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Abstract 

Mercury (Hg) is a toxic and persistent environmental pollutant released into ecosystems through 

both natural processes and human activities. Its environmental persistence, potential transfor-

mation into methylmercury (MeHg), and capacity for bioaccumulation and biomagnification pose 

substantial risks to aquatic and terrestrial ecosystems. Although the Minamata Convention on Mer-

cury provides an international framework for reducing mercury emissions and releases, climate 

change, permafrost thaw, and land-use changes may alter mercury mobilization, transport, and 

transformation, potentially complicating ecosystem recovery. Vegetation also plays an important 

role in the global mercury cycle by facilitating the transfer of atmospheric mercury to terrestrial 

surfaces, although the magnitude of this contribution varies among ecosystems and environmental 

conditions. This review examines the major sources and biogeochemical cycling of mercury, its 

toxicity mechanisms, its effects on aquatic and terrestrial organisms, the consequences of bioac-

cumulation and biomagnification, and approaches to monitoring and managing mercury pollution. 

Important knowledge gaps remain regarding mercury uptake and cycling in plants, the interactive 

effects of climate change on mercury methylation and methylmercury accumulation, and the in-

corporation of socioeconomic scenarios into environmental risk assessment models. Addressing 

these gaps through international cooperation, capacity building, improved monitoring, and the de-

velopment of cost-effective remediation technologies could strengthen mercury risk management 

and support long-term ecosystem recovery. 
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1. Introduction 
Environmental pollution is a major obstacle to sus-

tainable agriculture. Soil and water can become con-

taminated with heavy metals, pesticides, and excess 

fertilizers, damaging soil health, reducing biodiver-

sity essential for pest control and pollination, and 

creating food safety risks. Pollution also exacerbates 

climate change, as extreme weather events devastate 

agricultural yields and water resources (Okereafor et 

al., 2020). Heavy metals, which have densities 

greater than water, significantly impact sustainable 

agriculture. They enter the environment through cor-

rosion, atmospheric deposition, erosion, groundwa-

ter leaching, sediment resuspension, and water evap-
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oration (MathuMitha et al., 2021). Heavy metal pol-

lution has become a growing environmental and ag-

ricultural concern due to the persistence, toxicity, 

and bioaccumulative nature of metals such as cad-

mium (Cd), lead (Pb), mercury (Hg), and arsenic 

(As). These contaminants primarily enter through 

industrial effluents, mining, and agricultural chemi-

cals, negatively affecting soil health, crop productiv-

ity, and food safety, ultimately posing serious risks 

to ecosystems and human health (Mohamed et al., 

2025). 

Mercury is among the top ten chemicals of major 

global environmental concern. This heavy metal has 

become a global pollutant due to its non-degradable 

nature, high persistence, and ability to travel long 

distances through the atmosphere (Ran et al., 2026). 

Mercury emission sources include natural sources 

(volcanoes, soil erosion, and ocean evaporation) and 

anthropogenic sources (fossil fuel combustion, gold 

mining, cement production, and industrial waste) 

(Uddin et al., 2024). It is estimated that annually 

over 6,000 to 8,000 megagrams of mercury enter the 

atmosphere through anthropogenic activities, bio-

mass burning, and geological degassing (Zhou et al., 

2021). The primary concern regarding mercury is its 

conversion to methylmercury (MeHg) by microor-

ganisms in aquatic sediments (Fan et al., 2026). Due 

to its lipophilicity and ability to cross the blood-

brain barrier, methylmercury is one of the most po-

tent known neurotoxins, affecting not only human 

health but also the structure and function of entire 

ecosystems (Kumar et al., 2026). Mercury causes 

ecological risks, neurological disorders, genetic haz-

ards and gene regulation, damage to pregnancy and 

reproductive systems, increased cancer risk, cardio-

vascular risks, pulmonary diseases, and kidney dis-

ease (Wu et al., 2024). 

 

2. Review Methodology and Transparency 

Given the broad scope and interdisciplinary nature 

of mercury pollution research, this review was con-

ducted using a systematic and transparent literature 

search strategy to ensure comprehensive coverage 

and minimize selection bias. 

 

2.1. Search Strategy and Databases 

We performed systematic literature searches in three 

major scientific databases: Web of Science Core 

Collection, Scopus, and PubMed. These databases 

were selected for their comprehensive coverage of 

environmental science, ecology, toxicology, and 

public health literature. Additional relevant publica-

tions were identified through manual screening of 

reference lists of included articles and key review 

papers. 

 

 2.2. Search Terms and Time Frame 

The following search string was employed across all 

databases:  ("mercury" OR "Hg" OR "methylmer-

cury" OR "MeHg") AND ("ecological effect*" OR 

"ecotoxicolog*" OR "biomagnification"  

OR "bioaccumulation" OR "food web" OR "trophic 

transfer") AND ("aquatic ecosystem*" OR "terres-

trial ecosystem*" OR "marine" OR "freshwater" OR 

"soil" OR "sediment" OR "plant*" OR "forest").  

The search was limited to peer-reviewed articles, re-

views, and book chapters published between Janu-

ary 2000 and July 2026, with particular emphasis on 

literature from the last decade (2015–2026) to cap-

ture recent advances. However, seminal older publi-

cations (pre-2000) were included when they pro-

vided foundational knowledge essential for under-

standing key concepts. 

 

2.3. Inclusion and Exclusion Criteria 

Studies were included if they met the following cri-

teria: 

- Inclusion Criteria: 

  - Original research articles, systematic reviews, 

meta-analyses, or authoritative book chapters ad-

dressing mercury dynamics in aquatic or terrestrial 

ecosystems 

  - Studies reporting empirical data on mercury con-

centrations, methylation rates, or ecological effects 

  - Investigations of biomagnification, toxicity 

mechanisms, or remediation strategies 

  - Articles with clearly described methodologies and 

quantitative data 

  - Publications in English or with English transla-

tions available 

- Exclusion Criteria: 

  - Studies focused exclusively on occupational or 

clinical human health exposure (without ecosystem 

context) 

  - Laboratory studies using unrealistic exposure 

concentrations (exceeding environmentally relevant 

levels by >100×) 
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  - Conference abstracts, opinion pieces, or non-

peer-reviewed reports 

  - Studies addressing other heavy metals without 

specific focus on mercury 

  - Articles where full text was unavailable after rea-

sonable effort 

 

 2.4. Evidence Synthesis Approach 

Following the identification of relevant studies (n = 

186 initially screened; n = 142 included after full-

text review), we employed a thematic synthesis ap-

proach to organize findings. This involved: 

1. Coding of studies according to ecosystem type 

(aquatic vs. terrestrial), mercury species investigated, 

and ecological endpoints measured 

2. Critical appraisal of study quality based on meth-

odological rigor, sample size, and analytical tech-

niques 

3. Comparison and contrast of findings across stud-

ies to identify consistencies, contradictions, and 

knowledge gaps 

4. Integration of quantitative estimates through nar-

rative synthesis, noting ranges and sources of uncer-

tainty 

This methodology ensures that our review represents 

a balanced, critical synthesis of the available evi-

dence rather than a merely descriptive compilation 

of findings. 

 

3. Sources and Biogeochemical Cycle of Mercury 

 3.1. Sources of Mercury Emissions 

It should be noted that the environmental behavior, 

toxicity, and cycling pathways of mercury are highly 

dependent on its chemical species; elemental mer-

cury (Hg⁰) is primarily transported over long dis-

tances through the atmosphere, inorganic mercury 

(Hg²⁺) is soluble in water and soil, and methylmer-

cury (MeHg), as the most toxic form, has the capac-

ity for bioaccumulation and biomagnification in 

food webs. Accordingly, each of these species will 

be identified by its respective chemical symbol 

throughout the remainder of this article. Mercury ex-

ists in the environment in three main forms: ele-

mental mercury (Hg⁰), inorganic mercury (Hg²⁺), 

and organic mercury (mainly methylmercury) (Li et 

al., 2024). The dominant form of mercury in the at-

mosphere is elemental, and due to its long half-life 

(approximately one year), it can be transported 

across continents (Guney et al., 2021). 

Anthropogenic activities contribute substantially to 

mercury emissions (Kumar et al., 2026); artisanal 

and small-scale gold mining (ASGM) alone ac-

counts for more than half of the global mercury flux 

to watercourses (Yoshimura et al., 2021). 

 

 3.2. Biogeochemical Cycle 

The mercury cycle has three main gateways for entry 

into terrestrial ecosystems: atmospheric deposition, 

food chain uptake, and export via surface runoff 

(Bishop et al., 2020). Research over the past decade 

has demonstrated that the bidirectional exchange of 

mercury between the atmosphere and terrestrial sur-

faces is far more complex than previously thought, 

and the interpretation of mercury isotopes has 

greatly contributed to understanding this process 

(Sommar et al., 2025). One of the most significant 

recent findings is that freshly deposited mercury has 

a greater potential for methylation and rice uptake 

compared to legacy mercury accumulated in soil (Li 

et al., 2026). 

In aquatic ecosystems, microorganisms (particularly 

sulfate-reducing bacteria) play a key role in convert-

ing inorganic mercury to methylmercury (Li et al., 

2024). The sulfur cycle in estuarine sediments sub-

stantially influences this process, and various sulfur 

and mercury species have been identified in sedi-

ments from 70 estuaries worldwide (Wang et al., 

2022). Furthermore, recent studies have shown that 

mercury methylation is not limited to bottom sedi-

ments but also occurs in the water column of marine 

and freshwater ecosystems (Gallorini & Loizeau, 

2021). Figure 1 presents a schematic overview of the 

sources, transport pathways, and biogeochemical 

cycling of inorganic mercury and methylmercury in 

the environment.
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Fig. 1. Sources, Transport, and Cycling of Inorganic Mercury and Methylmercury in the Environment 

 

4. Ecological Effects of Mercury in Aquatic Eco-

systems 

 4.1. Marine Ecosystems 

Marine ecosystems are severely affected by mercury 

pollution due to their extensive surface area and con-

nection to the atmosphere through gas exchange 

(Osterwalder et al., 2021). Elevated atmospheric to-

tal mercury levels impact ocean surface waters, and 

this contamination is in turn influenced by surround-

ing emission sources such as industrial and oil-re-

lated activities (Al-Sulaiti et al., 2022). Methylmer-

cury (MeHg) accumulates in fish and shellfish and 

reaches high concentrations in predatory species at 

the top of the aquatic food chain. This constitutes the 

primary route of human exposure to mercury, with 

over 90% of methylmercury exposure in the United 

States attributed to fish consumption (Ray et al., 

2025). Apex predatory fish, such as sharks and tuna, 

exhibit the highest methylmercury (MeHg) concen-

trations (Al-Sulaiti et al., 2022; Le Croizier et al., 

2022). 

In polar regions, shorter but more lipid-dependent 

food chains result in very high methylmercury con-

centrations (up to several micrograms per gram wet 

weight) in key species such as polar bears (*Ursus 

maritimus*) and ringed seals (*Pusa hispida*). This 

not only threatens the health of these species them-

selves but also exposes indigenous Arctic communi-

ties who rely on these animals for food to serious 

neurological and developmental risks. Given the 

rapid melting of polar ice and the release of trapped 

mercury, biomonitoring in these regions must be pri-

oritized globally. Mercury biomagnification in ma-

rine food webs is so pronounced that fish consump-

tion by humans remains a serious health concern 

(Wu & Zhang, 2023), and research has shown that 

despite measures to reduce mercury emissions, the 

biomagnification potential of mercury in food webs 

is far greater than that of elements such as arsenic 

and selenium (Pelletier et al., 2025). 

 

 4.2. Critical Synthesis: Comparing Aquatic Eco-

systems 

A critical comparison of mercury dynamics across 

different aquatic systems reveals important differ-

ences in contamination sources and ecological re-

sponses:

Table 1. Comparison of mercury dynamics across aquatic ecosystem types 

Observed Concentration 

Range 
Key Biomonitors Methylation Hotspots Primary Hg Inputs 

Ecosystem 

Type 

MeHg: 0.1-3.0 μg/g ww in 

apex predators 

Tuna, sharks, seabirds Water column, surface 

sediments 

Atmospheric deposition, 

ocean currents 

Marine Open 

Ocean 

Total Hg in sediments: 50-

500 ng/g dw 
Shellfish, benthic fish 

Wetland sediments, man-

grove zones 
Riverine inputs, industrial 

effluents 

Coastal/Estua-

rine 
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Observed Concentration 

Range 
Key Biomonitors Methylation Hotspots Primary Hg Inputs 

Ecosystem 

Type 

MeHg: Up to 5 μg/g ww in 

top predators 
Zooplankton, small 

fish, piscivores 

Anoxic sediments, hypo-

limnion 
Atmospheric deposition, wa-

tershed runoff 

Freshwater 

Lakes 

MeHg: 1-8 μg/g ww in high 

trophic levels 
Polar bears, ringed 

seals, seabirds 

Periglacial environments, 

thaw lakes 
Long-range transport, ice 

melt 

Polar Ecosys-

tems 

4.3. Regulatory Thresholds and Ecological Sig-

nificance 

The World Health Organization (WHO) has set the 

tolerable weekly intake of methylmercury at 1.6 mi-

crograms per kilogram of body weight. Additionally, 

the United States Environmental Protection Agency 

(US EPA) has established maximum allowable 

methylmercury concentrations in edible fish at 0.3 

mg/kg wet weight (and 1.0 mg/kg for larger preda-

tory fish such as shark and tuna). In aquatic ecosys-

tems, total mercury concentrations in sediments 

above 100 ng/g dry weight typically indicate anthro-

pogenic contamination, under which conditions the 

risk of methylation and subsequent food chain entry 

increases dramatically. Inclusion of these thresholds 

in monitoring studies enables comparison of data 

with global standards. 

 

 4.4. Wetland and Estuarine Ecosystems 

Coastal wetlands, due to their intermediate position 

between land and sea, are considered hotspots for 

mercury methylation (Chen et al., 2025). A system-

atic review of global studies has shown that publica-

tions on heavy metal pollution in coastal wetlands 

have grown rapidly over the past decade (Li et al., 

2022). Research on mercury in wetlands over the 

past 60 years indicates that research foci in this field 

have shifted over time, with recent emphasis on the 

interaction between climate change and mercury 

methylation (Zhang et al., 2023). 

 

 4.5. Freshwater Ecosystems 

Lakes, rivers, and reservoirs are among the most 

sensitive ecosystems to mercury pollution (Liu et al., 

2025). Case studies in various regions worldwide, 

including the Boroo River in Mongolia, have shown 

that mining activities can increase mercury concen-

trations in sediments to as high as 2,200 nanograms 

per gram dry weight (Udodenko et al., 2022). Fresh-

water invertebrates serve as valuable biomonitors 

for methylmercury, and aquatic insects, due to their 

position in the food web and high methylmercury ac-

cumulation, play a key role in transferring this toxin 

to higher trophic levels (Malcata Martins et al., 

2021). 

 

5. Ecological Effects of Mercury in Terrestrial 

Ecosystems 

5.1. Soil and Plants 

Pollution in terrestrial ecosystems is of particular 

importance due to their role in food production and 

human habitation. Mercury enters soil through wet 

and dry atmospheric deposition and can be stored in 

various soil compartments or re-emitted back to the 

atmosphere (Gworek et al., 2020). One of the most 

important findings in recent years is the pivotal role 

of vegetation in the global mercury cycle. Plants are 

the primary source of mercury input to terrestrial 

ecosystems through the uptake of gaseous elemental 

mercury from the atmosphere and its transfer to soil, 

accounting for 60 to 90 percent of mercury deposi-

tion on land. This process reduces the atmospheric 

mercury reservoir by approximately 660 megagrams 

and prevents the deposition of an additional 960 

megagrams of mercury into oceans. 

Critical Evaluation of the 60-90% Range: It is im-

portant to note that the wide range (60-90%) re-

ported for vegetation's contribution to mercury dep-

osition reflects substantial uncertainty arising from 

several methodological factors: 

1. Measurement Techniques: Different studies em-

ploy varying methodologies, including flux tower 

measurements, isotopic tracing, and modeling ap-

proaches, each with distinct uncertainties (±15-30%). 

2. Ecosystem Type Variation: Forests (particularly 

tropical rainforests) show higher contributions (80-

90%) compared to grasslands (60-70%) due to 

greater leaf area index and longer growing seasons. 

3. Temporal Variability: Seasonal changes in plant 

phenology significantly affect uptake rates, with es-

timates varying by up to 40% between growing and 

dormant seasons. 
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4. Analytical Challenges: Partitioning between sto-

matal uptake and cuticular adsorption remains diffi-

cult, introducing additional uncertainty. 

Lichens and mosses exhibit higher mercury concen-

trations than vascular plants, and while mercury in 

aboveground biomass is primarily absorbed from the 

atmosphere, root mercury is derived from a combi-

nation of soil and atmospheric uptake (Zhou et al., 

2021). 

 

5.2. Forest Ecosystems 

Forests act as important mercury reservoirs, with 

most deposited mercury accumulating in forest soils 

(Yang et al., 2026). The unique characteristics of 

forest-derived streams, such as high litterfall, or-

ganic matter decomposition, and moisture, can en-

hance microbial mercury methylation (Ma et al., 

2025). Extensive studies in Chinese forests have 

shown that mercury budgets in these ecosystems are 

influenced by factors such as tree species composi-

tion, precipitation, and pollution history (Zhan et al., 

2025). 

Critical Comparison of Forest Studies: Notably, 

studies from different regions have produced con-

trasting findings regarding mercury retention versus 

export. For example: 

- Chinese subtropical forests show net mercury ac-

cumulation (Zhan et al., 2025) 

- Boreal forests in Scandinavia exhibit significant 

mercury export via streams, particularly during 

spring snowmelt (Bishop et al., 2020) 

- North American temperate forests demonstrate in-

termediate behavior dependent on soil organic mat-

ter content 

These differences likely arise from variations in cli-

mate (temperature, precipitation), soil chemistry 

(pH, organic carbon content), and atmospheric dep-

osition history, rather than reflecting contradictory 

phenomena. 

 5.3. Effects on Soil Microorganisms 

Mercury exerts significant negative effects on the di-

versity and structure of soil microbial communities 

(Yu et al., 2025). Short-term incubation studies have 

shown that mercury contamination alters bacterial 

population composition and reduces soil enzyme ac-

tivities. These changes can have cascading effects on 

nutrient cycling and soil fertility (Zheng et al., 2019). 

 

 5.4. Detoxification Mechanisms in the Soil-Plant 

System 

Heavy metals such as cadmium, lead, mercury, and 

arsenic disrupt cellular homeostasis, inhibit photo-

synthesis, induce oxidative stress, and interfere with 

nutrient uptake, leading to significant reductions in 

plant productivity (Mohamed et al., 2025). In re-

sponse to these stressors, plants employ complex 

molecular mechanisms including activation of anti-

oxidant enzymes, upregulation of metal transporters, 

production of metal-chelating molecules, and mod-

ulation of stress-responsive genes and transcription 

factors. Conversely, bioremediation, which har-

nesses the detoxification capabilities of plants, mi-

crobes, and their symbiotic interactions, offers a sus-

tainable and environmentally friendly alternative 

(Mohamed et al., 2025). Recent research has focused 

on the role of selenium in mitigating mercury tox-

icity in the soil-plant system (Li et al., 2025). Sele-

nium reduces mercury uptake and toxicity by form-

ing insoluble compounds with mercury and inducing 

antioxidant defense mechanisms in plants (Yang et 

al., 2024). 

 

6. Biomagnification and Its Implications in Food 

Webs 

Biomagnification is the most important ecological 

characteristic of mercury, distinguishing it from 

many other pollutants (Wang et al., 2025). Methyl-

mercury concentrations increase exponentially as 

they pass through successive trophic levels. This 

phenomenon is particularly pronounced in aquatic 

food webs, which have longer food chains (Eduardo 

et al., 2026). 

Kumar et al. (2023) systematically investigated the 

relationships between mercury concentration, chem-

ical species, exposure levels, bioavailability, envi-

ronmental distribution, and ecotoxicological risks. 

The molecular mechanisms of mercury toxicity in-

clude oxidative stress, protein modifications, ge-

nomic alterations, and disruption of enzyme activity 

(Wu et al., 2024). 

Figure 2 illustrates the biomagnification of mercury 

in aquatic food webs and the progressive increase in 

methylmercury (MeHg) concentrations across suc-

cessive trophic levels. The diagram illustrates how 

methylmercury, primarily produced by microbial 

methylation in sediments, enters the base of the 
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aquatic food web through phytoplankton and zoo-

plankton uptake. As MeHg moves up the food chain 

from small forage fish to larger predatory fish (e.g., 

salmon, tuna, swordfish, and sharks), its concentra-

tion increases progressively through dietary accu-

mulation and slow elimination rates. Apex predators 

and marine mammals at the top of the food web ex-

hibit the highest MeHg concentrations—often mil-

lions of times greater than ambient water levels. The 

figure emphasizes that biomagnification is the pri-

mary driver of elevated mercury exposure in humans 

who consume predatory fish, highlighting the criti-

cal public health implications of mercury pollution 

in aquatic ecosystems (based on concepts from Al-

Sulaiti et al., 2022; Le Croizier et al., 2022; Pelletier 

et al., 2025; and Wu & Zhang, 2023). 

 

 

Fig. 2. Biomagnification of mercury (Hg) in aquatic food chains and the exponential increase in methylmercury (MeHg) 

concentrations across successive trophic levels. The diagram illustrates how methylmercury, primarily produced by microbial 

methylation in sediments, enters the base of the aquatic food web through phytoplankton and zooplankton uptake. As MeHg 

moves up the food chain from small forage fish to larger predatory fish (e.g., salmon, tuna, swordfish, and sharks), its concen-

tration increases progressively through dietary accumulation and slow elimination rates. Apex predators and marine mammals 

at the top of the food web exhibit the highest MeHg concentrations—often millions of times greater than ambient water levels. 

The figure emphasizes that biomagnification is the primary driver of elevated mercury exposure in humans who consume 

predatory fish, highlighting the critical public health implications of mercury pollution in aquatic ecosystems. (Based on con-

cepts from Al-Sulaiti et al., 2022; Le Croizier et al., 2022; Pelletier et al., 2025; and Wu & Zhang, 2023) 

 

6.1. Trophic Transfer to Human Populations 

The most important route of human exposure to 

methylmercury (MeHg) is consuming contaminated 

fish and seafood, the final step in the ecological 

trophic transfer pathway. Methylmercury readily 

crosses the blood-brain barrier and, by inducing ox-

idative stress and disrupting neurotransmitter func-

tion, causes neurobehavioral disorders, reduced IQ 

in children, and increased risk of cardiovascular dis-

eases in adults (Wu et al., 2024). In contrast, ele-

mental mercury (Hg⁰) enters the body primarily 

through inhalation and has neurotoxic and ne-

phrotoxic effects, but its shorter half-life in the body 

gives it a different risk profile. Pregnant and lactat-

ing women, children under six years of age, and 

communities residing in coastal and fishing areas are 

among the most vulnerable population groups. 

Epidemiological Evidence: A recent systematic re-

view and meta-analysis of 27 cohort studies across 

14 countries reported that fish consumption patterns 

vary significantly by geographic region, with the 

highest methylmercury exposure observed in coastal 
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communities of Japan, the Faroe Islands, and the 

Seychelles (Grandjean & Herz, 2019). The World 

Health Organization estimates that approximately 

100,000 premature deaths annually are attributable 

to heart disease associated with methylmercury ex-

posure, with the highest burden in Southeast Asia 

and Sub-Saharan Africa (WHO, 2022). However, 

these estimates have substantial uncertainty (±30%) 

given the challenges in establishing causal relation-

ships and controlling for confounding factors in ob-

servational studies. Therefore, developing fish con-

sumption guidelines based on local mercury concen-

trations and replacing high-risk protein sources with 

safer alternatives in public nutrition programs is an 

undeniable necessity. 

 

7. Impact of Climate Change on the Mercury Cy-

cle 

Climate change is one of the most important modu-

lators of the mercury cycle in the 21st century (Yuan 

et al., 2024). Permafrost thaw in Polar Regions re-

leases vast quantities of mercury that have been 

trapped in ice for millennia (Youssef et al., 2026). 

The Arctic region has been identified as a hotspot for 

mercury cycling, and the high mercury flux in wa-

tercourses and the massive reserves subject to re-

lease due to rapid high-latitude warming have raised 

serious concerns (Gambardella et al., 2025). Climate 

change affects the mercury cycle through multiple 

mechanisms, including altered precipitation and 

runoff patterns, increased forest fires that release 

mercury accumulated in biomass, changes in vege-

tation cover and biogeographic zones, ocean stratifi-

cation that affects marine mercury cycling, and 

changes in microbial activity that influence methyl-

ation (Chételat et al., 2022). 

 

8. The Minamata Convention and the Outlook 

for Ecosystem Recovery 

The Minamata Convention on Mercury, which en-

tered into force in 2017, is a legally binding interna-

tional treaty aimed at reducing anthropogenic mer-

cury emissions. Implementation of this convention 

is projected to reduce mercury emissions in the fore-

seeable future; however, ecosystem recovery and 

health benefits will be accompanied by considerable 

delays (Wu et al., 2022). The study by Wu and col-

leagues (2022) addressed seven key scientific ques-

tions regarding ecosystem recovery under the influ-

ence of the Minamata Convention and climate 

change, including historical mercury changes in eco-

systems, major influencing factors and processes, 

and future assessments. This study recommended 

the use of stable mercury isotope tools and process-

based integrated global models, combined with fu-

ture socioeconomic scenarios, for comprehensive 

assessment. Emerging evidence indicates that reduc-

ing mercury inputs to ecosystems may facilitate 

faster recovery than previously anticipated (Blanch-

field et al., 2022). Nevertheless, despite the vast leg-

acy mercury reservoirs from past contamination, 

freshly deposited mercury has a greater potential for 

methylation than accumulated soil mercury, further 

complicating resource management (Liang et al., 

2024). 

Despite the positive achievements of the Minamata 

Convention, the treaty faces fundamental challenges: 

(1) incomplete coverage of natural emission sources 

and secondary sources such as forest fires, (2) weak 

monitoring and enforcement mechanisms in devel-

oping countries due to insufficient financial and 

technical resources, (3) neglect of the cumulative ef-

fects of mercury with other heavy metals and or-

ganic pollutants, and (4) misalignment of the con-

vention's review cycles with the pace of climate 

change, which itself affects the mercury cycle. For 

instance, many African and Southeast Asian coun-

tries, which have the largest share in artisanal and 

small-scale gold mining (ASGM), have not yet been 

able to fully implement their national action plans 

(UNEP, 2023). Therefore, the success of this con-

vention depends on strengthening international co-

operation, transferring clean technologies, and sim-

ultaneously considering adaptive strategies to cli-

mate change. 

 

9. Monitoring, Mitigation, and Remediation 

Strategies 

 9.1. Biomonitoring 

The use of living organisms as biomonitors—or 

more precisely, "biological monitors"—is one of the 

most effective methods for monitoring mercury pol-

lution (Evers et al., 2024). Seabirds provide valuable 

information on mercury transfer through food webs 

and associated risks to humans (Mills et al., 2025). 

Freshwater invertebrates have also been introduced 
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as sensitive indicators of methylmercury in freshwa-

ter ecosystems (Sinclair et al., 2025). Phytoremedi-

ation methods and biochar application have received 

special attention in recent years as sustainable reme-

diation approaches. 

 

 9.2. Remediation Strategies 

Phytoremediation methods and the use of microor-

ganisms for remediating mercury-contaminated 

soils have attracted attention due to their low cost, 

simple operation, and applicability in-situ (Penalba-

Iglesias et al., 2026). Given that engineering-based 

technological methods are costly, recent research 

has focused on identifying suitable plant species and 

associated microorganisms for bioremediation 

(Lang et al., 2025). Advanced pollution mitigation 

strategies include algal phytoremediation, biochar 

application, catalytic oxidation, and mercury stabili-

zation. However, numerous challenges remain, in-

cluding the identification of appropriate biomarkers 

and understanding the nature of mercury exposure 

(Kumar et al., 2023). 

To select the appropriate remediation method, it is 

necessary to compare the advantages and limitations 

of each approach. Table 2 provides a comprehensive 

systematic comparison of common mercury remedi-

ation methods based on mechanism, target species, 

application scale, efficiency, cost, and risks of sec-

ondary mobilization. 

 

Key considerations for method selection: 

- Contamination severity: High concentrations 

(>100 mg/kg) may require thermal desorption or 

chemical stabilization; low-moderate levels (<50 

mg/kg) are suitable for phytoremediation or biochar. 

- Site characteristics: In-situ methods (phytoremedi-

ation, bioremediation) are preferred for large areas 

(>10 ha); ex-situ methods are suitable for point-

source contamination. 

- Time constraints: Rapid cleanup requires chemical 

or thermal methods; phytoremediation requires 3-10 

years. 

- Cost-effectiveness: Biochar and phytoremediation 

offer the best cost-benefit ratios for agricultural soils. 

- Secondary effects: Consideration of Hg⁰ re-emis-

sion to atmosphere is critical for all methods; biore-

mediation and thermal desorption pose the highest 

risks of secondary mobilization. 

The selection of an appropriate method should be 

based on contaminant concentration, site area, soil 

or sediment type, and available budget. In many 

cases, combining two or more methods (e.g., biore-

mediation combined with biochar) has yielded better 

results (Kumar et al., 2023). 

 

10. Research Priorities and Knowledge Gaps 

Despite significant advances in understanding the 

mercury cycle and its diverse effects, numerous un-

certainties remain in this field, including: 

1. Understanding uptake mechanisms in plants and 

mercury cycle modeling: Although the role of plants 

in the mercury cycle has been clarified, the physio-

logical and environmental controls on mercury up-

take and translocation in plants still require further 

research at the molecular level (Sun et al., 2025). 

2. Mercury cycle modeling: Improved model param-

eterization and harmonization of observational data 

are essential for more accurate assessment of the im-

pact of plants on the global mercury cycle (Sun et al., 

2025). 

3. Interactions between climate change and pollution: 

Better understanding of how permafrost thaw, land-

use changes, and aquatic ecosystem changes affect 

the mercury cycle is a future research priority 

(Chételat et al., 2022). 

4. Integrated risk assessment: Development of inte-

grated models that simultaneously consider socioec-

onomic scenarios, mercury emission reduction path-

ways, and climate change is essential for effective 

evaluation of the Minamata Convention (Dastoor et 

al., 2025).
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Table 2. Comprehensive comparison of common mercury remediation methods 

Secondary Mobilization Risk Primary Limitations Estimated Cost 

(USD/ha) 
Efficiency Range Application Scale Target Hg Species Mechanism Remediation Method 

Low-moderate (Hg⁰ release 

through transpiration; requires 

monitoring) 

Time-consuming (3-10 years); disposal of 

contaminated biomass required; limited effi-

ciency at high concentrations (>50 mg/kg) 

5,000-15,000 
20-60% reduction in 

soil Hg 

Field-scale (agricul-

tural soils) 
Hg⁰, Hg²⁺, MeHg 

(limited) 
Plant uptake, transloca-

tion, and volatilization 
Phytoremediation 

Moderate-High (Hg⁰ release to at-

mosphere; requires containment) 

Temperature and pH sensitive; risk of sec-

ondary air pollution; requires optimal micro-

bial conditions 

8,000-25,000 

40-80% MeHg re-

duction; 20-50% to-

tal Hg reduction 

Field-scale (wet-

lands, sediments) 
MeHg, Hg²⁺ 

Microbial reduction of 

Hg²⁺ to Hg⁰; enzymatic 

demethylation of MeHg 

Microbial Bioremedia-

tion 

Low (stable binding, minimal re-

mobilization) 

Depends on feedstock type; requires surface 

activation; effectiveness decreases with high 

organic matter 

3,000-10,000 
50-90% Hg immobi-

lization 

Field and lab scales 
Hg²⁺ primarily and 

MeHg (limited) 
Adsorption, complexa-

tion, and immobilization Biochar Application 

Low (if properly applied; binds 

Hg tightly) 

High cost; alters soil physicochemical prop-

erties; may affect soil fertility 
20,000-60,000 70-95% stabilization 

Field-scale (indus-

trial sites) 
Hg²⁺, Hg⁰ 

Formation of insoluble 

Hg complexes (e.g., 

HgS); precipitation 

Chemical Stabilization 

Moderate (requires post-treat-

ment of Hg-containing waste) 

Requires advanced equipment; high energy 

consumption; primarily ex-situ 

50,000-150,000 

(capital intensive) 
90-99% removal 

Lab/industrial 

(wastewater, flue 

gas) 
Hg⁰, organic Hg 

Oxidation of Hg⁰ to 

Hg²⁺; decomposition of 

organic Hg Catalytic Oxidation 

High (requires strict gas capture 

to prevent air pollution) | 

Very high cost; energy intensive; destroys 

soil structure; ex-situ only 
100,000-300,000 85-99% removal 

Ex-situ (industrial 

scale) 

Hg⁰, Hg²⁺, organic 

Hg 

Heating to volatilize Hg; 

gas-phase capture 

Thermal Desorption 

 

Low-moderate (depends on nano-

particle stability) 

Emerging technology; limited field valida-

tion; nanoparticle transport and fate uncer-

tain 

30,000-80,000 60-95% removal Lab/pilot scale Hg²⁺, MeHg 
Adsorption and reduc-

tion to Hg⁰ 

Nanoremediation 

(FeS, Fe⁰ nanoparti-

cles) 
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11. Conclusion 

Mercury pollution is not merely an environmental chal-

lenge but a complex socioeconomic problem with con-

sequences spanning from local to global scales. Effec-

tive response to this threat cannot be limited to emission 

reduction alone; simultaneous adaptation to climate 

change, redesign of food supply chains, and empower-

ment of local communities in mining regions are essen-

tial. 

The findings of this review indicate that mercury enters 

ecosystems through multiple pathways (atmospheric, 

aquatic, and terrestrial), but the most hazardous stage of 

its cycle is the conversion of inorganic species (`Hg²⁺`) 

to methylmercury (`MeHg`) by microorganisms. The 

toxic effects of mercury are observable across all levels 

of biological organization---from soil microorganisms to 

higher vertebrates---and biomagnification of the 

`MeHg` species in food webs, particularly in aquatic 

ecosystems, has irreversible consequences. Climate 

change, through permafrost thaw, altered hydrological 

patterns, and increased wildfires, significantly modifies 

the mercury cycle and delays ecosystem recovery. 

Although the Minamata Convention represents a posi-

tive step in reducing mercury emissions, the gap be-

tween emission reduction and actual ecosystem recovery 

is substantial and requires complementary policy 

measures. Development of efficient biomonitoring 

methods and sustainable remediation approaches, along 

with further research on molecular mechanisms of tox-

icity and uptake, is essential for effective mercury pollu-

tion management. 

Based on the findings of this review, an integrated con-

ceptual model for mercury pollution management can be 

outlined as follows: (1) identification and prioritization 

of emission sources at local and national levels, (2) con-

tinuous monitoring of different mercury species concen-

trations in air, water, soil, and biota, (3) prediction of fu-

ture scenarios considering both climate change and eco-

nomic growth, (4) design of remediation strategies tai-

lored to local conditions, and (5) periodic evaluation of 

action effectiveness and policy revision based on emerg-

ing evidence. Such a systemic approach is the only way 

to ensure gradual ecosystem recovery and reduction of 

mercury health impacts in the coming decades. 

Ultimately, a comprehensive understanding of the eco-

logical effects of mercury and the development of effec-

tive strategies for mitigation and ecosystem recovery in-

evitably require an integrated approach that combines 

knowledge from ecology, environmental chemistry, soil 

science, and climatology. 
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