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Key points

1. Introduction

The health of the ocean and of the human population are inextricably
linked within a highly complex network that is global as well as
regional.

Benefits include seafood, medicines from marine organisms and the
well-being opportunities of populations living near the sea.

Harmful effects arise from exposures to algal toxins, pathogens,
combustion-derived and synthetic chemicals, microparticles and
nanoparticles (particularly plastics), coupled with climate change,
biodiversity loss and ecosystem degradation due to excess nutrients
(nitrogen and phosphorous), diffuse waste and contaminant mixtures,
as well as natural threats.

Despite various international agreements, marine biodiversity
continues to decline, and several ecosystems, such as the Atlantic
cod fishery, the Black Sea fishery, and the northern Benguela
upwelling system, have declined.

Identifying a single causative factor for many adverse health effects
is overly simplistic: a holistic interdisciplinary approach to ocean and
human Health is required to focus on the integrated impact of
pollutants and environmental factors, including temperature, salinity,
hypoxia and acidification.

For millenniums, humans have lived in close proximity to the sea, and the populations of the global
coastal zone (within 100 km from the coast) is currently 38% of the human population (Cosby and others,
2024). This trend reflects the range of benefits coastal living offers, including access to marine resources,
opportunities to trade by sea and a sense of well-being that many coastal dwellers derive. However, the

trend has already resulted in severe damage to marine ecosystems worldwide as humanity has not

interacted sustainably with the oceans; and the more benefits acquired, the greater the damage, in turn
threatening future benefits (see figure I; Depledge, 2024; Depledge and others, 2013; Moore and others,
2013, 2014). The Black Sea fishery has not yet experienced a total, irreversible collapse, but the
combined impacts of long-term overfishing, recent environmental disasters and persistent unsustainable
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practices, such as ships’ ballast water releases,'*! and the report on The State of Mediterranean and Black
Sea Fisheries'*indicates that excessive exploitation has diminished in the region, particularly for key
species subject to multilateral management plans. All are recovering, although not necessarily at the
previous level. ' However, 73% of commercial species are still overfished and under fishing pressure,
which, while lower than in the past, is still double what is considered sustainable (see Sharma and others
(eds.), 2025, for information on specific stocks. Unfortunately, numerous international agreements have

failed to prevent the progressive introduction of alien species (Depledge, 2024).

Human health and well-being are intrinsically linked with marine ecosystem integrity, depending on the
global ocean for food, oxygen, water and climate regulation (Fleming and others, 2019, 2023, 2024).
Human health linkages were first promulgated in the Intergovernmental Oceanographic Commission of
the United Nations Educational, Scientific and Cultural Organization (UNESCO- (I0C) Health of the
Oceans component of the multi-agency Global Ocean Observing System in the 1990s.!** The second
World Ocean Assessment highlighted the complex network of interactions with ocean and human health,
and figure I shows these linkages in much greater detail. Many of these health-related interactions are
beneficial, while others can be detrimental (see figure I, adapted from Fleming and others, 2019, 2023,
2024; Landrigan and others, 2020).

141 See https://www.europarl.europa.eu/RegData/etudes/BRIE/2025/767238/EPRS_BRI1(2025)767238 EN.pdf.
142 Available at https://openknowledge.fao.org/items/53c4dd52-0c42-464d-bdb5-3a4c7c545b5.

143 See https://openknowledge.fao.org/handle/20.500.14283/cd5538en.

144 See https://unesdoc.unesco.org/ark:/48223/pf0000113893.
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Figure I

A tangled net: selected interactions between human health and activities in the marine and coastal
environment
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Source: Adapted from Fleming and others, 2019, with permission from Lora Fleming.

Linkages between human health and well-being (see subsect. 5B, chaps. 3 and 4) and the ocean have been
known for a long time. New information and understanding by environmental scientists and
epidemiologists reinforce the importance of these linkages (Planetary Health Alliance;'*> United Nations

145 www.planetaryhealthalliance.org/.
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Right to Healthy Environment;'* Convention on Biological Diversity, Biodiversity and Health'*7).
Linkages include benefits such as seafood as a source of protein and micronutrients: at least 3.3 billion
people obtain approximately 20% of their dietary protein from this resource (Fleming and others, 2023).
Additional health-related benefits are derived from medicines from marine organisms and opportunities to
enhance well-being by living near the sea (Fleming and others, 2024; Maycock and others, 2023).

Conversely, negative linkages include adverse impacts on health from exposure to natural and/or
anthropogenically sourced events such as: exposure to biotoxins from harmful algal blooms (see sect. 4,
subchap. 4H); microbial pathogens from sewage and agricultural run-off, agricultural pesticides, offensive
odours and pathogens from the presence of animal carcasses/abattoirs, pathogens from hospital waste;
chemical/particle pollutants, including nanoplastics and microplastics (see sect. 4, chap. 6); and
radiological contamination (see figure II).

Figure 11

Routes of human uptake of harmful biogenic toxins, pathogens, particles and chemicals
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This chapter contains an assessment of the benefits and adverse impacts from selected ocean-human
interactions that are generally global and regional in scope; and emerging health-related issues and
problems of future concern are also identified (see tables 1 and 2). Major health challenges discussed
below include: antimicrobial resistance (AMR), toxic chemical and pharmaceutical contaminants,
nanoparticles and microparticles and environmental radiation, all within the context of climate change,
biodiversity loss and environmental degradation, such as habitat loss and coastal zone destruction.

146 See https://press.un.org/en/2022/ga12437.doc.htm.

147 See www.cbd.int/health.
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Socioeconomic decline is associated with marine ecosystem degradation and gives rise to, or exacerbates,
pre-existing human physical and mental health issues (see subsect. 5B, chaps. 1 and 3). Concerns about
pollutant mixtures and their potential interactions are also discussed, as harmful contaminants are rarely
found in isolation. Lastly, key knowledge and capacity-building gaps are identified, as well as possible
actions to effectively monitor and/or measure the risks and benefits of the links between the health of the
ocean and that of the human population (see figure I). 'The ocean’s degradation is affecting the enjoyment
of human rights, including the rights to health and a clean, healthy and sustainable environment. (see
report of the Special Rapporteur on the human right to a clean, healthy and sustainable environment,
Astrid Puentes Riafio (A/HRC/58/59)).

2. General aspects of the relationship between the ocean and human health

Human health and well-being depend upon the health of the global ocean. The ocean provides food and
livelihoods, such as fishing, transport and leisure, for more than 3 billion people (40% of the world’s
population) and is a source of cultural, spiritual and artistic expression (Fleming and others, 2023, chap.
1, with permission; figure III).

Figure 111

The Global Challenges Research Fund (UKRI — GCRF) Blue Communities Project examined the
“health” of the environment and the people living in and around marine protected areas (MPAs) in
four South-East Asian Countries
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with permission from Lora Fleming.
3. Assessment of health benefits (table 1)
Health of coastal communities relative to inland communities

The Global Burden of Disease study'*® found that the relative burden of disease has already shifted from
infectious to noncommunicable diseases (NCDs), such s cardiovascular diseases, diabetes and depression,
in many countries. It is in the prevention of NCDs that living near the ocean may offer important human
health benefits (Fleming and others, 2024).

Relatively poorer coastal communities may benefit most from interactions with the ocean (Garrett and
others, 2019), and people living nearer the coast report better overall health (Elliott and others,2025;
Geiger and others, 2023). The benefits of residing near a coast can be seen globally (Maharja and others,
2023b) and are enhanced during times of stress, such as the COVID-19 pandemic (Pouso and others,
2021; subsect. 5B, chap. 4). Nevertheless, there are challenges associated with coastal living, as noted in a
recent report by the Chief Medical Officer of the United Kingdom (2021),' even in a relatively high-
income country such as the United Kingdom. Challenges include rapid and human-generated
environmental change, social and environmental inequalities, poor investment in infrastructure and a lack
of a long-term vision.

Research is beginning to show that communities near marine protected areas (MPAs) and other areas
designated as “protected” experience diverse human health and well-being benefits, including decreased
overall national mortality and improved child health, as well as positive ecosystem impacts (Madarcos
and others, 2021; Haque and others, 2023; Nowakowski and others, 2023). It is clear that collaborative,
equitable and effective management of these areas with ongoing involvement and economic improvement
of local communities is essential to creating and sustaining these ocean and human health benefits (Ban
and others, 2019; Gollan and Barclay, 2020; Rasheed, 2020).

Pharmaceuticals from the sea

Marine-derived pharmaceuticals are currently valued at $4.1 billion and are anticipated to reach $9.1
billion by 2033 (Fact. MR, 2023).!%° As at 2024, there were some 56 marine natural product-inspired
pharmaceuticals in use or in human clinical trials (Antunes and others, 2023). For example, one of the
fastest growing classes of anticancer agent, an antibody-drug conjugate (ADC), immunologically directs a
toxin to selectively kill cancer cells. The toxic component was inspired by dolastatin 10, a natural product
of a marine cyanobacterium (Singh and Hader, 2022).

The health of functional marine ecosystems is in danger, and numerous marine species are rapidly
disappearing, some of which we do not even get to know (del Monte-Luna and others, 2023). What
unique adaptations do these species possess, and how could they benefit human health? This is a loss of
unknowable yet presumably vast impact and consequence.

148 Available at www.healthdata.org/research-analysis/gbd.

149 Available at https:/assets.publishing.service.gov.uk/media/60f98750€90e0703bbd94a4 1/cmo-annual_report-2021-health-in-
coastal-communities-accessible.pdf.

150 Available at https://www.factmr.com/report/pharmaceuticals-and-medicine-manufacturing-market
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There is an urgent need to characterize, catalogue and use the DNA genetic blueprints of at least
representative marine life.

Marine biotechnology

“Biotechnology”, broadly defined, encompasses the exploration and application of biological processes
for innovation across medicine, agriculture, manufacturing and any other sector that involves living
systems. “Marine biotechnology” refers to those innovations derived from, or applied to, the ocean.

For thousands of years, humans have used marine resources for land-based biologic needs (Dias and
others, 2012), long before “biotechnology” became an established term. Medicines, foods and food
supplements, topical ointments, colours and dyes — each are examples of innovative adaptation of local
marine resources and are precursors to the advanced technologies that have emerged over the past
century.

Building on traditional knowledge, anatomists and physiologists have used marine species to achieve
greater understanding of basic biomedical processes. Biochemists extracted and isolated compounds for
use in modern medicine and cosmetics. Molecular biologists and geneticists developed marine-based
laboratory tests, applied enzymes for gene sequencing and are building reference libraries which hold
untold biomedical value. Aquaculturists and conservationists are increasingly adopting sophisticated
biotechnological techniques to optimize the feeding, reproduction and health of farmed species and wild
marine life.

The explosive growth of synthetic biology, artificial intelligence and data science and new genetic tools
means that the potential for new biotechnological adaptation of marine resources has never been greater,

underscoring the continued importance of protecting and preserving a healthy ocean (Bouley and others,
2023).

Seafood security — sea fisheries and aquaculture

The role that oceans play as a source of healthy food is widely recognized. Foods from the ocean are
considered among the healthiest foods, providing a wide range of essential nutrients, some even difficult
to find in natural forms in other foods. Seafood provides high-quality proteins, omega-3 fatty acids (n-3
polyunsaturated fatty acids (PUFAs)) and other nutrients, such as iodine and other trace elements and
vitamins (Liu and Ralston, 2021; The Role of Seafood in Child Growth and Development, National
Academies;'®! sect. 4, subchap. 4D; subsect. 5A, subchaps. 1A—1D). The conclusion from the recent Joint
FAO/WHO Expert Consultation on the Risks and Benefits of Fish Consumption'? is very clear.
Consumption of aquatic foods is highly beneficial for people at all ages, even when considering potential

hazards'.

Blue gym and mental and physical well-being

There is growing research evidence that interacting recreationally with unpolluted blue spaces (including
the coasts and seas) can have beneficial effects on human physical health and mental well-being, such as
anti-depression effects (Britton and others, 2020; Depledge and Bird, 2009; Fleming and others, 2024;

151 Available at www.nationalacademies.org/our-work/the-role-of-seafood-in-child-growth-and-development.
152 Available at https://openknowledge.fao.org/items/5430199¢-8¢5d-43d7-87b0-ee78a415658d.
153 See https://openknowledge.fao.org/items/c6a4ad8f-3d7a-4df7-b53a-1379cb6cd438.
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White and others, 2021).

Coastal residents are more likely than inland dwellers to meet recommended levels of physical activity
through recreational exercise (Pasanen and others, 2019), reducing the risk of many NCDs. After
correcting for income and other factors, longitudinal studies demonstrate that moving to the coast is
associated with sustained improvements in mental health (White and others, 2023). Because of these and
other factors, such as generally lower levels of air pollution, several comparative studies across multiple

countries indicate that many people living nearer the coast report better overall health and well-being
(Elliott and others, 2023; Geiger and others, 2023).

4. Assessment of adverse health impacts (table 2)
Harmful effects of exposure to contaminated seawater, marine aerosols and contaminated seafood

Despite health benefits, many microbial, chemical and particle pollutants and toxins can contaminate
seafood. These include marine biotoxins, chemicals produced by certain marine organisms, that cause
adverse health effects such as gastrointestinal and neurological symptoms and therefore pose unique food
safety concerns (US EPA,”Should I be concerned about eating fish and shellfish?”;'** Hites and others,
2004; Mol and others, 2022). According to the World Health Organization (WHO), food-borne illnesses
are responsible for approximately 600 million cases and 420,000 deaths each year.'>

New marine biotoxins and other pollutants are continually being identified, and global demand for
seafood continues to grow. Thus, oversight and quality control of seafood should be a priority to prevent
future contamination and ensure safe, nutritious and high-quality seafood for consumers (FAO, 2020;
subsect. 5A, subchap. 1E).

Harmful biological agents (table 2)
Harmful algal blooms, respiratory distress and toxicity

The term harmful algal blooms refers to a wide range of natural events that occur in aquatic systems that
have negative impacts on humans, animals and/or ecosystems (table 2; figure I1I; GlobalHAB, 2017,
Gobler and others, 2017; sect. 4, subchap. 4H and chap. 6.; subsect. 5B, chap. 1). Some harmful algal
blooms, through their production of natural toxins, cause massive mortalities of wild and cultured animals
(GlobalHAB, 2023). Although these toxic compounds can target certain organisms, they can also be
transferred through food webs by non-affected vectors and induce adverse health effects in other animals
and humans (table 2; Berdalet and others, 2016; Berdalet and others, 2022; Lefebvre and others, 2016;
Zingone and others, 2021).

Major efforts in interdisciplinary research and monitoring of cells and toxic compounds have targeted
those harmful algal blooms with demonstrated human health impacts (Hallegraeff and others, 2021).
There were 11,000 hospital admissions and 4,000 emergency department visits in 2012 related to harmful
algal blooms in Florida (Lim and others, 2023), likely only the “tip of the iceberg” because of
misdiagnosis and underreporting. However, in the past 40 years, progress in understanding HAB species-
specific dynamics, bloom prediction and effective regulations have been successful in preventing seafood

154 Available at www.epa.gov/choose-fish-and-shellfish-wisely/should-i-be-concerned-about-eating-fish-and-shellfish.
155 See https://www.who.int/activities/estimating-the-burden-of-foodborne-diseases.
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poisonings and mitigating illnesses associated with dermal contact from contaminated water or from
inhalation of aerosolized toxins (see sect. 4, subchap. 4H and chap. 6).

Figure IV

Harmful Algal Blooms (HABs)

¥

M. YMA, E. BERDALPRICM-CSIC

A. Red algal bloom at Leigh, near Cape Rodney, New Zealand
Source: Miriam Godfrey for the National Institute of Water and Atmospheric Research of New Zealand.

B. Red harmful algae, called Lingulodinium polyedra, often produces brightly bioluminescent coloured water discoloration. It has
been associated with fish and shellfish mortality events, but its direct threat to human health is still being evaluated.

Source: Photograph: Kai Schumann, California Department of Public Health volunteer, www.noaa.gov/what-is-harmful-algal-

bloom);

C. Images of bloom of Ostreopsis cf. ovata that causes mortalities among sessile organisms and produces aerosolized toxins

Source: Inset: Microphotography of the benthic dinoflagellate Ostreopsis cf. ovata, by a professional,
@RUBENDURO/SCIENCE INTO IMAGES);

D. Detail of the bloom covering macroalgae, north-west Mediterranean Coast, July 2024

Source: Photograph by Elisa Berdalet.
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Paralytic shellfish toxins (PST) were dominant in East and West Coast America, South America, South-
East and North-East Asia; diarrhetic shellfish toxins (DST) in the Mediterranean and Europe; and
ciguatera in the Indian Ocean and the tropical Pacific, Australia and New Zealand and Central America
and the Caribbean. Currently, adequate monitoring or regulatory tools are in place for diarrhetic shellfish
toxins, paralytic shellfish toxins and amnesic shellfish toxins (AST).However, this is not true for fish-
killing harmful algal blooms (Trainer and others, 2020) or for ciguatera toxins for which there are no
simple or reliable toxin detection tools (Chinain and others, 2021).

Allergies, food sensitivities and poisonings from consumption of seafood

Seafood can be contaminated by naturally occurring or anthropogenic chemicals and toxins, including
agents that cause poisonings, allergic reactions and food sensitivities. This part of the chapter (see table 2)
focuses on natural toxins, such as saxitoxin and ciguatoxin (Backer and others, 2005) and chemicals that
may naturally occur and/or be anthropogenic, such as mercury (Takahashi and Shimohata, 2019). These
chemical agents are responsible for both acute poisonings and exacerbation of chronic illnesses.
Landrigan and others (2020) published an extensive review of human health and ocean pollutants,
including adverse health impacts from exposure to industrial discharges, pharmaceutical wastes,
pesticides, persistent organic pollutants (POPs), mercury and microplastics and nanoplastics.

Allergic reactions may occur after eating seafood, such as shrimp (Ruethers and others, 2018) or fish that
has been improperly handled (American Academy of Allergy, Asthma and Immunology, 2024). Food
protein-induced enterocolitis syndrome in adulthood can be triggered by consuming seafood, particularly
in the presence of other gastrointestinal pathologies such as irritable bowel syndrome symptoms
(Gonzalez-Delgado and others, 2022). These immune-mediated reactions typically occur shortly after
consuming se

food.

Seafoods may also induce or exacerbate chronic health conditions. Non-immune-mediated reactions are
known as “food sensitivity” or “intolerance” and comprise a delayed response involving the digestive
system (Muthukumar and others, 2020; Afibarro and others, 2023).

Microbial infections and parasitic infestations from consumption of seafood and seawater exposure
(mainly from human sewage and agricultural run-off)

Marine environments including recreational waters are polluted by human, animal and industrial waste
containing diverse microorganisms including viruses, bacteria and single-celled and multicellular
parasites. A systematic review of self-reported symptoms of recreational coastal water users in OECD
countries indicated that marine recreational water users are approximately twice as likely to report
symptoms of illness as non-marine water users (Leonard and others, 2018). The relationship is
strengthened in many low- and middle-income countries, where untreated sewage may be discharged to
the ocean and elevated temperatures from climate change favour survival and growth of indigenous
marine pathogens such as Vibrio bacteria (Baker-Austin and others, 2024).

A comprehensive literature review on viruses and bacteria in seafood contained reports of 371,962 cases,
18,723 hospitalizations and 445 deaths associated with 19,554 outbreaks in the United States from 2001
to 2021 recorded by the United States National Outbreak Reporting System (see figure V). More than 450
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pathogenic viruses have been detected in sewage and in sewage-contaminated seawater (see figure V;
Tisza and others, 2023). Norovirus is an important cause of recreational waterborne gastrointestinal

llness (Kennedy and others, 2023) owing to high loads in wastewater combined with a very low infective
dose.

Figure V

Human pathogenic enteric viruses in seawater and seafood.

Human enteric viruses with potential waterborne and seafood transmission

Popular name
Polio
Coxsackie A, B

Hepatitis A

Human rotavirus
Human adenovirus
Norovirus
Sapporo-like virus
Hepatitis E
Human astrovirus
Human parvovirus

Human coronavirus

Human torovirus

Diseases caused

Paralysis, meningitis, fever

Herpangina, meningitis, fever, respiratory disease, hand-
foot-and-mouth disease, myocarditis, heart anomalies, rush,
pleurodynia, diabetes? Echo Meningitis, fever, respiratory
disease, rush, gastroenteritis

Hepatitis

Gastroenteritis

Gastroenteritis, respiratory disease, conjunctivitis
Gastroenteritis

Gastroenteritis - to be determined

Hepatitis

Gastroenteritis

Gastroenteritis

Gastroenteritis, respiratory disease

Gastroenteritis

Source: Prepared by the writing team.

Infection risks associated with seafood consumption vary by type of organism and mode of preparation
prior to consumption. Bivalve molluscs are of particular concern as they filter large volumes of water and
concentrate viral and bacterial pathogens as well as waterborne parasites (Merks and others, 2023). A
study of retail mussels in Canada showed between 1.6% and 5.2%, 3.4% and 10.4% and 0% and 3.3% of
packages of fresh mussels and oysters polymerase chain reaction (PCR) positive for Giardia,
Cryptosporidium and Toxoplasma, respectively. Bivalves such as oysters and clams are often consumed
raw, increasing the likelihood of pathogen transmission and human infection.

Finfish are the primary source of parasitic worms (see figure VI), and infection is associated with eating
raw or undercooked fish (Shamsi and Sheorey, 2018). Larval stages of tapeworms and Anisakid
nematodes infect humans from contaminated raw, pickled, smoked or undercooked fish and cause
gastrointestinal pathologies and allergic reactions (Audicana and others, 2002).
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Figure VI

Harmful parasitic worms in seafood, such as sushi and raw or under-cooked fish, and symptoms of
infection

| Symptoms of
Raw fish infection
/ Chlonorchiasis - "\ - Diphyllobothrium

Eyes and skin Central . //\

- Jaundice - Irritability

N
5\
Heart
- Increased hop /

Liver
- Enlargement
- Tenderness

Skin
- Tingling
- Numbness

f Gastrointestinal

. - Nausea

‘1 - Diarrhea

| -Vomiting ; posrticte
- Abdominal pain | Muscular

‘ - Loss of appetite | - Weakness

| Anisakiasis Vague

| Sudden,

abdominal |
| severe pain | /

discomfort

Source: Adapted from BugBitten - Does your sushi contain parasites?'>
Antimicrobial resistance

Antimicrobial resistance (AMR) is the ability of microorganisms to withstand drugs used to treat
infections. AMR refers to antiviral, antibacterial (or antibiotic) and, specifically, antifungal resistance,
and antiparasitic drug resistance. Antibiotic-resistant bacterial infections are a growing pandemic, with
1.27 million deaths directly attributable to antibiotic resistant infections and 4.95 million deaths
associated with these globally in 2019. Antibiotic resistance is often considered to be a clinical
phenomenon; however, antibiotic resistance genes frequently acquired by bacteria through horizontal
gene transfer are predominantly of environmental origin (Wright, 2007).

Many antibiotic drugs are natural products produced by environmental bacteria and fungi. However, less
understood is that bacteria have evolved resistance mechanisms in deep evolutionary history, and these

156 https://blogs.biomedcentral.com/bugbitten/2017/06/02/does-your-sushi-contain-parasites/.
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are now emerging in human pathogens relevant to global pandemics.

Antibiotic resistance has long been found in soil bacteria. When marine environments were screened for
resistance using functional metagenomics, antibiotic resistance genes were found at all sites, with only
28% identified as known resistance genes. There was a high diversity of previously uncharacterized
genes, demonstrating the scale of the marine environment as a reservoir of novel resistance genes (Hatosy
and Martiny, 2015), with the potential risk of spreading to seafood and humans. For example, bacteria
such as Aeromonas species are opportunistic human pathogens of aquatic (including marine) origin and
are the origin of clinical important resistance genes that have subsequently spread to other human
pathogens at a global scale (Ebmeyer and others, 2021).

A subset of these bacterial pathogens (and accompanying non-pathogenic commensal bacteria) is resistant
to antibiotics. For example, Leonard and others (2015) estimated that 6 million exposure events to a
clinically important resistant type of the bacterium occurred (i.e. E. coli alone) in United Kingdom
bathing waters. Further work illustrated an association between frequent coastal water exposure and
gastrointestinal occupation of the same clinically important resistant E. coli (Leonard and others, 2018).
In addition to being a reservoir of antibiotic resistance and facilitating environmental transmission to
humans, the coastal environment may be impacted by pharmaceutical and antibiotic pollution that can
select for antibiotic resistance, even at the very low concentrations present.

Figure VII

Pathways for antifungal chemicals entering the marine environment and anti-fungal resistance
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A recent study of more than 2,000 metagenomic DNA samples sequenced from marine environments
revealed that more than 50% of distinct gene clusters were fungal (Cardoso and others, 2020; Laiolo and
others, 2024; Ribeiro and others, 2022). In estuarine and coastal environments, antifungal residues from
human and animal usage and crop applications may be at sufficient concentrations to select for resistance.
However, an understanding of minimal selective concentrations of antifungals required to drive the
evolution of resistance is just emerging (see figure VII; Stevenson and others, 2022). There are also health
concerns around antifungal-resistant fungal pathogens in wastewater inputs in coastal waters with the
presence of Aspergillus and Fusarium isolates resistant to antifungals (Assress and others, 2020).

Harmful non-biological pollutants (table 2)
Toxicity from chemical, particle and radiological contaminants

Non-biological pollutants in seafood can represent a serious health risk (Tacon and others, 2023).
Although industrial production of potentially toxic chemicals is estimated to be more than 350,000
substances,'*® only a minimal number of these have been identified and quantified in the environmental
matrices by national environmental agencies. Seafood animals accumulate chemicals from seawater,
sediments and/or diet with different outcomes according to tissues and species. Specific classes of
chemicals, such as POPs and mercury, represent a higher risk for human consumption (Al-Sulaiti and
others, 2022; see specific subparts below).

Environmental pollutants can be classified according to the biological mechanisms leading to
chronic rather than acute health conditions (Mezzelani and Regoli, 2022). Exposure over time to
endocrine disruptors in seawater, sediments, aerosols and seafood can alter hormonal balance in both
animals and people. Other chemicals can interact with several cellular receptors to alter biological
pathways, including those of lipid metabolism with obesogenic effects. Carcinogenic substances can
damage DNA following

heir biotransformation or through oxidative mechanisms with increased production of reactive oxygen
species.

Particles such as microplastics and nanoplastics have been increasingly reported in all species of marine
food webs and in human tissues (Vital and others, 2021; Tan and others, 2023). Toxicological potential of
microparticles and nanoparticles is inversely related to size, below 20 pm down to nanoscale, alterations
of immune system, inflammation, decreased growth rate and energy imbalance have been reported (Nardi
and others, 2024). nRadioactive contaminants in seafood might potentially affect human health because of
the intrinsic long-term risk potential of radiation to cause mutations and an increased risk of cancer

(Smith and others, 2023). nMetals

Many metals and metalloids can impact the health of both aquatic organisms and humans: therefore,
maximum permissible concentrations in fish and shellfish exist for mercury (Hg), arsenic (As; metalloid),
cadmium (Cd) and lead (Pb) (EC, 2023; Raj and Das, 2023).

The main ocean-related toxicity of mercury derives from its bacterial methylation to MeHg, rapidly

157 See https://asm.org/articles/2022/november/combatting-antifungal-resistance.
158 See www.cas.org/press-releases/common-chemistry; www.ciel.org/reports/science-denial-toxic-chemical-regulation/.
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accumulated and biomagnified, and accounting for up to 100% of total mercury in seafood. MeHg is
neurotoxic for the developing nervous system, and dietary guidelines have been provided for a safe level
of fish consumption by pregnant women (US-EPA and FDA, 2024). Long-term exposure to cadmium
(Cd) results in renal dysfunction, osteoporosis and some cancers in humans (Satarug and others, 2017).
Humans can be exposed to arsenic through the consumption of fish contaminated with arsenic. However,
non-toxic organic species of arsenic are believed to be the dominant form of arsenic in fish and shellfish,
although other organic metabolites produced by gut microbes may be more toxic (Chandel and others,
2024).

Petrochemicals and combustion products

Petrochemical and combustion products such as polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
substances in the marine environment (Hassaan and others, 2024; Landrigan and others, 2020; Montuori
and others, 2021; Speight, 2019). Contamination problems are due to human activities such as petroleum
extraction, transport, shipping, chemical transformation and their use (International Energy Agency
(IEA), 2018; Rovira and others, 2021; UNEP/RAMOGE, 1999; subsect. SA, subchap. 3B).

Petrochemical and PAH combustion product contamination may be used to evaluate risk for human health
from exposure to petrochemicals and combustion processes (Long and others, 1995; Ma and others, 2017;
Montuori and others, 2021; Nourian and others, 2024). However, the risk related to these products should
be considered as a component of the general evaluation of human health risk due to the mixture of
contaminants present in a particular marine environment, along with other factors such as climate change
(see information on pollutant interactions below).

Persistent organic pollutants

POPs are hazardous chemicals that threaten human health and ecosystems: for example, polychlorinated
biphenyls (Ritter and others, 1995; Stockholm Convention — pops.int). POPs remain intact for a long
time, are widely distributed throughout the environment, bioaccumulate and biomagnify in living
organisms through the food chain and are toxic to both humans and wildlife (see sect. 4, chap. 6).
Furthermore, as a result of releases to the environment over the past several decades due to human
activities, POPs are now widely distributed over large regions. This extensive contamination of both the
environment and living organisms includes many foodstuffs, resulting in sustained exposure of many
species (including humans) for periods of time that span generations, leading to both acute and chronic
health effects.

Neurotoxic pesticides and agrochemicals

Wastewater and land runoff of the most common insecticides, herbicides, fungicides and rodenticides
represent a significant environmental and health threat because the same molecular targets attacked in

pests are also present in other species, including diverse marine life and humans (Richardson and others,
2019). Neurotoxic effects in humans are supported by their detection in brains of patients affected by
Alzheimer’s and Parkinson’s diseases (Paul and others, 2024). Acaracides, such as rotenone and
pyridaben, can cause human neurological disorders, including the possible pathogenesis of Parkinson’s
disease.

Pharmaceuticals and endocrine disruptors
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More than 2,000 active pharmaceutical ingredients (APIs) are approved for use around the globe. APIs
can be released to the environment during their production, patient and veterinary use and their ultimate
disposal.

Monitoring of APIs in the marine environment has been carried out in North America, Asia, Africa,
Europe, Latin America and Antarctica (UBA, 2024). Substances detected in seawater and estuarine waters
included compounds from analgesic, antibiotic, antidepressant, anti-inflammatory, beta blocker,
oestrogen, and lipid-lowering agent classes (UBA, 2024). Concentrations in water are typically in the low
ng/L range or below (UBA, 2024; Leonard and others, 2020; see also the information on neurotoxic
pesticides and agrochemicals above).

Monitoring of fish and shellfish demonstrates that many of these APIs are taken up by these organisms
and potentially enter the food chain; therefore human exposure is possible (Madikezela and Ncube, 2022).
Assessments have estimated the toxicological risks of seafood contamination to human health; these
indicate that, in some instances, concentrations of APIs are at levels that might cause harm to humans
(Fehrenbach and others, 2022).

Consequently, there are increasing health risks from endocrine disruptors by being exposed to
concentrated emerging chemicals through the consumption of contaminated seafood (Alvarez-Mufioz and
others, 2018; Landrigan and others, 2020).

Contaminants of emergent concern

Emerging contaminants in marine environments, such as detergents, personal care products (PCPs),
perfluoroalkyl and polyfluoroalkyl substances (PFAS - “forever chemicals”) (see figure VIII), and plastic
additives, pose significant threats to marine organisms and human health (Combi and others, 2022; Guo
and others, 2023). PCPs (including triclosan, UV blockers, parabens and oxybenzone) are commonly
found in sunscreens, shampoos and lotions (Chakraborty and others, 2023; Pironti and others, 2021;
Vuckovic and others, 2022; Xue and others, 2017).

Flame retardants and plastic additives are widespread in the ocean and can cause reproductive and gender
abnormalities in marine life owing to their endocrine-disrupting properties (Cocchetti and others, 2022;
Liu and others, 2023; Xie and others, 2022 ).
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Figure VIII

Effects of perfluoroalkyl and polyfluoroalkyl substances (PFAS) on human health
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Source: European Environment Agency, Emerging Chemical Risks in Europe: ‘PFAS’ (2023) (Effects of PFAS on human health
| European Environment Agency's home page (europa.eu)).'*®

PFAS are ubiquitous in coastal waters and are bioaccumulated in the human seafood chain (Sonne and
others, 2023). Exposure to all pollutants is particularly concerning for Indigenous and other coastal
communities with high seafood diets: they face significant health risks, including immune suppression as
identified by the European Food Safety Authority (see figure VIII; Bilela and others, 2023; Chen and
others, 2023; Ford and Ginley, 2024).

Microparticles and nanoparticles (including plastics) and from road run-off

159 www.eea.europa.eu/en/analysis/maps-and-charts/effects-of-pfas-on-human-health.
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Nanotechnology is generating increasing amounts of nanomaterials that enter the marine environment
(Gongalves and Bebianno, 2021). Other nanomaterials and micromaterials are generated by various
combustion and frictional processes: of particular concern are what are known as “hidden plastics”
(Mayer and others, 2024). These nanoplastics and microplastics are produced by frictional and partial
combustion of vehicle tyres. Tyres are approximately 25% plastic and tyre dust contributes to particulate
air pollu

ion and road run-off draining into marine environments and comprises approximately 28% of all
nanoplastic and microplastic pollution (see figure IX; Mayer and others, 2024; Obanya and others, 2024;
Sieber and others, 2022).

Figure IX

Tyres contain approximately 25% plastic, and frictional heating and breakdown into tyre dust from
road contact generates toxic and carcinogenic polycyclic aromatic hydrocarbons and nanoplastic
particles
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Aatmeeyata, SM (2010). Polycyclic aromatic hydrocarbons, elemental and organic carbon emissions from
tire-wear. Sci Total Environ. 2010 Sep 15;408(20):4563-8. doi: 10.1016/j.scitotenv.2010.06.011. Epub 2010
Jul 10. PMID: 20624631.

Source: Adapted from Sieber and others, 2022; Aatmeeyata, 2010; Mayer and others, 2024.

Evidence for harmful human health effects of these particles, as well as other various nanoparticles, is
growing rapidly, with ingested and inhaled particles finding their way into most human organ systems, as
well as emerging evidence for endocrine-disrupting effects (see figure X; Leso and others, 2023; Wang
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and others, 2023; Yee and others, 2021). Routes of particle uptake include consumption of seafood and
inhalation/ingestion of nanoparticles in marine aerosols (i.e. sea spray) (see figures Il and X; Lambert and
others, 2024; Luo and others, 2025; Patil and others, 2022; Li and Liu, 2024).

Figure X

Potential harmful effects of ingested and inhaled microplastics and nanoplastics
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Source: Adapted from Patil and others (2022).

Microplastics and nanoplastics serve as transport vectors for many chemical additives and adsorbed
chemicals in the ocean which are persistent, bioaccumulative, mobile and toxic to the marine fish and
other organisms (Amelia and others, 2021; Andrade and others, 2021). Consequently, microplastics and
nanoplastics, chemical additives and adsorbed chemicals, such as polycyclic aromatic hydrocarbons, can
lead to potential adverse health effects in marine organisms and humans (Aatmeeyata, 2010; Megha and
others, 2024).

A new issue of health concern is the presence of microfibres and nanofibres of glass in edible filter-
feeding molluscs from degradation of fibreglass hulls of boats, including derelict boats (Ciocan and
others, 2024).

Environmental radiation
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Along with other contaminants, the seas and global ocean are the ultimate recipient of anthropogenic
radionuclides. For example, 5.9 x 10'® becquerel (Bq) of tritium, is discharged in quantities much larger
than any other radionuclide (see figure II; Ferreira and others, 2023, 2024; Matsumoto and others, 2021). 90%
of this radionuclide is present in the oceans, compared with 9% and 1% in continental waters and
atmosphere, respectively. In this context, the Pacific Ocean currently contains 500,000 TBq of natural and
2,500,000 TBq of anthropogenic tritium, the latter mostly from past atmospheric nuclear weapon testing
(Smith and others, 2023).

IAEA concluded in its Comprehensive Report of July 2023 that the discharge of ALPS treated water into
the sea from Fukushima Daiichi Nuclear Power Station is consistent with relevant international safety
standards and that the discharge will have a negligible radiological impact on people and the environment
(TAEA, 2023). There are however many unresolved issues in relation to potential short- and long-term
impact related to controlled release of radioactive water following the Fukushima Daiichi nuclear
accident (Ferreira and others, 2024).1t is therefore necessary to continue to monitor whether the discharge
is being managed as originally planned.

According to the United Nations Scientific Committee on the Effects of Atomic Radiation,'®® DNA is the
most important target for the action of ionising radiations. Damage to DNA, if not repaired, is the ultimate
cause of many cancers and is associated with many other harmful health impacts. Exposure to
radionuclides through different routes, such as consumption of seafood, inhalation or skin penetration,
therefore, poses health risks (Matsumoto and others, 2021). To protect human health, biokinetic models
have been developed for specific radionuclides, within specific organs. Data from biokinetic models are
then used to calculate absorbed radiation doses and potential biological effects for each target organ
(Paquet and others, 2017). It is being emphasized that, in order to minimize the presence of hazardous
wastes, Sustainable Development Goals 12 and environmentally sound technologies, Goal 17 should be
redefined to include radioactive wastes (Wimmers and von Hirschhausen, 2024; Wimmers and others,
2023).

Pollutant interactions

It is now well established that biological effects of environmental contaminants are due to their
cumulative actions (Bopp and others, 2018; Kienzler and others, 2016). The toxic effects of contaminants
present in a mixture may be additive, and even in some cases antagonistic (Forest, 2021; Moore and
others, 2021); however, synergistic effects of toxic chemicals are also well demonstrated (Albani and
others, 2023; Gauthier and others, 2014; Martin, 2023; Moore and others, 2018). Obviously, there is a
clear need to estimate risk for human health from marine pollution, taking into account all available
chemical data in terms of contaminant concentrations in waters, sediments, aerosol and seafood. It is
important to evaluate the biological effects of contaminants on seafood organisms exposed to all
bioavailable contaminants (Dagnino and Viarengo, 2014; Davies and Vethaak, 2012; Viarengo and others,
2007) to gain a more complete overview of toxicity and risk.

5. Key remaining knowledge and capacity-building gaps

160 United Nations, report of the United Nations Scientific Committee on the Effects of Atomic Radiation
to the General Assembly at its sixty-first session, with scientific annexes (New York, 2009), available at
https://digitallibrary.un.org/record/671062?v=pdf.
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There clearly remain many unknowns in the field of human health-marine environmental interactions (see
figure I). However, there is considerable evidence for research progress and a better understanding of the
many and often interconnected areas of interest to scientists and regulators (see figure XI).

Figure XI

Key remaining knowledge and capacity gaps that are essential to address for effective ocean
regulation and management
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Continuing emphasis should be placed on the following key problem areas and issues of emerging
concern given the socioeconomic importance of environmental interactions with human health:

L.

Current lack of an effective international interdisciplinary panel or forum that includes:
environmental epidemiologists; public health, biomedical and environmental scientists; clinicians,
environmental psychologists, lawyers and economists; marine ecologists and oceanographers; and
environmental regulators and managers;
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10.

1.

12.

13.

14.

16.

17.

The High Level Panel for a Sustainable Ocean Economy (https://oceanpanel.org) has produced a
number of reports on various aspects related to human health but only one specific report;'!

Important to start linking human health and well-being indicators with ocean “health” indicators,
and exploring long-term impacts (risks and benefits) of changing ocean health on human health;
and recommended in the Ocean Panel ocean and human health (OHH)

report (https://oceanpanel.org/publication/ocean-human-health/) as one of three major
recommendations;

Recognition that actions intended to ameliorate risk from particular factors may have unintended
adverse consequences for ecosystems and human health;

The evidence indicates that pollution is causing serious health issues, so why are many national
authorities not taking action to protect people?;

Promotion of sustainable and equitable use of decreasing marine resources as a result of
increasing population and demand;

Recognition of the benefits of increasing interdisciplinary research efforts into oceans and human
health;

Suggest effective monitoring and quantitative assessment (where possible) of risks and benefits of
interlinked human and ocean health;

Try to ensure that data are truly available and transparent for use by communities and others;

Increase sustainable and equitable efforts to identify potential marine pharmaceuticals and other
natural products;

Try to ensure that seafood monitoring programmes are effective and up to date for biotoxins,
pollutant chemicals and micromaterials and nanomaterials;

Suggest increasing efforts to reduce the impact of antimicrobial and antifungal resistance in
relation to seafood and aquatic systems;

Aim to end microbial, chemical (including pharmaceuticals) and particulate pollution of the
oceans;

Suggest support for a global ban on the production of single-use plastic and promote effective
plastic waste management;

Recognize that unpredictable emergent future health challenges will occur;

Recognize that climate change will result in the geographical redistribution of human pathogens;
and that enhanced storm-related disturbance of coastal sediments, and erosion of nearshore
landfill sites, will release chemical pollutants and other types of waste;

Recognize the importance of serendipity in scientific discovery, such as the production of “dark”
oxygen from sea-floor metal-rich nodules (Sweetman and others, 2024); the possible role of algal

161 https://oceanpanel.org/publication/ocean-human-health/.
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toxins in inhaled/ingested sea spray aerosols having a beneficial health effect (Van Acker and
others, 2021); and the role of environmental endocrine disrupters in gender dysphoria (Cocchetti
and others, 2022);

18. Recognize the benefits of developing an integrated modelling capacity for predicting
environmental impacts on human health (Allen, 2011; Moore and others, 2014);

19. Suggest extending regional and international marine pollution control programmes to all
countries.

6. Conclusions and vision

The global ocean provides humans with many benefits, including the production of healthy seafood. The
marine environment can also be the source of potential health benefits by providing novel
pharmaceuticals and related natural products derived from marine organisms, as well as contributing to
disease prevention and treatments through encouraging physical activity and enhancing psychological
well-being (see table 1).

The complexity of ocean-human interactions is increasing, with mixed exposures from contaminated
environments to harmful algal toxins, pathogenic bacteria and viruses, anthropogenic (man-made)
chemicals (including microplastics and nanoplastics), as well as other types of pollution. Untangling the
relative contributions and interactions of these stressors is challenging, particularly when coupled with
climate change, biodiversity loss and ecosystem degradation of the global ocean (see table 2; figures I an

XII; Allen, 2011).
Figure XII

Schematic diagram illustrating the multiple drivers underlying the various processes contributing to
the interactions between marine ecosystems and human health

1135



Marine Ecosystem Change: a multiple driver problem
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It is crucial that all of these stressors be considered in depth globally to understand the complexity of
interactions between the ocean and human health (see figures I, II and XII). At its core, there must be a
well-thought-out and clearly articulated vision of what would be an acceptable relationship between
humans and the oceans in the future. This means accepting and embracing that the current and future state
of the global ocean will in large part determine current and future sustainability and the health and well-
being of all humans on Earth.

The attainment of such a vision requires an appropriate international interdisciplinary forum or panel.
However, a one-off report on ocean and human health from the High Level Panel for a Sustainable Ocean
Economy (Ocean Panel) could provide the example for a potential way forward
(https://oceanpanel.org/publication/ocean-human-health/).

Such a panel/forum could prioritize:

1. The failure of numerous international agreements to prevent progressive loss of marine
biodiversity and collapse of several marine ecosystems with implications for human health, and
explore strategies to reverse this situation;

2. Effective protection of coastal communities from natural threats, including flooding and
tsunamis/hurricanes;

3. Knowledge of interactions between natural and anthropogenic stressors that impact ocean and
human health;
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4. Most issues are associated with both benefits and threats — it often depends on the context as to
whether we sacrifice a benefit to remove a threat or accept a threat to gain a benefit: who then
decides and on what basis?;

5. Awareness of health professionals and documentation of environmentally related illnesses;

6. Exploring potential unique medicines and other natural marine products, while ensuring
sustainable use and protection of marine life and habitats (Papon and others, 2022);

7. Developing an integrated modelling capacity for predicting environmental impacts on human
health (see figures XI and XII; Allen, 2011; Moore and others, 2014).
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Table 1

Selected direct and indirect risks, benefits and opportunities for human health and well-being from
interactions with the ocean (Fleming and others, in press)

Benefit/opportunity

Healthy ocean benefit

Potential human
health and well-

being benefit

Citations

Climate and weather

The ocean is a key player in the
regulation of the planet climate;
it is critical to the mitigation of
climate change.

IPrevention of injury,
death and mental
health impacts from
extreme weather.

\Villasante and others,
2023; Falkenberg and
others, 2023

(including marine
protected areas
[MPAs])

and ecosystems richness and
productivity. Emerging research
with communities living
in/around MPAs and other areas

improved nutrition.

Decreased overall
national mortality,

and improved child

Heat and CO; sink  [The ocean absorbs 25% of all  [Prevention of Hoegh-Guldberg and
CO; emissions and more than  |extreme heat, others, 2023.
90% of excess atmospheric heat. [drought, crop loss,
starvation.
Oxygen The ocean sustains all life on  [Prevention of crop |Grégoire and others, 2023
earth by providing 50% of the  fand other
oxygen produced on Earth each |biodiversity loss.
year and 80% of all the oxygen
ever created.
Biodiversity Biodiversity sustains food webs [Livelihoods, Madarcos and others,

2021; Haque and others,
2023; Nowakowski and
others, 2023; Ban and
others, 2019; Gollan and
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designated as “protected”:
diverse human health and well-
being benefits; collaborative and
effective management with
ongoing involvement of local
communities essential towards
creating and sustaining these
ocean and human health
benefits.

health, as well as
positive ecosystem
impacts.

Barclay, 2020; Rasheed
2020; Winther and others,
2020.

Livelihoods and

The ocean is a source of wealth.

Seafood as nutrition

Dodd and others, 2020;

economics The ocean economy is estimated fand prevention of [Ocean Panel, 2020
to generate $1.5 trillion-$2.5 noncommunicable
trillion annually and to provide [diseases. (NCDs)
jobs for more than 30 million
and mental health
people. .
impacts.
Marine biotechnology [Ca. 30,000 unique molecules, |Development of Antunes and others, 2023;

(including marine
drugs)

10% currently known natural
products discovered in marine
life; 23 approved pharmaceutical
agents have been developed
from marine molecules, and an
additional 33 are in clinical
trials.

The ocean is a source of new
medicines and biotechnologies,
from essential pain medicines to
plastic alternatives to essential
DNA libraries.

treatments for
inflammation,
immune system
disorders, skin
pathologies,
infectious diseases,
INCDs and cancers.

IAlternatives to
plastics and creation
of sustainable other
biomaterials.

CHEMnetBASE, 2023;
Pascual-Alonso and others,|
2024; Bouley and others,
2023

Seafood and food
security

For more than 3 billion people,
nearly 40% of the world’s
population, the ocean is an
essential source of food and
livelihood.

IPrevention of:
starvation,
childhood stunting,
noncommunicable
diseases.

Golden and others, 2021;
FAO, Duke University and
'WorldFish, 2022;
Tigchelaar and others,
2022; Golden and others,
2016

Blue spaces (including

culture)

Interactions with the ocean and
with other blue spaces enhance
the physical health and mental
well-being of humans from
infancy to old age.

Supports culture,
physical health and
imental well-being.

'White and others, 2021;
Fleming and others, 2019
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Unhealthy ocean risks

Potential human
health and well-

being risks

Citations

exhaustion.

Heat The ocean absorbs more heat, [Death INash and others, 2017;
sea surface temperature rises: i Falkenberg and others,
changes in global and local yury 2021
ocean circulation patterns Infectious diseases
causing increased frequency of )
extreme weather, polar ice Starvation
melting, sea level rise, and HAB illnesses
coastal flooding; migration of
fish stocks from dependent Mental health
communities; increased harmful [Noncommunicable
algal blooms; and pathogen diseases (NCDs)
spread.
IDisrupt cultural
integrity
Acid Increased atmospheric CO; Starvation INash and others, 2017;
absorbed by ocean, resulting in ) Falkenberg and others,
low pH causing weakness of Obesity 2020
calcium skeletons in coral, Mental health
shellfish and calcium-containing
microorganisms sustaining entireNCDS
marine web; impacts on Disrupt cultural
fisheries. integrity
Deoxygenation Dissolved ocean oxygen Starvation Grégoire and others, 2023;
decreases as water becomes _
e . Obesity Falkenberg and others,
warmer, creating “‘oceanic dead
e . 2020
zones”; impacts on fisheries. Mental health
INCDs
IDisrupt cultural
integrity
Overfishing Destructive industrial fishing  [Starvation FAO. 2022; Golden,
practices with rising . Koehn, and others, 2021;
temperatures and pollution Obesity FAO Duke University and
damage on ocean ecosystems, [Mental health 'WorldFish, 2022;
biodiversity and fisheries Tigchelaar and others,
INCDs

2022; Golden and others,
2016; Maycock, 2023
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Disrupt cultural
integrity

Jobs loss in small
fishery
communities,
forcing population
migrations

il and gas extraction

Fossil fuel extraction and
transport with toxic
hydrocarbons release, increasing
climate change; oil spills: injury,
death of marine organisms;
destroy biodiversity; impact
fisheries.

IDeath

[njury

Mental health
Increased NCDs

Disrupt cultural

Lelieveld and others,
2019; Nash and others,
2017; Landrigan and
others, 2020

integrity
Deep-sea mining Deep-sea mining damages: Obesity Hamley 2022; Miller and
seabed and vulnerable habitats, NCD others, 2021; Landrigan
]

radiation releases, impacts on
fisheries, biodiversity threats.

IPossible cancer risk
Starvation

Disrupt cultural
integrity

and others, 2020

Pollution

80% arises on land from human
activities includes plastics,
heavy metals, oil wastes,
manufactured chemicals,
pesticides, radiation and
nutrients (including sewage):
damages ecological health;
biodiversity; impacts fisheries.

IHarmful algal
blooms illnesses

INeurotoxicity

[Fetal/developmental
toxicity

IReproductive
toxicity

IMental health

INoncommunicable
diseases

Cancer

Disrupt cultural
integrity

Landrigan and others,
2023; Landrigan and
others, 2020; Short and
others, 2021
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Economics

Profit-driven, ocean-based
economic development with
inequitable and short-term
economic gain; no concern for
protecting and preserving ocean
health or for health and well-
being of marginalized coastal
communities: biodiversity loss
and marine ecosystems
degradation.

Occupational injury
and death

Starvation
IMental health

IDisrupt cultural
integrity

Germond-Duret, 2022;
Das, 2023
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Table 2

Selected adverse human health impacts from ocean interactions

Health threat/
source of toxin/
pollutant

Primary exposure
route

Known adverse health effects (with key references)

Effects of exposure to contaminated seawater, marine aerosols and seafood

Harmful algal blooms, respiratory distress and toxicity

Brevetoxins from
Karenia brevis
blooms

Non-identified
aerosolized toxins
(emerging threat),
spreading in
temperate coasts
with global change

Sea breezes during
the planktonic
Karenia brevis
blooms

Sea breeze during
the benthic
Ostreopsis spp.
blooms

Respiratory distress, asthma exacerbations:

Fleming, 2011
www.sciencedirect.com/science/article/abs/pii/S1568988310000934

Respiratory distress, general malaise:

Berdalet, E., and others, 2022.
https://doi.org/10.1016/.hal.2022.102320

Lemée, R., and others, 2023. https://anses.hal.science/anses-
04169914

Funari, E. and others, 2015.
https://doi.org/10.1016/1.hal.2015.10.008

Potential prevention/
mediation actions and/or

information to support

policymaking

Appropriately targeted
messaging for coastal
communities regarding
ocean-borne risks from sea
breezes.

Monitoring benthic
substrates (mainly
macroalgae) on shallow
beaches to establish early
warnings.

Coordination of scientists
and local authorities.

Increasing awareness of the
symptoms among general
public and medical
professionals.
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Ciguatera Ingestion of fish Complex array of neurologic, gastrointestinal, cardiovascular, Early warning systems for
poisoning, endemic = and some molluscs | respiratory and psychological symptoms: alerting local populations,

in the tropical . such as the one
. . Chinain, M. and others, 2021.
latitudes, spreading

) ) implemented in French
https://doi.org/10.1016/j.hal.2020.101873

with global change Polynesia. It includes:

Friedman, M. and others, 2017. https://doi.org/10.3390/md15030072

- Awareness campaigns to
warn individuals against
specific risk-taking
behaviours (most notably
with regard to the fish
species and parts of the fish
preferentially consumed),

- Systematic report of
ciguatera poisoning;

- Prevention messages
provided all year round

- Public meetings conducted
alongside field campaigns.

- Dissemination tools in
local languages for the
general public, schools and
healthcare professionals.

Monitoring benthic species
using artificial substrates
and quantitative polymerase
chain reaction (qPCR).
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Paralytic shellfish
poisoning (PSP)
affecting diverse
communities on the
Pacific coast of
America and in
Asia (e.g. the
Philippines)

Extreme HAB
events, e.g.
Pseudo-nitzschia
blooms in response
to the 2014-2016
north-east Pacific
marine heat wave,
and HABs in Chile.

Dinophysis
(diarrhoetic) in
Europe

Ingestion of
shellfish (e.g.
butter clams in
Alaska) from
subsistence
harvesting.

Massive fish kills,
poisoning of
marine fauna. To
date, no known
effects of humans
because of strict
monitoring, but
fauna affectation.

Ingestion of
shellfish

Symptoms include nausea, vomiting, diarrhoea, numbness and
tingling of the lips, mouth, face and neck; severe cases: paralysis of
chest and abdomen muscles possibly leading to death:

Berdalet, E. and others, 2023, in Fleming L. and others, 2023. ISBN:

978-0-323-95227-9

Limited evidence of human poisoning due to Alexandrium catenella

Trainer, V. and others, 2019,
https://doi.org/10.1016/.hal.2019.03.009

Nausea, vomiting, severe diarrhoea, abdominal cramps, respiratory
distress:

Reguera and others, 2024,
https://doi.org/10.3389/frpro.2023.1328026
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Monitoring toxic species in

the water and paralytic toxin

in shellfish guarantees food
safety; the challenge is
monitoring in remote
Indigenous communities.
This results in economic
losses and difficulties for
the local inhabitants.

The problem affects poorer
regions of the planet,
especially in Asia and Latin
America. No data from
Affica.

Monitoring of events with
reporting of human cases

Appropriately targeted
messaging for coastal
communities regarding
ocean-borne risks from
seafood consumption.

Monitoring of events with
reporting of human cases

Appropriately targeted
messaging for coastal
communities regarding
ocean-borne risks from
seafood consumption.



Allergies, food sensitivities and poisonings from consumption of seafood

Allergic reactions Typically,

to seafood crustaceans but
may include
molluscs.

Food sensitivities Seafood

and intolerance consumption

Seafood poisonings = Fresh and
processed seafood
consumption

162

163 See www.cdc.gov/habs/ohhabs.html.
164 See www.cdc.gov/nors/index.html.

Symptoms include hives, wheezing, trouble breathing, cramps,
nausea, vomiting and anaphylaxis:

Wai and others, 2020, https://doi.org/10.3390%2Fijms21062234;
Ruethers and others, 2018,
https://doi.org/10.1016/j.molimm.2018.04.008

American Academy of Allergy, Asthma and Immunology, 2024,
“Histamine toxicity (scombroid poisoning): overview”,'*> updated

2024, accessed 7- July 24.

Symptoms include bloating, flatulence, constipation and stomach
pain:

Muthukumar and others, 2020,
https://doi.org/10.1016/j.foodres.2020.109780

Gonzalez-Delgado and others, 2022,
https://doi.org/10.1016/j.jaip.2022.05.006

Wide range of effects, mostly self-limiting, depending on the toxin
involved:

Ansdell, 2019. https://doi.org/10.1016/B978-0-323-54696-6.00049-5

Backer and others, 2004, in Dabrowski and Sikorski, Toxins in
Food. https://doi.org/10.1201/9780203502358

Takahashi and others, 2019. https://doi.org/10.3390/ijms20102435

Landrigan and others, 2020. https://doi.org/10.5334/a0gh.2831

www.aaaai.org/conditions-treatments/related-conditions/histamine-toxicity.
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Appropriately targeted
messaging for coastal
communities regarding
ocean-borne risks from
seafood consumption.

Rapid methods to determine
toxin concentrations in
suspected seafood and
clinical specimens.

Global database for
reporting human and animal
allergies, food sensitivities
and poisonings from
consuming seafood. [One
Health Harmful Algal
Bloom System; One Health
Harmful Algal Bloom
System (OHHABS) |
Harmful Algal Blooms |
CDC;'% National Outbreak
Reporting System (NORS);
National Outbreak
Reporting System (NORS) |
@164]‘



https://doi.org/10.1016/j.jaip.2022.05.006

Asthma induction | Fish processing
and/or exacerbation | activities, skin
contact, aerosols

Occupational asthma:

Anibarro and others, 2023. Occupational asthma induced by fish

exposure - PubMed (nih.gov)

Required reporting for
specific foodborne and
waterborne disecases
[National Notifiable
Diseases Surveillance

System | CDC!%%]

Enhanced seafood
monitoring programmes.

Modelling to connect
environmental data with
illness data (e.g., electronic
health records [Centers for
Medicaid and Medicare
Services. www.cms.gov/])
to allow prediction of
increased risks
[Environmental Public
Health Tracking Network
https://ephtracking.cdc.gov/].

Targeting messaging and
enhanced personal
protective equipment for
those working in fish
processing activities.

165 See www.cdc.gov/nndss/index.html.
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Microbial infections and parasitic infestations from consumption of seafood and seawater exposure (mainly from human sewage and

agricultural run-off)

Seawater infections

Seafood Seafood, ocean
contamination with | plastics exposure
bacteria

Vibrio cholera Seafood
Vibrio vulnificus Seafood
Norwalk virus Seafood

Parasitic illnesses Seafood

166 www.cdc.gov/habs/ohhabs. html.
167 www.cdc.gov/nors/index.html.

Infections (skin/wound, gastrointestinal, ear, nose and throat (ENT),
eye, respiratory, blood) associated with ocean exposure, including
plastics:

Bowley and others, 2022 https://doi.org/10.1016/1.tim.2020.06.011

Bacterial infections (skin/wound, gastrointestinal, ENT, eye,
respiratory, blood) associated with ocean exposure, including
plastics:

Iwamoto and others, 2010 https://doi.org/10.1128/CMR.00059-09

Bowley and others, 2021 https://doi.org/10.1016/j.tim.2020.06.011

Cholera (severe bacterial gastrointestinal illness):

Kanungo and others, 2022 https://doi.org/10.1016/S0140-
6736(22)00330-0

Gastrointestinal disease, gangrene, death:

Archer and others, 2023, https://doi.org/10.1038/s41598-023-28247-
2

Gastrointestinal disease:

Campos and Lees, 2014, https://doi.org/10.1128/AEM.04188-13

Gastrointestinal disease:

Overstreet, 2013, https://doi.org/10.1007/978-1-4419-0851-3_877

Appropriately targeted
messaging for coastal
communities regarding
ocean-borne risks from
seafood consumption.

Global database for
reporting human and animal
allergies, food sensitivities,
and poisonings from
consuming seafood. [One
Health Harmful Algal
Bloom System; One Health
Harmful Algal Bloom
System (OHHABS) |
Harmful Algal Blooms |
CDC:; !¢ National Outbreak
Reporting System (NORS);
National Outbreak
Reporting System (NORS) |
CDC'].
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Antimicrobial resistance (AMR)

AMR associated Water, skin and

with ocean aerosol exposure,

exposure ingestion of
seafood, beach
sand exposure,

ocean plastics

exposure.
Anti-fungal Water skin and
resistance (AFR) aerosol exposure,

ingestion of
seafood, beach

Resistant or untreatable bacterial infections (skin/wound,
gastrointestinal, ENT (ears, nose, throat), eye, respiratory, blood)
associated with ocean exposure, including plastics:

Krupesha Sharma and Sumithra, 2023, https://doi.org/10.1007/978-
981-16-9723-4 6-1

Stevenson and others, 2023,
https://doi.org/10.1016/j.scitotenv.2023.168234

Resistant or untreatable fungal infections (skin/wound, ENT, eye,
respiratory, blood) associated with ocean exposure:

Babic and others, 2022 https://doi.org/10.3390/0f8080860

Stevenson and others, 2022
https://doi.org/10.3389/ffunb.2022.918717

Required reporting for
specific foodborne and
waterborne disecases
[National Notifiable
Diseases Surveillance

System | CDC!8].

Enhanced seafood
monitoring programmes.

Decreased use of
antibiotics, veterinary and
human.

Increased environmental
and human antimicrobial
resistance monitoring.

Decreased use of
antifungals in veterinary and
human medicine.

168 www.cdc.gov/nndss/index.html.
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associated with sand exposure,
ocean exposure ocean plastics
exposure.

Harmful non-biological pollutants (chemical, particle and radiological pollution)
General exposure to pollutants

Chemical exposure = Water skin and Dermatologic, cancer, reproductive, neurologic:

to pollutants in aerosol exposure,

seawater, seafood ingestion of

and sediment/sand  seafood, sediment/ = Multiple toxicological targets:
sand exposure.

Landrigan and others, 2020, https://doi.org/10.5334/a0gh.2831

Mezzelani and Regoli, 2022, https://doi.org/10.1146/annurev-
marine-040821-075606

Tacon and others, 2023; https://doi.org/10.1080/
23308249.2023.2238821

Microplastics and nanoplastics can cause alterations of the
immune system, inflammation, decreased growth rate and
energy unbalance

Nardi and others, 2024,
https://doi.org/10.1016/j.envpol.2024.123327

Radiological injury

Smith and others, 2023, https://doi.org/10.1126/science.adiS446

169
170

www.cdc.gov/nors/index.html.
www.cdc.gov/nndss/index.html.
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Increased environmental
and human antifungal
monitoring.

Appropriately targeted
messaging for coastal
communities regarding
ocean-borne risks from
seafood consumption.

Global database for
reporting human and animal
allergies, food sensitivities
and poisonings from
consuming seafood.
[National Outbreak
Reporting System (NORS);
National Outbreak
Reporting System (NORS) |
@ 169].

Required reporting for
specific foodborne and
waterborne diseases
[National Notifiable
Diseases Surveillance

System | CDC!"].



https://doi.org/10.1016/j.envpol.2024.123327
https://doi.org/10.1126/science.adi5446
http://www.cdc.gov/nors/index.html
http://www.cdc.gov/nndss/index.html

Enhanced seafood
monitoring programmes

Increased research for
toxicological pathology
related to consumption of
contaminated seafood.

Metals
Industrial and Seafood
natural processes consumption of

pollutant metals
and metalloids.

Neurotoxicity, oxidative stress and cancers EC, 2023 Appropriately targeted
https://eur-lex.europa.eu/legal- testing of seafood.
content/EN/TXT/?uri=celex%3A32023R0915

Petrochemicals, fires and combustion products

Industrial and Ingestion of
natural processes, seafood, inhalation
incomplete of aerosols and
combustion, skin contact.

transport and
shipping

Polycyclic aromatic hydrocarbons (PAHs) are considered toxic Appropriately targeted
primarily due to their carcinogenic potential, meaning they can testing of seafood.
cause cancer, particularly of the skin, lung, and bladder, when

exposed to significant levels over long periods; other potential toxic

effects include impacts on the reproductive system, immune system

dysfunction and developmental issues, especially when exposure

occurs during pregnancy; short-term exposure may cause irritation

to the eyes, skin, and respiratory tract depending on the level of

exposure.

International Energy Agency - IEA, 2018; El-Maradny and others,
2023; Rovira and others, 2021; Hassaan and others, 2024; Landrigan
and others, 2020; Liu and others, 2023; Montuori and others, 2021;
Shi and others, 2022; Speight, 2019
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Persistent organic pollutants

Industrial

Neurotoxic pesticides and agrochemicals

Agricultural /
industrial from
wastewater and
land runoff

Pharmaceuticals and endocrine disruptors

Industrial
production, use by
the patient or in
veterinary use,
and ultimate
disposal including
hospital waste

Seafood
consumption.

Seafood
consumption.

Bathing and
seafood
consumption.

Oxidative stress, increased cancer risk, reproductive disorders,
alteration of the immune system, neurobehavioural impairment,
endocrine disruption, genotoxicity and increased birth defects

Ritter and others, 1995; Stockholm Convention — pops.int
www.pops.int/Home/tabid/2121/Default.aspx

Neurotoxicity contributing to Parkinson’s disease and possibly to
Alzheimer’s disease:

Richardson and others, 2019

Toxicological risks of exposure have not yet been established,
although human health assessment for APIs contaminating
freshwater environments would suggest that the level of risk
from this route is likely to be low (WHO, 2012):

WHO (2012) Pharmaceuticals in drinking water

www.who.int/publications/i/item/9789241502085

UBA - Umweltbundesamt (2024) Database- pharmaceuticals in the
environment www.umweltbundesamt.de/en/database-

pharmaceuticals-in-the-environment-0#undefined

Madikezela and Ncube, 2022
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Appropriately targeted
testing of seafood.

Appropriately targeted
testing of seafood.

Precautionary approach and
further toxicological
assessment focused on
human health.

Appropriately targeted
testing of seafood and
bathing water.


http://www.pops.int/Home/tabid/2121/Default.aspx

Contaminants of emergent concern

Industrial waste, Seafood Endocrine disruption including reproductive and gender

domestic consumption. abnormalities in marine life and may contribute to human

wastewater gender dysphoria (Combi and others, 2022; Guo and others,
2023; Cocchetti and others, 2022; Liu and others, 2023; Xie and
others, 2022)

Microparticles and nanoparticles (including plastics) and from road run-off

Industrial waste, Seafood May contribute to endocrine disruption, oxidative stress, dementias
atmospheric consumption and and cancers
pollution, run-off inhalation/ingestion

. . Amelia and others, 2021; Andrade and others, 2021; Megha and
from highways and = of marine aerosols.

degradation of others, 2024; Ciocan and others, 2024

fibreglass boat
hulls

Environmental radiation

Nuclear industry Seafood Radiation injury, oxidative stress and cancers
and historical consumption, .
. . Matsumoto and others, 2021; Smith and others, 2023
weapons testing exposure to bathing
water and

inhalation /
ingestion of marine
aerosols.

Precautionary approach and
further toxicological
assessment focused on
human health.

Appropriately targeted
testing of seafood.

Precautionary approach and
further toxicological
assessment focused on
human health.

Appropriately targeted
testing of seafood.

Appropriately targeted
testing of seafood and
bathing water.
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Pollutant interactions

Multiple sources:
seafood
consumption and
inhalation/ingestion
of marine aerosols

Seafood
consumption,
exposure to bathing
water and
inhalation/ingestion
of marine aerosols.

Synergistic and antagonistic toxicities in animal investigations

Forest, 2021; Moore and others, 2021; Albani and others, 2023;
Gauthier and others, 2014; Martin, 2023; Moore and others, 2018
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Precautionary approach and
further toxicological
assessment focused on
human health.

Appropriately targeted
testing of seafood.
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