmental variability.



METHODS


Study Area

The Bahia Magdalena (BM)-Bahia Almejas (BA) system is at the coordinates 24.26–25.75°N, 111.33–112.30°W (Figure 1A) in the southwestern coast of Baja California, a transitional zone between tropical and temperate environments. BM circulation is an anti-estuary type, because it is located in a semi-arid zone and lacks permanent continental drainages. The Channels Zone (CZ; 137 km2) is constituted by several tidal channels lined by mangal, and it communicates BM with the Gulf of Ulloa at the north. BM (883 km2) has two zones according to depth and thermohaline structure: the inner is shallow (<20 m) and occupies approximately half of the surface of the lagoon; it is well-mixed, so the vertical distribution of salinity, temperature, nutrients, and chl-a is homogeneous (Cervantes-Duarte et al., 2010; Zaitsev et al., 2010). The deeper zone (>20 m) communicates with the ocean through an inlet and receives the influence of marine processes as the coastal upwelling (Zaitsev et al., 2010). BA (370 km2) communicates with BM through the La Gaviota channel; this lagoon is shallow and smaller than BM.
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FIGURE 1. Bahia Magdalena (BM) (A) location and banks of commercial species (B). In (A), the sites used for hydrological and plankton sampling were from s1to s9, while for the habitat analysis made with MODIS-Aqua data, we added the sites h1–h12 for NSST and h3–h12 to chl-a and POC.


Coastal upwellings are the primary source of BM nutrients, and tidal currents advect the cold, nutrient-rich water from the ocean into the lagoon (Zaytsev et al., 2003; Cervantes-Duarte et al., 2010). During spring, upwellings are stronger, so temperature diminishes, and nutrient concentrations (nitrate and phosphate, mainly) increase; ammonium is also higher in this period because of high biological activity. The temperature is high, and upwelling strength and the advection of nutrients are lower in summer and autumn, although it may have strong upwellings in the fall (Cervantes-Duarte et al., 2013). The temperate California Current (winter-spring) and a coastal current from the Mexican tropical Pacific and the Gulf of California (Durazo, 2015; Gómez-Valdivia et al., 2015; summer-fall) influence this region periodically. Global-scale climate processes, such as the ENSO and PDO among others (Sydeman et al., 2014), enhance the tropical or temperate characteristics according to their phase.



Bivalvia Community Characteristics

The list of species was obtained from published literature (Abbott and Dance, 2000), the Global Biodiversity Information Facility (GBIF.org, 2020), the Ocean Biodiversity Information System (OBIS), and the National Commission for the Knowledge and Use of Biodiversity (CONABIO in Spanish) datasets. Information on its size, distribution, and habitat was obtained from the same databases. The length of the bivalve of 156 species obtained from the literature was classified as very small (VS), small (S), medium (M), large (L), and extra-large (XL); percentiles define the superior limit of each class: 0.25 (30 mm), 0.5 (53.4 mm), 0.75 (86 mm), 0.9 (140 mm), and >140 mm.

The biological characteristics (size, reproduction, habitat, and feed-habits) of the commercial species were obtained from several post-grade theses, articles, and other published literature. A map with locations of banks was made with data from Magadán-Revelo (2015), Amezcua-Castro (2014), and Morales-Zárate (2006).



Fisheries History and Trend

Historical time series were inferred from the Fisheries National Charter (DOF, 2018a), published literature (Félix-Pico, 2006; Amezcua-Castro, 2014, among others), the “Información Estadística por Especie y Entidad2” database available at the home page of the Fisheries and Aquaculture National Commission (CONAPESCA in Spanish), in the section from the San Carlos Fisheries Office (Oficina de Pesca de San Carlos), and the Secretary of Fisheries, Aquaculture and Agricultural Development of the state of Baja California Sur. Fishing activity is reported to CONAPESCA authorities by economic units (EUs), including fish production cooperative societies, permit holders, and rural production societies. EU number was used as an indicator of the evolution of fishing effort. On the other hand, data of harvest refer to the whole clam, including shells.



Environmental Characteristics

We analyzed three periods: the first was from 1970 to 2019 to describe the variability of marine conditions at large and local scales, although harvest data were unavailable at the beginning of the series; this span was selected to include several phases of ENSO, PDO, and NPGO. The second one was from 2002 to 2020 to describe the temperature and food availability in the habitats of bivalves, and the third included 2015–2019 to identify trophic state and water quality. The first two were analyzed with remote sensing tools and the third with in situ measurements.

The large-scale marine conditions were described with the climate indices: PDO3, ONI4 (Oceanic El Niño Index), and NPGO.5 The temperature of the marine surroundings of BM-BA was analyzed with the sea surface temperature (SST) Reynolds' reconstructed series6 of the quadrants centered at 23°N, 125°W, and 25°N, 125°W. Standardized temperature anomalies were calculated with the 1961–1990 average and standard deviation. The relationship among SST anomalies with global-scale climate indices, air temperature anomalies in Ciudad Constitución, a city 50 km close to the lagoon (altitude: 50 m), and Bakun Index (BI) anomalies, was described by multiple regression analysis. The trend of SST and residuals was described by simple regression.

The Bakun Index, calculated by the Pacific Fisheries Environmental Laboratory NOAA7 for the 1° quadrant centered in 24°N 113°W, described upwelling strength and seasonality. The trends of the monthly averages and their anomalies were described with a simple regression method. Chlorophyll-a (chl-a) concentration from September 1997 to June 2018 was obtained from the OC-CCI product (v.4) of the European Space Agency (ESA) on monthly compounds with a resolution of 0.04166° (~4 km) from ERDDAP8 database gestor. The quadrant (24.27–24.89°N; 113.02–111.02°W) encompassed 491 pixels. All monthly images were used because the percentage of the image with chla-a values ranged from 85 (September 1997) to 100% (October 2007). Standardized anomalies were calculated with September 1997 to September 2013 average and standard deviation; we did not include posterior months to avoid the bias caused by The Blob and El Niño. The trend in chl-a anomalies from 1970 to 2019 was estimated with a multiple regression equation [R2 = 0.32, F(4,245) = 29.431, p < 0.01].

Chl-a anomalies = −0.0867–0.2218 (SST anomalies) + 0.216 (NPGO) +0.0029 (BI anomalies) −0.0905 (PDO).

An unrotated principal component analysis (PCA) was performed with basin (climate indices) and local scale variable anomalies (SST, chl-a, and BI) from 1998 to 2018 to identify variables that explain the system variance. The PC1 and PC2 factor scores were standardized.

The variability of the bivalves' habitat was characterized using the night SST (NSST) and the chl-a and particulate organic carbon (POC) as food availability indicators. Values in 16 sites for NSST and in 14 sites for chl-a and POC (Figure 1A) were extracted from weekly composite Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua images from 2002 to 2020 from the Giovanni-NASA database.9 The standardized anomalies were calculated with the mean and standard deviation from the 2003 to 2013 span, and they were used in two Varimax normalized rotated PCAs. The first was done with the data of each site by variable to identify the distribution patterns (zones) according to each PC; the original data of the sites were averaged to describe the seasonal pattern (2003–2013) and time series trend (2002–2020) of each zone. The second PCA was performed with all the data to identify the most relevant variables and sites in the habitat of the bivalves. Marine (from 1970 to −2019 dataset) and BM (inlet vicinity) temperature anomalies from July 2002 to October 2019 were correlated to determine if the former is an indicator of BM variability before 2002. In this analysis, the anomalies were calculated with 10 years (July 2002–December 2013) to be comparable.

The relationship between the bivalves and the environment was analyzed using the monthly harvest data of the squalid callista and the Pacific calico scallop (July 2002–December 2020) with the NSST, chl-a, and POC measured in their habitat (Figure 1B). The data of the Pacific calico scallop (1982–2020) by annual harvest season (expressed as logarithms) were correlated with the average number of strong upwellings (IB > 100 m3 s per 100 m of coastline) by the astronomical season of the same year and the year before. We assumed that the strongest upwellings, the primary fertilization mechanism (Zaytsev et al., 2003), may indicate the introduction of larvae into the lagoon (Morales-Zárate, 2006), and that scallops reach harvest size in ~12 months.

Samples for the hydrological analysis were obtained in monthly campaigns (one per month) carried out at nine sites (s1–s9 in Figure 1), taken at two depths (four sites) and three depths (five sites) during neap tides from January 2015 to December 2019 (Figure 1). Samples for the chl-a analysis were filtered with GF/F fiberglass filters; the content of the filters was used to extract chl-a according to the procedure of Venrick and Hayward (1984). Concentration was estimated with the method by Jeffrey and Humphrey (1975) using a Spectronic Genesys-2 spectrophotometer. Nutrients [nitrite (NO2), nitrate (NO3), phosphate (PO4), and total phosphorus (PT)] were determined using QuikChem 8500 Series 2 Flow Injection Analysis System (Lachat Instruments, Milwaukee, WI, United States); ammonium (NH4) was determined using the method described by Strickland and Parsons (1972). The detection limit of the nutrient analytical methods was 1% precision below 10 μM.

The water quality and trophic level of BM from January 2015 to December 2019 were described with the TRIX index: TRIX = (Log 10 (chl-a × aD% O × DIN × PT) + k)/m:

where chl-a is chlorophyll-a concentration, in μg/L; aD% O is the absolute percentage deviation from oxygen saturation, 100–% OD; DIN is the concentration of dissolved inorganic nitrogen (∑N-NO2, N-NO3, N-NH4), in mg L−1; and PT is total phosphorus, in mg L−1. The constants k = 1.5 and m = 12/10 = 1.2 are scale values introduced to associate TRIX values with eutrophication levels (Barraza-Guardado et al., 2014; Pérez-Ruzafa et al., 2019). The TRIX values range from 0 to 10 and define four trophic status levels: 0–4 (oligotrophic), 4–5 (mesotrophic), 5–6 (mesotrophic to eutrophic), and 6–10 (eutrophic).

The distribution of TRIX into BM was described by hierarchical cluster analysis (CA), carried out with the unweighted pair group average method using arithmetic averages. We also performed a nonmetric two-axis multidimensional scaling analysis (MSA). The analyses showed two sets of data; the first is compound by internal sites (s1, s2, s3, s9, and s5) and the other by the sites closest to the inlet (s6, s7, and s8), so each set of data was averaged to describe its trend. All the statistical analyses were performed with Statistica v.8 (StatSoft, 2007; Statsoft, Tulsa, OK, United States).

The history of harmful algae blooms in BM-BA was obtained from Gárate-Lizárraga et al. (2016) and Jiménez-Quiroz et al. (2019). There were also systematic campaigns to collect phytoplankton that developed simultaneously to hydrological sampling in nine sites (s1–s9) from 2015 to 2018, while in 2019, it was done in June, during HAB occurrence. The sampling and processing methods are described in Jiménez-Quiroz et al. (2019).




RESULTS


Biological Characteristics of the Mollusks From Bahia Magdalena

The GBIF, OBIS, and CONABIO databases enlist 184 species of bivalves belonging to 14 orders and 42 families (Table 1, Supplementary Material), and 78.4% of the species were of the orders Cardiida (cockles), Venerida (clams), Ostreida (oysters), Mytilida (mussels), Arcida (arks), and Pectinida (scallops). The classification by size of 156 species showed that very small bivalves (<30 mm) were a little more abundant (26.9%) than the small (23.08%), medium (25.6%), large (17.31%), and extra-large ones (7.05%).


Table 1. Biological characteristics of commercial bivalves from Bahia Magdalena-Bahia Almejas (BM-BA), BCS, México.
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There are no reports on the community structure of mollusks and most biological characteristics of BM-BA bivalves. However, according to the literature and databases, the feeding strategies of 127 species were suspension feeders (84%), deposit feeders (12%), and chemiosymbiosis (4%). The main ecomorphology guild was infaunal (58%), followed by epifaunal (27.17%), semi-infaunal (8.15%), endolithic, (4.34%), and 2% undefined. Most species are suspension feeders, regardless of their size and habitat (Figure 1, Supplementary Material). All the epifaunal species are suspension feeders, while among the infaunal, there are some deposit feeders, mainly of larger species than medium size. Among the smaller species, there is a greater diversity of both habitats and types of food.

The commercial bivalves, a sample of medium to extra-large species, inhabit different habitats (Table 1). Infaunal species such as Chione spp., A. tuberculosa, M. squalida, and P. globosa are buried in soft bottoms (Schweers et al., 2006; Amezcua-Castro, 2014). The smaller clams are in shallow areas (1–5 m depth) at depths lesser than 30 cm into the sediments (Chávez-Villalba et al., 2019) in the vicinity of channels (Figure 1B). Squalid callista often forms large banks with Megapitaria aurantiaca and Dosinia ponderosa (Baqueiro et al., 1982a); both are large species and commercially harvested. Geoduck clam is buried from 60 to 100 cm in the central part of BM (10–20 m depth), where the temperature ranges from 18 to 22°C because of the entrance of ocean waters through the inlet. Semi-infaunal species P. rugosa and A. maura live in the intertidal zone, while epifaunal species, such as A. ventricosus, live in a greater variety of substrates, but their banks are in protected areas (Baqueiro et al., 1982a; Massó-Rojas, 1996). Scallops appear in pulses in BM and can move great distances during their juvenile stage carried by currents and contracting their valves. One hypothesis establishes that larvae are transported by tidal currents and wind forcing currents (strong westerly winds) into the lagoon system from banks outside BM-BA. Juveniles settle in seagrass beds (Maeda-Martínez et al., 2000; Morales-Zárate, 2006).

Most species are gonochoric, but the pen shells (A. maura, P. rugosa) and A. ventricosus are functional hermaphrodites. A maura is a protandric species that presents sexual reversion after 18 cm of shell height is reached. A. tuberculosa and M. squalida are casual hermaphrodites. The age of sexual maturity is around 1 or 2 years for all the species, except geoduck (3 years), while the size of sexual maturity is variable and related to environmental conditions (Table 1). A. tuberculosa and Chione spp. spawn all year-round, but in the former, there are two peaks (black band in Figure 2A), and in the latter a long peak from July to November (black band Figure 2B); spawning peaks are related with temperature and food availability (García-Domínguez et al., 2008; Flores-Pérez, 2017). M. squalida spawning is all-year-round, with peaks in different months depending on the year (Table 1; black band Figure 2C). A. ventricosus is a semelparous species (Baqueiro and Aldana-Aranda, 2003), and its spawning is continuous, with peaks in spring (Figure 2D), correlated with temperature and the seston characteristics (Félix-Pico, 2006).
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FIGURE 2. Seasonal variations in harvest (period: 2006–2014) and reproductive season (upper bar gray). The spawning months (black) were drawn according to *Pérez-Medina, 2005, **García-Domínguez et al., 2008 (Pustulose ark: Anadara tuberculosa); Flores-Pérez, 2017 (Venus and frilled clams: Venus spp.); Amezcua-Castro, 2014 (callista squalida: Megapitaria squalida); Félix-Pico, 2006 (Pacific calico scallop: Argopecten ventricosus); Camacho-Mondragón, 2014; Gómez-Valdivia et al., 2015 (Pen shells: Atrina maura, Pinna rugosa); Morales-Gómez, 2013 (Geoduck clam: Panopea globosa). Box graphs represent the 25–50 quartiles, whiskers the non-outlier data, and central squares the median. (A) Pustulose ark (A. tuberculosa); (B) Venus and frilled clams (Chione spp.); (C) Squalid callista (M. squalida); (D) Pacific calico scallop (A. ventricosus); (E) Pen shells (A. maura, P. rugosa); (F) Geoduck clam (P. globosa).


The reproduction of A. maura depends on temperature and food availability. Spawning is all-year-round but is higher during the cold season (Table 1; Figure 2E). Gonadal atresia is continuous after 25°C, but it also depends on the size of individuals, so it occurs in males at the smallest sizes, females in the biggest, and hermaphrodite in intermedia sizes organisms (Camacho-Mondragón, 2014). The reproductive cycle of P. globose begins in November (Figure 2F), with maturation peaks in the January–February and March–April spawning periods (Cruz-Gómez, 2012; González-Peláez, 2013). Most of the clams are 7 years old (Larios-Castro, 2020), although there are some that are older (20–47 years), according to González-Peláez (2013). Growth is very fast in the first 10 years and reaches to asymptotic phase around 20 years. The asymptotic growth of the shell is between 167.5 (González-Peláez et al., 2015) and 179.8 mm (Luquin-Covarrubias et al., 2016). Recruitment is in irregular pulses.



Clam Fisheries in Bahia Magdalena: Composition, Seasonality, and Historical Trend

All bivalve species support artisanal and recreational fisheries. According to the San Carlos Fisheries Office data (2006–2014), bivalves were the second resource in importance recorded by weight, just surpassed by sardines (73.3%), an industrial fishery; in contrast, by economic value ($), bivalves represented 25.8%, surpassing sardines by 2%, shrimp (10%), and finfish (16.1%). A field study showed that the fishery of bivalves is the third most important after shrimp and finfish fisheries (Magadán-Revelo, 2015). However, while the shrimp season lasts around 6 months (September–February) and the finfish all-year-round, with a peak from June to August (Cavieses-Nuñez, 2016), the harvest of geoduck clam occurs in periods of 15 days, distributed throughout the year, so it is much more profitable than the other two (Magadán-Revelo, 2015).

Among bivalves, the Venus and frilled Venus clams (Chione spp.) were second in importance by volume, but by price, the most valuable resources were Pacific calico scallop (A. ventricosus), pen shells (P. rugosa, A. maura), and the geoduck clam (P. globosa). Squalid callista (M. squalida) is important, because it was harvested all year (Magadán-Revelo, 2015) until recent years.

There are no fishing effort records; however, according to the Fisheries National Charter (DOF, 2018a), the number of permits (p) in BM to harvest Venus and frilled Venus clams was 9, which comprises 17 minor vessels (mv). There is no recent information on squalid callista because 50% of the number reported in the Fisheries National Charter corresponded to both BM and Ojo de Liebre lagoons (74 p:157 mv). Information is also unclear on Pacific calico scallop, but there are 144 p and 354 mv (Osuna-Castro, 2012), and 100 p (165 mv) to harvest pen shells (DOF, 2018a). The number of permits to harvest geoduck clam is 143 (166 mv), with the register currently closed (DOF, 2018a). On the other hand, the number of economic units (EU), another indicator of fishing effort, increased significantly from 2001 (77) to 2016 (165). The most significant increase occurred between 2006 and 2009. In parallel to the authorized capture, large quantities are illegally harvested by an unknown number of artisanal fishermen with very few resources, locally called “Patos buzos” (diver ducks) and “guateros,” smugglers with human and material infrastructures to efficiently harvest bivalves, mainly during the night (Magadán-Revelo, 2015).

Bivalves are collected by Hookah-diving up to 10 m deep. A fishing team has three members: a diver, a lifeline operator, and an outboard motor operator (DOF, 2018a). Gathering is done by hand, sometimes with a trident to remove sediment, substituted by a motor pump in geoduck clam harvest (DOF, 2015a). Gathering in shallow areas at low tides is common to harvest Venus clams, pustulose ark, and squalid callistas for subsistence consumption (Schweers et al., 2006).

The harvest of almost all species occurs all-year-round, but there are distinct peaks (Figure 2); some of them coincided with spawning peaks (black bands on the top of each graph). However, in almost all species, the lowest harvest occurs in September and October. In the analyzed database, the pustulose ark information was scarce; however, its harvest was higher in June–July (Figure 2A) in 1992–2002 (Félix-Pico et al., 2009). Venus and frilled Venus clam gatherings are higher in three periods (March, July, November; Figure 2B). The harvest of squalid callista peaks in April, June, and November–December (Figure 2C), although there may be local differences (Schweers et al., 2006). The peak of Pacific calico scallop harvest is from May to July (Figure 2D), with a closure time from December 15 to March 31 (DOF, 1994). The gathering of pen shells is similar to the that of squalid callista but is more frequent from March to May and October to December (Figure 2E), with low values in January and July-September; in 2021, authorities established a closure from April 1 to July 31 (DOF, 2021). The harvest of geoduck lasted 15 days per year and is closed from January 25 to April 30 (Figure 2F).

The harvest of pustulose ark and Venus clams significantly increased after 2010 (Figures 3A,B), but it was more irregular in the previous years. The intense gathering period of arks was shorter (since 2016) than that of Venus clams (2011–2020). According to comments of fishermen, both species were part of subsistence fisheries. However, the market demand for both clams has increased recently. These resources have no fishing regulations.
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FIGURE 3. Historical variations in the harvest of clams in BM- Bahia Almejas (BA), recorded by CONAPESCA, and Amezcua-Castro et al. (2015), López-Rocha et al. (2010), and Félix-Pico (2006). (A) Pustulose ark; (B) Venus and frilled clams; (C) Squalid callista; (D) Pacific calico scallop (Pacific c.s.); (E) Pen shells; (F) Geoduck clam. Pacific c.s, Pacific calico scallop.


Bahia Magdalena-Bahia Almejas has been an important contributor to the production of squalid callista (Amezcua-Castro et al., 2015), and the supply in BM (82%) was higher than that in BA (10.6%) and CZ (6.7%). Maximum catches and catch per unit of effort (CPUE) occurred from 1999 to 2001 (López-Rocha et al., 2010), but Amezcua-Castro et al. (2015) and CONAPESCA reported lower values (Figure 3C). Harvest decreased until the minimum was reached in 2005 (catch) and 2006 (CPUE). In this period, the fishing effort (number of vessels) also decreased. On the contrary, from 2006 to 2014, the harvest increased, reaching around 400 tons; after 2014, it fell sharply (Figure 3C) because the average density (abundance) was close to 50% (10%) to the extent, in 2015, of signals of overexploitation of banks (DOF, 2017). In 2019 and 2020, gathering was only done in BA, but it was around 255 tons in the last year. Fishing authorities established the first regulations (quotas and minimum catch size) in 2007; however, the fishing effort increased from 2007 to 2010 (Amezcua-Castro, 2014). The fishery was closed for 2 years in 2017 (DOF, 2017), but while the closure was maintained in BM for another 2 years, it was lifted in BA in 2018.10 During the closure, illegal harvest continued, according to comments of fishermen.

The commercial harvest of Pacific calico scallop began in 1972, with a very high value. There were no records from 1975 to 1982. The 1989 and 1990 harvests were the highest in the time series (Félix-Pico, 2006; DOF, 2010). This species was the most important resource for artisanal fishermen from 1998 to 2009 (Ojeda-Ruiz de la Peña and Ramírez-Rodríguez, 2012). The catch from 1998 to 2008 was high (≈15,000 tons), decreased in 2009 (<5,000 tons), and had a slight rebound in 2010 and 2011, with an average of ≈12,000 tons (DOF, 2018a). Harvest was suspended in 2014 because of low-density values and resumed in 2018 with a volume similar to that in 2008 (Figure 3D). In 1987, there were established rules to scallop harvesting in an Agreement (DOF, 1987), including minimum catch size (60 mm), quotas, fishing equipment, extraction method, and permit conditions to harvest and culture. In 1993, authorities published fishing regulations in the NOM-004-PESC-1993 (DOF, 1993) and the seasonal closure in 1994 (DOF, 1994). In 2015, the NOM was substituted by the NOM-004-SAG/PESC-2015 (DOF, 2015b).

Atrina maura and P. rugosa sustain the fishery of pen shells fishery because A. oldroydii is depleted. Time series data show very variable harvest values, with a decreasing trend since 2003 (Figure 3E), with peaks in 2003–2004 (218–182 tons), 2008 (136 tons), and 2013 (130 tons). There were no evaluations performed in 2014 and 2015 because of low-density values reported by fishermen. In 2017, authorities classified the resource as overexploited and decreed a 2-year closure (DOF, 2018b).

The prospective gathering of P. globosa began in BM in 2002 and commercial fishing between 2004 and 2005 when the first commercial permits were issued (González-Peláez, 2013; Larios-Castro, 2020). The extraction in a regulated manner began in 2009, and there were peaks in 2010 and 2014 (Figure 3F). Harvest oscillated around 200 tons in the subsequent years, except in 2020, because of the low international demand associated with the severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) pandemic (Figure 3F); regulations include fishing methods and quotas determined by density evaluations (DOF, 2018a). On the other hand, the harvest of Pacific-wing oyster began in 2017 with no regulations; in 2020, fishermen reported 259,355 tons of this clam (US $146, 937.5), and authorities gave the first permits.



Evolution of the Climate Characteristics at a Large and Synoptic Scale From 1970 to 2019

Time series of the global-scale indices (ONI and PDO) showed that the 1980's, 1990's, and especially 2014–2018 were warming periods, and that the opposite occurred in the 1970's and the first decade of the 2000's. The impact of these phenomena on the productivity and biodiversity of marine ecosystems in Baja California, including BM-BA, is well-documented. Warming (cooling) phases diminish (increase) coastal upwellings, deepen (shoaled) thermoclines and chemoclines, modifying the composition of biological communities (Gárate-Lizárraga et al., 2001; Palomares-García et al., 2003; Jiménez-Quiroz et al., 2019). The NPGO was positive in four periods, which coincided with the negative values of PDO and La Niña. In contrast, the index was negative during El Niño and the positive phase of the PDO. It was correlated with the PDO and ONI (r = −0.54).

The trend of SST and its anomalies in BM-BA (23–25°N; 113°W) has been positive (p < 0.05), since 1970 (Figure 4A). A high percentage of the variance in SST anomalies (R2 = 0.48) was related to large-scale indices, local air temperature (AT) anomalies, and BI. The main contributors to the determination coefficient (p < 0.01) were ONI (0.32), AT (0.12), and PDO (0.039). The trend of residuals trend was also positive, and the slope (m = 0.002) indicated the warming in the region during the study period. The extreme positive anomalies (>3) coincided with the positive phase of PDO, extreme El Niño, and The Blob, and the negative (≈-2) with the negative phase of PDO and La Niña.
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FIGURE 4. Time series of variables measured off BM-BA. (A) SST anomalies and its trend (y =-0.182 + 0.002x; R2 = 0.09, p < 0.01, N = 582); (B) Bakun Index (BI) anomalies; (C) chl-a 1998 to 2018 (y = 0.573–0.0003x; R2 = 0.01; p = 0.08; n = 250); (D) chl-a anomalies estimated by multiple linear regression. Source: C-CCI product (v.4) ERDDAP Database. J, January.


The frequency and strength of upwellings, the primary source of BM nutrients, showed wide variations throughout the period of study (Figure 4B). In the 1970's, the number of positive and negative monthly anomalies of the Bakun Index (BI) was similar. From 1980 to 1992, negative values were more frequent, but after that year, upwellings gradually strengthened and were very strong between 1994 and 1995, 1999 and 2000, and 2003 and 2011. Between 2013 and 2015, negative anomalies were common, while after 2016 they returned to average. Chlorophyll-a (chl-a) varied seasonally, with a peak from April to July in the marine zone off BM-BA. From 1998 to 2013, mean chl-a concentrations during those months ranged from 0.75 to 1.3 mg m−3, with peaks in 2008, 2011, and 2012 (Figure 4C). After 2013, concentrations diminished until 2016, when they increased again. The anomalies varied from −1 to +2.5, with relatively short periods with negative values from 1998 to 2012. However, in 2005 and 2009, and from 2012 to 2018, negative anomalies were frequent, and in the last period, there were 57 uninterrupted months of negative values.

The variability in chl-a concentration from 1998 to 2018 was related to local and large-scale variables (R2 = 0.32, p < 0.01). The contribution of each variable to the determination coefficient (p < 0.01) was: SST anomalies (0.24), NPGO (0.06), BI anomalies (0.014), and PDO (0.006). Temperature had a negative sign, while NPGO and BI had a positive sign. Chl-a anomaly values were negative during a more extended span rather than positive (Figure 4D) but mostly into the normal interval (−0.5 to 0). However, anomalies lower than −0.5 prevailed during the warming periods. In contrast, from 1970 to 1977 and from 1999 to 2013, chl-a anomalies were normal (0 to +0.5) or high (≈1), coinciding with La Niña and NPGO positive phase.

The first three components of the PCA (1998–2018) explained 78.9% of the variance (Table 2). The factor loadings of the first PC (49% explained variance) showed the inverse relationship of temperature at local (SST) and large-scale (ONI, PDO) with chl-a concentration and NPGO. The standardized PC1 graph shows that positive and normal values (0 to 0.5) prevailed from October 1998 to October 2013 (Figure 5A). Negative values were common between 1997 and 1998, and from March 2014 to July 2016, coinciding with the anomalous warming caused by El Niño and The Blob. This graph is very similar to chl-a anomalies, highlighting the importance of temperature in its abundance. The highest factor loadings in the PC2 (16% explained the variance) were from the NPGO (−0.66) and BI anomalies (+0.62), with chl-a closer to the first one, suggesting that these variables are positively related. The PC2-standardized graph suggests that the effect NPGOs was more significant during La Niña years and upwellings the rest of the years (Figure 5B).


Table 2. Eigenvalues and factor loadings of principal component analysis (PCA) applied to climate indices, sea surface temperature (SST), and chlorophyll-a (chl-a) anomalies off BM-BA, and Bakun Index (BI) anomalies.
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FIGURE 5. Factor scores standardized of PC1 (A) and PC2 (B). S, September.




Temperature and Food Availability in Habitats of Clams (2002–2019)

The PCA allowed identifying zones inside BM according to the factor loading of sites in each PC. We selected the PCs that explained ≈80% of the variance. The first five PCs of NSST explained 96.6% of the variance, and PC1 explained 89.11%. The factor loadings of the rotated PCA (Table 3) show four zones in the lagoon: the western shore-inlet (WS-I), San Carlos channel, mouth of the northeastern and southern channels (El Chisguete and La Gaviota, respectively), and eastern-southwestern shore (Figure 6A). The lowest temperatures and anomalies were recorded in 2005 and 2011, and the highest were from 2014 to 2016 (Figures 6B,C).


Table 3. Eigenvalues and factor loadings of the rotated PCA applied to night SST (NSST) anomalies recorded in BM.
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FIGURE 6. (A–C) Night sea surface temperature, (D–F) chl-a, and (G–I) POC. The left column shows the seasonal pattern of BM zones identified with the rotated principal component analysis (PCA); in the middle column are the time series of temperature (monthly data), chl-a (average semester data), and POC (average semester data); in the right column are standardized anomalies. Inlet includes the western shore (WS-I in the text); SCch, San Carlos channel; E, east; S, south; NE ch, northeastern channels (San Buto and El Chisguete); Ch's mouth, channels mouth (San Carlos, San Buto, El Chisguete, and La Gaviota channels).


Night sea surface temperature follows a seasonal pattern: temperate (January to June) and warm (July to November). There are differences among the zones of the lagoon (Figure 6A); the lowest NSST occurs in the inlet and its surroundings and is 3°C colder than in the channels. In summer, the opposite occurs, and the maximum difference is ≈+2°C (September). The trend of time series (Figure 6B) was slightly positive, but it was significant (p = 0.06) only in the mouth of the channels; in contrast, the positive trend of NSST anomalies was significant (p < 0.01) in all the zones, and a higher slope was recorded in the same zone. The trend from the regression residuals from the WS-I zone anomalies vs. climate indices (R2 = 0.4, p < 0.05) was significant, indicating that BM has been warming since 2002. In the same way, the correlation between SST off BM and NSST from WS-I (R = 0.78, p < 0.05) suggests that Reynolds' reconstructed series variations have been representative of BM NSST variability since 1970.

The PC1 applied to the chl-a data represented 55.57% of explained variance, and the first five, 85.59% (Table 4). The analysis showed four lagoon zones (Figure 6D) in the main body of water. The seasonal pattern has two peaks near the mouth of the northeastern channels and the eastern shore (spring and autumn), while in the inlet, the southeastern and south sites, there is only one (spring). The highest values were registered in the mouth of the El Chisguete channel and the eastern shore, while the lowest was in the surroundings of the inlet. The chl-a concentrations before 2012 were oscillating (Figure 6E), but anomalies were in the average span (−0.5 to 0.5). However, from 2013 to 2020, there were more negative anomalies with extreme values (<-1) in the second half of 2015, and in the first half of 2018, the anomalies in the following month oscillated around −0.5, indicating a chl-a deficit (Figure 6F). Positive anomalies were registered in 2019, mainly in the eastern shore and the south.


Table 4. Eigenvalues and factor loadings of the rotated PCA applied to chl-a anomalies recorded in BM.
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The PC1 explained 50.85% of the variance in particulate organic carbon (POC) and the first five 80.86% (Table 5). The rotated PCA suggests three zones with increasing values: inlet, the mouth of the channel, and eastern shore. Seasonal variations, as the chl-a, follow two trends: in the channels' surroundings and the eastern shore, there are two peaks (winter and autumn) and one in the inlet (February to July); however, unlike the chl-a, the size of both peaks is similar, and the POC is abundant at the inlet for a longer span (Figure 6G). The trend from 2002 to 2020 was decreasing (Figure 6H), but the slope was smaller than chl-a, and anomalies oscillated into the normal interval after 2017 (Figure 6I), indicating a recovery of POC supply.


Table 5. Eigenvalues and factor loadings of the rotated PCA applied to particulate organic carbon (POC) anomalies recorded in BM.
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The first 10 PCs represented 87.8% of the explained variance of all the variables and sites. In PC1 (31.8%), NSST anomalies had the highest factorial loadings, while in the rest, these corresponded to POC and chl-a measured in different zones of the lagoon: southeastern shore and the surroundings of the La Gaviota channel (PC2: 12.7%), inlet (PC3: 16.2%), eastern shore (PC4: 10.1%), south of the San Carlos channel (PC5: 3.8%). The rest of PCs represented <2% of the explained variance. The factor loadings from rotated PCA highlighted the inverse relationship between NSST and the variables related to food availability (POC and chl-a).



Relationship Between the Environment and Bivalve Populations

The regression of the squalid callista and NSST, chl-a, and POC (2002–2020) from the San Carlos and northeastern channels was significant and negative (R2 = 0.13, p < 0.05), but the explained variance was small, and the most relevant variables were NSST (R2 = 0.11) and chl-a (R2 = 0.033). Pacific calico scallop (1982–2020) was not related to these variables, and only with the average number of strong upwellings of the autumn previous to the harvest season did it show a weak relationship (R2 = 0.1, p = 0.06, n = 30).



Water Quality Inside Bahia Magdalena From 2015 to 2019

Cluster and the non-metric multidimensional analysis applied to the saturation percentage of oxygen (%sat O2) showed two sets: sites near the inlet (s6, s7, and s8) and of the interior of the lagoon (s1, s2, s3, s4, s5, and s9). This variable had a seasonal cycle (Figure 7A); however, in the inlet, it decreased significantly during spring and at the beginning of summer, reaching values ≈50% because the subsurface water upwelled. In contrast, the %sat O2 was high in the interior sites, especially in March and April, and low in September. From 2015 to 2017 (Figure 7B), the mean %sat O2 in both zones oscillated from 50 (inlet) to 70 (inner) to 100 (inlet) to 110% (inner); however, in 2018 and 2019, the percentage decreased significantly (p < 0.01). The decreasing rate, estimated by regression analysis, was greater in the interior (−1.1% per month) than in the inlet (−0.88% per month).
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FIGURE 7. Oxygen saturation percentage (O2 sat%) and trophic index (TRIX). The left column (A,C) shows seasonal variability in the interior (s1, s4, avg, 2, 3, 5, 9) and the inlet (Avg. s6–s8). The right column (B,D) shows the 2015–2019 variability (J, January; J, June). Keys: E, eutrophic; M, mesotrophic; O, oligotrophic.


The results of multivariate methods applied to the TRIX trophic index were similar to %sat O2, with two sets: sites nearest to the inlet and in the interior of the lagoon (Figure 7C). The average of each set showed that TRIX presents a well-defined seasonal cycle: in the inlet, it varies between eutrophic-mesotrophic in summer and autumn and eutrophic in spring and early summer. TRIX varied between mesotrophic and eutrophic in the interior of the lagoon, with peaks at the end of summer and in the beginning of autumn. The time series showed a positive trend (p < 0.01), and the slope of regression was slightly higher in the sites of the inlet (0.018) than in the interior (0.015), showing progressive eutrophication (Figure 7D).


Algal Blooms

There are few records of algal blooms into or off BM-BA. Nineteen ABs observed at discontinuous moments from 1931 to 2014 were formed by numerous diatoms species but dominated by a few (Gárate-Lizárraga et al., 2016). The most abundant and frequent causal species were Eucampia zodiacus, Leptocylindrus danicus, and several species of the Chaetoceros genus, among which Chaetoceros compressus stands out. Dinoflagellate blooms were less common; dominant species were Prorocentrum triestinum, Prorocentrum koreanum, Akashiwo sanguinea, Noctiluca scintillans, and Peridinium quadridentatum, which were observed mainly in summer and in the channel zone, in the northern extreme of the lagoon system.

From 2015 to 2019, seven blooms with densities >5 × 103 cells L−1 were identified and composed mainly of diatoms. The dominant species were the chain-forming diatoms E. zodiacus, Rhizosolenia setigera, Guinardia striata, Skeletonema sp, and Dactyliosolen fragilissimus; also, there were unidentified nanoplankton cells. There were also high densities of the thecate dinoflagellates P. quadridentatum and Prorocentrum gracile and specimen cf. Gyrodinium estuariale.

In May and June 2017, a HAB occurred, possibly caused by D. fragilissimus, P. gracile, Pseudo-nitzschia spp. (delicatissima complex) and an unidentified species cf. G. estuariale (Barón-Campis, pers. comm.). As a consequence, during June, by caution, the harvest season for Panopea globosa was closed by fishing authorities, and also there were reports of gill damages in some yellowtail amberjack juveniles in a culture near the inlet.

In 2019, a very extensive HAB occurred off the western coast of Baja California, from the San Ignacio lagoon to BM, with reports of demersal species mortality on the north shore of Isla Magdalena (Gabriel Jiménez, pers. comm.). In May, the chain-forming diatom E. zodiacus and the dinoflagellate Noctiluca sp. were the most abundant species, while in June, the diatoms E. zodiacus, Coscinodiscus wailesii, and several unidentified species of nanoplankton (<20 microns) were the most abundant species. In that month, there were also dinoflagellates with toxic potential but in low quantities. In July, nanoplankton species were the most abundant (≈1.6 million cells l−1), although there were also the diatoms E. zodiacus and Thalassiosira spp. Several species with toxic potential were recorded (Pseudo-nitzschia cf. delicatissima, Karlodinium cf veneficum); however, their identification was not definitive, and an analysis of toxins could not be performed, but there were no reports of fish damage. On the other hand, there were unpleasant odors, and the color of the water was reddish-brown for several weeks between May and July.





DISCUSSION

This section is organized around three issues: (1) studies on bivalve assemblages and hypotheses on their characteristics from commercial species; (2) fishing and its problems; (3) environmental variations and hypotheses on their impact on commercially collected bivalves.


The Community of Bivalves

The services of bivalves in the ecosystem are multiple (Brumbaugh and Toropova, 2008), and due to their great abundance, they are an important trophic link in marine ecosystems (Arapov et al., 2010; Palomares-Sala, 2020). However, the study and management of bivalves and their habitat for purposes beyond harvesting and culture has not yet become widespread (Northern Economics Inc., 2009), as to what happened in Mexico and BM, where despite their economic value, there are no studies on community structure and function and the little information available is recent and is in postgraduate theses. There are probably around 200 species, most of which are very-small and small infaunal, which can explain the little information that exists. The bivalves from medium to extra-large sizes are intensively harvested because the fishing effort invested is lesser than shrimp and finfish fisheries.

The almost yearly monitoring studies made by authorities are focused on abundance measures done at the solicitude of fishermen, which requires many human and material resources, limiting the number of banks and stocks that can be assessed. On the other hand, these data are not available in public databases. Another indicator of this variable is the CPUE. Nevertheless, effort data are minimal, and in most cases, only are available the number of permits or vessels, so it is not possible to calculate the CPUE, and catch is not a reliable indicator of abundance, because it is biased to market demand and more valuable resource abundance (Amezcua-Castro et al., 2015). This lack of information limits the analysis of commercially exploited stocks and their ecosystem services (Amezcua-Castro, 2020).

The trophic and abiotic conditions in each zone of the lagoon probably influence the structure of bivalve assemblages and their reproductive and feeding strategies. The characteristics of mollusk assemblages in other coastal lagoons, both seasonal and spatial, are related to freshwater inputs, temperature, dissolved oxygen, salinity, and submerged vegetation (De Jesús-Carrillo et al., 2020), with a higher richness species and abundance where conditions were less extreme (Koutsoubas et al., 2000). In BM, in the northeastern shallow zone (including the San Carlos channel) and southern channels and its vicinity, the temperature is high, chl-a and POC are abundant, and the water column is well-mixed and oxygenated (Cervantes-Duarte et al., 2021); into the channels, there are also macroalgae and seagrasses prairies during spring (Hernández-Carmona et al., 2007). These conditions are likely to favor rich species assemblages for infauna and other species such as scallops, which can move when conditions are stressful. Something similar is likely to occur on the shore of the central body of water, while in the deepest part, where oxygen and temperature are comparatively low, the assemblages of bivalves are probably poorer.

The biology of the commercially exploited bivalves suggests that in other species, reproduction would be aseasonal, with peaks associated with food availability and temperature (Félix-Pico, 2006). In the San Carlos channel and the northern and northeastern tidal channels, where the temperature is high and mesotrophic conditions prevail all year, species such as A. tuberculosa, Chione spp., M. squalida spawn in two periods (spring and autumn), and their infaunal habits probably allow for survival despite stressful conditions in the shallower areas. In contrast, the largest species inhabit the body of water, and, although they may have aseasonal reproductive cycles (pen shells), tend to have a period in which spawning is high. P. globosa and A. maura reproduction peaks coincide with algae spring blooms and eutrophic conditions caused by coastal upwellings. P. rugosa reproduction, on the other hand, is high during summer, when POC is also high. However, they are distributed in different zones: geoduck clams are in the deepest zones, close to the inlet, where the concentrations of chl-a and POC are high during spring, while pen shells live in the intertidal-subtidal zones of the channels and the eastern shore (Fajardo-León, 1998), where food availability is high almost all year. The scallop A. ventricosus is widely distributed, which means that it tolerates a wide range of environmental conditions or that it moves to more favorable zones.



Fisheries Impact on Populations

The harvest of bivalves is almost all-year-round, depending on the abundance of the bivalve in question and other most valuable resources and market demand. For example, the March and April high catches respond to high shellfish demand during the Holy Week. In contrast, the low September values are usually associated with the beginning of the shrimp fishing season (September-February/March). The trend of the historical time series responds to a similar dynamic, so the wide variations of the squalid callista depend on market demand and the abundance of the Pacific calico scallop, which has a better price (Amezcua-Castro et al., 2015).

Almost all commercial species have been intensively harvested, giving place to cycles of abundance and overexploitation along with its history. For example, due to the intense fishing that has followed each pulse of the abundance of Pacific calico scallop, they have been classified as unprofitable (DOF, 1987) or even overexploited (Massó-Rojas, 1996; Magadán-Revelo, 2015; Narchi et al., 2018). Squalid callista and pen shells also have received this label at different times (Fajardo-León, 1998; López-Rocha et al., 2010; Narchi et al., 2018). These wide variations occurred because fishermen focus on daily subsistence without considering the long-term consequences of immoderate harvest.

After 2014, harvest declined abruptly in almost all species. In the case of the scallops, some media indicate a 7-year closure, but Magadán-Revelo (2015) pointed out that the resource disappeared in 2013, and that the fishery also did. The resource reappeared in 2018 when authorities extended quotas again. Pen shell abundance has been very low since 2015, and in 2017, the authorities classified the resource as overexploited (DOF, 2018b; Narchi et al., 2018) and decreed a 2-year closure (DOF, 2018b). The harvest of squalid callista was very intense from 2012 to 2014, probably due to low the abundance of scallops, disappearance of pen shells, and lack of regulations; the results of our analysis s suggest that after 2014 high temperature and low food availability also contributed to the diminished abundance. In 2015, the resource was labeled as “overexploited” because of its low density values. In 2017, the authorities decreed 2 years of closure in BM-BA, extended 1 year more in BM. In 2016, the harvest of Venus and frilled Venus clams was very high due to the scarcity of other bivalves and the appearance of new buyers from Tijuana and Guadalajara metropolises. In 2017, the harvest of both diminished. The main target of fisheries has been the geoduck clam since 2009, and CONAPESCA inspectors and non-governmental organizations supervised the harvest of legal fishermen (Magadán-Revelo, 2015). However, illegal fishing by guateros is very intense.

In 2017, the intense harvest of Pacific-wing oysters began to offset the depletion of the most valuable resources. Its callus resembles pen shells, and it has a reasonable price. A few fishing permits were extended in 2020, but there are no other regulations. Abundance evaluations have not been made, although fishermen have requested them (Guzmán 2021, pers. comm.). This oyster is an example of what happens when new resources are discovered; fishermen start the exploitation without any control, which decreases their abundance and price (Narchi et al., 2018). Meanwhile, other important species recover, or the season of others begins, so fishing is redirected, giving rise to cycles. On the other hand, the impact of these cycles on populations and the ecosystem is not evaluated.

Regulation of the harvest of bivalves combines minimum shell size, closure seasons to protect reproduction, density minimum, and quotas. National Fisheries Charter (DOF, 2018a) establishes that fishermen registration of scallops, squalid callista, pen shells, and geoduck clam is closed in BM, and that fishing efforts must not increase. Quotas are established yearly after technical surveys from the National Institute of Aquaculture and Fisheries (INAPESCA in Spanish), the assessor of CONAPESCA, and collaborations with fishermen. In recent years, budget cuts and the SARS-Covid-2 pandemic have limited these activities.

In all the species, the implementation of fishing regulations has been reactive to “intensive exploitation” as it indicates the first Agreement decreed to regulate the Pacific calico scallop populations (DOF, 1987). On the other hand, regulations usually are delayed. The Norma Oficial Mexicana that established the closure to protect the span of Pacific calico scallop reproduction was published in 1994 (DOF, 1994), after the very intense harvest of 1989–1990, while the closure for pen shells is published in 2021, after the depletion of the resource (DOF, 2021). The closure for other species, such as the geoduck clam, whose harvest began in 2009, is under review. This mismatch must significantly impact populations, because even though they reproduce all-year-round in BM-BA, harvest and spawning peaks coincide frequently, limiting the recovery of the populations. A strategy to alleviate this problem is establishing annual quotas, subject to stock density assessments; however, biological evaluations of population conditions are scarce or limited (Amezcua-Castro, 2020). Therefore, it is necessary to design policies to protect populations and diminish the gap between legal regulations and fishing activities.

Illegal fishing is a big challenge, because guateros have the infrastructure and personnel to harvest very efficiently, and the inspection and surveillance by fishery authorities have been very limited. There have been community participation attempts at surveillance, but they have failed due to lack of long-term budget. Another problem is the traceability of illegal harvest, as it easily integrates with the legal catch (Magadán-Revelo, 2015). It is almost impossible to evaluate the impact of illegal fishing, but the most obvious is the diminishing of the price in the short term and the resilience of stocks in the long term.

Artisanal fishing is an escape valve to unemployment, favoring illegality. There were 74,286 small vessels registered in 2017 in Mexico, but the total is probably double this number (Inteligencia Pública EDF de México, 2019). A similar situation probably occurs in BM-BA. On the other hand, the fishing authority has been substantially weakened in recent years. The budget of the Mexican government assigned to CONAPESCA had a negative trend, going from 1,102.6 million pesos in 2015 (DOF, 2014) to 584.3 million pesos in 2021 (DOF, 2020). Something similar has happened with INAPESCA, the technical advisor of the authorities, whose budget decreased from 721 million pesos in 2015 to 455.5 million pesos in 2021, significantly affecting the fishery resources monitoring and surveillance programs.

From 2019 to 2020, 262 complaints of illegal fishing11 in the northwestern Mexican region were registered, of which 51 were from the municipality of Comondú, where the BM-BA lagoon system is located. Until 2020, fisheries inspection and surveillance were the responsibilities of CONAPESCA, but they were transferred to the Marine Secretary (SeMar) on April 1 to increase the coverage of these actions. CONAPESCA had problems developing these activities because of the SARS-Covid-2 pandemic and internal corruption (Walter Hubbard declaration; July 8, 2020).12 Although the consequences of these measures will be seen in the future, fishermen from Puerto San Carlos express their annoyance by saying that illegal fishing continued during the first months of 2021 and fear that it will increase even though SEMAR is already in charge (Barrón, pers. comm.).

Despite efforts of the government, the Organization for Economic Co-operation and Development (OECD) has pointed out the existence of legal gaps and the indefiniteness of legal guidelines to confront overexploitation and illegal fishing (Martínez-Martínez and González-Laxe, 2016). OECD also highlights the absence of a clear sectoral strategy to increase the profitability of fishing activity in the short term. Therefore, it recommends adopting agreements to move toward decentralized institutional schemes that empower government states without weakening federal institutions or risking marine and fishing resources.

Several lines of action must be considered in the development strategy for the fishing activity, such as creating conditions to strengthen the target market of products and improving prices by adding value to final products. They have to consider the needs of the producers, such as constructing their own offices, maintenance workshops, storing goods, searching for dock concessions, and renewing the fishing fleet. These actions require financing, which has been practically nil in the fishing sector (Olmos-Martínez, 2012).

The fishery presents significant problems associated with illegal harvesting, a lack of regulatory measures enacted on time, and inefficient monitoring and surveillance. We can suppose that fisheries have survived thanks to the high recovery capacity of the populations of bivalves because of their short life span, aseasonal reproductive cycles, and the high food availability in BM. A different situation is the geoduck clam, whose biological characteristics could lead to depletion without adequate regulation and surveillance (Amezcua-Castro, 2020).



Environment and the Bivalve Populations

In this section, we discuss BM environmental variability, some factors that could influence it, and the impact on the physiology of bivalves. From 1970 to 2019 off BM, the evolution of environmental conditions was characterized by warming and diminishing productivity at a synoptic scale, with wide variations caused by equatorial and northern Pacific climatic oscillations. In the 1980 and 1990's, the warming periods, associated with the very strong El Niño phenomena, were followed by very intense La Niña, which reactivated productivity. However, after 2013, temperature anomalies were very high because of the co-occurrence of The Blob and the 2015–2016 ENSO. The last one, a combination of Eastern Pacific and Central Pacific El Niño, was characterized by a second warming point located in front of Baja California (Kug et al., 2021). During this span, the Pacific Meridional Mode (PMM) reached record positive values, and subtropical Pacific temperature anomalies were high before, during, and after El Niño. High temperature anomalies also may be associated with the positive phase of PDO, warming due to anthropogenic forcing (Kug et al., 2021), and the heatwaves NEPH 19 a, b, and NEPH20, the second-largest heatwave since 1982. After 2016, the La Niña phenomenon and NPGO have been very weak, limiting upwellings and nutrient-rich water mass advection from the northern Pacific.

Temperature and chl-a variations at the local scale were similar to the synoptic scale, suggesting a longer trend of warming and food availability diminishing into the lagoon than the 2002–2020 data indicated. During warm periods, upwelling strength and nutrient entrance to the lagoon diminish, altering chl-a seasonal patterns (Jiménez-Quiroz et al., 2019). The decrease in chl-a associated with lower phytoplanktonic biomass is mitigated by the organic material supplied from other plants, as the POC recovery after 2017 indicated. The persistence of low chl-a values can also be due to changes in the dominant phytoplankton fraction from micro to nanoplankton. On a longer scale, our results suggest that variations of the California Current (related to NPGO) also affect chl-a concentrations, probably because the nutrients transported by this current are minor.

Although TRIX index values are an instantaneous picture of the trophic state of the lagoon, it highlights some remarkable characteristics: the broad seasonal changes in the inlet surroundings and the more constant values in the eastern shore, the channels, and their vicinity. In the body of water, the seasonality of upwelling defines TRIX variations, while in the channels, other mechanisms contribute to nutrient input as water column mixing (Cervantes-Duarte et al., 2021). These seasonal and spatial patterns could define the characteristics of bivalve assemblages, as we have discussed previously. TRIX also suggest a progressive deterioration of water quality; in the interior of the lagoon, it can be associated with human activities in the San Carlos port, which include fishing, industrial and wastewater discharges, and cargo, among others (Cervantes-Duarte et al., 2021). In the body of water, the positive trend of eutrophication coincided with the diminishing of oxygen saturation, especially near the inlet after 2017. The lowest values coincided with extensive algal blooms in June 2017 and May-June 2019, and with high ammonia contents indicating poor water quality. In 2019, those values prevailed until August, probably because of microalgae decomposition after HAB ended. The difference in the slope of time series trend from each zone of the lagoon suggests that the eutrophication was due to marine rather than inner processes.

The 2019 HAB extended from the San Ignacio lagoon to BM from May to the 1st days of July. In BM, it consisted mainly of the diatoms E. zodiacus, Thalassiosira sp. and C. wailesii, the dinoflagellate Noctiluca sp., and nanoplankton cells. E. zodiacus is large and chain-forming; it is common in BM and can absorb nutrients quickly (Nishikawa et al., 2009). This species is holoplanktonic, so its abundance increases faster than that of meroplanktonic species, such as Skeletonema spp., Chaetoceros spp., and Thalassiosira spp, other common BM species (Naito et al., 2011). E. zodiacus also reached high densities in April 2015 (>500 × 103 cells L−1) after a period of strong upwelling (Jiménez-Quiroz et al., 2019). In May, Noctiluca sp. was observed, whose abundance has been positively correlated with ammonium and phosphates (Genitsaris et al., 2019). This species consumes diatoms, such as Thalassiosira sp. (Tsai et al., 2018). In June, in addition to E. zodiacus, the density of C. wailesii was also very high; it is an invasive species that produces mucilage, which causes oxygen and nutrient depletion (Talgatti et al., 2010). In July, in addition to E. zodiacus, there were very high densities of nanoplankton cells, and Thalassiosira spp. species with harmful potential were identified (Baron-Campis, comm. pers.), but apparently, there were no reports of intoxications.

The HAB was composed of opportunistic organisms with a high capacity to absorb nutrients, even when these are scarce. It was not possible to gather more samples, but taxonomic composition differences among May, June, and July suggest a succession of species. On the other hand, in June, we recorded the highest concentrations of nitrates, phosphates, and silicates in the 2015–2019 period due to intense upwellings throughout the southwestern coast of Baja California. In turn, the death of these organisms decreased oxygen concentration and increased ammonia. There are no evaluations of the impact of the HAB in wildlife or organic matter accumulation in BM, even though it caused mortalities in demersal fish from the San Juanico lagoon to the northern shore of Magdalena Island. It is possible, in most BM sites, that topographical relief, semidiurnal mixed tides amplitude, and hydrodynamics imposed by wind and tide contributed to avoiding anoxia.

The impact of warming and habitat deterioration in the bivalve community of BM-BA is unknown. The increase in temperature observed between 2014 and 2016 (NSST anomalies >1) was probably more stressful for bivalve populations than in previous years when anomalies were close to the unity. The optimal and lethal temperature information on Baja California bivalves is scarce. For the scallops A. ventricosus and Nodipecten subnodosus, the parameters are 20 and ≈28°C, while for the pen shell A. maura, the parameters are 29 and 33.2°C, respectively (Sicard et al., 2006). Geoduck clam (P. globosa) lethal temperature is 32°C in the laboratory (González-Peláez et al., 2013). Mean temperatures in BM are usually below these values; however, after 2014, they were close to 30°C during several months (Jiménez-Quiroz et al., 2019; Cervantes-Duarte et al., 2021). Over time, the increase in temperature allows for the acclimatization of organisms, but there is no information on the resilience of BM bivalves to anomalous warming periods. Hermaphroditism prevalence and reproduction to a smaller than average size, strategies that favor survival under stressful conditions (Romo-Piñera, 2010; Breton et al., 2019), could be indicators of the magnitude of these conditions.

The abundance of bivalves is very variable, and in addition to fishing pressure, it depends on environmental conditions, which have not been fully understood, as is the case of the Pacific calico scallop. The pulses of abundance of scallops (Morales-Zárate, 2006) have coincided with cold periods, as the La Niña phenomenon of 1989–1990, 2006–2008, and 2009–2010. In these spans, positive chl-a anomalies were frequent, indicating high food concentrations. A circulation model suggests that moderate to strong westerly winds (3–5 m s−1) advect particles (as larvae) from the ocean off BM into the lagoon (Morales-Zárate, 2006), which probably were more common during the La Niña in 1989–1990 and in 1995–1996 when low temperatures and strong westerly winds coincided. After these years, the harvest of scallops was very high. In this context, Ruiz-Verdugo et al. (2016) suggested that warm temperatures after 2015 would affect their abundance, but in 2018, the harvest was similar to that of 2008, after the strong 2007–2008 La Niña, which caused negative temperature anomalies from the summer of 2007 to the spring of 2008.

After the very strong 2015-2016 El Niño, there were two consecutive weak La Niña phenomena. In 2016, when the El Niño phenomenon was decaying, the strength of upwellings returned to normal after it became very weak from 2014 to 2015. In 2017, upwellings were more frequent and stronger since March, and they were particularly strong during the autumn, even though temperature anomalies were positive in almost the entire BM. According to the results from the yearly time series (1982–2020) analysis, autumn upwellings could contribute to the abundance in the following year, and probably, they could be a gross index of it. Therefore, it is necessary to deepen the study on this topic and the environmental effects on the Pacific calico scallop abundance pulses and identify the location of banks off BM.

There is evidence that high temperatures affect reproduction, condition state, intra- and inter-specific relationships (depredation, parasitism), among other aspects of the biology of bivalves. Scallops and squalid callista reproduce when temperature is ≈20°C (Félix-Pico, 2006; Romo-Piñera, 2010). High temperatures produce gonadic atresia in pen shells from BM (>27.5°C) and in these species and Spondylus crassisquama from the Ojo de Liebre lagoon (temperature anomalies >2°C) (Camacho-Mondragón, 2009, 2014; Del Rio, 2018; Gómez-Valdez, 2019), suggesting that it could be a more spread strategy to survive anomalous warming events. Similarly, there were a higher number of hermaphrodites in the Ojo de Liebre lagoon and of M. squalida and A. tuberculosa in BM during warm periods (Romo-Piñera, 2010). Larval development can also be affected by temperature. The larvae growth and survival of P. globosa were better at 22 and 26°C than at 18 and 30°C (Buitimea-Álvarez, 2011). In Pteria sterna larvae, fixation occurs between 21 and 22°C, and massive fixation occurs between 27 and 28°C (McAnally-Salas and Valenzuela-Espinoza, 1990). Thus, higher temperatures that have been prevailing in the last years have probably been affecting the reproduction and recruitment of bivalves.

Metabolism rate is directly related to temperature weakening the organism when outside their optimal range; high values increase the susceptibility of organisms to diseases and parasites. In the Ojo de Liebre lagoon, large quantities of the nematode Echinocephalus pseudouncinatus have been observed in the populations of A ventricosus (Gómez del Prado-Rosas, 1984), A. maura, and P. rugosa (Gómez-Valdez, 2019). The prevalence of the parasite in pen shells was very high in 2015, favored by the elevated temperature and low chl-a concentrations (Gómez-Valdez, 2019). In BM-BA, the crustacean Tumidotheres margarita was in 31% of Pacific calico scallop adults during the spawning season; other organisms observed in this species may limit its growth and reproduction and leave it vulnerable to predators (Félix-Pico, 2006).

The acidification caused by excess CO2 and warming of water have a chronic but non-lethal effect on juvenile Arpecten purpuratus (Lagos et al., 2016). During warm periods (such as El Niño), individuals can increase their calcification rate and reach a larger shell size; however, they would be thinner, more fragile, and vulnerable to predators and parasites. On the other hand, in Pinna nobilis juveniles, acidification influences growth and partially, mortality, while the increase in temperature significantly increases mortality rates and oxygen consumption (Basso et al., 2015). The accumulation of organic matters in decomposition, as what occurs after an extensive HAB at the end of spring (e.g., 2019), could cause acidification and affect the physiology of some species despite present hydrodynamic conditions.

Bivalves feed on phytoplankton, dissolved organic matter, and bacteria [Sastry taken from Amezcua-Castro (2014) and Góngora-Gómez et al. (2016)]. The seasonality of chl-a; POC showed continuous food availability in BM; in spring and sometimes, in autumn, nutrients supplied by upwellings cause algal blooms (ABs), composed mainly of diatoms and dinoflagellates (Gárate-Lizárraga and Siqueiros-Beltrones, 1998; Jiménez-Quiroz et al., 2019). In addition to ABs, other vegetal organic matter inputs in the interior of the lagoon during summer and fall (Jiménez-Quiroz et al., 2021), including benthic diatoms (Gárate-Lizárraga et al., 2001), are responsible for POC abundance, which explained the recovery of this variable after 2017. An indicator of food availability is the average oocyte size. The size of M. squalida, A. maura, and A. ventricosus oocytes is bigger in BM than in La Paz and other Baja California locations (Romo-Piñera, 2010; Amezcua-Castro, 2014; Camacho-Mondragón, 2014), probably because of its high chl-a and POC concentration. These studies were conducted before the anomalous warming, and it would be recommendable to compare their results with other more recent ones.

Characteristics of phytoplankton assemblage change over the year in BM. Spring communities are formed by micro-phytoplankton dominated by diatoms, while dinoflagellates became dominant in summer. However, nanoplankton became the main fraction during warmer periods in 1986 (Gárate-Lizárraga and Siqueiros-Beltrones, 1998), 1988–1989 (Gárate-Lizárraga et al., 2001), 2015 (Jiménez-Quiroz et al., 2019), and the 2019 summer. Dominant diatom species, such as E. zodiacus, Skeletonema sp, G. striata, D. fragilissimus, and R. setigera have mechanisms to avoid zooplankton depredation, such as chain formation (Bjærke et al., 2015) and aldehyde excretion (Miralto et al., 1999), among others. It would be essential to determine how these phytoplankton strategies affect the larvae in bivalves, especially during HABs. In other cases (e.g., D. fragilissimus), high cell densities may harm the respiration of scallops either by gill clogging or by oxygen depletion (Lorrain et al., 2000).

There are no studies on the gut content of BM bivalves, but in some Ostreidae species, it is composed of benthic diatom characteristics of their habitats (Hernández-Almeida et al., 2019). Bivalves can discriminate between different microalgae species and ingest certain species to a greater extent; however, this procedure is not 100% effective, so they ingest small quantities of less desirable particles (Davenport et al., 2011). On the other hand, factors that influence the selection vary between bivalve species, and the variation in the size of phytoplankton could influence the rate of filtration and decrease the condition index of the organisms (Rosa et al., 2018). Global warming is expected to modify the phytoplankton phenology and species composition. In BM, nanoplankton forms have increased in the warmest months and years, and the decrease in average size and fewer large diatoms could produce impoverished conditions for feeding zooplankton and a less efficient transfer of energy to the rest of the trophic web (Basu and Mackey, 2018). It may affect the feeding of veliger larvae, because the ingestion of larger cells is more advantageous for a veliger larva than smaller cells (Raby et al., 1997).

There is no information on food quality changes related to the composition of phytoplankton assemblages in BM-BA. In Bahía Concepción (Gulf of California), the carbohydrate/protein ratio and chl-a concentration of the particulate organic matter during the cold season have better nutritional quality, probably associated with diatom blooms typical of this season (Verdugo-Díaz, 1997). In this regard, it should be mentioned that the changes in the structure of phytoplankton assemblages (cell size, taxonomic composition, among others) during the warming period of 2014–2016 probably caused the deficit in chl-a and POC.




FINAL COMMENTS AND CONCLUSION

There are no studies on the structure of bivalve communities or their “ecological role” within BA-BM; the biological characteristics of the commercially exploited species and the high availability of food have favored their survival despite being intensively harvested. During the period in which commercial fishing has developed, environmental conditions have varied following the synoptic and global-scale climatic processes. The long-term trend suggests that the region has gradually warmed, and that the biomass of the phytoplankton has decreased probably because of variations in the size of the dominant fraction;. However, inside BM, there is a constant contribution of POC by other plants and phytoplankton, so the availability of food is almost constant.

Since 2010, there have been periods of excessive warming caused by a conjunction of oceanic and atmospheric phenomena, which has not been recorded previously. Bivalves have physiological mechanisms to respond and adapt when these changes are gradual; however, anomalous warming events may limit the resilience of populations. Fishing has been poorly monitored and regulated because of the weakness of government institutions. The SARS-Covid-2 pandemic has highlighted this situation. On the other hand, bivalves are part of the self-purification mechanism of bodies of water; the decrease in the population abundance of the larger species has probably negatively affected this capacity. These mollusks cover the entire BM-BA lagoon, and it is essential to determine the impact of their extraction on the resilience of the lagoon.

The management of bivalve fisheries must consider constant monitoring of environmental variables, both in situ and with remote sensing tools. Some authors have pointed out the importance of adjusting catch quotas to prevailing environmental conditions, since they are currently based on percentages of the abundance recorded during assessments. Therefore, it must also monitor key biological variables of sensitive species (pen shells, geoduck). Currently, the ability to predict weather conditions (e.g., El Niño) can only be done a few months in advance. However, scenarios could be developed that would allow fishermen to adapt to these changes to maintain the sustainability of the fisheries.
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FOOTNOTES

1https://www.conapesca.gob.mx/work/sites/cona/dgppe/anuarios/BASE_DE_DATOS_DE_PRODUCCION_ANUARIO_2018.zip

2https://www.conapesca.gob.mx/wb/cona/informacion_estadistica_por_especie_y_entidad

3https://psl.noaa.gov/pdo/ Using EOF from 1920 to 2014 for N Pacific; https://psl.noaa.gov/pdo/

4http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt

5http://www.o3d.org/npgo/npgo.php

6https://podaac-tools.jpl.nasa.gov/drive/files/allData/ersst/L4/ncei/v4/monthly/netcdf

7https://oceanwatch.pfeg.noaa.gov/products/PFELData/upwell/monthly/upindex.mon

8Dataset ID: pmlEsaCCI42OceanColorMonthly; https://coastwatch.pfeg.noaa.gov/erddap/index.html

9https://giovanni.gsfc.nasa.gov/giovanni/

10No. RJL/INAPESCA/DGAIPP/1673/2018, November 22nd of 2018. www.cofemersimir.gob.mx/expediente/22992/mir/46626/anexo/4977137+&cd=1&hl=es-419&ct=clnk&gl=mx.

11https://pescandodatos.causanatura.org/combate-a-la-pesca-ilegal, 2021.

12Ernesto Méndez Conapesca no puede con inspección y vigilancia de mares mexicanos. https://www.excelsior.com.mx/nacional/conapesca-no-puede-con-inspeccion-y-vigilancia-de-mares-mexicanos/1392883.
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Maura pen shell (females)  sit-clay Al year, except  March); peak in 122cmlength (1) (April 1995).
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(H)M: 14cm
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VI-IX Ojo de Liebre;
T°23-25°C(H-O
etal., 2007)

BC, Baja California; F, females; M, males; reprodiuctive strategies: G, gonochoric; H, hermaphrodite; R reproductive pattem; A, aseasonal (reproductive patter in which individuals breed
year-round); S, seasonal; S, spawning. Literature cited with initial leters in the table: A tubercuiosa: Pérez-iecina, 2005; Garcia-Dominguez et al,, 2008; Félx-Pico et al, 2009. Chione
spp.: Garcia-Dominguez et al., 1993; Prado-Ancona, 1998; Flores-Pérez, 2017. M. squalida: Baqueiro, 1979; Quiiones-Arreola, 2003; Félix-Pico, 2006; Schweers et al., 2006; Romo-
Pifiera, 2010; Amezcua-Castro, 2014. A. ventricosus: Baqueiro et al., 1982b; Féiix-Fico, 1993, 2006; Massé-Rojas, 1996; Ruiz-Verclugo et al, 2000, Atrina maura: Fajardo-Leon, 1998;
Camacho-Mondragén et al, 2012; Camacho-Mondragdn, 2014; Gomez-Valdez, 2019, Pinna rugosa: Fejardo-Ledn, 1998; Gomez-Valdez, 2019, Panopea globosa: Gonzélez-Peldez,
2013; Morales-Gémez, 2013. Pleria stema: Heméndez-Diaz and Bickle-Ramirez, 1996; Hernandez-Olalde et al., 2007,
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