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In late October and early November 2013 and 2017, hundreds of sea turtles were found dead along the Pacific coastline of El Salvador. The dead turtles were in good body condition and did not have any injuries or other major anomalies. In order to determine the role of paralytic shellfish toxins (PST) in this mass mortality, tissue samples, including blood, flipper, liver, kidney, stomach and intestinal contents, of dead green turtles (Chelonia mydas) and olive ridley turtles (Lepidochelys olivacea) were analyzed for PST using a radioactive receptor binding assay, enzyme-linked immunosorbent assay, and high performance liquid chromatography. Highest values of PST were detected in enteric contents in the 2013 event (7,304.1 μg STX eq kg−1) and in gastric contents during the 2017 event (16,165.0 μg STX eq kg−1). During these events, remotely-sensed chlorophyll-a and fluorescence line height imagery revealed anomalies suggestive of algal blooms off the coast of El Salvador. In the 2017 event, Pyrodinium bahamense was observed in samples of gastrointestinal contents from affected sea turtles. Seawater from the region where dead sea turtles were found was also analyzed, but saxitoxin-producing species were found in low abundance (5400 cell/L in 2013 and 672 cell/L in 2017), which may reflect limited sampling. Although threshold levels of toxicity in sea turtle species are not well-characterized, our evidence suggests that these large events were the result of PST-producing algal blooms and that these blooms are a major cause of sea turtle mortality in this region.
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INTRODUCTION

Harmful algal blooms (HABs) negatively affect not only human health, but also that of marine ecosystems. These effects include hypoxia/anoxia events, decreased water clarity, and altered feeding behavior and toxicosis of marine fauna (Zingone and Enevoldsen, 2000). Toxin-producing algal blooms are recurrent off the coast of El Salvador and are predominately paralytic shellfish poisoning events, which are produced by several paralytic shellfish toxin (PST)-producing dinoflagellates, such as Pyrodinium bahamense var. compressum, Gymnodinium catenatum, and Alexandrium spp. These events have caused human intoxication and death, as well as mortality of marine fauna (Espinoza et al., 2013). Globally, exposure to PST toxins has been associated with mortality of marine mammals (Geraci et al., 1989; Van Dolah et al., 2003; Lefebvre et al., 2016), sea birds (Shumway et al., 2003; Shearn-Bochsler et al., 2014), estuarine turtles (Hattenrath-Lehmann et al., 2017), and sea turtles (Maclean, 1975; Licea et al., 2008).

Four of the seven sea turtle species found in the world nest or forage in El Salvador and its waters. All species are considered vulnerable, endangered, or critically endangered by the International Union for the Conservation of Nature (IUCN, 2018) Red List. In 2005, over 200 sea turtles, including green turtles (Chelonia mydas) and olive ridley turtles (Lepidochelys olivacea), were found dead along the coast of El Salvador. The mortality event was attributed to PST based on concentrations found in brain samples which were as high as of 6278.0 μg STX eq kg−1 (Licea et al., 2008). Additionally, in 2010 two hawksbill turtles (Eretmochelys imbricata) were found dying after a Pyrodinium bahamense bloom. One of the turtles was found with 1212.5 μg STX eq kg−1 in brain tissue, and both individuals had diarrhea and exhibited erratic swimming, disorientation, and reduced activity (Licea et al., 2013). However, the limited toxin analytical data prevented confident attribution of clinical signs to PSP (Licea et al., 2013).

Two additional large sea turtle mortality events occurred in El Salvador waters in recent years. In early October 2013, the Ministry of Environment and Natural Resources (MARN) received a report from fishermen of dozens of dead sea turtles floating far from the coast, drifting northwest. In a subsequent report, 40 dead sea turtles were found on beaches of La Paz and La Libertad during September and October, and an undetermined number on beaches in Usulután. On October 28th, 2017, an estimated 400 dead sea turtles were found floating approximately 12 miles off the coast of Bahía de Jiquilisco. In the following days, 160 turtles were observed around 7 miles off the coast of Puerto Parada, of which 60% were L. olivacea and 40% were C. mydas. Between November 3rd and 6th, another 47 sea turtles were found floating off the coast of Usulután and La Paz and 25 L. olivacea individuals were detected 10 miles off El Cordoncillo in La Paz. No other dead marine organisms were observed during either event. The turtles were in good nutritional condition based on muscle mass and body fat and did not have any apparent injuries or other abnormalities to explain the cause of death.

PST-producing HABs were again suspected and samples of tissues, gastrointestinal contents, and seawater were collected for biotoxin analysis and phytoplankton identification. In addition, data collected by satellite (MODIS-Aqua) were reviewed for evidence of possible algal blooms. Herein, we report the results of these analyses as evidence that both mortality events were caused by PST exposure, demonstrating that PST-producing algal blooms are a substantial cause of sea turtle mortality in the region.

METHODS

Paralytic Shellfish Toxins Analyses

Tissue samples from C. mydas and L. olivacea were collected by the MARN from different sites along the coast during stranding events in 2013 and 2017 (Figure 1) and analyzed for PST at three different laboratories. In 2013, stomach, intestines, liver and kidneys were taken from 13 C. mydas that stranded in El Amatal-Toluca, San Diego, and El Pimental were analyzed by Laboratorio de Toxinas Marinas at the University of El Salvador (LABTOX-UES); 24 samples consisting of brain, enteric content, kidney, liver, and salt gland were analyzed by the International Atomic Energy Agency (IAEA) Environment Laboratories in Monaco; and 7 samples consisting of enteric contents, liver, kidney, and lung from 5 C. mydas that stranded in El Amatal and El Pimental and one L. olivacea that stranded in Barra de Santiago, were analyzed by the Florida Fish and Wildlife Conservation Commission, Fish and Wildlife Research Institute (FWRI). CITES export and import permits were obtained for all samples exported to the U.S.
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FIGURE 1. Location of sea turtle strandings in 2013 and 2017 and phytoplankton sampling locations in 2017.



In the 2017 event, 25 samples consisting of whole blood, serum, soft tissue from flippers from 23 C. mydas, and liver and intestinal contents from one L. olivacea were analyzed by LABTOX-UES. Additionally, 28 samples consisting of sea turtle liver, stomach contents, and enteric contents from 14 C. mydas and one L. olivacea were analyzed by FWRI.

Samples were analyzed for PST at LABTOX-UES and IAEA Environment Laboratories using a receptor binding assay (RBA) that is the AOAC official method of analysis (OMA-2011-27) (Amaya et al., 2012; Van Dolah et al., 2012; Dechraoui Bottein and Clausing, 2017). Briefly, the RBA measures competition between a radiolabeled 3H-STX and the PSTs present in samples for binding to voltage gated sodium channels in brain membrane preparations. The quantification is obtained against a standard curve generated using increasing concentrations of unlabeled STX reference material (S. Hall, United States Food and Drug Administration/Center for Food Safety and Applied Nutrition, Washington, DC). Toxin concentration is reported as micrograms of STX equivalents per kilogram of sample (μg STX eq. kg−1). The assay format described in the present study provides quantitative determination of the compound toxicity of PST in turtle extracts using a MicroBeta Trilux 1450 LSC PerkinElmer with 96-well microplate. For analyses conducted by LABTOX-UES, detection limits were 150 μg STX eq. kg−1 in 2013 and 70 μg STX eq. kg−1 in 2017.

FWRI analyzed samples for PST using two methods, enzyme-linked immunosorbent assay (ELISA) and high performance liquid chromatography (HPLC). Some changes in laboratory methodology occurred between 2013 and 2017. Frozen samples were completely thawed and homogenized before sub-sampling. To extract PST, 0.1M HCl was added at a ratio of 1:1 (w:v) in 2013 or 1:10 (w:v) in 2017. The mixture was adjusted to pH 2.5-4, boiled for 5 min in a water bath, and then centrifuged at 3,000 × g for 20 min. The supernatant was retained.

Samples from the 2013 event were analyzed for PST using HPLC with pre-column oxidation and fluorescence detection (Lawrence and Niedzwiadek, 2001) only. The HPLC system consisted of a Shimadzu (Tokyo, Japan) chromatograph equipped with an SCL-10A VP controller, LC-10 AD pump, SIL-10AF autosampler, CTO-10AS VP column oven, and RF-10A XL fluorescence detector. Sample clean-up and PST separations were performed as described in Lawrence and Niedzwiadek (2001). Certified reference standards of STX, NEO, dcSTX, B1, GTX 1/4, GTX 2/3, dcGTX-2/3, and C1/2 (National Research Council, Canada) were used for instrument calibration. Detection limits varied for each congener, ranging between 6 and 18 ng mL−1 extract and 12–36 μg kg−1 tissue. Total HPLC-FL results are expressed as STX equivalents calculated using experimentally derived toxicity factors for each congener (Oshima, 1995).

In 2017, sample extracts were first screened using the Abraxis Saxitoxin (PSP) ELISA. All extracts were diluted with provided sample diluent to 0.01 g tissue equivalent per ml or less prior to loading on the plate. The Abraxis Saxitoxin (PSP) ELISA is a direct competitive ELISA specific to STX, with recognition of other PST to varying degrees. All samples and standards were run in duplicate wells, and the plate was analyzed at a wavelength of 450 nm on a BioTek μQuant™ microplate spectrophotometer. The kit is calibrated using STX, and results are expressed as STX equivalents. The limit of detection for the ELISA as performed was 2 μg STX eq. kg−1. Toxin confirmation and characterization were obtained for a subset of sample extracts using HPLC-FL as described above. Liver samples selected for HPLC confirmation were re-extracted at a ratio of 1:1 (w:v) to yield a more concentrated sample extract.

Phytoplankton Analyses

Sampling campaigns were carried out to monitor toxic microalgae during both mortality events. In 2013, samples were taken in La Libertad and Acajutla in October 15th and 16th. In 2017, samples were taken on November 7th 2017, at Los Cóbanos (Figure 1). This site was selected because the Ministry of the Environment and Natural Resources received reports of sea turtle stranding in the central and west coast of El Salvador, after the dead sea turtles were located floating in Bahía de Jiquilisco. Water samples were collected at five points along a 15 nautical mile transect perpendicular to Los Cóbanos coastline. Samples for phytoplankton quantification were collected using a Niskin bottle and using a phytoplankton net.

Phytoplankton abundance was estimated using an inverted microscope, following the Utermöhl method (Utermöhl, 1958). Additionally, in the 2017 event, intestinal contents of one L. olivacea and one C. mydas were screened for the presence of toxic microalgae using an inverted microscope by LABTOX-UES; and two gastric and two enteric contents were examined by FWRI using light microscopy.

Satellite Imagery Analyses

We examined corresponding chlorophyll-a (Chl) and normalized fluorescence line height (NFLH) imagery to visualize the approximate location and spatiotemporal extent of a potential algae bloom. The NFLH imagery provide an alternative source of imagery that is capable of detecting blooms but is less sensitive to interference by non-algal substances common in coastal waters (e.g., dissolved organic matter; Hu et al., 2005).

RESULTS

Paralytic Shellfish Toxins Analyses

During both events, PST were detected in most sample types from all sea turtles. Out of the 75 tissue samples analyzed, 63 were positive for PST and 12 were below the detection limits (Figure 2). Those samples that were below detection limits included heart and fat, and well as blood, serum, and flipper soft tissue sampled during 2017.
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FIGURE 2. PST concentration (μg STX eq. kg−1) in sea turtles (C. mydas and L. olivacea) per sample type from both 2013 and 2017 mortality events.



Highest PST concentrations were detected in enteric contents in the 2013 event (7304.1 μg STX eq. kg−1 using RBA method) and in gastric contents during the 2017 event (16165.0 μg STX eq. kg−1 using ELISA) (Table 1). Both values were found in C. mydas individuals. In general, PST concentrations found in 2017 were higher than those found in 2013. PST concentrations in tissues from brain, lung and salt glands were generally lower, ranging from 94.1 (RBA) to 136.0 μg (HPLC-FL) STX eq. kg−1 (n = 6) (Figure 1). Particularly in the brain, the concentration was 111.1 μg STX eq. kg−1.


Table 1. Maximum PST concentrations for each sample type using Receptor Binding Assay, HPLC-FL and ELISA in sea turtle tissues from 2013 and 2017 mortality events.
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During 2013 event, minimum PST concentrations were found in C. mydas intestinal contents with 18.8 μg STX eq. kg−1; while in 2017, minimum PST concentration were found in C. mydas liver with 4.0 μg STX eq. kg−1.

Ten of the samples analyzed at FWRI in 2017 were selected for HPLC-FL analysis, and the presence of PST was confirmed in all 10 samples. Of the PST monitored for (STX, NEO, dcSTX, B1, GTX 1/4, GTX 2/3, dcGTX-2/3, and C1/2) only STX, B1, and dcSTX were detected (Table 2). The toxin profile was dominated by STX, which represented 63–82% of the toxin present. B1 accounted for 14–33%, and dcSTX was present at low levels (0–7% of the total).


Table 2. Results of analysis for saxitoxin (STX) and gonyautoxins (GTX) using high performance liquid chromatography with fluorescence detection (HPLC-FL) for 2017 mortality event.
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Phytoplankton Analyses

The most abundant potential producer of PST found in the phytoplankton samples from 2013 was Gymnodinium catenatum (5,400 cells L−1) in Acajutla. Other PST-producing species were detected in low abundance, such as Pyrodinium bahamense and Alexandrium monilatum (Table 3). During 2017, Alexandrium sp. was the only potential PST-producing microalgae detected in water samples from Los Cóbanos, with a low abundance of 672 cell per liter. The most abundant phytoplankton species found in the area were the diatoms Dactyliosolen fragilissimus and Pseudo-nitzschia spp., with 110,235 cell L−1 and 4,033 cell L−1, respectively (Table 3).


Table 3. Concentration of the most abundant phytoplankton species found in La Libertad and Acajutla during the 2013 event, and in Los Cóbanos during 2017.
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In contrast to the water samples, microscopy of gastrointestinal contents of dead turtles from 2017 found Pyrodinium bahamense cells and thecae in gastric and enteric contents from two C. mydas. No PST-producing dinoflagellates were found in the enteric contents of an additional C. mydas and one L. olivacea, but whole cells of Planktoniella sol, Scrippsiella trochoidea, and Prorocentrum compressum were found in low abundance.

Satellite Imagery Analyses

During early September 2013, a potential dinoflagellate bloom was present off the western coast of El Salvador (Figures 3A,B). Another suspect bloom appeared during mid-September 2013 along the central coast (Figures 3C,D) and persisted through the end of the month (Figures 3E,F).
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FIGURE 3. Chlorophyll-a concentration (A,C,E, units = mg m−3) and normalized fluorescence line height (B,D,F, units = mW cm−2 μm−1 sr−1) for three 8-day time periods during September 2013. Data were collected from the MODIS-Aqua sensor and provided by NASA's Giovanni system (Acker and Leptoukh, 2007). Corresponding images represent 8-day means for each parameter ending on the dates displayed in the images; (A,B) represent 6–14 September data, (C,D) represent 14–22 September, and (E,F) represent 22–30 September. All maps are shown at an equal spatial scale.



Throughout October 2017, a potential dinoflagellate bloom was present off El Salvador's central coast (Figure 4). In addition, a potential offshore bloom appeared to the south of the central coast during late October (Figures 4C,D).
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FIGURE 4. Chlorophyll-a concentration (A,C,E, units = mg m−3) and normalized fluorescence line height (B,D,F, units = mW cm−2 μm−1 sr−1) for three 8-day time periods during October 2017. Data were collected from the MODIS-Aqua sensor and provided by NASA's Giovanni system (Acker and Leptoukh, 2007). Corresponding images represent 8-day means for each parameter ending on the dates displayed in the images; (A,B) represent 8–15 October data, (C,D) represent 16–24 October, and (E,F) represent 24 October−1 November. All maps are shown at an equal spatial scale.



DISCUSSION

Previous sea turtle mass mortality events suspected to be caused by PST-producing dinoflagellate blooms have been reported on the Pacific coast of Mexico and Central America, and in Papua New Guinea; however, very limited information about these events is available (Maclean, 1975; Licea et al., 2008, 2013; Meave del Castillo et al., 2008).

There are significant challenges associated with investigating sea turtle mortality events in many regions of the world, including the remote nature of many coastal areas, limited logistical resources, and inevitable delays between initial observations and response to reports. Although our sample size and some aspects of our data reflect these challenges, we were able to characterize two relatively large sea turtle mortality events in El Salvador and provide evidence that exposure to PST was the most likely cause. This evidence includes postmortem findings consistent with acute toxicosis, detection of relatively high concentrations of PST in gastrointestinal contents and tissues, observation of PST-producing dinoflagellates within gastrointestinal contents, and remote-sensing data suggestive of dinoflagellate blooms concurrent with sea turtle mortality.

In Chelonia mydas, higher concentrations of STX has been found in the gastro-intestinal tract contents rather than tissues (Capper et al., 2013). Toxicity thresholds have not been defined for PST in chelonians or other reptiles. Given their conservation status, exposure studies in sea turtles are not feasible and laboratory studies using non-imperiled chelonians have not yet been conducted. Attribution of clinical effect and mortality currently relies on exclusion of other possible causes and comparison of toxin exposures associated with mortality during known blooms, as well as exposure in turtles that are clinically stable or those that died from apparently unrelated causes. The dead turtles found during both events described herein were consistent with the general features of sea turtle mortality attributed to brevetoxicosis, another biotoxin that acts on neuronal voltage-gated sodium channels (Fauquier et al., 2013; Walker et al., 2018). These features include strandings of turtles in good nutritional condition without injuries, other abnormalities, or known association with other causes of mortality. Similar to a mortality event involving diamondback terrapins (Malaclemys terrapin) associated with a PST-producing Alexandrium bloom (Hattenrath-Lehmann et al., 2017), all turtles were found dead thus we were unable to ascertain whether affected turtles exhibited signs of neurotoxicosis. However, as previously reviewed, abnormal neurological signs including, erratic swimming, disorientation, and reduced activity were observed in stranded turtles found in 2010, one of which had detectable STX in brain tissue (Licea et al., 2013).

The PST concentrations detected in sea turtles that were found during both events were similar to those reported in 2006 (Licea et al., 2008) and 2010 (Licea et al., 2013), the only other published accounts of sea turtle mortality associated with PSP that includes toxin analyses. Our values were much higher than detected in the aforementioned M. terrapin mortality event (Hattenrath-Lehmann et al., 2017). In the case of PST found in one sample from brain tissue in 2013, the value is lower than found in brain tissue from the 2005 to 2006 mortality event (Licea et al., 2008). Two of the authors (Stacy and Flewelling, unpublished data) have screened sea turtles found stranded in Florida for PST as part of health studies and investigation of mortality events. In those results, concentrations typically are below detectable limits (10 ng/g) or well below those documented in this report, including within areas that experience periodic PST-producing blooms. Thus, although some degree of asymptomatic PST exposure almost certainly occurs in sea turtles, we have not found evidence of widespread background exposure similar to that measured during these events as a complication related to interpretation of analytical results. Nonetheless, broader sampling is needed of sea turtles during mortality events and PST-producing blooms and from unrelated circumstances with which to better understand PST exposure in Central America.

The opportunistic nature of sampling during these events did not allow conclusions to be drawn regarding differences in toxin concentrations among turtles and sample types other than variation is attributable to potential differences in dose, timing of exposure, toxin absorption and metabolism, and analytical methods. There are notable differences in the assays performed, which were determined by logistical considerations during each event. For example, RBA measures overall PST toxicity, whereas HPLC measures concentrations of specific congeners (Costa et al., 2009). ELISA is very sensitive and useful for screening for exposure, and analytical confirmation was achieved for the 2017 animals screened by ELISA. However, we did not have the ability to compare results of the same samples across all three methods. Future efforts should endeavor to standardize both sampling and analytical methods to the degree possible.

We observed anomalies in remotely-sensed imagery suggesting possible dinoflagellate blooms during both events. Unfortunately, available water samples were inadequate to confirm that the anomalies observed in satellite imagery were blooms of PST-producing species; corresponding in situ water samples are essential to confirm the presence of a bloom (Hu et al., 2005). The spatiotemporal extent of water sampling was extremely limited and was not considered representative of the anomalies detected by satellite. Nevertheless, the possibility that the observed anomalies were caused by blooms of Pyrodinium bahamanse and the likelihood that such blooms contributed to these mortality events are strengthened by concurrent detection of PST exposure in turtles, detection of Pyrodinium bahamense in the gastrointestinal contents of some turtles, and the observed toxin profiles. PST toxin profiles reported for P. bahamense vary somewhat from location to location, but generally contain fewer toxins than those described for other PST-producing dinoflagellates (Wiese et al., 2010). Profiles consisting of STX, NEO, dcSTX, GTX5, and GTX6 were reported in P. bahamense clones both from Palau (Harada et al., 1982, 1983) and Malaysia (Usup et al., 1994). Pyrodinium bahamense isolates from the Philippines and the southeastern US contained only STX, GTX5, and dcSTX (Landsberg et al., 2006; Gedaria et al., 2007), similar to the PST profile observed in the turtles analyzed in the present study. Although we were unable to confirm and identify blooms of specific species, the remotely-sensed data provided insight into the possible locations and extent of the blooms that may have resulted in toxin exposure and caused sea turtle mortality. Hopefully, this technology will be used to inform real-time sampling during future events.

Another consideration relevant to collection and interpretation of environmental data is the potential for persistent toxin exposure following dissipation of blooms. In marine animal mortality events attributed to brevetoxicosis, animals are not only exposed to high toxin levels during bloom periods, but also to toxins circulating through food webs for weeks or months after a bloom has dissipated (Landsberg et al., 2009). The same potential may exist for PST.

The number of sea turtles found likely reflects a minority of affected animals. Previous studies of beach strandings have estimated that around 5–20% of sea turtles that die at sea are subsequently found on shore (Hart et al., 2006; Mancini et al., 2011; Koch et al., 2013). Therefore, actual mortality from both events could have numbered in the hundreds or even thousands of sea turtles. Moreover, the 2013 event may have been widespread based on the extent of the potential bloom observed in remotely-sensed imagery and reported concurrent sea turtle strandings in Guatemala (Brittain et al., 2014).

Given the status of sea turtles and efforts that are required to manage significant anthropogenic threats, an understanding of various causes of mortality is important for conservation and management. The number of sea turtle deaths attributed to HABs on the Pacific coast of Central America is notable and warrants further effort to understand the factors that contribute to these events.
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