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ARTICLE INFO ABSTRACT

Keywords: People who consume high quantities of seafood are at a heightened risk for marine biotoxin
Seafood safety exposure. Coastal Indigenous peoples may experience higher levels of risk than the general
Repeated expostre population due to their reliance on traditional marine foods. Most evidence on the health risks

Seafood contaminants

N X 3 associated with biotoxins focus on a single exposure at one point in time. There is limited research
Marine biotoxins

Chronic health impacts on other types of exposures that may occur among those who regularly consume large quantities

Low-dose exposure of seafood. The objective of this review is to assess what is known about the unique biotoxin

Indigenous health exposure risks associated with the consumption patterns of many coastal Indigenous populations.
These risks include [1]: repeated exposure to low doses of a single or multiple biotoxins [2];
repeated exposures to high doses of a single or multiple biotoxins; and [3] exposure to multiple
biotoxins at a single point in time. We performed a literature search and collected 23 recent
review articles on the human health effects of different biotoxins. Using a narrative framework
synthesis approach, we collated what is known about the health effects of the exposure risks
associated with the putative consumption patterns of coastal Indigenous populations. We found
that the health effects of repeated low- or high-dose exposures and the chronic health effects of
marine biotoxins are rarely studied or documented. There are gaps in our understanding of how
risks differ by seafood species and preparation, cooking, and consumption practices. Together,
these gaps contribute to a relatively poor understanding of how biotoxins impact the health of
those who regularly consume large quantities of seafood. In the context of this uncertainty, we
explore how known and potential risks associated with biotoxins can be mitigated, with special
attention to coastal Indigenous populations routinely consuming seafood. Overall, we conclude
that there is a need to move beyond the single-dose single-outcome model of exposure to better
serve Indigenous communities and others who consume high quantities of seafood.
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1. Introduction
1.1. Seafood and coastal indigenous populations

Seafood is an important part of the diets of many coastal Indigenous populations [1]. For example, in British Columbia, Canada
(BC) archaeological evidence indicates that coastal Indigenous peoples received 90% of their protein from marine sources, high-
lighting the traditional value of these foods [2]. In addition to retaining substantial cultural significance today, seafoods also provide
Indigenous communities with livelihoods, contribute to overall well-being, support food security and sovereignty, and serve as an
important source of dietary nutrients [1,3]. This importance is underscored by reports that Indigenous groups who consume more
traditional foods, including seafoods, and less processed foods, have improved nutrient intakes and lower levels of obesity and other
metabolic disorders such as type 2 diabetes [4,5].

1.2. Seafood consumption and marine biotoxins

Despite the importance of seafoods to coastal Indigenous populations, their harvest and consumption can be associated with
significant health risks, including exposure to marine biotoxins [6]. Marine biotoxins are produced by different organisms including
algae [7]. When environmental conditions are favorable (e.g., elevated nutrient concentrations), these algae proliferate in events
called “harmful algal blooms” (HABs) [8]. During HABs that produce biotoxins, the toxins can be ingested and accumulated by
different species of shellfish, fish, and other marine animals [7]. The primary route of human exposure to marine biotoxins is through
the consumption of contaminated seafood [9].

There are several categories of marine biotoxins including, but not limited to Refs. [10,11]:

Diarrhetic shellfish toxins (DSTs), primarily dinophysistoxins and okadaic acid
Paralytic shellfish toxins (PSTs), primarily saxitoxin

Amnesic shellfish toxins (ASTs), domoic acid

Neurotoxic shellfish toxins (NSTs), primarily brevetoxins

Azapiracid shellfish toxins (AZT), azapiracid

Ciguatoxin (CTX)

Tetrodotoxin (TTX)

Coastal Indigenous populations may be at a heightened risk of exposure to marine biotoxins because they generally practice higher
rates of seafood harvesting and consumption than non-Indigenous populations [12]. For instance, Cisneros-Montemayor et al. [13]

Table 1
Action limits for the specified biotoxins in Canada and other countries. Values are maximum permissible levels for seafood tissue, unless otherwise
specified.

Action level in mg/kg (equivalent to ppm and pg/g)

Biotoxin Toxin group Seafood tissue Canada United United New European
poisoning [96] States Kingdom Zealand Union [100]
[971 [98] [99]
Amnesic Domoic acid (DA) Bivalve shellfish (edible 20 >20 20 20 20
Shellfish tissue)
Poisoning All Fish® >20
(ASP) Dungeness crab (viscera) >30
Diarrhetic Sum of dinophysistoxins, Bivalve shellfish (edible 0.2 >0.16 0.16 0.16 0.16
Shellfish esters (DTX) and okadaic tissue)
Poisoning acid
(DSP) Bivalve shellfish (digestive 1.0
tissue)
Clams, mussels, oysters, and >0.16

whole and roe-on scallops,
fresh, frozen, or canned”

Paralytic Saxitoxin and equivalent Bivalve shellfish (edible 0.8 >0.8 0.8 0.8 0.8
Shellfish analogs (STX and STX-eq) tissue)
Poisoning
(PSP)
All Fish >0.8

2 In the FDA Fish and Fisheries guidance, the term “fish” and “fishery products” are defined in the Fish and Fishery Products Regulation (21 CFR
123.3(d) and 123.3(e)) as follows: Fish — Fresh or saltwater finfish, crustaceans, other forms of aquatic animal life (including, but not limited to,
alligator, frog, aquatic turtle, jellyfish, sea cucumber, and sea urchin and the roe of such animals) other than birds or mammals, and all mollusks,
where such animal life is intended for human consumption eFishery products — any human food product in which fish is a characterizing ingredient.

Y In the FDA Fish and Fisheries guidance, The term “shellfish” is defined in the NSSP as all species of: a. Oysters, clams, or mussels, whether: i.
Shucked or in the shell; ii. Raw, including post-harvest processed; iii. Frozen or unfrozen; iv. Whole or in part; and b. Scallops in any form, except
when the final product form is the adductor muscle only.
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estimated that consumption rates of seafood per capita among more than 1900 coastal Indigenous populations in 87 different countries
was, on average, 15 times higher than non-Indigenous populations.

There is growing evidence related to the health risks of exposures to a single marine biotoxin at a single point in time. Such short-
term biotoxin exposures can result in many different symptoms ranging from diarrhea, vomiting, and nausea, to paralysis, memory
loss, and death. Accordingly, most evidence and public health protections have been developed to understand and prevent the hazards
associated with the ingestion of enough biotoxin at a single point in time to produce overt symptoms [11,14-16]. For instance, the
regulatory limit for AST allowed in seafood in many different countries including Canada, the United States, the European Union, New
Zealand, and Australia is based on the levels of toxin that produced acute symptoms in people during a 1987 AST outbreak in Prince
Edward Island, Canada [17]. Regulatory limits for other marine biotoxins are also set at levels below the lowest amount of toxin
documented to have produced symptoms in people during previous outbreaks and/or in animal studies [11,14,15,18]. In Canada, the
federal Canadian Shellfish Sanitation Program (CSSP) closes harvest sites when biotoxins are found in monitored seafood above the
associated regulatory limits [6,19]. Similar programs and regulatory levels (Table 1) exist in many other countries around the world
and have generally been effective in preventing acute health effects of biotoxin exposures [14].

There is less known about exposures among populations that routinely consume seafood at rates higher than the general popu-
lation, such as coastal Indigenous peoples [13,15]. Exposure to marine biotoxins among such populations may extend beyond an
exposure to a single biotoxin at one point in time. Other scenarios may include exposure to one or multiple biotoxins repeatedly over
both long- and short-term time scales and at a variety of dosages. Understanding the potential health impacts of these different kinds of
exposures is important to establish strategies that adequately protect the health of Indigenous populations. For example, biotoxin
regulatory guidance levels, derived by groups such as the Food and Agriculture Organization of the United Nations (FAO) and the
European Food Safety Authority (EFSA), have been designed primarily to prevent acute toxic effects from single exposures (i.e., a large
meal) and may not consider chronic effects or repeated exposure from daily consumption (i.e., multiple meals) because of a lack of
available data [11,20,21].

1.3. Seafood, biotoxins, and Indigenous populations in British Columbia, Canada

In BC, Canada, there is a pressing public health need for increased and improved understanding, data, and surveillance of the
marine biotoxin risks experienced within coastal Indigenous communities. First, in addition to knowledge gaps associated with the
health effects of routinely consuming high quantities of seafood, members of these communities experience food insecurity at nearly
five times the rate of the general population [22]. This underscores the importance of ensuring safe access to nutritious seafoods.
Second, many harvesting areas remain under prolonged closures due to a lack of testing, despite the federal sanitation program (i.e.,
the CSSP) [6,23]. Others areas are under permanent sanitary sewage closures, even though water quality data is not available to
establish trends that demonstrate continued water contamination. Community harvesters in these areas may ignore closures, as
evidenced by a review of self-harvesting among Indigenous communities in BC that found 46% of paralytic shellfish poisoning (PSP)
illnesses were linked to seafood harvested from closed areas [6].

To begin addressing this public health issue, BC Indigenous communities, the First Nations Health Authority, and the BC Centre for
Disease Control established the “We All Take Care of the Harvest” (WATCH) pilot program [24]. The aim of this program is to address
seafood safety, security, and sovereignty among BC coastal Indigenous populations in the context of climate change.

1.4. Objective of this literature review

As a part of the WATCH program, the objective of this manuscript was to provide a baseline assessment of what is known about the
health impacts of the multi-faceted biotoxin exposure risks that may be experienced by coastal Indigenous populations in BC. In
addition to potential exposure to a high dose of a single biotoxin during a single meal, other possible exposure scenarios among
members of these communities include: (1) repeated exposures to low doses of a single or multiple biotoxins, (2) repeated exposures to
high doses of a single or multiple biotoxins, and (3) exposure to high or low doses of multiple biotoxins at a single point in time. In this
review, ‘exposure’ refers to contact with biotoxins through the consumption of seafood, and ‘high’ and ‘low’ dose refers to dosages
above and below regulatory limits, respectively. We synthesize this literature to identify key knowledge gaps and highlight strategies
to prevent and mitigate biotoxin risks in the context of BC coastal Indigenous communities.

2. Materials and methods
2.1. Literature review context

This review is focused on describing the health effects of the most important causes of marine biotoxin illnesses in BC, which are
PST, DST, and AST. In BC, there have been 301 illnesses and five deaths due to PST since 1940 [6], 62 illnesses due to DST in 2011 [25];
and one suspect illness due to AST in 2016 [26]. These toxins are continually present in BC coastal waters [27,28].

2.2. Search strategy and narrative review

The aim of this review was to provide a baseline assessment of what is known about the health effects of marine biotoxins to inform
the development of the evolving Indigenous-led seafood safety program in BC. Therefore, we performed a rapid literature search and
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descriptive narrative synthesis. We focus on finding and synthesizing previous literature reviews because studies on the health effects
of PST, DST, and AST have been previously collated and reviewed in more than twenty articles since 2010. We concentrate on these
previous literature reviews, rather than systematically reviewing the primary literature, to avoid repeating the work of these previous
authors.

This review of reviews is distinct from previous work because it synthesizes information specifically in the context of the public
health need for an improved understanding of the unique marine biotoxin health risks experienced by coastal Indigenous populations
in BC. While our search strategy is not meant to systemically appraise the entire body of research, it provides a comprehensive
overview of the literature because each of the previous literature reviews included a wide ranging, and sometimes systematic review of
the primary literature.

2.2.1. Inclusion and exclusion criteria

We included only reviews of the human health impacts of marine biotoxins that have been published since 2010. Earlier reviews
were only considered if they provided information not covered elsewhere or if there were no literature reviews published since 2010.
We excluded reviews not focused on human health, and reviews of biotoxin mechanisms of toxicity or clearance. For all phases of the
search, studies were appraised for inclusion via their title and/or abstract.

2.2.2. Search methods

We conducted three literature searches to rapidly capture as many review articles as possible (Fig. 1; Table 2). In search 1, we
searched Google Scholar (Google, California, USA) using the keywords “specific biotoxin review” (e.g., “saxitoxin review”) separately
for PST (saxitoxin), DST (okadaic acid and dinophysistoxins), and AST (domoic acid). We sorted the results by the ‘relevance’ criteria
(i.e., Google seeks to determine the best match to entered search terms while considering the number of citations) and examined the
first 150 publications per biotoxin [29]. In search 2, we entered the search terms “health review specific biotoxin” (e.g., “health review
saxitoxin”) into Google Scholar for each biotoxin. The results per biotoxin were initially sorted by relevance and the first 10 publi-
cations were examined followed by sorting the results by date and again examining the first 10 publications.

In search 3, we expanded our search to a separate database, PubMed. We searched PubMed using the terms “specific biotoxin” AND
“health” (e.g., “okadaic acid” AND “health”) to capture review articles that weren’t associated with the term ‘review’. If there were
fewer than 100 results for a particular biotoxin, all search hits were assessed for inclusion. When there were more than 100 results for a
particular biotoxin, we only assessed those published since the most recent review of that biotoxin found in searches 1 and 2. This was
done to reduce the number of studies to screen for inclusion. For example, if a review on the human health effects of saxitoxin found in
search 1 was published in 2018, in search 3 we assessed saxitoxin search results published 2018 and later for inclusion. Thus, we
assumed that primary saxitoxin literature published prior to 2018 was included because it was covered in the 2018 review. Finally, we
used citation searches within reviews to find additional publications.

All searches were carried out May—June 2021.

Pubmed
Search 3

Google Scholar
Search 2

Google Scholar
Search 1

Inclusion & Exclusion Criteria Assessment

/ A '\

N =150 Publications per Biotoxin | | N =100 or Fevtfer P}lbllcatlons per
Biotoxin

| N =20 Publications per Biotoxin

Repeated fo

A

N =600 Publications
Assessed

N =949 Excluded

A\ 4

[ N =23 Met

Inclusion Criteria

Fig. 1. Search flow chart.
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Table 2
The literature search consisted of three distinct searches.
Search  Search String” Database Methods
1 “okadaic acid review”; “dinophysistoxin review”; “domoic Google e Repeated for each biotoxin
acid review”; “saxitoxin review” Scholar e Sorted by relevance, examined the first 150 publications
e N = 600 publications examined
2 “health review okadaic acid”; “health review Google e Repeated for each biotoxin
dinophysistoxin”; “health review domoic acid”; “health Scholar e Sorted by ‘relevance’, examined the first 10 publications and then
review saxitoxin” sorted by date and examined the first 10 publications.
e N = 80 publications examined
3 “okadaic acid” AND “health”; “dinophysistoxin” AND Pubmed e Repeated for each biotoxin
“health”; “domoic acid” AND “health”; “saxitoxin” AND o If there were less than 100 search results for a particular biotoxin all
“health” results were examined

If there were more than 100 publications only those published since
the most recent review of that biotoxin found in searches 1 and 2 were
examined

e N = 972 publications examined

& Keywords for each biotoxin are separated by a semicolon. Each set of keywords was searched individually for each biotoxin.

2.2.3. Narrative synthesis

Publications were read in full, and information was synthesized using a narrative framework synthesis approach [30]. Initially, this
approach consisted of developing a set of a priori themes (Fig. 2) prior to reviewing the literature. These themes were identified by
study authors and were designed to extract information on (1) the human health effects of different marine biotoxin exposure sce-
narios, (2) exposure risk mitigation and prevention, and (3) individual sensitivity to experiencing severe outcomes from exposure.
Information related to themes was extracted from each review and was summarized in a single spreadsheet with themes as columns
and biotoxins as rows. Evidence from multiple reviews was summarized for individual biotoxins in each row while citing the review.
For instance, for the theme ‘individual sensitivity’ and saxitoxin, we extracted and summarized information about sensitivity from
several reviews in a single spreadsheet cell. The spreadsheet was then used to compare themes across biotoxins and to synthesize the
information into a cohesive narrative. These narratives were considered in the context of the wider literature in the ‘results and
discussion’ section.

Conclusions and statements made in the narrative synthesis about trends and knowledge gaps in the primary literature are drawn
from the previous literature reviews included in this work. For example, when a previous review concludes that there ‘is limited human
data about the health effects of a biotoxin’ we re-report this directly in the results and discussion and cite the associated review(s).
Primary literature is cited throughout the results and discussion to provide specific examples and to provide further context.

2.2.4. Focus on human health research

While there are data on the health impacts of biotoxins derived from experimental animal and in vitro studies, this information is
difficult to translate to humans. Translation is difficult because dosages and toxicity are species dependent, different studies use
different routes of exposure (ingestion vs. injection), and symptoms in animals can be different from those in humans [31-33]. For
example, while rats can ingest 35-70 mg/kg of AST before displaying observable symptoms, humans begin to show signs of illness with
as little as 0.9-2.0 mg/kg [17,34]. Because of these difficulties, this review focuses primarily on what is known based on human data.

[ Marine biotoxins and human health |

[ Exposure scenarios | | Risk mitigation | | Individual sensitivity |

Multiple exposures

Understanding
risks of
different
seafood species

Single high | | Repeated || Repeated Co-exposure to
dose low dose || high dose || different biotoxins

Integration of
prevention
strategies into
communities

Robust monitoring,
communication,
response

Understanding

Acute Chronic X
local risks

health effects | | health effects

Fig. 2. A priori themes used to organize information from the literature.
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Animal and in vitro studies on the health impacts of biotoxins are included only to support or contrast what is has been shown in
humans.

3. Results and discussion
3.1. Summary of search results

Overall, we assessed 972 publications for inclusion in this review (Fig. 1). Of those, 23 met the inclusion criteria (Table 3) as
literature reviews of the human health effects of PST, DST, or AST and were included in the narrative synthesis. In search 1 and 2,
respectively, we assessed 600 and 80 publications for inclusion. In search 3, all search results were assessed for inclusion for dino-
physistoxins (n = 75). There were more than 100 search results for domoic acid (n = 229), saxitoxin (n = 296), and okadaic acid (n =
485). Because the health effects of all these biotoxins were reviewed in detail by Vilarino et al. [11], which was found in search 1, we
assessed only the search results published between 2018 and June 2021 for domoic acid (n = 54), saxitoxin (n = 82), and okadaic acid
(n = 81). In search 3, we assessed a total of 292 publications for inclusion.

3.2. Health effects of biotoxins

3.2.1. Single high-dose exposure

Most of what is known about the human health effects of marine biotoxins is based on studies examining the acute health effects
experienced by people exposed to a single biotoxin at a single point in time (i.e., studies of individual biotoxin poisonings). For
example, Young et al. [16] found that 89.5% of the literature that measured the health effects of marine biotoxins on humans was
based on a single exposure event to one biotoxin. While Young et al. (2020) made this conclusion for marine biotoxins in general,
several other reviews corroborated their findings by making similar observations individually for PST, AST, and DST [11,17,35,36].

Acute symptoms from exposure to different biotoxins range from mild (e.g., nausea) to severe (e.g., respiratory difficulty, death)
[11]. The severity of symptoms experienced during illness is generally associated with the amount of toxin ingested relative to that
person’s body size and metabolism and thus the concentration of toxin in a person’s body [11,36,37]. When a person consumes only a

Table 3
Recent reviews on the human health effects of marine biotoxins. Biotoxins included paralytic shellfish toxin (PST), amnesic shellfish toxin (AST), and
diarrhetic shellfish toxin (DST).

First author ~ Published in: Year Title PST AST DST
Bates Harmful Algae 2018 Pseudo-nitzschia, Nitzschia, and domoic acid: New research since 2011 v
Berdalet Journal of the Marine Biological 2016  Marine harmful algal blooms, human health and wellbeing: challengesand v v v
Association of the UK opportunities in the 21st century
Farabegoli Marine Drugs 2018  Phycotoxins in Marine Shellfish: Origin, Occurrence and Effects on Humans v/ v v
Fu Toxicon 2019 Okadaic acid (OA): Toxicity, detection and detoxification v
Grant Neurotoxicology and Teratology 2010  Domoic acid: Neurobehavioral consequences of exposure to a prevalent v
marine biotoxin
Grattan Harmful Algae 2016  Harmful algal blooms and public health v v v
James Epidemiology and Infection 2010  Shellfish toxicity: human health implications of marine algal v v v
Karlson Harmful Algae 2021  Harmful algal blooms and their effects in coastal seas of Northern Europe v v 4
Lefebvre Toxicon 2010  Domoic acid and human exposure risks: A review v
Martinez Springer Handbooks 2015  Marine Biotoxins v v v
Mello Neurotoxicity Research 2018  Mechanisms and Effects Posed by Neurotoxic Products of Cyanobacteria/ v
Microbial Eukaryotes/Dinoflagellates in Algae Blooms: a Review
Morabito Natural Product Research 2018  How the marine biotoxins affect human health v v v
Murk Chemical Hazards in Foods of 2019  Marine biotoxins: types of poisoning, underlying mechanisms of actionand v v v
Animal Origin risk management programmes
Nicolas Global Food Security 2017  Marine biotoxins and associated outbreaks following seafood consumption: v v v
Prevention and surveillance in the 21st century
O’Neill Environmental Toxicology and 2016  Low dose extended exposure to saxitoxin and its potential 4
Pharmacology neurodevelopmental effects: A review
Paredes Toxicon 2011 Update of risk assessments of main marine biotoxins in the European Union =~ v v v
Petroff Pharmacology and Therapeutics 2021  Public health risks associated with chronic, low-level domoic acid v
exposure: A review of the evidence
Picot Human and Ecological Risk 2011 A Preliminary Risk Assessment of Human Exposure to Phycotoxins in v v v
Assessment Shellfish: A Review
Pulido International Clinical Pathology 2016  Phycotoxins by harmful algal blooms (HABS) and human poisoning: an v v v
Journal overview
Valdiglesias ~ Marine Drugs 2013  Okadaic Acid: More than a Diarrheic Toxin v
Vilarino Toxins 2018  Human Poisoning from Marine Toxins: Unknowns for Optimal Consumer 4 v v
Protection
Visciano Frontiers in Microbiology 2016  Marine Biotoxins: Occurrence, Toxicity, Regulatory Limits and Reference v v v
Methods
Young Harmful Algae 2020  Marine harmful algal blooms and human health: A systematic scoping v v v
review




Table 4

Human health effects of marine biotoxins. A summary of what is know about the human health effects of different kinds of exposures to paralytic shellfish toxin, amnesic shellfish toxin, and diarrhetic

shellfish toxins.

Toxin

Single high-dose exposure

Acute health effects:

Chronic health effects:

Repeated
high-dose
exposures

Co-exposure Repeated low-dose exposure

Potential groups with heightened
sensitivity to complications®

Paralytic
Shellfish
Toxin

Amnesic
Shellfish
Toxin

Diarrhetic
Shellfish
Toxin

Tingling sensation or numbness around the lips,
tingling sensation in the fingertips and toes,
drowsiness, headache, dizziness, difficulty
swallowing

In severe cases:

Incoherent speech, tingling sensation in the arms and
legs, stiffness and non-coordination of limbs,
weakness, rapid pulse. Death may occur from
respiratory failure without respiratory support
Nausea, vomiting, diarrhea, abdominal cramps,
muscle weakness, headache, disorientation, memory
loss (inability to remember recent events following
exposure), confusion, disorientation, seizures, other
neurological dysfunction including coma

Diarrhea, nausea, vomiting, chills, headaches, and
abdominal pain

Unknown

Possible chronic short-term
memory (anterograde)
dysfunction (i.e., issues forming
certain kinds of new memories)

Unknown

Unknown

Unknown

Unknown

with other

biotoxins

Unknown Unknown

Unknown Limited human data suggest
possible negative impacts on
several measures of cognitive
performance including memory

Unknown Unknown

Infants, children

The elderly, neonates, the
developing fetus, males, and people
with pre-existing medical
conditions such as chronic renal
disease

The developing fetus

# There is limited review of characteristics associated with heightened susceptibility in humans in reviewed studies.

D 12 297 "W

9r 1422 (b20T) 01 Uof1joH
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small amount of the toxin, they may not show signs of illness, while those who are exposed to a large amount may experience more
severe symptoms. However, these dose-response relationships are highly dependent on the specific biotoxin consumed [38], the
sensitivity of the consumer, and other factors. Acute symptoms of PSP caused by PST, amnesic shellfish poisoning (ASP) caused by AST,
and diarrhetic shellfish poisoning (DSP) caused by DST are described in Table 4 [8,9,11,14,39].

While several chronic health outcomes have been described, these are poorly understood compared with the acute effects that
occur immediately after exposure [16,39]. Following the only known outbreak of acute ASP, which occurred in Prince Edward Island,
Canada in 1987, patients lost their recent memories around the time of exposure and some were left with persistent memory problems
such as delayed recall of visuospatial objects [40,41]. Autopsies of those who died within days and months of poisoning revealed brain
damage, including in regions associated with learning and memory [11,40]. It is unclear whether there are chronic health impacts
associated with a single dose of PST [11,39] or DST [11,42]. This limited understanding of chronic health effects stems, in part, from a
limited number of published longitudinal studies that have followed patients after recovering from acute poisoning events [14]. There
is some evidence from animal and in vitro studies that suggest chronic effects may exist. For example, several in vitro and in vivo
studies indicated that DST may be toxic to multiple organs and systems including the nervous system and the liver [42]. However, it is
unknown whether these effects occur in people and the lack of human longitudinal studies may reflect a publication bias towards
studies where an effect was observed, thus limiting the publication of studies that found no chronic health consequences.

3.2.2. Repeated low-dose exposures

Potentially significant health impacts of repeated low-dose exposures (i.e., exposure to low doses of biotoxins in multiple meals) are
important to understand because regular consumers of seafood will be exposed when biotoxins are present in food at doses lower than
regulatory limits. Enforcement of these regulations cannot prevent low-dose exposures because they only protect against consumption
of doses higher than the regulatory limit. For example, AST biomarkers were detected in the urine of recreational razor clam harvesters
in the USA Pacific Northwest 7-9 days after they consumed shellfish considered safe to eat by local regulations because the amount of
biotoxin present was lower than regulatory limits [20]. These exposures below the regulatory limit are particularly important in this
region given that AST has been persistently present in razor clams at both low and high levels over the last two decades [43,44].

There is a growing body of research indicating that repeated low-dose exposure to AST may have important health consequences.
Several studies following a cohort of Indigenous people in the USA Pacific Northwest collectively found that decreases in measures of
memory function occur at AST exposure levels below the regulatory limits (measured via clam consumption and AST levels in clams)
[45,46]. However, the studies associated with this cohort represent some of the only research available that has investigated the
impacts of repeated low-dose exposure to AST in humans. Given that these studies have found evidence of potential health impacts, it is
important for future work to replicate these studies in other populations and/or to measure AST exposure more directly, such as
through AST biomarkers in urine [20,46]. For more information about the studies on repeated low-dose exposure to AST associated

Box 1
Memory, amnesic shellfish toxin (AST), and razor clam consumption in Tribal nations of the U.S. Pacific Northwest

Some of the most detailed evidence about the health impacts of repeated low-dose exposure to AST comes from a community-based
participatory research project following a cohort selected from among three Tribes in Washington State, USA: Quileute Indian Nation,
Makah Tribe, and Quinault Indian Nation [12]. In a series of publications following this cohort over more than 8 years, re-
searchers have found that the regular consumption of a higher number of razor clams, which were identified as a vector of
AST, was consistently associated with slightly lower measures of memory function.

Early work: A 2016 study followed 513 adults in the cohort and reported on measures of cognition and razor clam consumption over a
four-year period [43]. Indicators of memory included measures of verbal memory, attention and concentration, psychomotor speed and
flexibility, and cognitive flexibility. The study found that consumers of 15 or more clams per month had lower verbal memory scores,
while other measures remained unaffected. However, the lower memory scores among high razor clam consumers were still within normal
limits and thus may not have been clinically important.

Further research: In 2018, the authors reported on 60 people from the cohort [45]. In the study, participants self-reported memory issues
(“Everyday Memory Questionnaire-revised”’) along with clam consumption, including the number consumed and source beach in the past
week and the past year (“Shellfish Assessment Survey"). AST levels in razor clams were assessed from beach collections and ranged
between 8 to 14 ppm AST during the study period. High razor clam consumers, in both the past week and the past year, were more likely
to report problems within specific measures in the everyday memory questionnaire. Later, in 2021, another study of 500 adults from the
cohort found similar associations between measures of verbal recall and consumption of more than 15 razor clams per month [47].

Supporting the effects described above, another study based on 142 cohort members described a dose-response relationship between a
decreasing memory score (i.e., ‘total learning recall’) and increasing levels of AST exposure [46]. This study indicated that the earlier
research, which used the number of clams consumed as a proxy measure of AST exposure, may have measured an attenuated effect size
because the range of doses was not examined (i.e., while people labeled as ‘high consumers’ may have eaten 15 clams in a month, others
may have eaten 30 or more, however, these consumers were grouped together).

Together, these studies are indicative of a link between repeated low-dose exposure to AST and cognitive impacts. However, future work
should seek to replicate these studies in other populations and/or to measure AST exposure more directly [20,46].




M.J. Lee et al. Heliyon 10 (2024) e27146

with this cohort see Box 1.

There is limited human data available on the health impacts of repeated low-dose exposure to DST [11,42]. Several studies have
found associations between proxy measures of DST with several types of cancer [11,48]. For example, Lopez-Rodas et al. [49] used
shellfish consumption data as a proxy for DST exposure but did not measure DST levels in shellfish or people (i.e., people with higher
self-reported shellfish consumption in a cross-sectional survey also had higher rates of cancer). As such, further work is required to
establish a more direct link between any type of exposure to DST and chronic health outcomes.

There is also limited human data available on the impacts of repeated low-dose exposure to PST [11,35]. Case reports indicate that
residents of coastal areas may be less likely to experience PST intoxication than non-residents, indicating that people who have been
previously exposed develop tolerance [50]. Among 131 recorded instances in New Brunswick from 1944 to 1970 in which individuals
consumed PST-contaminated shellfish, only 1 of 31 coastal residents experienced symptoms, while 48 of 100 non-residents became ill
[50]. Although this finding differs from what has been reported for repeated low-dose exposure to AST, limited human data available
for both AST and PST makes it difficult to draw conclusions about these different findings.

A comprehensive review of experimental studies by Petroff et al. [36] suggested that repeated exposure to low levels of AST may
cause subtle neurotoxic effects in the structure, function, and physiology of the brains of different animals. One study found that
cognitive effects of repeated low dose AST exposure in mice reversed once exposure ceased [51]. For DST, some animal and in vitro
studies appear to support the preliminary data from humans by showing that DST can have tumor promoting and carcinogenic effects
[11,42,52]. Finally, among the few experimental studies that have explored multiple exposures to PST, researchers found minimal
impacts among several different animals [11,35,53]. Some rodent studies support the assertion that previous exposure to non-lethal
doses of PST may increase tolerance [54]. This indicates that observations of putative tolerance in coastal Canadian populations may
be a physiological response to repeated exposure [50]. Overall, limited evidence from both human and animal studies are suggestive,
but inconclusive, of the potential health effects of repeated exposure to some biotoxins below their current regulatory limits.

3.2.3. Repeated high-dose exposure

Repeated high-dose exposure refers to repeated exposures to one or multiple biotoxins above limits that cause acute symptoms (i.e.,
exposure to high doses of biotoxins in multiple meals). Such exposures may be important in Indigenous communities where biotoxin
monitoring may be less robust [55]. For example, HABs producing PST occurred (n = 119) every year between 2000 and 2017 along
the pacific Canadian coast [28], indicating that multiple exposures are possible, particularly in areas with inadequate monitoring.
However, there was limited discussion of the human health impacts of this exposure profile in previous reviews. The risks associated
with multiple high-dose exposures may not have been widely discussed because regulations and safety limits are designed to prevent
even a single exposure to a dose above the regulatory limits [11]. Regardless, information on chronic toxicity in these reviews
sometimes referred to both repeated high- and low-dose exposures. In these cases, evidence was not clearly separated into categories of
repeated high-dose and low-dose exposure, likely because the data that were available were based on animal studies in which dosages,
metabolism, clearance rates, and routes of exposure differ from those in humans and between different animal models. Despite this, the
majority of what is known about the health effects of biotoxins is based on a single high-dose exposure [16] and there is a lack of
human data on repeated exposures in general, regardless of dosage [11,56-60].

3.2.4. Co-exposure to different biotoxins

People may be exposed to multiple biotoxins simultaneously through the consumption of seafoods containing multiple biotoxins or
through the consumption of different species contaminated with different biotoxins. Peacock et al. [61] found that 99% of mussels
sampled in San Francisco Bay, USA in 2012, 2014, and 2015 contained at least one of AST, DST, PST, or microcystins, and that 37% of
mussels contained all four toxins simultaneously. However, it is unclear what the impacts of being co-exposed to different biotoxins
may be [14,61]. There appears to be limited data for humans, and the available evidence from animal and in vitro studies have found
that different toxin mixtures can have additive, synergistic, or antagonistic effects [14,62-65].

3.2.5. Summary: health risks associated with marine biotoxins

There are important uncertainties regarding the biotoxin health risks associated with high seafood consumption diets. The acute
health impacts of a single exposure to a high dose of certain marine biotoxins can be severe and are comparatively well described.
While there is some indication that a single exposure to some biotoxins can be associated with chronic health effects, there may be a
lack of extended follow-up among exposed individuals. Repeated exposure to certain biotoxins at doses below their regulatory limits
may also have health consequences, but the available evidence is limited. As such, it is unknown what levels of AST, PST, and DST may
be safely consumed on a regular basis. Finally, evidence on the health impacts of multiple high-dose exposures and/or exposures to
multiple biotoxins is also limited. While future research is needed to better elucidate these uncertainties, there are risk prevention
strategies that may help to protect the health of coastal Indigenous populations and other people who consume seafood regularly.

3.3. Risk prevention strategies

There are no curative treatments following biotoxin exposure and medical intervention is supportive and/or focused on symptom
management [8]. For example, for severe PSP, artificial ventilation may be required to prevent death while oral rehydration may be
required for DSP [8,66]. Consequently, exposure prevention is important for mitigating health impacts [67]. In the following sections
we describe potential prevention strategies that may reduce risks for Indigenous populations that regularly consume seafood.
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3.3.1. Integration of prevention strategies into communities

It is important to develop prevention strategies with Indigenous communities, incorporating site-specific knowledge gathered over
millennia [68]. Many of these communities have historically understood that there were risks associated with seafood. By monitoring
those risks through their own harvesting and consumption, they were able to identify when and where shellfish were safe or unsafe to
consume [69]. As an example, some Native American communities in California halted shellfish harvests when bioluminescence was
observed in the water [70,71]. However, given global environmental degradation and a changing climate, it is critical to integrate this
historically gathered information with strategies that account for changing trends and future events that may be unpredictable based
on historical knowledge (e.g., increasing surface water temperature, changing currents, invasive species) [72].

In BC, the WATCH pilot program is an example of how seafood safety programs can be integrated into Indigenous communities in
the context of climate change [24]. At important shellfish harvest sites, Indigenous staff monitor phytoplankton abundance and
composition of species that generate AST, PST, and DST to provide early warnings when there is heightened risk for marine biotoxins.
This real-time data and surveillance are also necessary to track and respond to unpredictable events resulting from climate change and
other environmental stressors. Further, this project demonstrates the importance of directly involving Indigenous communities in the
development of seafood safety programs, so that the information provided is useful for those it is intended to protect [14]. Such direct
involvement helps to ensure that monitoring accounts for Indigenous harvest sites, the seafood species consumed, as well as cooking
and consumption practices. For example, in Washington state, USA, members of Indigenous communities who participate in the
SoundToxins program, monitor phytoplankton and provide early warnings to regulators of biotoxin threats in local areas [73].
SoundToxin monitoring strategically occurs when the State Department of Health is not scheduled to take samples and specifically in
key harvest sites or in areas that require more sampling. Warnings from this program trigger regulators to take actions to mitigate risks
locally by prioritizing testing samples from the at-risk sites, increasing testing from those areas, or pre-emptively closing harvest sites.

Failure to integrate prevention strategies into Indigenous communities may result in programs that do not account for the actual
health risks experienced within these communities. Centralized biotoxin monitoring programs, which may be designed to protect the
general population, are unlikely to account for the unique risks associated with the higher consumption rates and specific geographies
of coastal Indigenous populations (section 3.1). Studies in Washington State, USA show how understanding local community risks can
be used to improve and extend health guidance originally derived for the public. Members of Indigenous communities participating in
these studies reported regularly consuming razor clams, which were identified as a vector of AST [20,46]. Existing regulatory limits of
AST in Washington are based on the State Department of Health’s threshold of 20 pg AST/g clam tissue. This limit was originally
derived from the levels of AST which made people sick in the 1987 Prince Edward Island outbreak by calculating the lowest dose that
produced symptoms in a victim, assuming a standard shellfish meal size (200g), and dividing by a safety factor of ~12 [18].

While this outbreak-derived limit has effectively prevented acute cases of severe ASP [36], it does not reflect the potential impacts
of regularly consuming doses of AST below this limit (i.e., 19 pg AST/g per clam consumed), which may be the case for members of
these communities who frequently consumed razor clams across multiple meals [17,20]. It also does not account for scenarios in which
people eat meals larger than the assumed meal size. Therefore, it is important that regulatory limits, surveillance programs, and
research into the health effects of biotoxins within Indigenous communities be established based on their actual exposure risks. Indeed,
the information derived from these cohort studies, led to the Washington State Department of Health to release a recommendation to
avoid eating more than 15 razor clams per month throughout the year — the threshold above which memory problems were noted in the
studies (Box 1) [43]. More recently, medical leads at the BC Centre for Disease Control in nearby British Columbia, reduced the
threshold for investigating suspected ASP cases to 10 mg/kg of shellfish or seafood (despite the regulatory limit of 20 mg/kg) based on
the same studies in Washington State [74]. They use this new value as the threshold to confirm ASP cases with neurological symptoms
when meal leftover or harvest area seafood samples are available and above the threshold. A “probable” case definition is assigned to
cases with gastrointestinal symptoms when leftovers have values of 10 mg/kg or higher. While it may be prudent to adopt these
recommendations in other jurisdictions where razor clams are a known vector of AST, future work is needed to more fully understand
the risks associated with repeated low-dose exposure to AST.

Risks are also influenced by local cultural practices associated with seafood harvest and consumption. Indigenous communities may
eat different species than the general population and their preparation, cooking, and eating practices may also differ [75]. As a result, a
full understanding of local practices is essential to mitigate local biotoxin risks. For instance, in some Indigenous communities in BC, it
is a tradition to consume herring eggs raw [76], which may be contaminated with the bacteria Vibrio cholerae. While V. cholerae in
herring eggs is destroyed by cooking to at least 63 °C for 15 s [76], consumption of these eggs raw contributed to an outbreak of V.
cholerae in 2018 in BC [76]. The biotoxin risks associated with specific seafoods may be similarly impacted by different consumption,
preparation, and preservation practices (see section 3.3.3). Therefore, it is important to account for these differences to effectively
understand and mitigate local risks.

3.3.2. Need for robust monitoring, communication, and response

One of the most important methods of preventing exposure is to ensure that there is a robust system of seafood biotoxin monitoring
that clearly communicates timely risk information to harvesters and consumers. Without these data, individuals cannot make informed
decisions about when and where it is safe to harvest seafood. Therefore, one of the first steps in preventing illnesses is to ensure that
there is enough data available to communities. This need is apparent in BC, where biotoxin monitoring data are not made regularly
available and harvesters may consume seafood from closed sites because they have been closed for prolonged periods with no follow-
up testing [6]. Shellfish biotoxin maps can help communities develop safer harvesting and consumption habits, but only if they provide
timely data on the actual risks in areas where people harvest [77].

Because different seafood species uptake and clear different biotoxins at different rates, monitoring programs should, ideally,
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sample all the species expected to be consumed. Monitoring programs with this capability provide harvesters with information on
which species are safe at any given time. For example, the Southeast Alaska Tribal Ocean Research biotoxin monitoring program tests
any shellfish species that harvesters send to them for PST and AST and regularly monitors water and shellfish from specific harvest
areas [78]. Programs with this capability bolster food security by giving communities the ability to switch between different seafoods
and harvest areas as needed [14]. However, given higher costs associated with sampling more seafood species and monitoring more
areas, it is important to focus on species consumed within communities and to monitor areas where seafood is harvested.

Programs can also monitor environmental variables associated with HABs to forecast blooms and biotoxins [79]. In the USA, the
Pacific Northwest HAB bulletin monitors certain harmful phytoplankton offshore, forecasts transport via ocean currents and wind, and
provides early warnings for coastal shellfish managers [80]. In BC, while there are no regular governmental HAB monitoring programs,
there is an ongoing citizen science monitoring project that collects data on algae concentrations and a variety of environmental
variables in the Strait of Georgia [81]. Other volunteer monitoring groups have been disbanded because of a lack of resources [82], but
there are websites that report HAB events of interest to the community, such as the LEO network [83]. Although data have been used to
investigate seasonal and environmental drivers of harmful algae, no models have been implemented for real-time forecasting in BC
[79,81,82]. Further research is required to develop and implement models that forecast the occurrence of HABs and their impacts.
Ideally, such models could inform when and where different seafood species will be affected, how long they will remain affected, and
when and where harvest sites should be tested and retested [84].

3.3.3. Public health messaging

In the absence of adequate monitoring and knowledge of the effects of low-dose and repeated exposures, the risk of negative health
outcomes may be reduced by tailoring messaging specifically to people who are particularly susceptible to experiencing adverse
impacts from biotoxin exposure. For more information about who might be more sensitive to experiencing severe outcomes from
biotoxin exposure see Box 2 and Table 4.

Community and public health messaging can be tailored to sensitive groups warning them of their heightened sensitivity and the
potential consequences. Messaging should focus on helping people understand their own risks so that they can make informed de-
cisions regarding limiting personal exposure.

In Indigenous communities relying on marine foods for protein as well as cultural and spiritual well-being, public health
communication materials would ideally make recommendations regarding the risks associated with specific seafoods. However, the

Box 2
Sensitivity to the severe health impacts of marine biotoxins.

There is a limited amount of human-derived information on sensitivity to AST because documented cases are rare. During the 1987 AST
incident in Canada, male sex and older age were associated with hospitalization and memory loss [85]. Similar effects have been noted in
rodent studies with older and male animals reacting more severely to the toxin [36]. Additionally, four of the 16 patients treated in the
intensive care unit during the 1987 outbreak were under the age of 65, but all had co-morbidities including diabetes, chronic renal disease,
and hypertension. Perl et al. (1990) suggested that these co-morbidities and increased age might each be associated with decreased kidney
function. Indeed, the kidney has been identified as the primary route by which AST is eliminated from the bodies of studied animals.
Together, this suggests that kidney problems may impair clearance of the toxin in humans and/or the toxin may exacerbate existing
kidney dysfunction [11,36].

AST may also affect other organs and systems, including the heart [36,85], and the imnmune system [36], although there is limited human
data to support this. Further study is required to understand whether pre-existing conditions associated with these systems might pre-
dispose individuals to worse outcomes [36]. Experimental evidence also indicates that AST may be able to cross the placenta and
accumulate in the amniotic fluid of pregnant individuals [11]. Animal studies also indicate that AST transfer through breast milk is
present at low levels; however, there is no human data available to confirm this [11,36]. While there are no human data on the impacts of
AST on fetuses, neonates, or children, studies in animals indicate that damage to developing nervous systems is similar to that observed in
adults at high doses, but that low-dose exposure causes a variety of unique neuropathological changes [36]. Experimental studies on the
effects of early life exposure on memory and cognition have had mixed findings [36].

DST causes a self-limiting illness. Links to possible severe outcomes, including cancer, are not well established [11]. It is not clear whether
specific risk factors are associated with worse outcomes. One study [86] found that DST can cross the placenta in pregnant mice,
indicating that pregnant individuals and the developing fetus may be two potentially sensitive groups, but more research is required to fully
understand the associated risks.

Data from previous PSP outbreaks indicate that children are more susceptible to dying from exposure than adults [35]. In an outbreak
among 187 people who consumed contaminated clams in Guatemala, children less than six years old had a 50% mortality rate compared
with 7% among those older than 18 [87]. In addition to a higher acute risk of death, exposure may impact neurodevelopment, potentially
making infants and children more sensitive [35].

Overall, there is some evidence that certain risk factors are associated with heightened sensitivity to experiencing the severe health effects
of different biotoxins (Table 4). However, risk factors in the literature assessed in this review were mentioned only briefly. Future work
may review case and outbreak reports of each biotoxin to determine whether there are consistent risk factors across reports.
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varying biotoxin risks associated with different foods, biotoxin analogs in different species, and preparation, cooking, and consumption
practices are not fully understood [15]. For example, both razor clams and Dungeness crabs may be contaminated with AST, but an
individual may eat many clams, exposing themselves to a high-toxin dose in one sitting, while they may only eat one crab per meal,
potentially exposing themselves to a lower dose depending on the concentration of the toxin in the different species [17]. This becomes
more complex when considering that biotoxins may only be present in certain tissues of different species, which may or may not be
eaten [88]. For instance, PST is concentrated in the hepatopancreas of some crabs [89], an organ often avoided during consumption
[90]. However, if boiled whole, PST may contaminate the rest of the crab [91]. For more information on the uncertainties associated
with the risks posed by specific seafoods and consumption practices see Box 3.

Public health messaging associated with seafood risks must also balance the food security, cultural, and dietary importance of these
foods [94]. For example, while seafood diets in Inuit populations provide high levels of the nutrients vitamin D and E, iodine and
selenium, they may also be contaminated with persistent organic pollutants [95]. In such a scenario, especially in areas where there is
limited access to healthy alternatives, messaging must carefully weigh both the risks and benefits associated with this diet and must
make any uncertainties around the health impacts of contaminants clear.

3.4. Limitations

Our study was designed to rapidly assess a specific knowledge gap to help inform the development of a program to address an
ongoing public health issue in BC, Canada. Despite this, our study was associated with important methodological limitations. First, this
work was limited by our focus on reviews of the health effects of marine biotoxins, rather than reviewing the primary literature. As a
result, any biases inherent to the search methodologies of those reviews and interpretation by those authors, would also be present
here. However, our main findings were corroborated across different reviews. For example, the conclusion that there is limited
research on the health effects of repeated low-dose exposure was made in multiple review articles for each biotoxin, all of which had
their own methods and reviewed their own set of literature. The consistency across reviews supports the robustness of these findings.
Second, because each literature review was conducted with a different methodology, reviewed a different subset of literature, focused
on different biotoxins, and was synthesized through a different lens, we avoided enumerating and reporting the number of review
articles that made a specific conclusion. This was important because the absence of a conclusion in a particular literature review may
have been indicative of the overall goals of the synthesis rather than reflecting whether a conclusion was true for the primary literature
reviewed. Instead, our qualitative narrative synthesis enabled us to describe the breadth of information across these literature reviews.

4. Conclusions

Human health impacts of repeated low-dose exposures, multiple high-dose exposures, and chronic health effects of marine bio-
toxins were rarely documented in the reviewed literature. The breadth of characteristics that may make people especially sensitive to
experiencing severe health outcomes from biotoxins also does not appear to be well described. There are gaps in our understanding of
which seafood species present risks in which areas, the impacts of different preparation, cooking, and consumption practices, and how
these vary between different biotoxins and biotoxin analogs. Together, these knowledge gaps contribute to a limited overall under-
standing of how marine biotoxins impact the health of people who consume seafood at high rates. These gaps are pronounced for
coastal Indigenous peoples and others who not only consume seafoods at higher rates than the general population, but also eat a
greater diversity of species and employ different preparation and cooking practices. However, the potential risks to these communities
can be prevented using a variety of strategies. Monitoring, testing, early warning systems, and public health messaging, tailored to the
actual exposure risks are needed. Providing Indigenous communities with the opportunity to make informed harvest decisions based
on timely local data, together with a better understanding of the clearance rates of biotoxins by these species, can help strengthen food
security and food sovereignty. Finally, more research is needed to understand the risks associated with high seafood consumption diets
to establish new regulatory and/or warning levels that adequately reflect those risks, particularly for repeated low- or high-dose
exposures. Overall, there is a need to move beyond the single-dose single-outcome model of exposure to better serve Indigenous
communities and other populations that routinely consume seafood.
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Box 3
The complexities associated with the risks posed by specific seafoods and consumption practices.

Understanding which seafoods pose a risk for different biotoxins is complicated by several factors. First, marine species uptake,
metabolize, clear, and store individual biotoxins in different ways. For example, anchovies clear AST from their tissues to undetectable
levels within one week, while razor clams may hold the toxin for up to one year [17]. Different species may also be contaminated with
several ‘analogs’ of the same biotoxin, each of which may have varying levels of toxicity to humans, but are poorly studied [15]. There are
at least 58 known analogs of PST, the comparative toxicities of which have not been fully assessed [11]. Further, the presence of biotoxins
in shellfish depends on many environmental factors that promote or inhibit the growth of toxigenic phytoplankton, influence the pro-
duction of biotoxins by phytoplankton, and affect the extent and rate of biotoxin transport [67].

Food handling, storage, processing, and preparation/cooking practices also impact the risk. While clams may hold AST for up to one year
in the ocean, they can hold it for several years after being canned or frozen [11]. Further, while biotoxins are often regarded as being
resistant to cooking [91], research indicates that this may vary between seafood species, biotoxins, and cooking practices. A study
comparing AST concentrations in cockles and Manila clams following steaming found that while the concentration decreased in cockles, it
increased in the clams because of a decrease in biomass with little change to the amount of toxin [92]. For DST, one study reported that
cooking steaming and canning practices could result in increased toxin concentrations, through moisture loss without biomass loss and
redistribution of toxins from digestive tissues to whole shellfish flesh [93]. Specifically, steaming mussels resulted in a 30-70% increase in
DST, and canning resulted in a 70-84% increase in toxin concentration in whole shellfish flesh. Other research found that mild steaming
(100°C for 5 min), industrial steaming (105°C for minimum 2 min), and sterilization temperatures (121°C) each had a different effect
on DST analogs with some remaining stable and others decreasing [101]. This indicates that the risk varies between cooking practices, and
between different analogs of the same toxin.

CRediT authorship contribution statement

Michael Joseph Lee: Writing - original draft, Methodology, Formal analysis, Data curation, Conceptualization. Sarah B. Hen-
derson: Writing — review & editing, Supervision, Project administration, Methodology, Conceptualization. Holly Clermont: Writing —
review & editing, Validation, Project administration, Funding acquisition, Conceptualization. Nikita Saha Turna: Writing — review &
editing, Validation, Data curation. Lorraine McIntyre: Writing — review & editing, Validation, Supervision, Project administration,
Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We would like to acknowledge and thank the National Collaborating Centre for Indigenous Health for their review and insightful
feedback on this work.

References

[1] M. Batal, H.M. Chan, K. Fediuk, A. Ing, P. Berti, T. Sadik, et al., Importance of the traditional food systems for First Nations adults living on reserves in Canada,
Can. J. Public Health 112 (2021) 20-28.
[2] B.S. Chisholm, D.E. Nelson, H.P. Schwarcz, Marine and terrestrial protein in prehistoric diets on the British Columbia coast, Curr. Anthropol. 24 (3) (1983)
396-398.
[3] L. Marushka, M. Batal, C. Tikhonov, T. Sadik, H. Schwartz, A. Ing, et al., Importance of fish for food and nutrition security among First Nations in Canada, Can.
J. Public Health 112 (2021) 64-80.
[4] F. Haman, B. Fontaine-Bisson, M. Batal, P. Imbeault, J.M. Blais, M.A. Robidoux, Obesity and type 2 diabetes in Northern Canada’s remote First Nations
communities: the dietary dilemma, Int. J. Obes. 34 (2010) S24-S31.
[5] C. Vogliano, J.E. Raneri, J. Maelaua, J. Coad, C. Wham, B. Burlingame, Assessing diet quality of Indigenous food systems in three geographically distinct
Solomon Islands sites (Melanesia, Pacific Islands), Nutrients 13 (1) (2020) 30.
[6] L. McIntyre, A. Miller, T. Kosatsky, Changing trends in paralytic shellfish poisonings reflect increasing sea surface temperatures and practices of Indigenous
and recreational harvesters in British Columbia, Canada, Mar. Drugs 19 (10) (2021) 568.
[7]1 J. Nicolas, R.L.A.P. Hoogenboom, P.J.M. Hendriksen, M. Bodero, T.F.H. Bovee, .M.C.M. Rietjens, et al., Marine biotoxins and associated outbreaks following
seafood consumption: prevention and surveillance in the 21st century, Global Food Secur. 15 (2017) 11-21.
[8] L.M. Grattan, S. Holobaugh, J.G. Morris, Harmful algal blooms and public health, Harmful Algae 57 (2016) 2-8.
[9] P. Visciano, M. Schirone, M. Berti, A. Milandri, R. Tofalo, G. Suzzi, Marine biotoxins: occurrence, toxicity, regulatory limits and reference methods, Front.
Microbiol. 7 (2016) 1051.
[10] H. Toyofuku, Joint FAO/WHO/IOC activities to provide scientific advice on marine biotoxins (research report), Mar. Pollut. Bull. 52 (12) (2006) 1735-1745.
[11] N. Vilarino, M.C. Louzao, P. Abal, E. Cagide, C. Carrera, M.R. Vieytes, et al., Human poisoning from marine toxins: unknowns for optimal consumer protection,
Toxins 10 (8) (2018) 324.
[12] K. Tracy, C.J. Boushey, S.M. Roberts, J.G. Morris, L.M. Grattan, Communities advancing the studies of Tribal nations across their lifespan: design, methods, and
baseline of the CoASTAL cohort, Harmful Algae 57 (2016) 9-19.

13


http://refhub.elsevier.com/S2405-8440(24)03177-3/sref1
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref1
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref2
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref2
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref3
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref3
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref4
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref4
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref5
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref5
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref6
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref6
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref7
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref7
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref8
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref9
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref9
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref10
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref11
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref11
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref12
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref12

M.J. Lee et al. Heliyon 10 (2024) 27146

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

[38]

[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

[50]
[51]

[52]
[53]

[54]
[55]

[56]

A.M. Cisneros-Montemayor, D. Pauly, L.V. Weatherdon, Y. Ota, A global estimate of seafood consumption by coastal Indigenous peoples, PLoS One 11 (12)
(2016) e0166681.

E. Berdalet, L.E. Fleming, R. Gowen, K. Davidson, P. Hess, L.C. Backer, et al., Marine harmful algal blooms, human health and wellbeing: challenges and
opportunities in the 21st century, J. Mar. Biol. Assoc. U. K. 96 (1) (2016) 61-91.

J. Lawrence, H. Loreal, H. Toyofuko, P. Hess, K. Iddya, L. Ababouch, Assessment and Management of Biotoxin Risks in Bivalve Molluscs, Food and Agriculture
Organization of the United Nations, Rome, 2011.

N. Young, R.A. Sharpe, R. Barciela, G. Nichols, K. Davidson, E. Berdalet, et al., Marine harmful algal blooms and human health: a systematic scoping review,
Harmful Algae 98 (2020) 101901.

K.A. Lefebvre, A. Robertson, Domoic acid and human exposure risks: a review, Toxicon 56 (2) (2010) 218-230.

J.C. Wekell, J. Hurst, K.A. Lefebvre, The origin of the regulatory limits for PSP and ASP toxins in shellfish, J. Shellfish Res. 23 (3) (2004) 927-930.
Government of Canada. Canadian Shellfish Sanitation Program (CSSP) [Internet]. 2021 [cited 2023 Mar 13]. Available from:: https://inspection.canada.ca/
preventive-controls/fish/cssp/eng/1563470078092/1563470123546.

K.A. Lefebvre, B.J. Yakes, E. Frame, P. Kendrick, S. Shum, N. Isoherranen, et al., Discovery of a potential human serum biomarker for chronic seafood toxin
exposure using an SPR biosensor, Toxins 11 (5) (2019) 293.

EFSA Panel on Contaminants in the Food Chain (CONTAM), Statement on further elaboration of the consumption figure of 400 g shellfish meat on the basis of
new consumption data, EFSA J [Internet]. [cited 2023 Mar 28] 8 (8) (2010) 1706. Available from: https://data.europa.eu/doi/10.2903/j.efsa.2010.1706.
L. Marushka, T.A. Kenny, M. Batal, W.W.L. Cheung, K. Fediuk, C.D. Golden, et al., Potential impacts of climate-related decline of seafood harvest on nutritional
status of coastal First Nations in British Columbia, Canada, PLoS One 14 (2) (2019) e0211473.

FJR “Max” Taylor, V.L. Trainer, Harmful Algal Blooms in the PICES Region of the North Pacific [Internet], North Pacific Marine Science Organization, 2002.
Available from: https://waves-vagues.dfo-mpo.gc.ca/Library/266405.pdf.

First Nations Health Authority. We All Take Care of the Harvest (WATCH) [Internet]. 2021 [cited 2021 Nov 23]. Available from:: https://www.fnha.ca/what-
we-do/environmental-health/watch-project.

M. Taylor, L. McIntyre, M. Ritson, J. Stone, R. Bronson, O. Bitzikos, et al., Outbreak of diarrhetic shellfish poisoning associated with mussels, British Columbia,
Canada, Mar. Drugs 11 (5) (2013) 1669-1676.

V. Wan, L. McIntyre, D. Kent, D. Leong, S.B. Henderson, Near-real-time surveillance of illnesses related to shellfish consumption in British Columbia: analysis
of poison center data, JMIR Public Health Surveill 4 (1) (2018) el7.

R.M. McCabe, B.M. Hickey, R.M. Kudela, K.A. Lefebvre, N.G. Adams, B.D. Bill, et al., An unprecedented coastwide toxic algal bloom linked to anomalous ocean
conditions, Geophys. Res. Lett. 43 (19) (2016) 366-376.

C.H. McKenzie, S.S. Bates, J.L. Martin, N. Haigh, K.L. Howland, N.I. Lewis, et al., Three decades of Canadian marine harmful algal events: phytoplankton and
phycotoxins of concern to human and ecosystem health, Harmful Algae 102 (2021) 101852.

C. Rovira, L. Codina, F. Guerrero-Solé, C. Lopezosa, Ranking by relevance and citation counts, a comparative study: Google scholar, microsoft academic, WoS
and scopus, Future Internet 11 (9) (2019) 202.

E. Barnett-Page, J. Thomas, Methods for the synthesis of qualitative research: a critical review, BMC Med. Res. Methodol. 9 (1) (2009) 59.

A. Akhtar, The flaws and human harms of animal experimentation, Camb. Q. Healthc. Ethics 24 (4) (2015) 407-419.

M.B. Bracken, Why animal studies are often poor predictors of human reactions to exposure, J. R. Soc. Med. 102 (3) (2009) 120-122.

T. Steger-Hartmann, M. Raschke, Translating in vitro to in vivo and animal to human, Curr. Opin. Toxicol. 23 (2020) 6-10.

F. Iverson, J. Truelove, E. Nera, L. Tryphonas, J. Campbell, E. Lok, Domoic acid poisoning and mussel-associated intoxication: preliminary investigations into
the response of mice and rats to toxic mussel extract, Food Chem. Toxicol. 27 (6) (1989) 377-384.

K. O’Neill, I.LF. Musgrave, A. Humpage, Extended low-dose exposure to saxitoxin inhibits neurite outgrowth in model neuronal cells, Basic Clin. Pharmacol.
Toxicol. 120 (4) (2017) 390-397.

R. Petroff, A. Hendrix, S. Shum, K.S. Grant, K.A. Lefebvre, T.M. Burbacher, Public health risks associated with chronic, low-level domoic acid exposure: a
review of the evidence, Pharmacol. Ther. 227 (2021) 107865.

K.J. James, B. Carey, J. O'Halloran, F.N.A.M. van Pelt, Z. Skrabokova, Shellfish toxicity: human health implications of marine algal toxins, Epidemiol. Infect.
138 (7) (2010) 927-940.

Food and Agriculture Organization of the United Nations, World Health Organization. Toxicity equivalence factors for marine biotoxins associated with
bivalve molluscs [Internet], 2016. Available from: http://apps.who.int/iris/bitstream/handle/10665/250663/9789241511483-eng.pdf;
jsessionid=AFA30A20C1947A012CE8721FE6A942C3?sequence=1.

Centers for Disease Control and Prevention, Diseases from Eating Seafood with Algal Toxins Chart [Internet], 2021. Available from: https://www.cdc.gov/
habs/pdf/Diseases-from-eating-seafood-with-algal-toxins\_chart\_508.pdf.

J.S. Teitelbaum, R.J. Zatorre, S. Carpenter, D. Gendron, A.C. Evans, A. Gjedde, et al., Neurologic sequelae of domoic acid intoxication due to the ingestion of
contaminated mussels, N. Engl. J. Med. 322 (25) (1990) 1781-1787.

E.C.D. Todd, Domoic acid and amnesic shellfish poisoning - a review, J. Food Protect. 56 (1) (1993) 6983.

V. Valdiglesias, M.V. Prego-Faraldo, E. Pasaro, J. Méndez, B. Laffon, Okadaic acid: more than a diarrheic toxin, Mar. Drugs 11 (11) (2013) 4328-4349.
L.M. Grattan, C. Boushey, K. Tracy, V.L. Trainer, S.M. Roberts, N. Schluterman, et al., The association between razor clam consumption and memory in the
CoASTAL cohort, Harmful Algae 57 (2016) 20-25.

Wildlife, Washington Department of Fish and. Latest domoic acid levels [Internet] [cited 2021 Nov 24]. Available from: https://wdfw.wa.gov/fishing/basics/
domoic-acid/levels, 2021.

L.M. Grattan, C.J. Boushey, Y. Liang, K.A. Lefebvre, L.J. Castellon, K.A. Roberts, et al., Repeated dietary exposure to low levels of domoic acid and problems
with everyday memory: research to public health outreach, Toxins 10 (3) (2018) 103.

L.D. Stuchal, L.M. Grattan, K.M. Portier, K.A. Kilmon, L.M. Manahan, S.M. Roberts, et al., Dose-response assessment for impaired memory from chronic
exposure to domoic acid among native American consumers of razor clams, Regul. Toxicol. Pharmacol. 117 (2020) 104759.

L.M. Grattan, L. Kaddis, J.K. Tracy, J.G. Morris, Long term memory outcome of repetitive, low-level dietary exposure to domoic acid in Native Americans, Int.
J. Environ. Res. Publ. Health 18 (8) (2021) 3955.

S. Cordier, C. Monfort, L. Miossec, S. Richardson, C. Belin, Ecological analysis of digestive cancer mortality related to contamination by diarrhetic shellfish
poisoning toxins along the coasts of France, Environ. Res. 84 (2) (2000) 145-150.

V. Lopez-Rodas, E. Maneiro, J. Martinez, M. Navarro, E. Costas, Harmful algal blooms, red tides and human health: diarrhetic shellfish poisoning and
colorectal cancer, An Real Acad Nac Farm 72 (2006) 391-408.

A. Prakash, J.C. Medcof, A.D. Tennant, Paralytic shellfish poisoning in eastern Canada, Bull Fish Res Board (1971) 177.

K.A. Lefebvre, P.S. Kendrick, W. Ladiges, E.M. Hiolski, B.E. Ferriss, D.R. Smith, et al., Chronic low-level exposure to the common seafood toxin domoic acid
causes cognitive deficits in mice, Harmful Algae 64 (2017) 20-29.

Fu L. ling, Zhao X. yu, Ji L. dan, J. Xu, Okadaic acid (OA): toxicity, detection and detoxification, Toxicon 160 (2019) 1-7.

F.D. Mello, N. Braidy, H. Marc¢al, G. Guillemin, S.M. Nabavi, B.A. Neilan, Mechanisms and effects posed by neurotoxic products of cyanobacteria/microbial
eukaryotes/dinoflagellates in algae blooms: a review, Neurotox. Res. 33 (1) (2018) 153-167.

European Food Safety Authority, Marine biotoxins in shellfish — saxitoxin group, EFSA J. 7 (4) (2009).

BC Centre for Disease Control, Marine biotoxin workshop report: recommendations, evaluation, and presentation summaries, 2016. Available from: http://
www.bcedc.ca/resource-gallery/Documents/Educational\%20Materials/EH/FPS/Fish/BCCDC\%20Marine\%20Biotoxin\%20Workshop\%20Report\%20
\_FINAL.pdf.

European Food Safety Authority, Marine biotoxins in shellfish — saxitoxin group, EFSA J. 7 (4) (2009).

14


http://refhub.elsevier.com/S2405-8440(24)03177-3/sref13
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref13
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref14
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref14
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref15
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref15
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref16
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref16
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref17
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref18
https://inspection.canada.ca/preventive-controls/fish/cssp/eng/1563470078092/1563470123546
https://inspection.canada.ca/preventive-controls/fish/cssp/eng/1563470078092/1563470123546
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref20
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref20
https://data.europa.eu/doi/10.2903/j.efsa.2010.1706
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref22
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref22
https://waves-vagues.dfo-mpo.gc.ca/Library/266405.pdf
https://www.fnha.ca/what-we-do/environmental-health/watch-project
https://www.fnha.ca/what-we-do/environmental-health/watch-project
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref25
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref25
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref26
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref26
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref27
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref27
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref28
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref28
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref29
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref29
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref30
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref31
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref32
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref33
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref34
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref34
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref35
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref35
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref36
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref36
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref37
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref37
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref38
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref38
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref38
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref39
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref39
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref40
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref40
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref41
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref42
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref43
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref43
https://wdfw.wa.gov/fishing/basics/domoic-acid/levels
https://wdfw.wa.gov/fishing/basics/domoic-acid/levels
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref45
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref45
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref46
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref46
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref47
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref47
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref48
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref48
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref49
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref49
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref50
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref51
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref51
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref52
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref53
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref53
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref54
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref55
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref55
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref55
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref56

M.J. Lee et al. Heliyon 10 (2024) 27146

[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]

[68]
[69]
[70]
[71]
[72]

[73]
[74]

[75]
[76]
[77]

[78]
[79]

[80]
[81]
[82]

[83]
[84]

[85]
[86]
[87]

[88]
[89]

[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]

[98]

European Food Safety Authority, Marine biotoxins in shellfish - okadaic acid and analogues - scientific Opinion of the Panel on Contaminants in the Food
chain, EFSA J. 6 (1) (2008) 589.

S. Sosa, A. Tubaro, Okadaic acid and other diarrheic toxins: toxicological profile, in: P. Gopalakrishnakone, V. Haddad Jr., W.R. Kem, A. Tubaro, E. Kim (Eds.),
Marine and Freshwater Toxins: Marine and Freshwater Toxins, Springer Netherlands, Dordrecht, 2014, https://doi.org/10.1007/978-94-007-6650-1_4-1.
S.Y. Park, J.H. Kang, H.J. Jung, J.H. Hwang, H.S. Chun, Y.S. Yoon, et al., Okadaic acid is at least as toxic as dinophysistoxin-1 after repeated administration to
mice by gavage, Toxins 15 (10) (2023 Oct) 587.

F. Diehl, P.B. Ramos, J.M. dos Santos, D.M. Barros, J.S. Yunes, Behavioral alterations induced by repeated saxitoxin exposure in drinking water, J. Venom.
Anim. Toxins Incl. Trop. Dis. 22 (1) (2016 May 17) 18.

M.B. Peacock, C.M. Gibble, D.B. Senn, J.E. Cloern, R.M. Kudela, Blurred lines: multiple freshwater and marine algal toxins at the land-sea interface of San
Francisco Bay, California, Harmful Algae 73 (2018) 138-147.

J. Alarcan, S. Barbé, B. Kopp, S. Hessel-Pras, A. Braeuning, A. Lampen, et al., Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or
yessotoxin in human intestinal Caco-2 cells, Chemosphere 228 (2019) 139-148.

T. Aune, A. Espenes, J.A.B. Aasen, M.A. Quilliam, P. Hess, S. Larsen, Study of possible combined toxic effects of azaspiracid-1 and okadaic acid in mice via the
oral route, Toxicon 60 (5) (2012) 895-906.

A. Boente-Juncal, P. Otero, I. Rodriguez, M. Camina, M. Rodriguez-Vieytes, C. Vale, et al., Oral chronic toxicity of the safe tetrodotoxin dose proposed by the
European Food Safety Authority and its additive effect with saxitoxin, Toxins 12 (5) (2020) 312.

P.J. Ferron, K. Dumazeau, J.F. Beaulieu, L.L. Hégarat, V. Fessard, Combined effects of lipophilic phycotoxins (okadaic acid, azapsiracid-1 and yessotoxin) on
human intestinal cells models, Toxins 8 (2) (2016) 50.

British Columbia Centre for disease control. Diarrhetic shellfish [internet] [cited 2023 Mar 17]. Available from: http://www.bcede.ca/health-info/diseases-
conditions/diarrhetic-shellfish-poisoning, 2023.

A.J. Murk, J. Nicolas, F.J.M. Smulders, C. Biirk, A. Gerssen, Marine biotoxins: types of poisoning, underlying mechanisms of action and risk management
programmes, in: F.J.M. Smulders, L. M.C.M. Rietjens, M. Rose (Eds.), Chemical Hazards in Foods of Animal Origin, ECVPH Food Safety Assurance, vol. 7,
Wageningen Academic Publishers, 2019, pp. 207-239.

K.L. Thompson, N. Reece, N. Robinson, H.J. Fisher, N.C. Ban, C.R. Picard, “We monitor by living here”: community-driven actualization of a social-ecological
monitoring program based in the knowledge of Indigenous harvesters, Facets 4 (1) (2019).

T.B. Fleming, Health, Risk, and Environmental Justice for Indigenous Shellfish Harvesters in British Columbia, Canada [PhD Thesis], University of
Saskatchewan, 2019.

J.B. Richards, G.W. Langlois, M. Hernandez, R.J. Price, S.M. Loscutoff, A vital “early warning system” for the protection of human health: California’s marine
biotoxin monitoring and control program, in: Calif World Ocean 02 Revisiting Revising Calif Ocean Agenda, 2005.

AH.L. Tortorec, P. Hakanen, A. Kremp, J. Olsson, S. Suikkanen, S.G.H. Simis, Stimulated bioluminescence as an early indicator of bloom development of the
toxic dinoflagellate Alexandrium ostenfeldii, J. Plankton Res. 36 (2) (2014) 412-423.

IPCC. Climate change 2022 impacts, adaptation, and vulnerability summary for policymakers [Internet]. 2021. Available from: https://www.ipcc.ch/report/
ar6/wg2/.

V.L. Trainer, T.L. King, SoundToxins: a research and monitoring partnership for harmful phytoplankton in Washington state, Toxins 15 (3) (2023 Mar) 189.
BC Centre for Disease Control, Amnesic shellfish poisoning [Internet] [cited 2023 Nov 24]. Available from: http://www.bccde.ca/health-info/diseases-
conditions/amnesic-shellfish-poisoning, 2023.

L. Marushka, M. Batal, T. Sadik, H. Schwartz, A. Ing, K. Fediuk, et al., Seafood consumption patterns, their nutritional benefits and associated
sociodemographic and lifestyle factors among First Nations in British Columbia, Canada, Publ. Health Nutr. 21 (17) (2018) 3223-3236.

P. Abernethy, S. Waters, T. Kulchyski, D. Rolston, H. Swinkels, G. Luttrell, et al., Climate change and Vibrio cholerae in herring eggs: the role of Indigenous
communities in Public Health outbreak responses, Int. J. Indig. Health 16 (2) (2021 Jan 25).

H. Clermont, First Nations Health Authority, The critical role of phytoplankton monitoring for seafood safety and security [cited 2023 Apr 13], https://www.
fnha.ca/about/news-and-events/news/the-critical-role-of-phytoplankton-monitoring-for-seafood-safety-and-security, 2022.

Sato Research. Southeast Alaska Tribal Ocean Research Program [Internet]. 2021. Available from: https://www.seator.org/.

S. Finnis, N. Krstic, L. McIntyre, T.A. Nelson, S.B. Henderson, Spatiotemporal patterns of paralytic shellfish toxins and their relationships with environmental
variables in British Columbia, Canada from 2002 to 2012, Environ. Res. 156 (2017) 190-200.

H.B. Stone, N.S. Banas, P. MacCready, V.L. Trainer, D.L. Ayres, M.V. Hunter, Assessing a model of Pacific Northwest harmful algal bloom transport as a
decision-support tool, Harmful Algae 119 (2022 Nov 1) 102334.

S. Esenkulova, K.D. Suchy, R. Pawlowicz, M. Costa, I.A. Pearsall, Harmful algae and oceanographic conditions in the Strait of Georgia, Canada based on citizen
science monitoring, Front. Mar. Sci. 8 (2021).

L. McIntyre, D. Cassis, N. Haigh, Formation of a volunteer harmful algal bloom network in British Columbia, Canada, following an outbreak of diarrhetic
shellfish poisoning, Mar. Drugs 11 (11) (2013) 4144-4157.

LEO Network, Local environmental observer (LEO) network [internet] [cited 2023 Apr 12]. Available from: https://www.leonetwork.org/en/, 2023.

R.C. Cruz, P. Reis Costa, S. Vinga, L. Krippahl, M.B. Lopes, A review of recent machine learning advances for forecasting harmful algal blooms and shellfish
contamination, J. Mar. Sci. Eng. 9 (3) (2021 Mar 5) 283.

T.M. Perl, L. Bédard, T. Kosatsky, J.C. Hockin, E.C.D. Todd, R.S. Remis, An outbreak of toxic encephalopathy cased by eating mussels contaminated with
domoic acid, N. Engl. J. Med. 322 (1990) 1775-1780.

W. Matias, E. Creppy, Transplacental passage of [3H]-okadaic acid in pregnant mice measured by radioactivity and high-performance liquid chromatography,
Hum. Exp. Toxicol. 15 (3) (1996) 226-230.

D.C. Rodrigue, R.A. Etzel, S. Hall, E de Porras, O.H. Velasquez, R.V. Tauxe, et al., Lethal paralytic shellfish poisoning in Guatemala, Am. J. Trop. Med. Hyg. 42
(3) (1990) 267-271.

K. Todd, Australian Marine Biotoxin Management Plan for Shellfish Farming. Nelson, Cawthron Institute, New Zealand, 2001.

J.R. Deeds, J.H. Landsberg, S.M. Etheridge, G.C. Pitcher, S.W. Longan, Non-traditional vectors for paralytic shellfish poisoning, Mar. Drugs 6 (2) (2008)
308-348.

Fisheries and Oceans Canada, Crab harvesting information [Internet], Available from: https://www.pac.dfo-mpo.gc.ca/fm-gp/rec/crab-crabe-eng.html, 2021.
R. RaLonde, Paralytic shellfish poisoning: the Alaska problem, Alsk. Mar. Resour. 8 (2) (1996).

A. Vidal, J. Correa, J. Blanco, Effect of some habitual cooking processes on the domoic acid concentration in the cockle (Cerastoderma edule) and Manila clam
(Ruditapes philippinarum), Food Addit. Contam. 26 (7) (2009) 1089-1095.

European Food Safety Authority, Influence of processing on the levels of lipophilic marine biotoxins in bivalve molluscs, EFSA J. 7 (3) (2009).

K. Rideout, T. Kosatsky, Fish for dinner? Balancing risks, benefits, and values in formulating food consumption advice, Risk Anal. 37 (11) (2017) 2041-2052.
L.K. Schebel, E.C. Bonefeld-Jgrgensen, H. Vestergaard, S. Andersen, The influence of persistent organic pollutants in the traditional Inuit diet on markers of
inflammation, PLoS One 12 (5) (2017) e0177781.

Health Canada, Health Canada’s maximum levels for chemical contaminants in foods [internet] [cited 2021 Sep 21]. Available from: https://www.canada.ca/
en/health-canada/services/food-nutrition/food-safety/chemical-contaminants/maximum-levels-chemical-contaminants-foods.html, 2020.

FDA, Fish and fishery products hazards and controls [internet] [cited 2021 Sep 24]. Available from: https://www.fda.gov/food/seafood-guidance-documents-
regulatory-information/fish-and-fishery-products-hazards-and-controls, 2022.

Centre for Environment Fisheries & Aquaculture Science (CEFAS). The Biotoxin and Phytoplankton official control monitoring programmes for England and
Wales Summary report for 2020. [Internet]. 2021 p. 14 pp. Available from: https://www.cefas.co.uk/data-and-publications/habs/england-and-wales-2020/.

15


http://refhub.elsevier.com/S2405-8440(24)03177-3/sref57
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref57
https://doi.org/10.1007/978-94-007-6650-1_4-1
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref59
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref59
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref60
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref60
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref61
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref61
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref62
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref62
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref63
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref63
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref64
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref64
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref65
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref65
http://www.bccdc.ca/health-info/diseases-conditions/diarrhetic-shellfish-poisoning
http://www.bccdc.ca/health-info/diseases-conditions/diarrhetic-shellfish-poisoning
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref67
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref67
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref67
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref68
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref68
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref69
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref69
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref70
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref70
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref71
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref71
https://www.ipcc.ch/report/ar6/wg2/
https://www.ipcc.ch/report/ar6/wg2/
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref73
http://www.bccdc.ca/health-info/diseases-conditions/amnesic-shellfish-poisoning
http://www.bccdc.ca/health-info/diseases-conditions/amnesic-shellfish-poisoning
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref75
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref75
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref76
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref76
https://www.fnha.ca/about/news-and-events/news/the-critical-role-of-phytoplankton-monitoring-for-seafood-safety-and-security
https://www.fnha.ca/about/news-and-events/news/the-critical-role-of-phytoplankton-monitoring-for-seafood-safety-and-security
https://www.seator.org/
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref79
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref79
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref80
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref80
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref81
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref81
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref82
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref82
https://www.leonetwork.org/en/
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref84
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref84
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref85
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref85
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref86
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref86
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref87
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref87
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref88
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref89
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref89
https://www.pac.dfo-mpo.gc.ca/fm-gp/rec/crab-crabe-eng.html
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref91
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref92
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref92
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref93
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref94
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref95
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref95
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/chemical-contaminants/maximum-levels-chemical-contaminants-foods.html
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/chemical-contaminants/maximum-levels-chemical-contaminants-foods.html
https://www.fda.gov/food/seafood-guidance-documents-regulatory-information/fish-and-fishery-products-hazards-and-controls
https://www.fda.gov/food/seafood-guidance-documents-regulatory-information/fish-and-fishery-products-hazards-and-controls
https://www.cefas.co.uk/data-and-publications/habs/england-and-wales-2020/

M.J. Lee et al. Heliyon 10 (2024) e27146

[99] Ministry for Primary Inudstries (MPI), Regulated Control Scheme - Bivalve Molluscan Shellfish for Human Consumption [Internet], New Zealand Government,
2022, p. 68, p. (Animal Products Notice). Available from: https://www.mpi.govt.nz/dmsdocument/30282/direct.
[100] M. O’Mahony, EU regulatory risk management of marine biotoxins in the marine bivalve mollusc food-chain, Toxins 10 (3) (2018 Mar) 118.
[101] I Rodriguez, A. Alfonso, A. Antelo, M. Alvarez, L.M. Botana, Evaluation of the Impact of Mild Steaming and Heat Treatment on the Concentration of Okadaic
Acid, Dinophysistoxin-2 and Dinophysistoxin-3 in Mussels, Toxins 8 (6) (2016) 175. https://doi.org/10.3390/toxins8060175.

16


https://www.mpi.govt.nz/dmsdocument/30282/direct
http://refhub.elsevier.com/S2405-8440(24)03177-3/sref100
https://doi.org/10.3390/toxins8060175

	The health risks of marine biotoxins associated with high seafood consumption: Looking beyond the single dose, single outco ...
	1 Introduction
	1.1 Seafood and coastal indigenous populations
	1.2 Seafood consumption and marine biotoxins
	1.3 Seafood, biotoxins, and Indigenous populations in British Columbia, Canada
	1.4 Objective of this literature review

	2 Materials and methods
	2.1 Literature review context
	2.2 Search strategy and narrative review
	2.2.1 Inclusion and exclusion criteria
	2.2.2 Search methods
	2.2.3 Narrative synthesis
	2.2.4 Focus on human health research


	3 Results and discussion
	3.1 Summary of search results
	3.2 Health effects of biotoxins
	3.2.1 Single high-dose exposure
	3.2.2 Repeated low-dose exposures
	3.2.3 Repeated high-dose exposure
	3.2.4 Co-exposure to different biotoxins
	3.2.5 Summary: health risks associated with marine biotoxins

	3.3 Risk prevention strategies
	3.3.1 Integration of prevention strategies into communities
	3.3.2 Need for robust monitoring, communication, and response
	3.3.3 Public health messaging

	3.4 Limitations

	4 Conclusions
	Funding
	Data availability statement
	Ethics declaration
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


