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H I G H L I G H T S

• One Health approach links mercury, human, wildlife, and ecosystem health.
• Climate change amplifies mercury cycling and exposure pathways.
• Cross-species toxicity reveals shared neurotoxic and immune effects.
• Integrated One Health strategies guide mercury risk mitigation.
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A B S T R A C T

Mercury contamination exemplifies one of the most pressing global environmental health challenges of the 21st 
century, requiring integrated solutions that transcend disciplinary boundaries. This review provides the first 
comprehensive synthesis of mercury science through an explicit One Health lens, linking human, wildlife, and 
ecosystem health with the accelerating impacts of climate change. Mercury's global cycling and long-range 
transport generate interconnected exposure pathways, which simultaneously endanger human populations, 
biodiversity, and ecosystem integrity. The neurotoxic effects of methylmercury display remarkable cross-species 
consistency, driven by conserved mechanisms such as oxidative stress, mitochondrial dysfunction, and impaired 
neurodevelopment. Vulnerable groups, including pregnant women, lactating women, infants, children, pop
ulations with chronic comorbidities, indigenous communities, and apex predators, face disproportionate risks 
due to biomagnification and cumulative exposures. Despite regulatory advances, notably the Minamata 
Convention and its 2023 amendments, ongoing emissions and climate-driven perturbations continue to under
mine management efforts. The present review identifies critical gaps in mixture toxicology, ecosystem-level 
consequences, and climate-mercury feedback. It proposes integrated interventions that simultaneously safe
guard human health, wildlife populations, and environmental quality. By situating mercury contamination 
within the One Health framework, the review highlights the urgent need for coordinated transdisciplinary action 
to mitigate risks and advance planetary health.

1. Introduction

1.1. Mercury in the Anthropocene: A global environmental health Crisis

Mercury contamination represents one of the most pervasive and 

persistent environmental health challenges of the Anthropocene epoch, 
characterized by complex biogeochemical cycling, global atmospheric 
transport, and severe health consequences across multiple species and 
ecosystems (Basu et al., 2023; Sonke et al., 2023). As a naturally 
occurring toxic metal that has been extensively mobilized through 
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anthropogenic activities, mercury possesses unique physicochemical 
properties, enabling it to exhibit worldwide distribution patterns and 
create health risks that transcend geographic, political, and species 
boundaries (Driscoll et al., 2013; Giang and Selin, 2016; Streets et al., 
2011). The historical case of Minamata disease provides a paradigmatic 
example of how mercury contamination crystallized the need for inte
grated perspectives that consider human, ecological, and societal health 
simultaneously (Basu et al., 2023). The global mercury cycle is largely 
governed by emissions of elemental mercury (Hg0) vapor, which has an 
atmospheric lifetime of about 6–12 months. This relatively long resi
dence time allows mercury to travel long distances and deposit in remote 
regions. After deposition, mercury can be chemically reduced and 
re-emitted into the atmosphere, maintaining a dynamic and persistent 
global reservoir. Human activities, particularly coal combustion, arti
sanal and small-scale gold mining, and land-use changes such as 
deforestation, have substantially intensified this natural cycle. These 
processes increase mercury deposition and methylation in sensitive 
ecosystems (Obrist et al., 2018). This anthropogenic disruption has led 
to measurable ecological damage, including biodiversity declines and 
reproductive failures in piscivorous wildlife, highlighting the profound 
influence of the Anthropocene on global mercury contamination 
(Eagles-Smith et al., 2018; Scheuhammer et al., 2007).

1.2. The One Health imperative for mercury management

The One Health approach recognizes the fundamental interconnec
tedness of human health, animal health, and environmental health, 
providing a conceptual framework for addressing complex environ
mental challenges that affect multiple health domains simultaneously 
(CDC, 2025; Domingo et al., 2025; Wang et al., 2024). This approach is 
increasingly seen as essential for planetary health, emphasizing that the 
health of humans, domestic and wild animals, plants, and the wider 
environment (including ecosystems) are closely linked and interdepen
dent. Mercury contamination provides a compelling case study for One 
Health principles due to several key characteristics that demonstrate 
intrinsic linkages between environmental contamination, wildlife 
health, and human health outcomes (Basu et al., 2023; Eagles-Smith 
et al., 2018). First, mercury exposure results in remarkably similar 
adverse health outcomes across phylogenetically diverse species, 
reflecting shared toxicological mechanisms and conserved biological 
targets (Peterson et al., 2023; Scheuhammer et al., 2007). Neurological 
dysfunction, including impaired cognitive function, altered behavior, 
and developmental abnormalities, is consistently observed across taxa 
ranging from laboratory rodents to marine mammals and human pop
ulations exposed to methylmercury (Clarkson and Magos, 2006; Ha 
et al., 2017; Liu et al., 2024). These convergent effects support the 
relevance of wildlife and laboratory animal data for human health risk 
assessment, while also highlighting the importance of ecosystem-based 
management strategies that safeguard both human and wildlife health 
(Al-Sulaiti et al., 2023; Eagles-Smith et al., 2018). Second, aquatic food 
webs serve as the primary pathway for mercury exposure in both 
humans and wildlife, creating direct mechanistic linkages between 
ecosystem health and both human and wildlife health outcomes 
(Al-Sulaiti et al., 2022; Díez, 2009; Lavoie et al., 2013; Liu et al., 2020). 
It should be considered that fish consumption is the major source of 
methylmercury exposure for most human populations (Bridges et al., 
2020; González et al., 2019; Jacobs et al., 2017; Li et al., 2024), while 
piscivorous wildlife species consistently exhibit the highest tissue mer
cury concentrations within their respective ecosystems (Karimi et al., 
2012; Yu et al., 2020). Third, the global nature of atmospheric mercury 
transport creates shared vulnerabilities that affect both remote ecosys
tems and human populations far from emission sources (Streets et al., 
2011; Yuan et al., 2023). Arctic environments provide a particularly 
striking example, where global mercury transport combines with unique 
polar environmental conditions to create elevated exposures for both 
Arctic wildlife and indigenous populations that rely on traditional 

marine foods (AMAP, 2021; Chételat et al., 2024). Climate change is 
altering these transport patterns and environmental conditions, poten
tially exacerbating mercury risks for both human and wildlife pop
ulations in vulnerable regions (Giang and Selin, 2016; Wilkening et al., 
2025; Zhou et al., 2024). Fourth, environmental justice considerations 
highlight the disproportionate impacts of mercury contamination on 
vulnerable human populations and sensitive ecosystems, creating par
allel patterns of vulnerability across health domains (Dai et al., 2023; 
Gibb and O'Leary, 2014; Spiegel, 2009). Accordingly, mercury repre
sents not only a toxicological challenge but also a governance issue that 
requires cooperation across human medicine, veterinary science, and 
environmental policy. While One Health approaches have been applied 
to mercury research in isolated contexts (e.g., wildlife monitoring 
(Scheuhammer et al., 2007)) or indigenous health (AMAP, 2021), no 
prior review has systematically linked these principles with climate 
change interactions, a critical oversight given the accelerating impacts 
of global warming on mercury biogeochemistry (Giang and Selin, 2016; 
Zhou et al., 2024). The interconnections linking mercury contamination, 
climate change, and health outcomes across the One Health spectrum 
are shown in Fig. 1. The present review addresses this gap by: (1) 
mapping climate-mercury feedback loops across ecosystems, (2) evalu
ating their disproportionate effects on vulnerable populations, and (3) 
proposing adaptive One Health interventions to mitigate emerging risks.

1.3. Recent scientific advances and emerging challenges

The period extending from 2020 to the present has witnessed sig
nificant advances in the comprehension of mercury environmental fate, 
health effects, and management challenges, driven by technological 
innovations in analytical chemistry, exposure assessment, and health 
effects research (Basu et al., 2023; Davies, 2023; Kung et al., 2024; Wu 
et al., 2024). Simultaneous advances in biomarker development and 
exposure assessment have provided new insights into mercury health 
effects at environmentally relevant exposure levels, revealing subtle but 
significant impacts on immune function, endocrine regulation, and 
neurodevelopmental processes that occur at exposures previously 
considered safe (Charkiewicz et al., 2025; Peterson et al., 2023). These 
findings have important implications for risk assessment and regulatory 
decision-making, particularly for vulnerable populations including 
pregnant women, infants, and children (Al-Sulaiti et al., 2023; Grand
jean and Landrigan, 2014). The emergence of climate change as a sig
nificant modifying factor in mercury environmental fate and health risks 
represents another major development in contemporary mercury sci
ence (Giang and Selin, 2016; Zhou et al., 2024). Climate change in
fluences mercury cycling through multiple pathways, including 
warming-enhanced microbial methylation in soils and sediments, 
altered precipitation patterns that affect runoff and mercury transport, 
and extreme events like wildfires and droughts, which can remobilize 
legacy mercury. Furthermore, thawing permafrost in Arctic regions is 
releasing historically stored mercury, creating new sources of contami
nation (Obrist et al., 2018; Schuster et al., 2018). Recent studies have 
also shown that gut microbiota may influence mercury absorption and 
methylation, suggesting a novel pathway for interindividual variability 
in toxicity (Coe et al., 2023; Pinto et al., 2020). Furthermore, the role of 
the gut microbiome in modulating mercury toxicity is an emerging One 
Health issue, as microbial communities in wildlife and humans can 
affect the bioavailability and demethylation of mercury, influencing 
susceptibility across species (Coe et al., 2023; Zhang et al., 2022).

Recent advances in exposome science have revolutionized the un
derstanding of how multiple environmental factors interact across the 
lifespan to influence health outcomes (Bocato et al., 2019). Within this 
framework, mercury can be conceptualized as a sentinel contaminant 
that exemplifies how chemical exposures intersect with nutrition, ge
netics, microbiome composition, and social determinants of health. 
Systems toxicology approaches integrating high-dimensional omics data 
(transcriptomics, proteomics, metabolomics, and epigenomics) with 
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exposure metrics now enable mechanistic mapping of mercury's impact 
on biological networks rather than isolated pathways. Applying expo
somic methodologies to mercury research can elucidate synergistic ef
fects between mercury and co-occurring stressors, including climate 
change, malnutrition, and infectious diseases. This systems-level 
perspective aligns closely with the One Health concept, providing a 
framework for translating molecular insights into holistic prevention 
and intervention strategies (Gao, 2021)

1.4. Objectives

The specific objectives of this review are to: (1) characterize shared 
sources and environmental fate processes that create interconnected 
contamination patterns across health domains, (2) evaluate convergent 
health impacts and toxicological mechanisms across human and wildlife 
populations, (3) identify critical interconnections and feedback loops 
linking environmental, wildlife, and human health, with particular 
emphasis on climate change, (4) analyze environmental justice consid
erations and vulnerability patterns in mercury exposure, (5) assess the 
impacts of climate change on mercury cycling and health risks, (6) 
propose integrated intervention strategies based on One Health princi
ples, and (7) highlight critical knowledge gaps that require trans
disciplinary research collaboration.

2. Methods of data collection and extraction

This thematic review adopts a One Health-climate framework to 
synthesize recent advances in mercury contamination, focusing on three 
key themes: shared exposure pathways, convergent health effects, and 
climate interactions. Rather than a systematic approach, we employed 
purposive sampling to select studies that bridged two or more One 
Health domains (human/wildlife/ecosystem health), ensuring relevance 
to emerging challenges such as climate-driven methylation and envi
ronmental justice.

2.1. Database selection and search strategy

The databases PubMed/MEDLINE (https://pubmed.ncbi.nlm.nih. 
gov), Web of Science (https://www.webofscience.com), Scopus (https 
://www.scopus.com), and Google Scholar (https://scholar.google. 

com.br) were searched to ensure comprehensive coverage of relevant 
scientific literature published until August 2025. The search strategy 
employed Boolean operators and controlled vocabulary terms to maxi
mize the retrieval of relevant studies while maintaining specificity. 
Keyword combinations related to mercury, One Health, exposure path
ways, toxicological mechanisms, and environmental justice were 
searched.

2.2. Inclusion and exclusion criteria

Studies were included if they met the following criteria: (1) focused 
primarily on mercury, methylmercury, or specific mercury compounds 
as the main subject of investigation, (2) demonstrated clear relevance to 
at least two domains of the One Health triad (human health, animal/ 
wildlife health, or environmental health), (3) reported original empir
ical data, systematic reviews, meta-analyses, or significant conceptual 
advances that advance understanding of interconnections between 
health domains, (4) published in peer-reviewed journals with impact 
factors or recognized international organization reports. Exclusion 
criteria included: (1) studies focused exclusively on analytical method 
development without health or environmental implications, (2) case 
reports or small case series without broader implications for population 
health or environmental management, and (3) duplicate publications or 
studies that presented identical data without novel analysis or 
interpretation.

2.3. Data extraction and quality assessment

Scientific literature from authoritative international organizations, 
including the United Nations (UN) Environment Program (UNEP), 
World Health Organization (WHO), Arctic Monitoring and Assessment 
Program (AMAP), and National Environmental Protection Agencies, was 
reviewed to supplement peer-reviewed sources and ensure policy rele
vance. The selected literature was analyzed using a structured One 
Health framework that considered: (a) shared contamination sources 
and environmental fate processes that create interconnected exposure 
pathways, (b) convergent toxicological mechanisms and health effects 
documented across human and wildlife populations, (c) feedback loops 
and bidirectional interactions between environmental contamination, 
ecosystem health, and human health, (d) vulnerable population 

Fig. 1. Conceptual framework of mercury contamination pathways and climate-mercury-health feedback loops within the One Health paradigm.
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characteristics and environmental justice considerations that create 
disproportionate risks, (e) integrated intervention strategies that 
generate co-benefits across multiple health domains, and (f) critical 
knowledge gaps that require transdisciplinary research approaches to 
address effectively.

3. Results

3.1. Mercury sources, environmental fate, and interconnected exposure 
pathways

Mercury contamination arises from complex interactions between 
natural and anthropogenic sources, creating interconnected exposure 
pathways that simultaneously affect human health, wildlife populations, 
and ecosystem integrity across multiple spatial and temporal scales 
(Chen and Evers, 2023; Davies, 2023; Driscoll et al., 2013; Streets et al., 
2011). Understanding these shared sources and fate processes is 
fundamental to developing effective One Health management strategies 
that address root causes while protecting vulnerable populations and 
ecosystems (UNEP, 2019; Wang et al., 2024; WHO, 2025).

3.1.1. Anthropogenic sources and global distribution patterns
Coal-fired power plants continue to represent the largest single 

category of anthropogenic mercury emissions globally, accounting for 
approximately 35–40 % of total anthropogenic releases despite ongoing 
emission reduction efforts in many developed countries (Streets et al., 
2011; Yuan et al., 2023). Table 1 summarizes the major mercury source 
categories, their environmental fate processes, and the interconnected 
exposure pathways, which simultaneously affect human and wildlife 
populations across different spatial scales. Artisanal and small-scale gold 
mining (ASGM) activities represent the largest global source of anthro
pogenic mercury emissions, releasing an estimated 800-1000 metric 
tons annually and creating severe localized contamination hotspots that 
directly affect mining communities while contributing to global atmo
spheric mercury burdens (Davies, 2023; Gibb and O'Leary, 2014; UNEP, 
2019). Various studies have reported blood mercury concentrations in 
ASGM communities that exceed WHO guidelines by factors of 10–100, 
highlighting the urgent need for integrated health and environmental 
interventions (Cezarette et al., 2025; Cruz et al., 2024; Davies, 2023; 
Lemire et al., 2011; Gibb and O'Leary, 2014; Vergara-Murillo et al., 
2022)

3.1.2. Environmental fate and biogeochemical cycling processes
The environmental fate of mercury involves extraordinarily complex 

biogeochemical processes that determine the spatial and temporal dis
tribution of contamination across ecosystems and ultimately influence 

exposure risks for both human and wildlife populations (Gilmour et al., 
2013; Mason et al., 2012; McClelland et al., 2024). Atmospheric 
elemental mercury (Hg0) vapor, emitted from both natural and 
anthropogenic sources, is highly persistent and capable of long-range 
transport. This persistence allows mercury released in one region to be 
distributed globally, influencing ecosystems and human populations 
thousands of kilometers away. Through atmospheric oxidation, Hg0 is 
converted into more reactive and water-soluble forms that deposit on 
land and water surfaces, where mercury becomes integrated into com
plex biogeochemical cycles (AuYang et al., 2022; Driscoll et al., 2013; 
Lindberg et al., 2007; Wang et al., 2004). Once deposited in environ
mental systems, mercury undergoes various chemical transformations 
that profoundly influence its bioavailability and toxicity to both wildlife 
and humans (Davies, 2023; Gilmour et al., 2013). In aquatic environ
ments, particularly those characterized by anoxic sediments and 
elevated organic matter content, sulfate-reducing bacteria and other 
anaerobic microorganisms methylate inorganic mercury to form meth
ylmercury (MeHg), the most toxic and bioaccumulative form of mercury 
(Gallorini and Loizeau, 2021; McClelland et al., 2024). This biotrans
formation process is critical because methylmercury readily crosses 
biological membranes, accumulates in organisms, and biomagnifies 
through food webs, creating the primary exposure pathway for both 
humans and wildlife (Lavoie et al., 2013; Sinclair et al., 2024). Wetland 
environments consistently exhibit the highest methylation rates due to 
optimal conditions for anaerobic bacterial activity, making them critical 
sources of methylmercury to downstream aquatic systems and adjacent 
terrestrial ecosystems (Davies, 2023; Marvin-DiPasquale et al., 2014).

3.1.3. Bioaccumulation and biomagnification in food web networks
Mercury bioaccumulation in aquatic food webs is the principal 

pathway linking environmental contamination to adverse health out
comes in both humans and wildlife, thereby establishing direct mecha
nistic connections between ecosystem integrity and health effects across 
multiple taxa (Lavoie et al., 2013; Sinclair et al., 2024). Methylmercury 
demonstrates exceptional efficiency in crossing biological membranes 
and binding to sulfur-containing amino acids and proteins, leading to 
rapid uptake and prolonged retention in organisms across all trophic 
levels (Clarkson and Magos, 2006; Toyama et al., 2023; Wu et al., 2024). 
Unlike many organic environmental pollutants that preferentially 
accumulate in lipid-rich tissues, mercury concentrates primarily in 
protein-rich tissues, including skeletal muscle, liver, kidney, and brain 
tissue, making it particularly problematic for both wildlife health and 
human dietary exposure (Peterson et al., 2023; Scheuhammer et al., 
2007). Biomagnification processes result in methylmercury concentra
tions that increase exponentially at successive trophic levels, with apex 
predators often exhibiting tissue concentrations that are 106-107 times 

Table 1 
Major mercury sources, environmental fate, and interconnected exposure pathways.

Source Category Primary Emission 
Type

Global Contribution Environmental Fate Key Exposure Pathways Affected 
Populations

References

Coal-fired Power 
Plants

Elemental mercury 
vapor

35–40 % of 
anthropogenic 
emissions

Long-range atmospheric 
transport (6–12 months 
residence time)

Atmospheric deposition → 
aquatic methylation → 
bioaccumulation

Global populations 
via fish 
consumption

Streets et al. (2011); 
Yuan et al. (2023)

Artisanal Small- 
scale Gold 
Mining 
(ASGM)

Metallic mercury 
vapor, liquid mercury

Largest global 
source

Local contamination 
hotspots + atmospheric 
transport

Inhalation, dermal contact, 
contaminated fish 
consumption

Mining 
communities, local 
populations

Davies (2023); 2019; 
Gibb and O'Leary 
(2014); UNEP (2019)

Natural Sources Elemental mercury 
from geological 
processes

Background 
atmospheric burden

Global atmospheric 
cycling

Atmospheric deposition → 
environmental methylation

All populations 
(baseline exposure)

AuYang et al. (2022); 
Driscoll et al., (2013)

Industrial 
Processes

Various mercury 
compounds

Variable by region/ 
industry

Local to regional 
contamination

Occupational exposure, 
local environmental 
contamination

Workers, nearby 
communities

Streets et al. (2011)

Wetlands and 
Sediments

Methylmercury 
production

Critical 
transformation sites

Methylation by sulfate- 
reducing bacteria

Primary source of 
bioavailable mercury for 
food webs

Consumers of 
aquatic organisms

Gilmour et al. (2013); 
McClelland et al. 
(2024)
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higher than ambient water concentrations (Chételat et al., 2024; Lavoie 
et al., 2013). This biomagnification creates the highest exposures in 
long-lived piscivorous species, including both commercially important 
fish species consumed by humans and wildlife species. which serve as 
ecosystem sentinels and conservation priorities (Eagles-Smith et al., 
2018; Liu et al., 2024). Marine ecosystems demonstrate particularly 
pronounced mercury biomagnification due to complex food web struc
tures and the prevalence of long-lived apex predators (Karimi et al., 
2012; Sisma-Ventura et al., 2024). In turn, freshwater ecosystems show 
high variability in mercury bioaccumulation patterns based on factors 
including lake morphometry, watershed characteristics, pH, dissolved 
organic carbon, and food web structure (Eagles-Smith et al., 2018; 
Lescord et al., 2024). While aquatic food webs are the primary focus, 
mercury also bioaccumulates in terrestrial ecosystems. A significant 
pathway is through rice paddies, where anaerobic conditions promote 
methylation, leading to high methylmercury accumulation in rice grain. 
This represents a major exposure route for populations in rice-dependent 
regions, particularly in Asia (Zhao et al., 2020). Furthermore, mercury is 
transferred from aquatic to terrestrial systems via emergent insects, 
which are consumed by spiders, birds, and bats, leading to bio
magnification in terrestrial food webs (Howie et al., 2018). Forest eco
systems can also accumulate atmospheric mercury, which enters food 
chains through soil invertebrates and their predators (Cristol et al., 
2008; Roffler et al., 2025).

3.1.4. Biodiversity loss, ecosystem resilience, and mercury cycling
Biodiversity loss has profound implications for mercury dynamics 

and ecosystem resilience. Declines in key species, such as top predators, 
detritivores, or microbial communities, can alter food web structures 
and methylation processes, thereby modifying mercury bioavailability 
and biomagnification rates. In aquatic environments, rivers and oceans 
act as major conduits and sinks for mercury, where complex hydrolog
ical and biogeochemical processes regulate its transformation and 
redistribution. In riverine systems, seasonal hydrology, sediment 
transport, and organic matter decomposition promote the conversion of 
inorganic mercury into methylmercury by anaerobic microorganisms, 
particularly within flooded soils and anoxic sediments Downstream 
transport delivers both particulate and dissolved mercury to estuaries 
and marine ecosystems, where methylmercury can enter pelagic and 
benthic food webs, bioaccumulating through trophic levels and affecting 
fish, marine mammals, and human consumers. (Sonke et al., 2023). 
Floodplain dynamics, deforestation, hydroelectric reservoirs, and 
coastal eutrophication can all intensify these processes by altering 
nutrient cycling, redox conditions, and biological productivity, thereby 
amplifying mercury methylation and accumulation in aquatic organisms 
(Farella et al., 2006; Guimaraes, 2020; Obrist et al., 2018; Pestana et al., 
2019). This cross-ecosystem connectivity highlights the global integra
tion of mercury cycling, linking terrestrial, freshwater, and marine en
vironments through hydrological and biological pathways.

3.2. Human health impacts: contemporary understanding of pathways 
and effects

Human exposure to mercury occurs through multiple interconnected 
pathways that reflect the global distribution of environmental contam
ination, creating exposure scenarios parallel to those experienced by 
wildlife populations (Eagles-Smith et al., 2018; Ha et al., 2017; Sun
derland et al., 2018). Recent advances in exposure assessment and 
biomarker development have revealed previously unrecognized aspects 
of mercury toxicity while confirming the persistence of high-exposure 
scenarios in vulnerable populations worldwide (Al-Sulaiti et al., 2023; 
Pacyna, 2020).

3.2.1. Exposure pathways and population variability
Fish and seafood consumption continues to represent the dominant 

source of methylmercury exposure for most human populations 

globally, contributing 80–95 % of total intake in populations with reg
ular fish consumption (González et al., 2019; Sunderland et al., 2018; Yu 
et al., 2020; Zhou et al., 2025). This primary exposure pathway creates 
direct linkages between human health and aquatic ecosystem health. 
Environmental factors affecting mercury bioaccumulation in fish 
simultaneously influence human exposure levels across diverse 
geographic and cultural contexts (Al-Sulaiti et al., 2023; Liu et al., 
2024). In many regions, rice consumption is a significant and sometimes 
dominant dietary source of methylmercury exposure (Zhao et al., 2020). 
Rice paddies, with their flooded, anoxic conditions, are efficient envi
ronments for mercury methylation, leading to bioaccumulation in the 
grain. Populations that rely on rice as a primary food source can expe
rience significant methylmercury exposure, even in the absence of fish 
consumption, a critical consideration for risk assessment and public 
health advisories (Li et al., 2010; Rothenberg et al., 2014). Occupational 
exposures in ASGM communities continue to represent some of the 
highest documented human mercury exposures globally, with workers 
and their families experiencing exposures that can exceed background 
population levels by factors of 100–1000 (Gibb and O'Leary, 2014; Basu 
et al., 2023). These extreme exposures occur through multiple simul
taneous pathways, including inhalation of metallic mercury vapor dur
ing gold processing, dermal contact with mercury-contaminated 
materials, and consumption of locally caught fish from 
mercury-contaminated waters (Davies, 2023; Waack et al., 2022). 
Women and children in ASGM communities face vulnerabilities due to 
developmental susceptibility and involvement in mercury-handling ac
tivities, creating intergenerational health impacts that persist long after 
direct occupational exposure ceases (Ha et al., 2017; Reuben et al., 
2020). Experimental studies also point to interactions between mercury 
and the gut microbiome, which may influence both detoxification pro
cesses and systemic toxicity (Duan et al., 2020; Pinto et al., 2020; Tian 
et al., 2023). This convergence of exposure pathways, host physiology, 
and microbial ecology reveals a complex dimension of mercury risk that 
reflects the integrative principles of One Health (Duan et al., 2020).

3.2.2. Human health effects: from molecular mechanisms to population 
health

Mercury exerts its toxic effects through fundamental molecular 
mechanisms that disrupt cellular function. Methylmercury has a high 
affinity for sulfhydryl groups, binding to cysteine residues in proteins 
and enzymes, which can alter their structure and function. This binding 
facilitates its transport across the blood-brain barrier and placental 
barrier, leading to its accumulation in the central nervous system and 
fetus. At the cellular level, mercury induces oxidative stress by depleting 
antioxidants like glutathione and generating reactive oxygen species, 
leading to lipid peroxidation, protein oxidation, and DNA damage. It 
also compromises mitochondrial function, leading to impaired energy 
production and disrupted calcium homeostasis, which may culminate in 
apoptotic cell death (Clarkson and Magos, 2006; Farina and Aschner, 
2017; Wu et al., 2024). These molecular perturbations translate into 
measurable health effects at both individual and population levels. 
Mercury toxicity in humans manifests primarily as neurological 
dysfunction, with the developing nervous system demonstrating 
particular vulnerability to methylmercury exposure across all stages of 
development from prenatal through adolescence (Farina and Aschner, 
2017; Grandjean and Landrigan, 2014; Leal-Nazaré et al., 2024). It has 
been suggested that the cardiovascular effects of mercury may be 
mediated by pathways previously described (see Section 3.4), including 
oxidative stress and endothelial dysfunction, with additional contribu
tions from altered lipid metabolism and nitric oxide signaling.

3.2.3. Developmental neurotoxicity and intergenerational effects
Prenatal mercury exposure represents the most significant human 

health concern due to the remarkable efficiency with which methyl
mercury crosses the placental barrier and accumulates preferentially in 
fetal brain tissue, where concentrations can exceed those in maternal 
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levels (Dack et al., 2022; Grandjean and Landrigan, 2014). Large pro
spective epidemiological studies, particularly the seminal research 
conducted in the Faroe Islands, Seychelles, and New Zealand, have re
ported robust associations between prenatal methylmercury exposure 
and deficits in multiple neurodevelopmental domains, including cogni
tive function, memory, attention, language development, and fine motor 
coordination (Debes et al., 2006; Grandjean et al., 2014). The devel
oping nervous system demonstrates exceptional vulnerability to mer
cury toxicity, due to its immature blood–brain barrier, limited repair 
capacity, and the mechanistic pathways discussed in Section 3.4
(oxidative stress, mitochondrial dysfunction, and disruption of neuro
developmental processes) (Abbott and Nigussie, 2021; Grandjean and 
Landrigan, 2014; Maraslis et al., 2025; Wu et al., 2024).

3.2.4. Adult neurotoxicity and cognitive effects
Adult mercury exposure produces a characteristic pattern of neuro

logical symptoms (Clarkson and Magos, 2006; Bernhoft, 2012). 
High-level occupational exposures documented in ASGM communities 
can result in severe neurological manifestations, which may persist for 
years following exposure reduction (Gibb and O'Leary, 2014; Basu et al., 
2023).

3.2.5. Cardiovascular and metabolic effects
Mercury exposure may contribute to the development of cardiovas

cular disease through multiple interconnected mechanisms, including 
oxidative stress, endothelial dysfunction, altered lipid metabolism, and 
inflammatory processes (Guallar et al., 2002; Ha et al., 2017). Epide
miological studies have found associations between mercury exposure 
and increased risk of myocardial infarction, hypertension, and carotid 
atherosclerosis, although these associations remain somewhat contro
versial due to potential confounding by the beneficial effects of fish 
consumption (Genchi et al., 2017; Roman et al., 2011). Associations 
between mercury exposure and metabolic disorders, including insulin 
resistance, metabolic syndrome, and type 2 diabetes, have also been 
suggested, highlighting a broader spectrum of health concerns (He et al., 
2013; Hu et al., 2025; Roy et al., 2017).

3.2.6. Immunotoxicity and infectious disease susceptibility
Mercury exposure consistently impairs immune system function 

across diverse populations and exposure scenarios, potentially 
increasing susceptibility to infectious diseases and reducing vaccine ef
ficacy (Bjørklund et al., 2020; Nyland et al., 2011). Recent immuno
logical research has revealed that mercury exposure affects multiple 
aspects of immune function, including antibody production, T-cell 
proliferation, natural killer cell activity, and cytokine production 
(Peterson et al., 2023). The immunotoxic effects can have particular 
significance for vulnerable populations, including children, infants, the 
elderly, and immunocompromised persons who can be at increased risk 
for severe infectious disease outcomes (Wyatt et al., 2019).

3.2.7. Nutritional modulation and mercury–selenium interactions
Dietary composition profoundly influences mercury toxicity. Sele

nium plays a pivotal protective role by forming biologically inert mer
cury–selenium complexes and supporting antioxidant selenoenzymes 
such as glutathione peroxidases and thioredoxin reductases. The molar 
Hg:Se ratio in blood and tissues has emerged as a key determinant of 
susceptibility, with evidence from distinct exposed populations, 
showing that adequate selenium intake may mitigate certain neurolog
ical outcomes (de Moraes et al., 2025; Hu et al., 2017; Lemire et al., 
2010, 2011; Wesolowska et al., 2024). In the Brazilian Amazon, the 
coexistence of high selenium intake and significant mercury exposure 
offers a natural experiment that has advanced understanding of the 
biochemical balance between toxicity and nutritional protection (de 
Moraes et al., 2025). Conversely, deficiencies in essential nutrients such 
as omega-3 fatty acids, zinc, and protein can exacerbate mercury's ef
fects by impairing detoxification and repair mechanisms (Dufault et al., 

2009). Thus, considering the nutritional context of mercury exposed 
populations, especially those dependent on fish for protein and micro
nutrients, is essential for designing balanced risk-benefit communication 
strategies consistent with One Health principles.

3.2.8. Vulnerable populations and health equity considerations
Certain human populations face disproportionately high mercury 

exposures or demonstrate enhanced susceptibility to mercury-induced 
health effects, creating important environmental justice concerns that 
must be addressed through targeted intervention strategies (Ha et al., 
2017; Sexton and Linder, 2010).

3.2.9. Pregnant women, infants, and children
Pregnant women, infants, and children represent the populations at 

greatest risk from mercury exposure due to enhanced developmental 
susceptibility during critical periods of organ system maturation 
(Grandjean and Landrigan, 2014). Biomonitoring data indicate that 
approximately 6–8 % of women of reproductive age in developed 
countries have blood mercury concentrations exceeding current health 
guidelines, while this proportion may exceed 20–30 % in populations 
with high fish consumption or proximity to emission sources 
(Sunderland et al., 2018; WHO, 2021).

3.2.10. Indigenous and subsistence communities
Indigenous communities worldwide face unique vulnerabilities to 

mercury exposure due to their traditional reliance on fish, marine 
mammals, and other wildlife that bioaccumulate high mercury con
centrations (Chételat et al., 2024). Arctic indigenous populations exhibit 
some of the highest documented dietary mercury exposures globally, 
largely due to their reliance on marine mammals, including seals, 
whales, and polar bears, which occupy apex positions in marine food 
webs (AMAP, 2021; McClelland et al., 2024). These communities face 
the culturally devastating choice between maintaining traditional food 
systems that are central to their identity and reducing mercury exposure, 
creating complex tradeoffs between nutritional, cultural, and health 
considerations.

3.2.11. ASGM communities and occupational populations
Communities involved in artisanal gold mining experience some of 

the highest reported mercury exposures in contemporary human pop
ulations, with exposure levels that often exceed those found in historical 
mercury poisoning incidents (Gibb and O'Leary, 2014; Davies, 2023). 
These populations often lack adequate healthcare infrastructure and are 
simultaneously exposed to multiple environmental and social stressors 
that exacerbate the health risks associated with mercury exposure, 
including poverty, malnutrition, limited education, and exposure to 
other environmental contaminants (Basu et al., 2023). Women and 
children in ASGM communities face vulnerabilities due to their 
involvement in mercury-handling activities, including gold amalgam
ation and mercury recovery processes (Ha et al., 2017).

3.3. Wildlife health impacts: sentinels, indicators, and conservation 
concerns

Wildlife populations play multiple interconnected roles in mercury 
contamination. They act as environmental sentinels providing early 
warnings of ecosystem health problems, serve as conservation endpoints 
deserving protection in their own right, and function as components of 
food webs that shape human mercury exposure through consumption 
pathways (Scheuhammer et al., 2007; Eagles-Smith et al., 2018). Studies 
on wildlife mercury have revealed an increasingly sophisticated un
derstanding of species-specific vulnerabilities while highlighting the 
population and ecosystem-level consequences of mercury contamina
tion (Chételat et al., 2024; Peterson et al., 2023).
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3.3.1. Exposure pathways and bioaccumulation patterns in wildlife
Wildlife mercury exposure primarily occurs through dietary intake, 

with bioaccumulation patterns demonstrating remarkable consistency 
across diverse taxa while simultaneously revealing species-specific vul
nerabilities related to feeding ecology, habitat use, and physiological 
characteristics (Scheuhammer et al., 2007; Sinclair et al., 2024). 
Piscivorous species consistently exhibit the highest tissue mercury 
concentrations due to efficient biomagnification through aquatic food 
webs, while species feeding at lower trophic levels generally demon
strate correspondingly lower but still toxicologically significant expo
sures (Eagles-Smith et al., 2018; Lescord et al., 2024).

3.3.2. Aquatic ecosystems and food web dynamics
Fish species exhibit a wide variation in mercury bioaccumulation, 

influenced by factors such as trophic position, longevity, habitat use, 
and species-specific physiological characteristics (Lavoie et al., 2013; 
Liu et al., 2024). Piscivorous birds, including loons, eagles, osprey, and 
cormorants, serve as particularly valuable sentinels for aquatic mercury 
contamination due to their position at the apex of aquatic food webs and 
their integration of mercury exposure across large geographic areas 
(Chételat et al., 2024; Evers et al., 2008).

3.3.3. Marine ecosystems and apex predator vulnerabilities
Marine mammals represent some of the most mercury-contaminated 

wildlife species globally due to their apex position in marine food webs, 
their longevity, and the prevalence of methylmercury in marine envi
ronments (Dietz et al., 2013; Peterson et al., 2023). Arctic marine 
mammals, including polar bears, beluga whales, narwhals, and various 
seal species, show elevated mercury concentrations due to the combi
nation of global mercury transport to polar regions and unique Arctic 
environmental conditions that enhance methylation (AMAP, 2021; 
Chételat et al., 2024). Studies on northern elephant seals have provided 
unprecedented insights into the interactive effects of mercury exposure 
and physiological stress in marine mammals, revealing complex re
lationships between mercury bioaccumulation, endocrine function, and 
immune system response that can influence population health and 
reproductive success (Peterson et al., 2015, 2023).

3.3.4. Terrestrial ecosystems and cross-system transfers
While mercury concentrations are generally lower in terrestrial 

compared to aquatic systems, certain terrestrial species can accumulate 
significant mercury burdens through consumption of aquatic prey or 
foraging in mercury-contaminated environments (Rimmer et al., 2005; 
Roffler et al., 2025). Insectivorous birds that consume aquatic insects 
during their emergence from contaminated waters can exhibit elevated 
mercury concentrations, reflecting contamination in the aquatic system, 
while simultaneously transferring mercury to terrestrial food webs 
(Brasso et al., 2020; Cristol et al., 2008; Poblete et al., 2023). Spiders and 
other terrestrial arthropods that consume emergent aquatic insects can 
bioaccumulate mercury and subsequently transfer it to terrestrial 
predators, including birds, bats, and small mammals (Azevedo et al., 
2018; Ouédraogo et al., 2015). This cross-system transfer creates 
exposure pathways for terrestrial wildlife species that may appear 
removed from aquatic mercury sources but face significant exposure 
risks through consumption of mercury-contaminated arthropod prey.

3.3.5. Species-specific health effects and population implications
The health effects of mercury in wildlife arise from the same core 

toxicological mechanisms outlined in this section, notably protein 
binding, oxidative stress, and mitochondrial dysfunction. These 
conserved mechanisms produce comparable patterns of physiological 
impairment across diverse species. Mercury toxicity in wildlife demon
strates remarkable consistency across taxonomic groups, with neuro
logical dysfunction, reproductive impairment, and immunosuppression 
representing the most reported effects across diverse species 
(Eagles-Smith et al., 2018; Scheuhammer et al., 2007). These convergent 

effects reflect shared toxicological mechanisms while revealing 
species-specific vulnerabilities that influence population-level 
outcomes.

3.3.6. Neurological and behavioral effects
In wildlife, mercury exposure manifests primarily as behavioral al

terations, including impaired foraging, predator avoidance, mating, and 
parental care, which compromise survival and reproductive success. 
These outcomes reflect the shared toxicological mechanisms outlined in 
Section 3.4 (Eagles-Smith et al., 2018; Chételat et al., 2024).

3.3.7. Reproductive and developmental toxicity
Mercury exposure impairs wildlife reproduction, leading to reduced 

fertility, embryonic mortality, developmental abnormalities, and altered 
parental behavior, outcomes that are consistent with the mechanistic 
pathways discussed in Section 3.4 (Evers et al., 2008; Scheuhammer 
et al., 2007). Piscivorous birds demonstrate particular sensitivity to 
mercury-induced reproductive effects, with exposure-response re
lationships found for reduced egg hatchability, increased embryonic 
deformities, and decreased chick survival (Eagles-Smith et al., 2018; 
Peterson et al., 2023).

3.3.8. Immunotoxicity and disease susceptibility
Mercury-induced immunosuppression in wildlife can increase sus

ceptibility to infectious diseases, parasites, and other environmental 
stressors that may contribute to population-level health effects (Nyland 
et al., 2011; Peterson et al., 2023). Associations between mercury 
exposure and increased parasite loads, altered inflammatory responses, 
and reduced antibody production have been found in various wildlife 
species (Chételat et al., 2024; Eagles-Smith et al., 2018; Peterson et al., 
2023).

3.3.9. Population dynamics and conservation implications
Common loon populations in mercury-contaminated lakes of the 

northeastern United States and southeastern Canada have shown evi
dence of population-level effects, including reduced breeding success 
and altered population age structure that may contribute to long-term 
population declines (Evers et al., 2008; Kenow et al., 2003, 2011). 
These population effects occur at mercury concentrations that are 
widespread across much of the species' range, suggesting that mercury 
contamination can be a significant factor limiting population recovery in 
some regions (Dykstra et al., 2019; Eagles-Smith et al., 2018).

3.4. Convergent toxicological mechanisms: molecular basis for one health 
applications

The remarkable consistency of mercury-induced health effects across 
phylogenetically diverse species reflects fundamental, shared toxico
logical mechanisms and conserved biological targets, providing the 
scientific bases for One Health approaches to mercury risk assessment 
and management (Clarkson and Magos, 2006; Pan et al., 2025). Un
derstanding these convergent mechanisms allows wildlife and labora
tory animal data to be applied to human health protection, while also 
guiding management strategies that safeguard both human and 
ecosystem health (Peterson et al., 2023; Scheuhammer et al., 2007). 
Table 2 shows a comparison of convergent health effects observed in 
humans and wildlife, highlighting the shared toxicological mechanisms 
that justify integrated One Health approaches to mercury risk assess
ment, and the parallel vulnerability patterns across taxa.

3.4.1. Cellular and molecular mechanisms of mercury toxicity

3.4.1.1. Protein binding and cellular uptake mechanisms. Methylmercury 
demonstrates exceptionally high affinity for sulfur-containing amino 
acids, particularly cysteine and methionine, enabling formation of stable 
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mercury-amino acid complexes that facilitate cellular uptake through 
amino acid transport systems (Clarkson and Magos, 2006; Farina and 
Aschner, 2017). This molecular mechanism allows methylmercury to 
cross biological membranes efficiently via large amino acid transporters, 
explaining its rapid distribution throughout body tissues and its pref
erential accumulation in protein-rich organs, including brain, kidney, 
and skeletal muscle (Al-Sulaiti et al., 2023). The blood-brain barrier, 
which effectively excludes most toxic substances from neural tissue, is 
readily crossed by methylmercury through the L-type amino acid 
transporter, which recognizes the methylmercury-cysteine complex as a 
methionine analog (Aschner and Clarkson, 1988; Farina and Aschner, 
2017). This mechanism explains the preferential neurotoxicity of 
methylmercury compared to inorganic mercury forms and underlies the 
consistent patterns of neurological dysfunction observed across species 
(Aaseth et al., 2020; Peterson et al., 2023).

3.4.1.2. Oxidative stress and cellular damage pathways. Mercury expo
sure induces cellular oxidative stress through multiple interconnected 
mechanisms, including depletion of cellular antioxidants, inhibition of 
antioxidant enzyme systems, and direct generation of reactive oxygen 
species (Kang et al., 2024; Maraslis et al., 2025). Glutathione, the pri
mary cellular antioxidant, is rapidly depleted by mercury exposure as 
glutathione sulfhydryl groups bind mercury with high affinity, reducing 
cellular antioxidant capacity while simultaneously facilitating mercury 
retention (Al-Sulaiti et al., 2023; Clarkson and Magos, 2006). Oxidative 
stress contributes to cellular damage through lipid peroxidation, protein 
oxidation, and DNA damage that can result in cell dysfunction and death 
(Peterson et al., 2023).

3.4.1.3. Mitochondrial dysfunction and energetic impairment. Mercury 
disrupts mitochondrial function through multiple mechanisms, 
including inhibition of respiratory chain complexes, alteration of mito
chondrial membrane permeability, and disruption of calcium homeo
stasis (Sun et al., 2022; Yin et al., 2007). The mitochondrial effects 
provide mechanistic explanations for the vulnerability of neural tissue to 
mercury toxicity, while highlighting the shared cellular targets that 
create consistent effects across species.

3.4.1.4. Genetic and epigenetic determinants of individual susceptibility.
Recent research highlights that interindividual and interspecies 

variability in mercury toxicity may arise from genetic and epigenetic 
factors that modulate mercury absorption, distribution, metabolism, and 
excretion. Polymorphisms in genes encoding glutathione-related en
zymes (e.g., GSTM1, GSTT1, GCLM), selenoproteins (SEPP1, GPX1), and 
metal transporters (SLC7A11, ABCC2) have been associated with dif
ferential mercury body burden and neurotoxic outcomes (Barcelos et al., 
2013; Maraslis et al., 2025). Moreover, epigenetic modifications, 
including DNA methylation, histone acetylation, and non-coding RNA 
expression, have been linked to long-term neurobehavioral and immu
nological alterations, even at low exposure levels (Cediel-Ulloa et al., 
2023; Khan et al., 2019). Such mechanisms may contribute to trans
generational effects observed in wildlife and human populations. Inte
grating genetic and epigenetic biomarkers into One Health mercury 
studies could significantly enhance risk stratification and enable preci
sion prevention approaches tailored to vulnerable populations.

3.5. Environmental justice and vulnerable populations

Indigenous communities worldwide experience disproportionate 
mercury exposure through their traditional reliance on fish, marine 
mammals, and other wildlife that bioaccumulate high mercury con
centrations (Basta et al., 2021; Chételat et al., 2024). These exposures 
create profound cultural conflicts as communities must choose between 
maintaining traditional food systems that are central to their cultural 
identity and reducing health risks through dietary modification (AMAP, 
2021; McClelland et al., 2024). These communities often lack the po
litical power to influence mercury emission policies while bearing the 
health consequences of industrial activities occurring thousands of ki
lometers away.

3.5.1. Urban environmental justice and cumulative impacts
Low-income urban communities often experience elevated mercury 

exposures through proximity to industrial sources, contaminated sites, 
and waste management facilities while simultaneously facing multiple 
other environmental health stressors (Basu et al., 2023). These cumu
lative exposures create health risks that exceed those associated with 
mercury alone, affecting communities with limited healthcare access 
and reduced political influence (Ha et al., 2017).

Table 2 
Convergent health effects across human and wildlife populations.

Health Domain Human Effects Wildlife Effects Shared Mechanisms Vulnerable Populations/ 
Species

Critical Exposure Levels References

Neurological/ 
Behavioral

Cognitive deficits, 
memory impairment, 
motor dysfunction, 
developmental delays

Altered foraging 
behavior, impaired 
predator avoidance, 
reduced territorial 
defense, abnormal 
mating behavior

Oxidative stress, 
mitochondrial 
dysfunction, disruption 
of neurotransmitter 
systems

Pregnant women, 
children, developing 
animals

Prenatal exposure most 
critical

Chen and Evers 
(2023); Grandjean 
and Landrigan 
(2014); 
Scheuhammer et al. 
(2007)

Reproductive Reduced fertility, 
increased miscarriage 
risk, developmental 
abnormalities

Decreased egg 
hatchability, increased 
embryonic mortality, 
impaired parental care

Disruption of hormone 
signaling, cellular 
damage in reproductive 
tissues

Women of reproductive 
age, breeding wildlife 
populations

Effects at relatively low 
chronic exposures

Eagles-Smith et al. 
(2018); Ha et al. 
(2017)

Immunological Reduced antibody 
production, increased 
infection 
susceptibility, altered 
vaccine responses

Increased parasite 
loads, reduced disease 
resistance, altered 
inflammatory responses

Impaired T-cell 
function, disrupted 
cytokine production, 
oxidative damage to 
immune cells

Children, elderly, 
immunocompromised 
individuals, stressed 
wildlife

Immunosuppression at 
environmentally 
relevant levels

Nyland et al. (2012); 
Peterson et al. 
(2023)

Cardiovascular Increased risk of 
myocardial 
infarction, 
hypertension, 
atherosclerosis

Cardiovascular stress, 
altered heart rate 
variability

Endothelial 
dysfunction, disrupted 
nitric oxide signaling, 
increased oxidative 
stress

Adults with existing 
cardiovascular risk factors

Effects reported at 
moderate exposure 
levels

Al-Sulaiti et al. 
(2023); Ha et al. 
(2017)

Developmental Prenatal brain 
damage, reduced IQ, 
learning disabilities

Developmental 
abnormalities, reduced 
survival to 
independence

Enhanced vulnerability 
during rapid cell 
division, immature 
detoxification systems

Fetuses, infants, juvenile 
animals

Critical windows 
during organogenesis

Chen et al. (2023); 
Evers et al. (2008)
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3.5.2. Socioeconomic factors and health access
Limited access to healthcare services prevents many vulnerable 

populations from receiving appropriate monitoring, treatment, and 
prevention services related to mercury exposure (Davies, 2023). In the 
Brazilian Amazon, riverine communities living along the Tapajós and 
Madeira Rivers are among the most chronically exposed populations 
worldwide, largely due to high fish consumption and the remobilization 
of mercury from natural and anthropogenic sources (Berzas Nevado 
et al., 2010; Canela et al., 2024; Cruz et al., 2024; Grotto et al., 2010; 
Guimarães et al., 2024). Despite decades of documented contamination, 
these populations often remain outside formal healthcare systems, with 
limited laboratory capacity for mercury biomonitoring and no system
atic screening for neurological or developmental outcomes. Geograph
ical isolation, scarcity of transportation, and socioeconomic inequalities 
further restrict access to medical care, education, and risk communica
tion, exacerbating health vulnerabilities.

ASGM communities often lack basic healthcare infrastructure, 
experiencing some of the highest mercury exposures globally, creating 
situations where severe health effects can be undiagnosed and untreated 
for extended periods (Basu et al., 2023; Gibb and O'Leary, 2014). In 
Amazonian contexts, overlapping challenges, including malnutrition, 
infectious diseases, and exposure to other environmental contaminants 
such as lead and polycyclic aromatic hydrocarbons (PAHs), contribute to 
a complex exposome that amplifies health disparities (Barbosa et al., 
2009; González et al., 2024; Orellana et al., 2025).

Community-based participatory approaches have shown promise for 
addressing these information barriers by involving affected commu
nities in research design and implementation, with the building of local 
capacity for environmental health protection (Ha et al., 2017). These 
approaches not only enhance data collection and interpretation but also 
strengthen environmental citizenship and local capacity for sustainable 
health protection (Ha et al., 2017).

3.5.3. Psychosocial impacts and community well-being
Beyond measurable biomedical effects, mercury exposure can deeply 

affect psychosocial well-being in exposed communities. Anxiety, stigma, 
and loss of trust in traditional food systems could be psychological 
factors influenced by the knowledge of their staple food is contaminated 
and after non-appropriate risk communication campaigns, stimulating 
the reduction of fish consumption. In the Brazilian Amazon, these psy
chosocial dimensions are intensified by historical marginalization and 
the cultural centrality of fish consumption in riverine and Indigenous 
communities. Moreover, climate change is exacerbating these vulnera
bilities by disrupting fisheries, altering food availability, and increasing 
migration pressure on riverine populations. One Health frameworks 
must therefore incorporate psychosocial indicators of community health 
and emphasize participatory communication strategies that respect 
cultural contexts while empowering affected populations to co-design 
solutions.

3.6. Climate change interactions and future risk scenarios

Climate change is increasingly significant in modifying the envi
ronmental fate, biogeochemical cycling, and health risks of mercury, 
creating complex interactions that may fundamentally alter global 
mercury contamination patterns over the coming decades (Giang and 
Selin, 2016; Zhou et al., 2024). Climate change affects mercury cycling 
through multiple interconnected pathways, including alterations in at
mospheric transport patterns, precipitation regimes, 
temperature-dependent reaction rates, and ecosystem structure and 
function (Giang and Selin, 2016; Zhou et al., 2024). Rising global tem
peratures can accelerate microbial methylation processes in soils and 
sediments, potentially increasing the formation of bioavailable meth
ylmercury. Alterations in hydrological regimes, such as more intense 
rainfall events and extended droughts, modify both mercury runoff from 
terrestrial to aquatic systems and the residence time of water within 

ecosystems, thereby influencing methylation dynamics and bio
accumulation potential. The growing frequency and severity of wildfires 
further release substantial quantities of mercury stored in soils and 
biomass back into the atmosphere, enhancing its long-range transport 
and redeposition. In addition, the thawing of permafrost in Arctic and 
sub-Arctic regions is mobilizing large historical mercury reservoirs, 
reintegrating them into modern biogeochemical cycles (Obrist et al., 
2018; Schuster et al., 2018; Zhou et al., 2024). The complex interplay of 
anthropogenic emissions, global transport, aquatic methylation, and 
climate-driven modifiers is shown in Fig. 2, which illustrates the feed
back loops linking mercury contamination to human, wildlife, and 
ecosystem health within the One Health framework.

3.6.1. Arctic amplification and polar vulnerabilities
Arctic environments face particularly severe vulnerabilities from 

climate-mercury interactions due to rapid warming rates, changing ice 
dynamics, and unique polar environmental conditions that enhance 
both mercury transport and bioavailability (AMAP, 2021; Zhou et al., 
2024). Thawing permafrost may release stored mercury that has accu
mulated over millennia, potentially creating new sources of environ
mental contamination as Arctic temperatures continue to rise (Schuster 
et al., 2018; McClelland et al., 2024).

3.7. Integrated One Health intervention strategies

Effective mercury management requires comprehensive intervention 
strategies that address contamination sources, simultaneously protect
ing human health, wildlife populations, and ecosystem integrity (UNEP, 
2019; Wang et al., 2024). The One Health approach provides a con
ceptual framework for developing these integrated interventions by 
recognizing the interconnected nature of health risks and seeking solu
tions that generate co-benefits across multiple health domains (Basu 
et al., 2023; Davies, 2023). This approach requires moving beyond 
isolated interventions toward integrated strategies that explicitly 
address the interconnections among human, animal, and environmental 
health. For example, controlling emissions at their source not only de
creases atmospheric deposition and improves ecosystem integrity, but 
also decreases mercury concentrations in fish, protecting both human 
and wildlife health. Likewise, wetland restoration can simultaneously 
sequester carbon, enhance biodiversity, and mitigate methylmercury 
formation, providing multiple co-benefits across environmental and 
health dimensions. Table 3 shows key One Health intervention strategies 
and their anticipated benefits across human health, wildlife health, and 
ecosystem health domains, along with implementation challenges and 
measurable success indicators for each approach.

3.7.1. Global source control and regulatory frameworks

3.7.1.1. International cooperation and the Minamata Convention. The 
Minamata Convention on Mercury, which entered into force in 2017 and 
was amended in 2023, represents the primary international framework 
for coordinating global mercury reduction efforts (UN, 2025; UNEP, 
2019). The Convention requires parties to reduce anthropogenic mer
cury emissions and releases, phase out certain mercury-containing 
products, including dental amalgam, and address contaminated sites 
through coordinated international action (Selin and Selin, 2022; UNEP, 
2019). Successful implementation requires sustained international 
cooperation, technology transfer, capacity building, and financial sup
port for countries that face the greatest challenges in meeting Conven
tion obligations (Basu et al., 2023).

3.7.1.2. Sectoral emission reduction strategies. Coal-fired power plants 
represent the most controllable major source of mercury emissions, and 
regulations requiring the installation of emission control technologies 
can achieve an 85–95 % reduction in mercury releases, simultaneously 
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reducing other pollutants, including particulate matter, sulfur dioxide, 
and nitrogen oxides (Streets et al., 2011; Yuan et al., 2023). Addressing 
mercury use in ASGM requires complex integrated interventions that 
consider environmental, health, and socioeconomic factors affecting 
mining communities (Basu et al., 2023; Gibb and O'Leary, 2014).

3.7.2. Environmental remediation and ecosystem restoration

3.7.2.1. Contaminated site management and restoration. Historical mer
cury contamination sites require long-term integrated management 
approaches that protect human health and support ecosystem recovery 
(Davies, 2023; Mason et al., 2012).

3.7.2.2. Ecosystem-based management approaches. Wetland restoration 
and management can influence mercury methylation and bio
accumulation in downstream ecosystems, providing multiple ecosystem 
services including flood control, water quality improvement, and 
habitat provision (Gilmour et al., 2013; McClelland et al., 2024). For 
example, re-establishing native vegetation in riparian zones can reduce 
erosion and organic matter loading to water bodies, limiting the sub
strates and conditions that favor methylation. Such nature-based solu
tions exemplify the One Health approach by simultaneously improving 
ecosystem function, reducing a key exposure pathway for wildlife and 
humans, and enhancing climate resilience.

3.7.3. Public health interventions and community-based approaches

3.7.3.1. Fish consumption advisories and dietary guidance. Fish con
sumption advisories represent the primary tool for reducing human di
etary mercury exposure, but they must carefully balance mercury risks 

against the substantial nutritional benefits of fish consumption, 
including high-quality protein, omega-3 fatty acids, and essential 
micronutrients (Al-Sulaiti et al., 2023; Domingo et al., 2007; Mozaffar
ian and Rimm, 2006). One Health approaches can inform advisory 
development by considering ecosystem health implications, alternative 
protein sources, and the differential impacts of advisories on various 
population groups (Danasekaran, 2024; Liu et al., 2024; Yu et al., 2020). 
These approaches recognize that blanket consumption advisories may 
create unintended consequences, including reduced consumption of 
beneficial nutrients and disproportionate impacts on communities that 
depend on fish for subsistence (Chételat et al., 2024). A One Health
–informed advisory would employ an integrative, evidence-based 
framework to encourage the consumption of low-mercury fish species 
derived from sustainably managed stocks, protecting human health, 
while preserving nutritional adequacy and preventing additional 
anthropogenic pressures on ecologically sensitive wildlife populations.

3.7.3.2. Biomonitoring and health surveillance systems. Integrated bio
monitoring programs that include both human and wildlife components 
can provide a comprehensive assessment of mercury contamination 
trends, enabling early detection of emerging health risks (Basu et al., 
2018; Peterson et al., 2023). Wildlife monitoring can serve as an early 
warning system for human health risks, while also documenting 
ecosystem recovery following the implementation of interventions 
(Chételat et al., 2024; Eagles-Smith et al., 2018). For instance, moni
toring mercury levels in sentinel species like loons or otters can provide 
cost-effective and ecologically relevant data on the effectiveness of 
emission controls long before changes are detectable in human pop
ulations or water samples.

Fig. 2. The One Health-mercury-climate change nexus.
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3.7.3.3. Community-based interventions and capacity building. Commu
nity-based interventions in high-exposure populations can address 
multiple dimensions of mercury risk, building local capacity for envi
ronmental health protection and advocacy (Davies, 2023; Gibb and 
O'Leary, 2014). These interventions integrate health education, expo
sure reduction strategies, healthcare access improvement, and commu
nity empowerment approaches that address both immediate health risks 
and underlying structural inequities (Basu et al., 2023). In ASGM com
munities, this might involve training on mercury-free gold extraction 
techniques, providing personal protective equipment, establishing 
community health worker programs for basic diagnosis and referral, and 
supporting alternative livelihoods. The effectiveness of such in
terventions depends on meaningful community engagement and the 
systematic integration of local and traditional knowledge into 
decision-making processes.

4. Knowledge gaps and research priorities

Despite extensive research progress in recent decades, significant 
knowledge gaps remain that limit the ability to fully implement One 
Health approaches to mercury management and protection of vulner
able populations and ecosystems (Basu et al., 2023; Davies, 2023).

4.1. Mechanistic understanding and low-dose effects

4.1.1. Molecular mechanisms of chronic low-dose exposure
While high-dose mercury effects are well-characterized across spe

cies, the molecular mechanisms underlying subtle effects at environ
mentally relevant exposure levels require additional investigation to 
support protective risk assessment and regulatory decision-making 
(Al-Sulaiti et al., 2023; Branco et al., 2017). Advances in omics tech
nologies, including genomics, proteomics, and metabolomics, offer op
portunities for identifying sensitive biomarkers of early effect that could 
improve exposure assessment and health protection (Peterson et al., 
2023). Epigenetic mechanisms underlying mercury toxicity represent a 
particularly important research priority, as emerging evidence suggests 
that mercury exposure may cause DNA methylation changes and histone 
modifications, which persist long after exposure cessation and may be 
transmitted to subsequent generations (Ha et al., 2017; Cediel-Ulloa 
et al., 2023; Ke et al., 2023).

4.1.2. Mixture effects and cumulative risk assessment
Real-world mercury exposure occurs within the context of complex 

chemical mixtures that may include other toxic metals, persistent 
organic pollutants (POPs), and various industrial chemicals, but mixture 
toxicology remains poorly understood (Basu et al., 2023; Budnik and 
Casteleyn, 2019; Wu et al., 2024). Interactive effects between mercury 
and other environmental stressors, including nutritional deficiencies, 
infectious diseases, and social stressors, may significantly modify 
toxicity in ways that are not captured by single-chemical risk assessment 
approaches (Ha et al., 2017).

4.2. Ecosystem-level effects and food web dynamics

4.2.1. Population and community-level effects assessment
While individual-level effects of mercury have been extensively re

ported, population and ecosystem-level consequences require additional 
long-term research to understand how mercury contamination affects 
wildlife population dynamics, community structure, and ecosystem 
function (Eagles-Smith et al., 2018; Scheuhammer et al., 2007). Un
derstanding these broader ecological effects is essential for compre
hensive ecosystem management approaches that consider mercury 
impacts within the context of multiple environmental stressors.

4.2.2. Food web modeling and predictive capabilities
Advanced food web models that integrate biogeochemical processes Ta
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with ecological dynamics are needed to predict mercury bio
accumulation under changing environmental conditions and assess the 
effectiveness of different management strategies (Lavoie et al., 2013; 
Sinclair et al., 2024). Machine learning and artificial intelligence ap
proaches offer opportunities for analyzing complex ecological datasets 
and identifying patterns in mercury bioaccumulation that may not be 
apparent through traditional statistical methods (Davies, 2023).

4.3. Climate change interactions and adaptive management

4.3.1. Predictive modeling of climate-mercury interactions
Sophisticated Earth system models that couple climate, biogeo

chemical, and health risk components are needed to predict how climate 
change will affect mercury cycling, bioaccumulation, and health risks 
over the coming decades (Giang and Selin, 2016; Zhou et al., 2024). 
These models should integrate atmospheric transport, terrestrial and 
aquatic biogeochemistry, food web dynamics, and human exposure 
pathways to provide comprehensive assessments of future mercury 
risks. The use of artificial intelligence (AI) and machine learning (ML) 
into mercury research would offer powerful new tools for predictive risk 
assessment and decision support. These methods can synthesize complex 
datasets, ranging from remote-sensing imagery and climate models to 
human biomonitoring and wildlife surveillance, to predict emerging 
hotspots and exposure trends (Olawade et al., 2024)

4.3.2. Adaptive management framework development
Research is needed to develop adaptive management frameworks 

that can respond effectively to changing mercury risks under climate 
change scenarios while maintaining protection for both human health 
and ecosystem integrity (McClelland et al., 2024; Zhou et al., 2024). 
These systems should integrate environmental monitoring, wildlife 
health surveillance, and human biomonitoring data to provide 
comprehensive assessments of changing risk patterns.

4.4. Intervention effectiveness and community engagement

4.4.1. Comparative effectiveness research
Limited research exists on the comparative effectiveness of different 

mercury reduction strategies when evaluated from a comprehensive One 
Health perspective (UNEP, 2019; Wang et al., 2024). Studies are needed 
that evaluate the human health, wildlife, and ecosystem benefits of 
different intervention approaches while considering implementation 
costs, feasibility, and sustainability (Basu et al., 2023; Davies, 2023).

4.4.2. Technology transfer and capacity building
Research is needed to identify effective approaches for transferring 

mercury reduction technologies to developing countries and commu
nities with limited technical and financial resources (Davies, 2023).

5. Discussion and conclusions

The current comprehensive analysis demonstrates that mercury 
contamination represents perhaps the most compelling contemporary 
example of a global environmental health challenge that demands One 
Health approaches integrating human health protection, wildlife con
servation, and ecosystem management (Basu et al., 2023; Wang et al., 
2024). The evidence synthesized through this One Health lens reveals 
fundamental conclusions that reshape the understanding of mercury 
risks and the institutional changes needed for effective management 
(Wilkening et al., 2025).

5.1. Key scientific findings and their implications

Mercury contamination exemplifies how industrial activities create 
cascading effects that propagate across environmental, wildlife, and 
human health domains through shared exposure pathways and 

toxicological mechanisms (Budnik and Casteleyn, 2019; Davies, 2023). 
The global nature of atmospheric mercury transport ensures that emis
sion sources in one region affect human and ecosystem health thousands 
of kilometers away, highlighting the inadequacy of purely local or na
tional approaches to mercury management (Streets et al., 2011; Yuan 
et al., 2023). The remarkable consistency of mercury-induced health 
effects across phylogenetically diverse species provides compelling ev
idence for shared toxicological mechanisms that validate integrated risk 
assessment approaches (Peterson et al., 2023; Scheuhammer et al., 
2007). Neurological dysfunction, reproductive impairment, and immu
nosuppression occur across taxa with similar exposure-response re
lationships, supporting the use of wildlife and laboratory animal data to 
inform human health protection while simultaneously justifying 
ecosystem-based management approaches that protect multiple species 
simultaneously (Chételat et al., 2024). Aquatic food webs serve as the 
critical linkage connecting environmental contamination to both human 
and wildlife health through efficient bioaccumulation and bio
magnification processes (Lavoie et al., 2013; Sinclair et al., 2024).

5.2. Implications for science, policy, and planetary health

The findings of the current review have significant implications 
across scientific, policy, and management domains. Scientifically, they 
emphasize the urgent need for transdisciplinary research that integrates 
toxicology, ecology, climatology, and social sciences to comprehen
sively characterize and mitigate mercury risks. From a policy perspec
tive, the evidence supports enhancing and expanding the Minamata 
Convention's mandate by explicitly incorporating One Health principles 
to foster integrative, cross-sectoral strategies. This includes developing 
regulatory frameworks that address the climate-mercury nexus and 
prioritize environmental justice. In terms of management, the present 
review advocates shifting from reactive contamination control toward 
proactive prevention approaches that sustain ecosystem integrity as the 
foundation of human and wildlife health. Prioritizing interventions such 
as wetland restoration and emissions reduction can yield synergistic 
environmental and health co-benefits. Ultimately, framing mercury risk 
within a One Health context represents a critical model for advancing 
planetary health by illustrating the inseparable links between ecosystem 
protection and the well-being of all species, including humans.

5.3. Environmental justice and equity imperatives

Mercury contamination reveals stark patterns of environmental 
injustice that demand immediate attention and systemic intervention 
(Davies, 2023; Lucchini et al., 2025). ASGM communities, indigenous 
populations, and low-income communities near emission sources expe
rience mercury exposures that can exceed background levels by 
considerable factors, while simultaneously lacking access to healthcare, 
environmental protection, and political representation (Basu et al., 
2023; Gibb and O'Leary, 2014). These environmental justice dimensions 
create moral imperatives for mercury management that extend beyond 
technical risk reduction to address underlying structural inequities that 
create and perpetuate disproportionate exposure burdens.

5.4. Regulatory evolution and implementation challenges

The Minamata Convention represented a significant advance in in
ternational environmental governance, providing the first comprehen
sive global framework for mercury management. It incorporated 
important innovations, including technology transfer provisions, 
financial mechanisms, and stakeholder engagement requirements (UN, 
2025; UNEP, 2019). Current regulatory approaches often treat human 
health protection, wildlife conservation, and environmental manage
ment as separate objectives, limiting their effectiveness in addressing 
the interconnected nature of mercury risks (Mason et al., 2012; Wang 
et al., 2024). Future regulatory frameworks need fundamental evolution 
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toward integrated approaches that explicitly recognize One Health 
principles, seeking management strategies that generate co-benefits 
across multiple health domains simultaneously. The 2023 amend
ments to the Minamata Convention have represented significant prog
ress toward more comprehensive mercury management, particularly in 
addressing mercury-added products and emissions monitoring re
quirements (UN, 2025).

5.5. Scientific and technological frontiers

Significant advances in analytical chemistry, exposure assessment, 
biomarker development, and risk evaluation are needed to support 
effective One Health mercury management (Basu et al., 2023; Char
kiewicz et al., 2025; Peterson et al., 2023). Omics technologies, 
including genomics, proteomics, and metabolomics, provide new op
portunities for understanding mercury toxicity mechanisms, identifying 
sensitive biomarkers that could improve both individual clinical 
assessment and population health surveillance (Oliveira et al., 2020; 
Zhang et al., 2022).

5.6. Climate change adaptation and future scenarios

The emerging recognition of climate change as a significant modifier 
of mercury environmental fate and health risks represents a funda
mental challenge that requires adaptive management approaches 
capable of responding to changing environmental conditions (Giang and 
Selin, 2016; Zhou et al., 2024). Climate change may also alter the 
geographic distribution of vulnerable populations and sensitive eco
systems, creating new environmental justice challenges, such as 
sea-level rise, extreme weather events, and changing precipitation pat
terns, which can lead to population movements and ecosystem shifts 
(Zhou et al., 2024). Mercury management frameworks must anticipate 
these changes and develop flexible approaches that can protect health 
under evolving demographic and environmental conditions.

5.7. Toward integrated mercury management: A path forward

Our thematic review, focusing on interdisciplinary connections 
rather than exhaustive quantification, highlights critical but under
studied gaps in climate-mercury interactions and environmental equity 
dimensions, which are often missed by traditional systematic reviews. 
Addressing these challenges demands collaborative action among sci
entists, policymakers, industry, affected communities, and international 
bodies to develop adaptive solutions that tackle the root causes of 
mercury contamination while safeguarding vulnerable populations and 
ecosystems (UNEP, 2019; Wang et al., 2024).

5.7.1. Institutional transformation and capacity building
Effective One Health mercury management requires fundamental 

transformation of institutions to break down traditional disciplinary 
silos, creating new forms of collaboration across human health, veteri
nary medicine, environmental science, and policy sectors (Basu et al., 
2023; CDC, 2025; Davies, 2023). This includes fostering “trans
disciplinary” teams that not only work alongside each other but inte
grate knowledge and methodologies to create novel solutions (WHO, 
2023).

5.7.2. Research and innovation priorities
Priority research areas include mechanistic understanding of low- 

dose chronic effects, mixture toxicology and cumulative risk assess
ment, ecosystem-level effects assessment, climate-mercury interactions, 
intervention effectiveness evaluation, and community-based participa
tory research approaches (Basu et al., 2023; Davies, 2023).

5.7.3. Measuring success and adaptive management
Success in One Health mercury management must be measured 

across multiple dimensions including environmental mercury concen
trations, human and wildlife health outcomes, health equity indicators, 
community capacity measures, and ecosystem health metrics 
(Eagles-Smith et al., 2018; Peterson et al., 2023). The One Health 
approach to mercury management has both the potential for more 
effective environmental health protection and the institutional, scien
tific, and social transformations needed to realize this potential (Basu 
et al., 2023; Wang et al., 2024). Mercury contamination provides 
important lessons for managing other global environmental health 
challenges, highlighting the fundamental interconnections between 
human health, wildlife conservation, and environmental protection that 
demand integrated solutions. Addressing mercury contamination 
through a One Health lens is a critical step toward achieving the broader 
goals of planetary health, ensuring the well-being of both human civi
lizations and the natural systems on which they depend (Whitmee et al., 
2015).
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