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Abstract


Microalgae form the basis of marine food webs, essential in sustaining top predators including seabirds. However, certain species of microalgae synthesize biotoxins, which can accumulate in shellfish and fish and may cause harm to marine animals feeding on them. Toxins produced by dinoflagellates have been previously observed to be poisonous to seabirds. Also, in freshwater and brackish habitats, cyanobacteria have caused bird mortality events. In this work, we analyze the prevalence of six families of biotoxins (paralytic shellfish toxins (PSTs), microcystins (MCs), anatoxins, amnesic shellfish toxins (ASTs), cylindrospermopsin, and tetrodotoxins (TTXs)) in 340 samples from 193 wild birds admitted to a wildlife rehabilitation centre in south Portugal. Furthermore, we consider the clinical picture and signs of 17 birds that presented quantifiable levels of biotoxins in their tissues. The relationship between toxin burdens and the symptomatology observed, as well as possible biotoxin sources, are discussed. Based on previously published research data, we conclude that, in these birds, the biotoxins are unlikely to be the only cause of death but might contribute to some extent to a reduction in birds’ fitness.
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Key Contribution: The link between marine biotoxins and the clinical symptoms displayed by dying seabirds showing quantifiable levels of PSTs and MCs was assessed. Despite it being unlikely that the biotoxin levels detected caused the death of the animals, they may act as a stressor factor and reduce birds’ resilience.










1. Introduction


Marine and freshwater microalgae form the basis of food webs that sustain wildlife and humankind. Nonetheless, despite the indispensable ecosystem services that they provide, under certain environmental conditions, the proliferation of microalgae and cyanobacteria may become harmful for aquatic organism and consumers, events that are known as “Harmful Algal Blooms” or HABs [1]. There are about 300 species of HAB-forming species, and, among them, about 80 are capable of toxin production [2]. The physiological roles of these biotoxins are not clear yet but have been related to direct predatory avoidance and allelopathy [3,4]. But, in addition to their impact on other planktonic components, these biotoxins also represent a threat to predators and consumers as they may accumulate in filter-feeding organisms and water. Indeed, the proliferation of toxic blooms has been related to massive mortalities and poisonings in top predators such as birds [5,6] and mammals [7,8,9], including humans [10,11,12]. In marine waters, there are three main groups of marine biotoxins that are included in European Union food safety regulations for the risk that they can pose to human bivalve mollusc consumers (European Parliament Regulation (EC) N° 853/2004) [13]. These toxin groups are those responsible for paralytic shellfish poisoning (PSP) and amnesic shellfish poisoning (ASP) and the lipophilic toxins (LTs). Paralytic shellfish toxins (PSTs)- comprising saxitoxins (STXs)- and LTs, are synthesized by certain species of dinoflagellates, whilst ASP, caused by ASTs- mainly domoic acid (DA)- is linked to diatoms of the genus Pseudo-nitzschia [14,15,16]. All these microorganisms are part of the natural diet of bivalves, other invertebrates, and planktivorous fish, which can accumulate and transfer them up through the marine trophic web [17,18,19,20]. Recently, the pufferfish toxins, TTXs, were detected in bivalves and gastropods in several European countries [21,22], and species of potentially toxic pufferfish are increasingly reported in Mediterranean and Macaronesian waters [23,24,25,26]. These toxins are known to cause severe neurological and potentially fatal effects, similar to those of PSTs [27].



As for freshwater toxigenic microorganisms, cyanobacteria is the group that causes most hazardous blooms in water resources and estuaries with several toxin-producing genera such as Microcystis and Dolichospermum (formerly Anabaena) [28,29]. The toxic metabolites produced by cyanobacteria are generally termed “cyanotoxins” and include toxins such as MCs, cylindrospermopsin (CYN), and nodularin (NOD), as well as the neurotoxic anatoxins (ATXs) and STXs [30]. Toxin-producing strains of cyanobacteria are known to affect drinking and recreational water quality, leading to illness and death in humans, livestock, pets, and wild animals [31,32,33].



Worldwide, an increase in the frequency and severity of marine HABs and cyanobacteria (together referred to as HABs here) events is being observed, likely due to the synergy of several factors, including global warming, water stratification, and eutrophication [34,35,36,37]. Global warming has also been identified as one of the main pressures for seabird populations, which are considered the most threatened group of birds [38]. Hence, an increase in biotoxins in the environment could add a new stressor that may impact the resilience of birds against changing hazards [6,39].



As the main concerns stemming from HABs are the risk to public health and the economic impacts on edible resources, the bulk of research has largely focused on these issues. Only occasionally, the spotlight is on wildlife adverse impacts, and this is mainly after mass mortality events [40,41,42,43,44]. The subacute effects of HAB biotoxins in wild vertebrates, such as waders and waterbirds, are still widely unexplored, even if they are highly dependent on aquatic ecosystems and their feeding resources, thus potentially being exposed to these toxic compounds [6,45,46]. Health impact studies are challenging for multiple reasons, including the problems with identifying the signs of some biotoxin poisoning syndromes (that may be species-specific) and linking these to toxin exposure, which are particularly complex at subclinical levels. Furthermore, highly mobile animals like waterbirds may be found far away from the geographical regions where toxin exposure occurred, and experiments under controlled conditions entail several ethical limitations. In this sense, wildlife rehabilitation hospitals, as the main knowledgeable institutions on animal health, can be the key to understanding to what extent biotoxins may pose a threat for waterbirds, as well as centralizing information and tissue banking [6].



In Portugal, both marine and freshwater HABs occur seasonally, and monitoring programmes for the control of marine biotoxins in bivalves are well established by official bodies (Sistema Nacional de Monitorização de Moluscos Bivalves, https://www.ipma.pt/pt/bivalves/index.jsp, accessed on 3 March 2025) [47]. Toxic blooms occur mainly in spring and at the end of summer, concomitantly with the peak of gull poisonings associated with paretic syndrome in Olhão [48]. Hence, to check the involvement of HABs in this disease, the samples collected from dead animals were screened for six different groups of marine and freshwater biotoxins (PSTs, DA, TTXs ATX, MCs, and CYN) in the liver, kidneys, intestines, and cloaca, which encompassed 193 animals and 340 samples in total. Full information about all the analyses performed was published in a previous work [49]. Here, we describe in detail the clinical signs observed in the 17 individual samples shown to contain quantifiable concentrations of biotoxins and assess the relationship between toxins effects and admission causes, on the basis of the previous literature. Furthermore, we analyze the prevalence of all the toxins analyzed in different organs and groups of birds from south Portugal.




2. Results and Discussion


2.1. Biotoxin Levels in Different Species and Tissues


Bird tissue samples containing biotoxins were only found in the following species: yellow-legged gull (Larus michahellis), lesser black-backed gull (Larus fuscus), Audouin’s gull (Ichthyaetus audouinii), Northern gannet (Morus bassanus), and sanderling (Calidris alba). Only PSTs or MCs were quantified. Biotoxin concentrations in individuals exhibiting quantifiable levels of decarbamoylsaxitoxin (dcSTX) or MCs in at least one of their organ tissues are summarized in Table 1. Figure 1 displays the locations where the affected animals were found.



For PSTs, a Northern gannet and an Audouin’s gull were the species that exhibited the highest toxin burdens, with 8.7 and 6.6 µg/kg dcSTX, respectively, closely followed by two yellow-legged gulls and a lesser black-backed gull. Only the liver had detectable levels of dcSTX, and no PSTs were detected in any of the kidney samples. One of the few experimental studies on toxicity and toxin distribution of PSTs in birds was conducted in mallards (Anas platyrhynchos) [52]. The animals, orally exposed to a maximum dose of 400 µg/kg of a pure STX standard, presented the maximum levels of toxins in fecal samples one hour after dosing (i.e., 178.5 µg/100 g in a surviving bird dosed with 290 µg/kg STX), followed by the small intestine (i.e., a bird that died 13 min after dosing with 290 µg/kg STX). Seven days after dosing, STX was no longer detected in gastrointestinal tissues [52]. Other tissues such as the liver, kidney, and muscle presented only trace levels of STX, even in animals that died after the administration of the highest doses. Furthermore, levels measured in mallards did not correlate with the dose ingested. These results suggest that in field samples, PSTs may be only detected in tissues when present at extremely high concentrations and that bird poisonings may occur even when toxins are not detected in tissues [52]. Other studies dealing with field samples point in the same direction [6].



Several field studies have described the presence of marine biotoxins in seabirds. After a severe bloom of Alexandrium tamarense in Canada, which caused a massive mortality event for diverse taxa, including seabirds, samples of livers and digestive tracts were analyzed for PSTs [41]. With very few exceptions (Northern gannets), higher toxin levels were quantified in the digestive tract [41], in line with the findings obtained after seabird mortality events in Alaska in 2017 and 2019. In these episodes, the highest PST levels were found in the stomach contents of Northern fulmars (Fulmarus glacialis) in the first case and in the gastrointestinal tract of artic terns in the 2019 event [53,54]. PST concentrations were also more elevated in the stomach contents than in the livers of seabirds from Beagle Channel (South Atlantic) [55]. Similar or lower toxin burdens in the liver than in the upper gastrointestinal content were also observed in chick murrelets, with the lowest toxin content found in the kidneys [56]. Conversely, higher PST levels were found in bird livers of dead common murres (Uria aalgae) from Alaska (2015–2016) in comparison with the toxin concentrations in both the cloaca and gastrointestinal content, although in healthy animals, the opposite trend was noticed [57]. Gibble and collaborators found the highest levels in the bile of a Northern fulmar and a white-winged scoter (Melanitta deglandi), with toxins more frequently detected in the liver and bile than in the stomach contents [58] PSTs were also found in the brain of a herring gull (Larus argentatus) after a toxic bloom although the highest toxin levels were found in the intestines [59]. In the Falkland Islands (Malvinas), Gentoo penguins had detectable levels of PSTs in the stomach, intestine, and stomach/intestinal contents, liver, kidney, brain, and spleen, although no toxins were found in fat tissue or the aqueous humour of the eye [60]. These discrepancies between stomach contents and liver or other tissues may be due to the death of the bird before the complete absorption of PSTs [55]. Thus, relaying the analysis in just gastrointestinal contents may be risky, and testing several tissues is recommended [58].



The concentrations found in the present study (Table 1) are about one order of magnitude lower or less than those reported in most publications (Table 2). Our results are similar to those found in the liver of Northern fulmar, scoters, and Brandt’s cormorants (Phalacrocorax penicillatus) [58,61], as well as in tufted puffins (Fratercula cirrhata) [40] and the common murre [62] where PSTs were not considered the primary cause of death.



Similar issues and a lack of data are encountered when collecting information on freshwater toxins. Little research has been performed to ascertain cyanobacteria toxicity and toxin distribution in birds. MCs are the most common cyanotoxins, and despite being considered hepatotoxins, it has been demonstrated that MCs can cross the blood–brain barrier [67], and their neurological effects are attracting increased attention [68]. However, as the liver is the main target organ of MCs, most studies focus on the livers of birds for toxicological analyses, as well as the gastrointestinal contents [45]. Nonetheless, MCs have been detected in agricultural crops [69], feces [70], muscle [66,71], the spleen [66], the kidney, the lung [66,72], the brain [66], the heart [72], and even feathers (0.02–30 µg/g MC eq) [73]. In this study, MCs were found mostly in livers but also in the kidney of a Northern gannet, and the content of one cloaca, obtained from a yellow-legged gull (Table 1).



Comparatively, the studies targeting different organ tissues report the highest MC concentration in the liver [66,71,72,74,75]. Interestingly, Dalmatian pelicans (Pelecanus crispus) had the highest MC concentration in their livers, followed by the spleen, stomach contents, and kidneys, with it also being quantified in lung, muscle, and brain tissue [66], in accordance with results obtained for lesser flamingos (Phoeniconaias minor) in Tanzania after a mortality event [72]. Japanese quails (Coturnix japonica) orally exposed to sublethal MC doses and treated for 10 or 30 days showed differential concentration of toxins in their livers, with them being lower (0.47–7.5 ng/g) in 30-day-dosed birds than in those exposed to MCs for 10 days (2.2–43.7 ng/g) [75]. A slight accumulation in the muscles was also observed with the highest doses [71].



The MC concentrations found here are low but in the range of those recorded in the liver and the intestines of grebes found dead after a cyanobacterial bloom in the Salton Sea (<LOD-110 ng/g dry weight) [74]. In that case, the authors stated that although the MC concentrations in water and grebe livers were not high, lethal toxicity could still occur [74]. Contrarily, Foss and collaborators found MCs in the liver of mallards after a mortality event (172–218 total MCs ng/g, dry weight), but MCs were not considered the primary cause of death [5]. These levels were also similar to those found in the stomach contents, intestines, and fecal pellets of lesser flamingos from Kenya (0.196, 0.036, and 0.021 µg/g fresh weight (FW) (anatoxin also detected) [70], as well as in the livers of dead flamingos from Tanzania [72]. The necropsy and histopathological examination of these flamingo carcasses showed emaciation and gross lesions in visceral organs, especially the liver, as well as the presence of opportunistic bacteria, suggesting septicemia as the ultimate cause of death [72]. Much higher toxin concentrations were found in flamingo crops and the livers of flamingos, coots, gulls, and mallards from Doñana national park (Spain) during cyanobacteria blooms occurring in 2001 and 2004 [69,76] (Table 3).



Our studies found the highest MCs concentrations in the livers of a sanderling with 27.2 µg/kg displaying paresis and a weak Northern gannet (30.2 µg/kg), which died a few days after admission. Considering the symptoms and feeding habits of gannets, it seems unlikely that MCs alone could be the cause of death in this specimen, but it might be in the case of the sanderling, a wader that can feed in estuarine habitats and the shores of lakes and rivers.



Regarding the prevalence of all the toxins analyzed, MCs showed the highest occurrence with 3.49% (n = 11) of positive samples, followed by PSTs with 1.82% (n = 6). Conversely, DA, ATX, CYN, and TTXs showed a prevalence of 0%, with no positive samples from the analyzed birds (Table 4).




2.2. Biotoxin Transfer (Putative Toxin Reservoirs), Bioaccumulation, and Biotransformation


Biotoxin-producing microalgae and biotoxin levels in bivalves are routinely monitored by the Portuguese Institute for the Sea and Atmosphere (IPMA) in Portugal. Data for PSTs in Olhão and surrounding areas for the period when animals were collected are shown in Table 5. Unfortunately, data for cyanotoxins present in the nearby reservoirs are not available. In Figure 1, the locations where these individuals were found are displayed.



In 2019, PSTs in bivalves were detected in March, in the enclosed area of Olhão near RIAS, and in September, in the furthermost area between S. Vicente cape and Lagos littoral, though at levels below the interdiction level (>800 µg STX equiv/kg) (https://www.ipma.pt/en/bivalves/index.jsp). However, during the same months, no seabirds analyzed in this study presented detectable levels of PSTs. During winter and spring 2020, similar PST levels were quantified in bivalves from the same area, with concentrations between 30 and 39 µg STX equiv/kg, with PST-producing phytoplankton showing densities above the Portuguese interdiction levels (>1500 cells/L) in March (https://www.ipma.pt/en/bivalves/index.jsp) [77]. Only one yellow-legged gull collected in Portimão in January 2020 had detectable dcSTX in the liver, although in this month, toxic phytoplankton and PSTs in bivalves were still low (Table 2 and Table 5).



Other studies have shown that PSP in birds may be feasible even under moderate doses and may not be detected in the liver [52]. Unfortunately, information on PST-producing phytoplankton and biotoxins is scarce for the period when seabirds were rescued, and no data are available for MCs in the environment relevant to this study. Based on the available reported PST contents in bivalves, it is unlikely that contaminated prey was responsible for the signs shown by the birds. The maximum concentration registered for the area was 84 µg STX equiv/kg. Considering a gull’s average weight of 0.7 kg and knowing that they can eat 20% their body weight daily, an intake of 140 g of mussels would contain 11.76 µg STX equiv, which represent a dose of 16.8 µg STX equiv/kg bw. The LD50 has been estimated to be 167 μg/kg for mallards orally exposed to STX [52]. On the other hand, planktonic fish have been shown to be an important biotoxin vector for seabirds [6,55,57]. The STX concentrations measured in a sand lance causing the death of 21% of Kittlitz’s Murrelet (Brachyramphus brevirostris) nestlings in 2011 (Alaska) were in the range of 7.6 to 58.4 ng/g [56], similar to those quantified in South Portugal during 2019–2020.



Finally, it should be noted that STX-producing freshwater cyanobacteria exist [30] and that due to the great capability for movement in these species [78,79], the poisonous origin can potentially be located several kilometres away from the area in which bird carcasses are located.



Our results show dcSTX as the only analogue identified in the avian liver samples. PSTs are classified into distinct groups according to molecular structure and toxicity, with the carbamoyl group (STX, neosaxitoxin- NEO and gonyautoxins-GTX 1–4) being the most toxic. Most decarbamoyl analogues (dcSTX, dcNEO and dcGTX 1–4) and sulfocarbamoyl (C1-4, GTX5, and GTX6) display relative toxicities that range from having high (dcSTX) to low potency [80,81,82]. Carbamate toxins are not usually found in Gymnodinium catenatum from Portugal, but decarbamoyl and sulfocarbamoyl derivatives are commonly detected in microalgae and mussels from Portuguese coasts [83,84,85]. After an HAB caused a mass mortality event in birds, Cadaillon and collaborators (2024) observed that the toxin profile of zooplankton, mussels, and squat lobsters resembled that of Alexandrium catenella, with GTX congeners as the main analogues, while, in fish and seabirds, STX and GTX2 and 3 were prevalent (likely as a result of toxin biotransformation) [55,86]. However, the toxin profiles in sardine (Sardina pilchardus) viscera and G. catenatum analyzed after a bloom in Portugal were alike [87]. Furthermore, the experimental administration of several analogues to fish (mainly N-sulfocarbamoyl and decarbamoyl) revealed only the presence of dcSTX in their livers after a few days [88,89]. This suggests a rapid excretion of N-sulfocarbamoyl and decarbamoyl toxins, with dcSTX being the last of the decarbamoyl analogues to be eliminated, which could explain the detection of dcSTX alone in gull and gannet livers from Portugal. Most seabird mortality events reported in the literature are due to Alexandrium blooms, in which the most toxic carbamoyl analogues are prevalent [41,55,57,58,61,64,65]. This may contribute to the elevated seabird mortality observed in those regions.



Cyanobacteria proliferate in eutrophic freshwater reservoirs, but they can also be easily found in wetlands, brackish waters, and estuaries [90,91]. Birds can be poisoned by direct toxin exposure or through feeding [66]. Seagulls usually make use of water ponds for drinking, feeding, and bathing, becoming potential victims of these or other toxins [76]. Sanderlings can frequent inland freshwater or saline lakes during non-breeding season. In their wintering areas, they feed on small mollusks, crustaceans, worms, and larval or pupal insects and sometimes stranded fish [92]. These feeding habits may lead to exposure to both marine and freshwater toxins, although only MCs were identified in one sanderling from Alvor, a semi-enclosed bay at the mouth of Alvor and Odiaxeira rivers. The presence of MCs seems less provable in gannets, since these species are considered mainly pelagic. Interestingly, low levels of MCs were measured in bogue (Boops boops) and mackerel (Scommber japonicas colias) in the Adriatic Sea [93], showing that MC occurrence in marine biota and their transfer along the food web deserve further investigation and monitoring.




2.3. Clinical Signs and Etiology


From the 17 birds positive for PSTs or MCs, 59% were dead at admission (n = 10) and 41% were alive (n = 7). Of those that were alive, six died during the first 48h of rehabilitation, and one was euthanized due to severe weakness without improvement. Regarding age, 35.2% were considered mature adults due to their feathers (n = 6), and 64.8% were considered immature juveniles or subadults (n = 11). All PST- or MC-positive birds showed paretic syndrome (70.5%, n = 12) or weakness (29.5%, n = 5). Paretic syndrome is a set of symptoms characterized by different degrees of ascendant flaccid paralysis, dyspnea, and diarrhea. The admission cause being identified as weakness corresponds to birds that present poor body condition, cachexia, a lack of strength, dehydration, and opportunistic diseases without a main cause being found to explain this condition. Paretic syndrome mostly affects gulls but can also affect waders and ducks, and it is one of the main causes of admission to the RIAS hospital. Weakness is usually associated with juvenile and inexpert birds that, frequently during migration, become lost and tired and are not able to find enough food. Necropsy findings found in positive birds are in accordance with expectable outcomes regarding the admission cause. Birds that were victims of paretic syndrome dying in the first 48 h did not show any particular macroscopic injuries. The birds admitted with weakness usually had kidney damage due to dehydration, whilst one of the birds showed an old fracture as the cause of the weakness. There are an array of bacterial toxins (i.e., botulinum toxins), viral diseases, and pollutants that can induce similar signs [94,95].



PSTs in birds were also recorded as causing paralysis, a loss of coordination, and weakness, with no internal gross lesions, except for congestion in the lungs in likely drowned animals [60], but good body condition in acute fatal intoxications (Table 2).



Additional sublethal symptoms reported by Duesk in experimentally intoxicated mallards included weight loss, head shaking, wing twitching and settling, tail wagging, excessive drinking, and regurgitation. Regurgitation may represent the principal way to remove the toxin and avoid its absorption [52], but PSTs can act very quickly. Cameras installed in murrelet nets recorded a chick dying shortly after consuming a STX-contaminated sand lance [56]. Reproductive failure has also been observed in surviving animals [60].



Certain signs of MC and PST intoxication may resemble those exhibited by the birds in this study, including lethargy, dehydration, difficulty in holding their heads up, and dry eye, as well as weight loss (Table 3) [96]. However, as previously stated, these symptoms are also associated with other aetiologies like avian botulism, pollutant intoxication, infectious diseases, or nutritional imbalances [97,98]. Avian botulism is caused by exposure to the botulinic toxins produced by the bacterium Clostridium botulinum, which proliferate in anaerobic conditions usually caused by nutrient enrichment [97]. Indeed, microalgae blooms can induce the optimal environmental requirements for C. botulinum growth [99]. A common observation in MC intoxications is the aberrancy of the liver (enlargement, hemorrhages) (Table 3), which is not a typical pathology in avian botulism.



Despite the analysis of botulinic toxins being out of the scope of this work, some samples analyzed for botulism in a previous work resulted positive [49], showing again that marine or freshwater biotoxins may not be the main cause of disease or death in the birds analyzed here. The low but detectable levels of dcSTX and MCs in Northern gannets require further investigation.





3. Conclusions


The etiology behind massive mortality and disease events in waterbirds is usually difficult to determine and mostly speculative due to the difficulties in performing extensive analytical tests that allows for reliable diagnoses. Further issues include the scarcity of data for toxicological aspects in wild birds, such as acute and subacute doses and toxic effects. Seabirds are one of the most threatened groups of birds, with many populations showing worrying declines. Global warming and the emergence of certain diseases and biotoxins in the environment may jeopardize the resilience of vulnerable species. Therefore, broadening our knowledge of the causes and consequences of seabird mortality and diseases outbreaks is crucial in preserving their populations, as well as in guaranteeing public health from the One Health perspective. Clinical signs exhibited by the individuals bearing quantifiable levels of dcSTX and MCs in their tissues may be compatible with biotoxin poisonings. However, considering the toxin loads, the occurrence of marine microalgae in the area, and the forensic examination of the carcasses, the link between MCs or PSTs and disease and death seems unprovable in this case. Nevertheless, as certain natural biotoxins may be excreted rapidly (i.e., PSTs), their absence in animal tissues may not necessarily exclude them as the cause of death in other similar outbreaks.




4. Materials and Methods


4.1. Wildlife Rehabilitation Centre and Admission Protocol


The Wildlife Rehabilitation and Research Centre-RIAS is located in Olhão (South Portugal) in the Ria Formosa Natural Park (Figure 1). The hospital admits about 3000 wild animals per year, of which around 80% are birds, mainly waterbirds (https://rias.pt/o-rias/). Once admitted, the animals are clinically evaluated, housed, and treated until their recovery and release or demise/euthanasia. About 20% of the animals were dead upon admission, either because they died during transport or because they were found already dead. When possible, a necropsy of the animals was performed, and some organs were collected and stored at −20 °C until analysis [98,100].



Between 2018 and 2021, tissue samples from different birds admitted to RIAS were collected during necropsy (https://rias.pt/o-rias/). These samples originated from birds admitted dead or that died during rehabilitation.




4.2. Marine and Freshwater Biotoxin Analysis


To study the possible involvement and effect of biotoxins on waterbird population health, 340 samples of the liver, kidneys, intestines, and cloaca contents of 16 different bird species were sent to the CEFAS (Centre for Environment, Fisheries and Aquaculture Science) laboratory for toxin testing, specifically assessing the presence of PSTs, DA, TTXs, ATX, MCs, and CYN. In addition, 36 bird samples (3 sets of cloaca contents, 11 kidneys, 11 intestines, and 11 livers) from 11 individuals were tested for the presence of PSTs and DA at the Vigo Centre of the Spanish Oceanographic Institute IEO-CSIC (Vigo, Spain). The sampling, extraction, and analytical methods are described in detail in [49]. Tissue samples were analyzed at CEFAS for marine biotoxins (PST, DA, and TTXs) and cyanotoxins (MCs and Nod, ATX, and CYN). Briefly, PST and TTX analyses were performed by ultra-high-performance liquid chromatography–hydrophilic interaction chromatography–tandem mass spectrometry (UHPLC-HILIC-MS/MS) based on the method described by Boundy et al. (2015) [101] and validated by Turner et al. (2015, 2020) [50,102]. PSTs analyses were also carried out on selected samples by HPLC-PCOX-FLD following Rourke et al. (2008) [103], with modifications [104] at IEO-CSIC. Cyanotoxin analyses (MCs and Nod) were performed following the method of Turner et al. (2018) [51]. Briefly, samples were extracted with 80% aqueous methanol and analyzed using a Waters Acquity UPLC I-Class coupled to a Waters Xevo TQ-S tandem quadrupole mass spectrometer (Waters Corporation, Manchester, UK) (details are provided in [49]). For ATX, CYN, and DA analysis, the acetic acid extracts were submitted to chromatographic separation with the same HILIC column and guard cartridge used for PST/TTX analysis in an Agilent 1290 Infinity II UHPLC chromatograph. Detection was performed using an Agilent 6495B triple quadrupole (MS/MS) with Jet Stream technology and electrospray with positive ionization (further details are provided in [49]).




4.3. Bibliographic Search


An exhaustive review of the scientific and grey literature on marine and freshwater biotoxin levels found in birds was performed using the most relevant databases and search engines (Google, Google Scholar, Scopus, Web of Science (WOS)). The keywords chosen for the search were as follows: Seabird*, Bird* × “Harmful Algal Bloom”, PSP, Saxitoxin*, “freshwater toxins”, cyanotoxin*, microcystin*.
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Figure 1. (A) Location of the area of study in Portugal and Faro district (shaded region). (B) Location of the RIAS wildlife rehabilitation centre (green icon) and spots where the birds were collected (red icons). Maps created with mapchart.net. 
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Table 1. Individuals exhibiting quantifiable levels of biotoxins in at least one of their organ tissues. For each patient, the admission date and the place where the animal was found, the species, and concentrations of decarbamoylsaxitoxin (dcSTX) and microcystins (MCs) are displayed. LOD, limit of detection; STP, sewage treatment plant. LOD for dcSTX = 1.0 µg/kg [50]; LOD for MCs = 0.4–1.3 µg/kg [51].






Table 1. Individuals exhibiting quantifiable levels of biotoxins in at least one of their organ tissues. For each patient, the admission date and the place where the animal was found, the species, and concentrations of decarbamoylsaxitoxin (dcSTX) and microcystins (MCs) are displayed. LOD, limit of detection; STP, sewage treatment plant. LOD for dcSTX = 1.0 µg/kg [50]; LOD for MCs = 0.4–1.3 µg/kg [51].





	
Admission Number

	
Admission Date

	
Place

	
Species (Latin Name/Common Name)

	
Tissue

	
dcSTX (µg/kg)

	
MCs (µg/kg)






	
V0048/20/A

	
8 January 2020

	
Portimão

	
Larus michahellis

yellow-legged gull

	
Liver

	
6.5

	
<LOD




	
Kidney

	
<LOD

	
<LOD




	
M1719/20

	
21 July 2020

	
STP

	
Ichthyaetus audouinii

Audouin’s gull

	
Liver

	
6.6

	
<LOD




	
Kidney

	
<LOD

	
<LOD




	
M2527/20

	
12 October2020

	
Albufeira

	
Morus bassanus

Northern gannet

	
Liver

	
8.7

	
<LOD




	
Kidney

	
<LOD

	
<LOD




	
V2626/20/A

	
24 October 2020

	
Quarteira

	
L. michahellis

yellow-legged gull

	
Liver

	
5.5

	
<LOD




	
Kidney

	
<LOD

	
<LOD




	
V2641/20/A

	
26 October 2020

	
Quarteira

	
Larus fuscus

lesser black-backed gull

	
Liver

	
5.6

	
<LOD




	
M2693/20/A

	
2 November 2020

	
Portimão

	
L. michahellis

yellow-legged gull

	
Liver

	
5.7

	
<LOD




	
Kidney

	
<LOD

	
<LOD




	
M0183/19/A

	
12 March 2019

	
Quarteira

	
L. fuscus

lesser black-backed gull

	
Liver

	
<LOD

	
5.8




	
M1997/19/A

	
13 September 2019

	
Albufeira

	
L. michahellis

yellow-legged gull

	
Liver

	
<LOD

	
5.2




	
Kidney

	
<LOD

	
<LOD




	
V0427/20/A

	
28 February 2020

	
Quelfes

	
L. michahellis

yellow-legged gull

	
Liver

	
<LOD

	
7.4




	
M0441/20/A

	
2 March 2020

	
Albufeira

	
L. michahellis

yellow-legged gull

	
Liver

	
<LOD

	
7.4




	
M1001/20/A

	
15 May 2020

	
Portimão

	
L. michahellis

yellow-legged gull

	
Liver

	
<LOD

	
7.2




	
Kidney

	
<LOD

	
<LOD




	
M1897/20/A

	
31 July 2020

	
STP

	
I. audouinii

Audouin’s gull

	
Liver

	
<LOD

	
1.6




	
M2528/20/A

	
12 October 2020

	
Ferragudo

	
L. michahellis

yellow-legged gull

	
Cloaca

	
<LOD

	
4.9




	
V2603/20/A

	
22 October 2020

	
Guia

	
M. bassanus

Northern gannet

	
Kidney

	
<LOD

	
9.6




	
Liver

	
<LOD

	
<LOD




	
V2617/20/A

	
23 October 2020

	
Tavira

	
M. bassanus

Northern gannet

	
Liver

	
<LOD

	
30.2




	
Kidney

	
<LOD

	
<LOD




	
V2787/20/A

	
15 November 2020

	
Albufeira

	
L. michahellis

yellow-legged gull

	
Liver

	
<LOD

	
4.8




	
Kidney

	
<LOD

	
<LOD




	
M2811/20/A

	
16 November 2020

	
Alvor

	
Calidris alba

sanderling

	
Liver

	
<LOD

	
27.2




	
Kidney

	
<LOD

	
<LOD











 





Table 2. PST values reported in the literature for birds and associated symptoms. Only studies in which toxins were confirmed in quantifiable levels are displayed. For comparison purposes, when several organs including the livers were analyzed, only the toxin levels in the livers are shown. The values displayed represent the minimum and maximum concentrations quantified. When the minimum values are under the limit of quantification, the lowest concentration detected is displayed in brackets.
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	Species (Latin Name/Common Name)
	N° Individuals
	PST Concentration Range (Minimum < LOQ)
	Units
	Analogues/Total Toxicity
	Tissue
	Symptoms
	Necropsy
	Observations
	Reference





	Alca torda/Razorbill
	5
	<LOD (5.8)–15
	µg STXeq/100 g
	Total toxicity, C1, C2, GTX2, GTX3, STX
	Liver
	Death
	Good body condition.

No other significant findings
	ELISA and LC-FLD
	[41]



	Anas platyrhynchos/Mallard
	14
	<LOD (2)–106.3/

3.6
	µg STXeq/100 g
	Total toxicity/

dcSTX
	Small intestine/Liver
	Weight loss, head shaking, excessive drinking, regurgitating, wing twitching and settling, tail wagging, death
	No specific abnormalities or tissue pathology
	STX orally administered. dcSTX detected in the liver.

Lowest lethal dose = 110 µg/kg STX, LD50% = 167 µg/kg
	[53]



	Brachyramphus brevirostris/Kittlitz’s Murrelet
	9
	<LOD (56.3)–106.4
	ng/g STXeq
	Total toxicity
	Liver
	Chick dead shortly after consuming sand lance
	Good body condition.

Nematode infestation in five birds. No other significant findings
	ELISA, samples with lowest levels likely due to improper preservation (ethanol)
	[56]



	Caracara plancus/Southern or crested caracara
	1
	29.59
	µg STXeq/kg
	GTX2/3, STX
	Liver
	Death
	Good body condition. No other significant findings
	HPLC-FLD
	[55]



	Cepphus grylle/Black guillemot
	8
	<LOD (20)–41
	µg STXeq/100 g
	Total toxicity
	Liver
	Death
	Good body condition.

No other significant findings
	ELISA
	[41]



	Fratercula cirrhata/Tufted puffin
	4
	3.1–9.5
	ng/g STXeq
	Total toxicity
	Stomach and cloaca contents
	Death
	Emaciation. No other significant findings
	ELISA. Most birds in flight feather moult. Toxins considered not the primary cause of death
	[63]



	Fulmarus glacialis/Northern fulmar
	18
	<LOD (1.4)–5.9
	µg STXeq/100 g
	Total toxicity
	Liver
	Death. Dying animals showed weakness, lethargy,

drooping heads, staggering, and lack of

predador avoidance
	Most in poor body condition and evidence of drowning. Some with evidence of blood in gastrointestinal tract
	ELISA and HPLC, C1, 2; GTX5; STX; GTX1, 4; NEO in stomach contents
	[53]



	Fulmarus glacialis/Northern fulmar
	2
	6.87
	ng/g STXeq
	Total toxicity
	Liver
	Death
	Emaciation, renal coccidiosis,

bacterial pyelonephritis, dehydration

with urate stasis, ureteral rupture
	ELISA, highest level in bile
	[58,61]



	Gavia immer/Comon loon
	2
	<LOD-7.7
	µg STXeq/100 g
	Total toxicity
	Liver
	Death
	One thin, the other in good body condition. No other significant findings
	ELISA
	[41]



	Gavia stellate/Red-throated loon
	1
	6.1
	µg STXeq/100 g
	Total toxicity
	Digestive tract
	Death
	Thin. No other significant findings
	ELISA, <LOD in the liver
	[41]



	Gull not identified
	2
	<LOD-33.7
	µg STXeq/100 g
	Total toxicity
	Liver
	Death
	One thin, other in good body condition. No other significant findings
	ELISA. A liver with <LOD analyzed by LC-FLD; toxins not detected
	[41]



	Larus argentatus/Herring gull
	7
	<LOD-10
	µg STXeq/100 g
	Total toxicity
	Liver
	Death
	Good body condition, pancreatitis in one individual. No other significant findings
	ELISA. A liver with <LOD analyzed by LC-FLD; toxins not detected
	[41]



	Larus argentatus/Herring gull
	-
	110
	µg STXeq/100 g
	Total toxicity
	Intestine
	Death
	-
	HPLC
	[59]



	Larus delawarensis/Ring-billed gull
	2
	42
	µg STXeq/100 g
	Total toxicity
	Digestive tract
	Death
	Good nutritional condition.

No other apparent pathological lesions
	ELISA, toxins in the liver <LOD
	[41]



	Larus dominicus/Kelp gull
	-
	39
	nmol/g
	GTX1/4
	Intestine
	Death
	-
	HPLC-FLD. GTX4 was present in all studied tissues (intestine, stomach, liver, and kidney)
	[64,65]



	Larus dominicus/Kelp gull
	8
	15.46
	µg/kg STXeq
	GTX3/2, trace levels of STX
	Liver (pooled)
	Death
	Good body condition. No other significant findings
	HPLC–FLD. Selected animals in good nutritional condition and with stomach contents for PST analysis
	[55]



	Larus philadelphia/Bonaparte’s gull
	1
	0.01, 0.02, 2.8
	µg 100 g
	C1, C2, STX
	Gastrointestinal contents
	Death
	Good nutritional condition.

No other apparent pathological lesions
	LC–FLD
	[41]



	Melanita deglandi/White–winged

scoter
	4
	<LOD (4.68)–6.4
	ng/g STXeq
	Total toxicity
	Liver
	Death
	-
	ELISA
	[58]



	Melanita

Perspicillata/Surf scoter
	3
	<LOD-4.68
	ng/g STXeq
	Total toxicity
	Intestinal

contents
	Death
	-
	ELISA
	[58]



	Morus bassanus/Northern gannet
	5
	<LOD (4.7)–85
	µg STXeq/100 g
	Total toxicity
	Liver
	Death
	Two of them thin, no significant findings. Highest toxin content in those with good body condition
	ELISA
	[41]



	Pelecanus crispus/Dalmatian pelican
	10
	0~25
	ng/g
	Total toxicity
	Liver
	Decreased movement before death, not opisthotonus
	-
	ELISA. Cylindrospermopsins and MCs also present. The highest concentration in stomach contents
	[66]



	Phalacrocorax auritus/Double–crested cormorant
	19
	<LOD (4.6)–9.8
	µg STXeq/100 g
	Total toxicity
	Liver
	Death
	Good body condition for most of them, some thin. Pneumonia and aspergillosis observed in a thin hatch-year female individual. No other significant findings
	ELISA. Only STX detected by LC-FLD in GI contents
	[41]



	Phalacrocorax

penicillatus/Brandt’s cormorant
	2
	<LOD-2.0
	ng/g STXeq
	Total toxicity
	Stomach contents
	Death
	Emaciated
	ELISA. DA also detected
	[58]



	Pygoscelis papua/Papua or gentoo penguin
	1
	43
	µg STXeq/kg
	GTX2/3, STX
	Liver
	Death
	Good body condition. No other significant findings
	HPLC-FLD. Selected animals in good nutritional condition and with stomach contents for PST analysis
	[55]



	Rissa tridactyla/Black-legged kittiwake
	52
	<LOD (4.2)–8.8
	µg STXeq/100 g
	Total toxicity, only STX
	Liver
	Death
	Some of them were thin. No other significant findings
	ELISA, LC-FLD
	[41]



	Rissa tridactyla/Black-legged kittiwake
	59
	<LOD-2.7
	µg STXeq/100 g
	Total toxicity
	Liver
	Healthy
	Good nutritional condition.

No other apparent pathological lesions
	ELISA
	[57]



	Somateria mollissima/Common eider
	3
	<LOD (5.7)–74
	µg STXeq/100 g
	Total toxicity
	Digestive tract
	Death
	One was in good body condition. Two of them were thin; one presented granulomatous myopathy and the other, pasteurellosis
	ELISA, toxins in the liver <LOD, highest values in the specimen with good body condition
	[41]



	Spheniscus magellanicus/

Magellanic penguin
	2
	28–54
	µg STXeq/kg
	GTX2 and 3, dcGTX2 and 3, STX, GTX1,4 at trace levels
	Liver
	Death
	Good body condition. No other significant findings
	HPLC–FLD. Selected animals in good nutritional condition and with stomach contents for PST analysis
	[55]



	Sterna paradisaea/Artic tern
	11
	<LOD (2)–5.9
	µg STXeq/100 g
	Total toxicity
	Liver
	Death, convulsion
	Most in fair body condition, no significant gross or microscopic abnormalities
	ELISA, HPLC. Three nestling, one adult. C1,2, dcSTX, GTX2 and 3, GTX5 also found in liver
	[54]



	Thalasseus máxima/Royal tern
	-
	37
	nmol/g
	GTX1/4
	Intestine
	Death
	-
	HPLC-FLD
	[64,65]



	Uria aalge/Common murre
	44
	<LOD-10.8
	µg STXeq/100 g
	Total toxicity
	Liver
	Death, reproductive failure
	Emaciation. No other apparent pathological lesions
	ELISA
	[57]



	Uria aalge/Common murre
	16
	<LOD-1.3
	µg STXeq/100 g
	Total toxicity
	Upper gastrointestinal content
	Healthy
	Good nutritional condition.

No other apparent pathological lesions
	ELISA, no toxins detected in liver
	[57]



	Uria aalge/Common murre
	8
	1.4–3.9
	ppb STXeq
	Total toxicity
	Proventriculus or cloaca
	Death
	Emaciated
	ELISA. Toxins not considered the primary cause of death
	[62]










 





Table 3. MC values reported in the literature for birds and associated symptoms. Only studies in which toxins were confirmed in quantifiable levels are displayed. For comparison purposes, when several organs including the livers were analyzed, only toxin levels in the livers are shown. The values shown represent the minimum and maximum quantified. When the minimum values are under the limit of quantification, the lowest concentration detected is displayed in brackets.
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	Species (Latin Name/Common Name)
	N° Individuals
	MC Concentration Range (Minimum > LOD)
	Units
	Analogues
	Tissue
	Symptoms
	Necropsy
	Observations
	Reference





	Anas platyrhynchos/Mallard
	2
	172–218
	Total MCs ng/g (dry weight)
	MC-LR, [D-Leu 1]MC-LR
	Liver
	Lethargy, dehydration, difficulty holding

head up, dry eyelids
	NA
	LC-MS 2

MCs may not have been the primary cause of death (botulism?)
	[5]



	Anas platyrhynchos/Mallard
	3
	31.1
	mg/g MC-LR eq
	-
	Liver
	Depression, ataxia and paresis, rapid death
	Intrahepatic hemorrhage, edema, and hepatomegaly. No other evidence of infectious disease
	Mouse bioassay and commercial kit
	[76]



	Coturnix japonica/Japanese quail
	5 indiv × 5 groups
	2.2–43.7 (10 days), 0.47–7.5 (30 days)
	ng/g (fresh weight)
	NA
	Liver
	No mortality or clinical signs of pathology. Increased activities of lactate dehydrogenase and a drop in blood glucose
	No gross pathological

changes in inner organs. Hepatic changes with the highest doses
	Birds exposed to daily dose of 0.2–224.46 ng/MCs for 10 or 30 days
	[71,75]



	Chroicocephalus ridibundus/Black-headed gull
	3
	34.5
	mg/g MC-LR eq
	-
	Liver
	Depression, ataxia and paresis, rapid death
	Intrahepatic hemorrhage, edema, and hepatomegaly. No other evidence of infectious disease
	Mouse bioassay and commercial kit
	[76]



	Fulica atra/Coot
	9
	75.9
	mg/g MC-LR eq
	-
	Liver
	Depression, ataxia and paresis, rapid death
	Intrahepatic hemorrhage, edema, and hepatomegaly. No other evidence of infectious disease
	Mouse bioassay and commercial kit
	[76]



	Pelecanus crispus/Dalmatian pelican
	10
	0~300
	ng/g
	-
	Liver
	Decreased movement before death, not opisthotonus
	-
	ELISA. Also cylindrospermopsins and STX
	[66]



	Phoeniconaias minor/Lesser flamingo
	2
	0.196
	µg/g MC-LR eq (fresh weight)
	MC-LR, MC-RR, MC-LF, MC-YR
	Stomach contents
	Ophistotonus behaviour,

convulsed position of extremities and neck in the dying phase, death
	NA
	Also, anatoxin-a was found
	[70]



	Phoeniconaias minor/Lesser flamingo
	11
	0.3-54.1
	6 µg/g (wet weight)
	MC-LR

MC-YR

MC-RR
	Liver
	Starvation and struggles prior to death
	Emaciation, hemorrhagic lesions in the liver and muscles, enlargement of visceral organs
	LC–MS/MS
	[72]



	Phoenicopterus roseus/Greater flamingo
	8
	31,100–75,900
	ng/g
	-
	Liver
	Death
	No significant findings
	Mouse bioassay and commercial kit.

Values corrected from original

manuscript in [5],
	[5,69]



	Podiceps cristatus/Great crested grebe
	6
	53.2
	mg/g MC-LR eq
	-
	Liver
	Depression, ataxia and paresis, rapid death
	Intrahepatic hemorrhage, edema, and hepatomegaly. No other evidence of infectious disease
	Mouse bioassay and commercial kit
	[76]



	Podiceps nigricollis/Eared grebe
	27
	<LOD (0.06)–110
	ng/g dry weight
	-
	Liver
	Death
	-
	ELISA
	[74]










 





Table 4. Toxin prevalence in the studied samples.
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	Biotoxins
	Samples Analyzed
	Positives
	Range

(µg/kg)
	Prevalence
	Positive Organs





	Paralytic Shellfish Toxins
	329
	6
	5.5–8.7
	1.82%
	Liver



	Domoic Acid
	335
	0
	-
	0%
	-



	Anatoxin-a
	315
	0
	-
	0%
	-



	Cylindrospermins
	315
	0
	-
	0%
	-



	Tetrodotoxins
	315
	0
	-
	0%
	-



	Microcystins
	315
	11
	1.6–30.2
	3.49%
	Liver, cloaca content, and kidney










 





Table 5. Phytoplankton and biotoxins involved in paralytic shellfish poisoning reported in the area and period when the birds with detectable levels of biotoxins were collected. For each month, only the maximal values are reported. Data were obtained from the official bivalve monitoring programme performed by the Portuguese Institute for the Sea and Atmosphere (IPMA) in harvesting areas (https://www.ipma.pt/en/bivalves/index.jsp, accessed on 3 March 2025). The polygon location can be consulted at https://www.ipma.pt/en/bivalves/zonas/index.jsp, accessed on 3 March 2025.
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Month-Year

	
PST-Producing Phytoplankton

(Alert and Interdiction Levels 500 and 1500 cells/L)

	
PSP Biotoxins

	
Observations




	
Density (Cells/L)

	
Harvesting Area

	
Concentration (µg STX Equiv/kg), Vector

	
Harvesting Area

	






	
March-2019

	
40

	
TAV

	
84, mussel

	
OLH3

	
>2400 (µg STX equiv/kg) determined in Venus verrucosa and Donax trunculus from Portuguese central coast (Costa de Caparica, Comporta)




	
September-2019

	
160

	
L7c2

	
36, mussel

	
L7c1

	
>1500 µg STX equiv/kg) determined in Donax trunculus from Portuguese central coast (Costa de Caparica, Comporta)




	
January-2020

	
160

	
TAV, FUZ

	
33, mussel

	
L7c2

	




	
February-2020

	
1340 *

	
L7c2

	
NQ

	
L8

	




	
March-2020

	
5880 **

	
TAV

	
39, mussel

	
L7c2

	
>2400 µg STX equiv/kg determined in Donax trunculus from Portuguese central coast (Costa de Caparica)




	
May-2020

	
160

	
LAG

	
NQ

	
NA

	




	
July-2020

	
ND

	
NA

	
NQ

	
NA

	




	
October-2020

	
ND

	
NA

	
NQ

	
NA

	




	
November-2020

	
ND

	
NA

	
NQ

	
NA

	








TAV, Ria Formosa, Tavira; OLH3, Ria Formosa, Olhão; FUZ, Ria Formosa, Fuzeta; LAG, Ria de Alvor, Vale da Lama; L7c1, S. Vicente-Lagos littoral; L7c2, Lagos-Albufeira littoral; L8, Faro-Olhão littoral; ND, not determined; NQ, not quantified; NA, not applicable. * Above alert level. ** Above interdiction level.
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