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Abstract
Mercury (Hg) is a toxic metal that can be released from natural and anthropogenic processes. Gaseous elemental Hg is the 
main form of Hg in the atmosphere with a long residence time, allowing its long-range transport and deposition at a global 
scale. The deposited Hg can be transformed into methylmercuy (MeHg), which bioaccumulates and biomagnifies in aquatic 
ecosystems and is a known developmental neurotoxin to humans. Chronic exposure in pregnant women via fish consump-
tion, even at the modest levels, can impact intellectual development in infants, which is considered as a global environmental 
health issue. To protect human health and the environment, the Minamata Convention on Mercury, a legally binding inter-
national treaty, entered into force in 2017 to reduce anthropogenic emissions and releases of Hg and Hg compounds. With 
the enforcement of the Convention, anthropogenic Hg emissions and releases are projected to decrease in the foreseeable 
future, but the recovery of the ecosystem and mitigation of health impact from Hg pollution are expected to lag behind. In 
this paper, we provide a critical review on the processes affecting when and to which extent Hg-affected ecosystems will 
recover under the Minamata Convention in the context of climate change and associated human health benefit. Our review 
is organized around seven major scientific questions. These seven questions covered historical Hg change in the ecosystem, 
major factors and processes, and future assessment. The impact of implementation of Minamata Convention and climate 
change on Hg emission, atmospheric transportation and deposition, biota accumulation, and human exposure should be 
comprehensively evaluated. The Hg stable isotope tool and process-based integrated global model should be integrated 
together, which also should consider future global social-economic pathways and mitigation options. We hope that the 
knowledge gaps and potential tools identified will assist the understanding of global biogeochemical cycling of Hg, inform 
policy-making on mitigation and community adaptation, and support the effectiveness evaluation and future improvement 
of the Minamata Convention on Mercury.
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Introduction

Mercury (Hg) is a natural element in the Earth’s litho-
sphere, which can emit to the atmosphere through natural 
processes (e.g., weathering and volcanism) (UNEP 2019; 
Pirrone et al. 2010). Atmospheric Hg can transport on a 
global scale and deposit to surface terrestrial and marine 
ecosystems (UNEP 2008; Sikkema et al. 2011). Mercury 
in the surface environment is either re-emitted to the 
atmosphere, buried in stable long-lived reservoirs (e.g., 
soil and sediments), or accumulated in biota including 
humans (UNEP 2019). This natural Hg cycling has been 
greatly altered by human activities (e.g., coal combustion, 
gold and silver mining), which have liberated millions of 
tons of Hg from the lithosphere and augmented its flux 
between the lithosphere, the atmosphere, and surface eco-
systems (Horowitz et al. 2014; Streets et al. 2011, 2019). 
Due to its characteristics of long-distance transport, persis-
tence, bioaccumulation and toxicity, the overburden of Hg 
in the surface environment poses severe risks to ecosystem 
and human health globally (Douglas et al. 2012; Mergler 
2021; So et al. 2021).

In response to the global risks, the Minamata Conven-
tion on Mercury was signed in 2013 and entered into 
force in 2017, aiming to protect humans and the envi-
ronment from Hg pollution (UNEP 2019). However, the 
impact of climate and other global changes on the bio-
geochemical cycling of Hg is still unclear, which may 
doubt the ecosystem Hg recovery and health benefit 
from regulatory activities ( Krabbenhoft and Sunderland 
2013; Obrist et al. 2018; Wang et al. 2019). This makes it 

difficult to project when and to which extent the ecosys-
tems will recover and how human health impact will be 
minimized. The Minamata Convention on Mercury calls 
for its effectiveness which will be evaluated for the first 
time before 2023 and periodically thereafter at intervals 
(UNEP 2013), yet the Convention itself does not spell out 
how this should be done. The negotiation process during 
the past three Conferences of Parties was fraught with 
conflict on the best indicators and methods to evaluate 
the effectiveness, as the concurrence of multiple syn-
ergistic and antagonistic driving factors challenges the 
attribution of ecosystem and human exposure change to 
regulatory activities.

Evidence is mounting that future climate change will 
likely be the main driving force of global Hg cycling, 
especially in sensitive regions such as the Arctic (Hansen 
et al. 2015; Stern et al. 2012). However, scientific informa-
tion currently available is not sufficient to quantitatively 
answer how climate change affects the timing and extent 
of the ecosystem recovery due to the complexity of the 
system. For example, the increase of air temperature has 
the potential to liberate Hg from permafrost to the atmos-
phere and the aquatic ecosystem at a certain turning point, 
yet in regions experiencing glacier retreat global warming 
can accelerate the uptake of atmospheric Hg by vegetation 
(Wang et al. 2020a). Global ocean warming is also likely 
a major driving force of future methylmercury (MeHg) 
concentration change in marine predators (Schartup et al. 
2019). Furthermore, actions to mitigate climate change such 
as the improvement of energy efficiency in power stations 
and replacement of fossil fuels by renewable sources are 
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expected to result in the reduction of Hg emissions as a 
co-benefit (Pacyna et al. 2016; Streets et al. 2009). Studies 
should therefore be undertaken to understand and model the 
relationships among those synergistic and antagonistic pro-
cesses to allow the projection of changes in ecosystem Hg 
and human exposure in a changing climate. This is critically 
important for the development of mitigation and adaptation 
strategies that Hg-affected communities can take to reduce 
the risk while the ecosystem is toward recovery. New and 
rapidly developing scientific tools such as the Hg isotope 
fractionation measurement could potentially help address 
these challenges.

Future projection on global anthropogenic Hg emissions 
indicates up to 85% of reduction by 2035 under the best-case 
scenario, which would result in up to 50% and 35% reduction 
of Hg deposition in the Northern and Southern Hemisphere, 
respectively (Pacyna et al. 2016). However, model evaluation 
indicates that terrestrial and oceanic Hg reservoirs originat-
ing from legacy anthropogenic and natural Hg sources will 
continue to grow and emit more Hg under all but the most 
stringent emission control scenarios (Amos et al. 2013). In 
addition, the effectiveness of regulatory policies under the 
Minamata Convention on Mercury will be reduced with time 
when any of the countries delays or weakens their actions since 
more legacy Hg emissions will accumulate in the environ-
ment (Angot et al. 2018). Future Hg emission control trajec-
tories are also highly uncertain, as they depend on both global 
socioeconomic development and technological innovation and 
penetration.

In this review, we focus on a critical analysis of major 
scientific knowledge gaps that are limiting our capability of 
projecting ecosystem recovery and health benefit under the 
Minamata Convention in the context of climate change. Our 
analysis is summarized in three sections: 1) Perspective of 
historical Hg change in the ecosystem; 2) Major factors/pro-
cesses affecting ecosystem Hg recovery and human health; 
3) Future assessment. It includes seven key scientific ques-
tions, which covered historical changes, natural emissions/re-
emissions, ecosystem changes with atmospheric deposition, 
and ocean Hg cycle. The Hg stable isotope and integrated 
model are introduced as powerful tools to assess ecosystem 
recovery and health benefit, and future global social-eco-
nomic pathways and mitigation options are also considered 
in the last question. These seven key scientific questions dealt 
with the most important aspects in global Hg biogeochemi-
cal cycle under the context of the Minamata Convention and 
climate change. Our goal is to assist the understanding of 
global biogeochemical cycling of Hg, inform policy-mak-
ing on mitigation and community adaptation, and support 
the effectiveness evaluation and future improvement of the 
Minamata Convention on Mercury.

Perspective of Historical Hg Change 
in the Ecosystem

Q1 How have Hg concentrations in the atmosphere and 
biota, as well as human Hg exposure, changed over the 
past millennia? How do we determine “background” or 
“safe” concentrations and how does that affect our defini-
tion of “recovery”? What are the best indicators to evalu-
ate the effectiveness of the Convention?

During the past decade, atmospheric Hg declines have 
been observed globally from both ground station- and 
ship-based measurements. Declines of Hg concentra-
tions in Europe and North America were on the order 
of 1–2% per year (UNEP 2019). Inventory and modeling 
studies have attributed these trends to declined anthro-
pogenic emissions, resulting from the phase-out of Hg 
from commercial products and the co-benefit from  SO2 
and  NOx emission controls on coal-fired utilities (Zhang 
et al. 2016). Long-term Hg monitoring data in the Arctic 
have shown generally declining but weaker trends of Hg 
concentrations than the observations in the mid-latitudes, 
with an observed decrease rate of ~ 0.2% per year since 
1994 (Wang et al. 2019). Complex long-term atmospheric 
Hg trends in some regions could be explained by changes 
in anthropogenic and natural Hg emission and atmos-
pheric oxidants (Lyman et al. 2020). Chen et al. (2015) 
found an association between the weaker trends of atmos-
pheric Hg concentrations in the Arctic and the change in 
temperature and sea ice content. Time-series data also 
become available in China in recent years. The observed 
atmospheric Hg trends generally agreed with the China’s 
emissions trend (Liu et al. 2019). Mercury measurements 
on the Tibetan Plateau indicated stable atmospheric Hg 
concentrations during 2006–2009 and decreased trends 
during 2010–2015 (Tong et al. 2016). The GEM concen-
tration means at Mt. Lulin, Mt. Changbai, and Chongming 
Island in China remains relatively constant from 2010 to 
2012 and shows a decline from 2013 to 2016 (Feng et al. 
2022). In contrast, no significant temporal trends were 
observed in the free tropospheric Hg which is a better 
indication of the global background level (Zhang et al. 
2016). A few vertical atmospheric Hg profile measure-
ments have also been reported. For example, Slemr et al. 
(2014) reported the aircraft-based investigation for the 
global upper troposphere/lower plumes stratosphere with 
elevated Hg from 2005 to 2013 (the ARCTAS program) 
and no significant trends were found. They found that 
many of the observed plumes were associated with bio-
mass burning that were transported over long distances.
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The atmospheric Hg deposition to aquatic ecosystems is 
often responsible for elevated MeHg levels in fish. It was 
reported that two-thirds of Hg in fish from US lakes origi-
nated from anthropogenic sources (Hammerschmidt and 
Fitzgerald 2006). However, the temporal trends of Hg con-
centrations in aquatic biota often did not agree with atmos-
pheric trends, which might be caused by legacy Hg and 
changing biogeochemical processes (Wang et al. 2019). Hg 
concentrations in aquatic biota in North America, North 
Europe, and the Arctic have generally decreased since the 
1970s. However, significant increases were also observed 
over the recent decades in North America and the Arctic. 
In the Great Lakes, fish Hg concentrations have presented 
a mixed temporal pattern since the 1970s (Blukacz-Rich-
ards et al. 2017): fish Hg declined in all species in the first 
few decades (up to 1995–2000), but that trend has been 
reversed in most species at some locations since 2005. 
When examining Hg data on 96,000 fish samples from 
206 species in over 4200 lakes across western Canada and 
the USA, Eagles-Smith et al. (2016) found a significant 
and rapid decline in length-adjusted Hg concentrations in 
the 1970s, while no subsequent significant trend to 2012. 
The early declines in biotic Hg in most studies could be 
attributed to regional and local declines in atmospheric 
Hg concentrations and deposition, whereas the recent no-
trends or trend reversals were a clear indication that other 
processes were also at play (Wang et al. 2019). In North 
Europe, Braaten et al. (2017) and Akerblom et al. (2014) 
found that the freshwater fish Hg concentrations (normal-
ized to 1-kg pike) showed a consistent and significant 
decreasing trend during the past 50 years (1965–2015), 
which matched well with the declining atmospheric Hg 
trend over North Europe. In Arctic, some species in some 
locations had shown significant increases of Hg concen-
trations over recent decades, whereas others exhibited 
decreases or non-significant changes (Riget et al. 2011).

The fact that short-term trends in biota Hg do not always 
follow trends in atmospheric Hg should not discourage 
actions to reduce Hg emissions. Instead, implementation 
of the Minamata Convention on Mercury is necessary to 
achieve long-term results. Once an aquatic ecosystem has 
accumulated a sufficiently large quantity of Hg, biotic uptake 
of Hg would be controlled primarily by internal processes 
rather than new Hg inputs. Even if all the new Hg inputs are 
stopped, legacy Hg stored in the sediments and soils could 
be released under changing climatic and environmental 
conditions, methylated, and bioaccumulated and biomagni-
fied in the food web. Therefore, it will take more time for 
biota Hg to decline, and in some cases, biotic Hg may even 
increase in the short term. Further attention is needed on 
the fate and effect of legacy Hg that is already stored in the 
environment, and on the factors and processes that affect the 
recovery of Hg in biota.

Data on human Hg exposure, especially long time-
series data, are still severely lacking, with the exception 
of a few case studies such as the Faroe Islands and the Sey-
chelle Islands (UNEP 2019). A review of national datasets 
from four countries showed a decline trend in blood Hg; 
urinary Hg also decreased, particularly in the US dataset 
where the recent Hg levels were approximately half of 
those a decade earlier (UNEP 2019). Sharma et al. (2021) 
reported significant declines in total Hg levels in three 
biological matrices (whole blood, cord blood, and breast 
milk) between 1966 and 2015 worldwide. A regional over-
view suggested the highest blood Hg levels in the popula-
tions in South America, followed by Africa and Asia, and 
with the lowest levels in Europe and North America.

A better understanding of historical atmospheric Hg 
levels and emission sources is critical for assessing both 
background Hg levels and future trends. Sediment and 
ice cores records showed that total Hg concentrations 
increased 2–7 folds after the Industrial Revolution com-
pared with those in preindustrial times (Chellman et al. 
2017). Sediment Hg in Lake Huguangyan, south China, 
showed significant increases since the 1980s, due to the 
increased Hg emissions from Asian countries. The ice core 
record in Wyoming, US, indicated a large Hg increase in 
the mid-1800s, which was attributed to mining activi-
ties during the Gold Rush, with a second large increase 
beginning in 1950 linked to industrialization (Chellman 
et al. 2017). Recent analysis of Hg isotopes of sedimen-
tary archives indicated that the rise in industrial-use Hg is 
accompanied by an increase in δ202Hg and Δ199Hg values 
(Lepak et al. 2020).

Therefore, the definition of “background” or “safe” Hg 
concentrations in the environmental and biota matrixes is 
crucial. Even if anthropogenic Hg emissions are signifi-
cantly reduced under the Minamata Convention on Mer-
cury, Hg concentrations in the environmental and biota 
matrixes are unlikely to recover to the level of preindus-
trial times.

Ecosystem Hg recovery under the Minamata Conven-
tion on Mercury in a changing climate thus needs to be 
defined carefully with the ultimate goal to protect the 
wildlife and humans from adverse effects of Hg exposure. 
Decreased Hg loading to the environment will produce a 
response in fish MeHg, but the timeline and magnitude of 
the response will vary depending on ecosystem-specific 
variables and the form of the Hg loaded. Predicted benefits 
to wildlife would be primarily through improved hatching 
success and development of hatchlings to maturity, as Hg 
concentrations in prey fish decline (Scheuhammer et al. 
2007). Evaluating the effectiveness of the Minamata Con-
vention will require biomonitoring of multiple species that 
represent different trophic and ecological niches in multi-
ple regions of the world. More national and global human 
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biomonitoring are needed to evaluate the effectiveness of 
the Minamata Convention.

Major Factors and Processes Affecting 
Ecosystem Hg Recovery and Human Health

Q2 How well do we know about natural emissions/releases 
or re-emissions/re-releases of mercury?

Natural Hg emissions include those from contempo-
rary geogenic activities (e.g., emission from volcano, hot 
spring) and re-emissions of legacy natural Hg that was 
released in the past. Mercury emissions from contempo-
rary geogenic sources were estimated to be 500 Mg  yr−1 
by the United Nations Global Mercury Assessment 2018 
(Outridge et al. 2018). Edwards et al. (2021) reviewed vol-
canic Hg studies in the last fifty years. While Hg emissions 
from persistently degassing volcanos appeared to be con-
strained in a narrow range of 30–95 Mg  yr−1, great uncer-
tainties existed with Hg releases from explosive eruptions; 
as a result, the best estimates of global volcanic Hg emis-
sions still differed over an order of magnitude from 45 to 
700 Mg  yr−1 (Edwards et al. 2021). Even lesser known 
are Hg emissions from other geothermal–hydrothermal 
sources (e.g., hot spring), which are potentially large but 
poorly measured globally (Edwards et al. 2021). Long-
range transportation of Hg after volcanic eruptions and 
chemical speciation transformation after the mixing of the 
plume and ambient air are still not well understood (Bag-
nato et al. 2007; Edwards et al. 2021; Babu et al. 2022).

Hg0 re-emission fluxes from natural surfaces are highly 
diverse, and major data gaps exist for Africa, South Asia, 
Middle East, South America and Australia (Obrist et al. 
2021; Sommar et  al. 2016; Yu et  al. 2018; Zhu et  al. 
2015a, b; Zhu et al. 2016). Spatiotemporal measurements 
in North America, Europe, and East Asia showed that the 
fluxes from natural Hg-enriched and anthropogenic pol-
luted sites were 1–2 orders of magnitude higher than those 
from unpolluted terrestrial forest and grassland surfaces, 
particularly in Hg-enriched regions of East Asia (Agnan 
et al. 2016; Carpi and Lindberg 1998; Gustin et al. 2008; 
Lindberg et al. 2007; Zhu et al. 2016). Scaling up those 
filed measurements from limited geographical regions, the 
global air–surface exchange of  Hg0 in terrestrial ecosys-
tems ranged from -513 to 1333 Mg  yr−1, and the largest 
uncertainty was observed from forested regions (-727 to 
703 Mg  yr−1), due to insufficient spatiotemporal resolu-
tions of data and a lack of standardization for measurement 
techniques and data comparability (Agnan et al. 2016; Zhu 
et al. 2016).

Wildfires can mobilize a substantially large amount of 
forest floor Hg that has been accumulated over decades 
or centuries rapidly into the air, dramatically increasing 

the atmospheric Hg loading (Friedli et al. 2009, 2001; 
Outridge et al. 2018; Wang et al. 2021). It was estimated 
that annual global wildfire Hg emissions ranged from 104 
to 678 Mg (De Simone et al. 2015; Friedli et al. 2009; 
Huang et  al. 2015; Kumar et  al. 2018; Outridge et  al. 
2018), and more than 60% of which were from tropical 
regions (Friedli et al. 2009; Kumar et al. 2018; Shi et al. 
2019; Wang et al. 2015). It was further estimated that 
over 75% of Hg emitted from wildfires were deposited 
into the ocean, and about 10% into the Arctic (De Simone 
et al. 2015; Kumar and Wu 2019). Wildfire-emitted Hg 
can enhance regional Hg deposition and increase ecologi-
cal risk in Hg sensitive ecosystems (Garcia and Carignan 
2005; Kelly et al. 2006; Vijayaraghavan et al. 2014). It is 
expected that climate change will lead to more frequent 
and severe wildfires and hence greater Hg emissions across 
the globe. Models projected an increase of 14–27% in 
wildfire Hg emissions by 2050 when compared with those 
in 2000 (Huang et al. 2015; Kumar et al. 2018; Shi et al. 
2019; Turetsky et al. 2006).

Some of the Hg deposited onto snow and ice emits back 
to the atmosphere, the percentage of which largely depends 
on the speciation of Hg and the light conditions (Durnford 
and Dastoor 2011). The release of Hg from glaciers was 
studied only at a few glacial catchments. Glacier catchments 
in the Tibetan Plateau were found to have higher Hg yields 
than those from Arctic river basins (Zhang et al. 2019); even 
higher Hg loads were reported from the meltwater of the 
southwestern Greenland Ice Sheet (Hawkings et al. 2021). 
The Northern Hemisphere permafrost region represents a 
large store of Hg (Schuster et al. 2018, Lim et al. 2020; 
Schaefer et al. 2020). Thawing permafrost enhanced the THg 
and MeHg release in Arctic rivers (St Pierre et al. 2018), and 
has the potential to increase Hg concentrations in water and 
fish in the permafrost regions (Schaefer et al. 2020).

In summary, the Hg release from geogenic activities and 
the re-emission of legacy Hg stored in terrestrial systems 
and melting cryosphere impact the ecosystems across the 
globe. Specifically, the ongoing climate change will enhance 
the release of Hg from the cryosphere, which could offset, 
at least to some extent, the emission reduction efforts on 
anthropogenic emission sources. However, to fully address 
Question 2, the following critical questions remain to be 
answered: (1) How to estimate Hg re-emission fluxes from 
various natural surfaces? What are the important processes 
that determine Hg emissions and have we missed any major 
hot spots? (2) How to quantify the contribution of previously 
deposited Hg in Hg re-emission fluxes? How to determine 
the deposited Hg fate in terrestrial and marine ecosystems 
and their impact on biota Hg concentrations? and (3) How 
will the relevant climatic and environmental factors affect 
the Hg exchange among ecosystems, particularly in high-
altitude and high-latitude cryosphere regions?
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Q3 How are ecosystem Hg levels respond to changes in 
atmospheric deposition?

Atmospheric deposition is considered as the major 
driver for MeHg levels in the freshwater and marine eco-
systems. This is confirmed by ecosystem-level studies 
(e.g., METAALICUS, Harris et al. 2007; Blanchfield et al. 
2022) and by measurements of fish Hg levels across dif-
ferent spatial and temporal scales (Engstrom 2007). The 
METAALICUS study also suggests a quick recovery of 
MeHg concentrations in lake water and organisms when 
direct atmospheric depositions are decreased, although 
the degree of recovery varies at different trophic levels 
(Blanchfield et al. 2022). No direct observations are avail-
able for the marine environment, but Hg isotope data also 
confirm the atmospheric source of Hg in the surface ocean 
(Jiskra et al. 2021). This implies that reduction in human 
and wildlife MeHg exposure can be achieved by reducing 
anthropogenic emissions and subsequently atmospheric 
deposition, which is the scientific basis for the Minamata 
Convention (Krabbenhoft and Sunderland 2013). However, 
this does not mean synchronous variation trends of ecosys-
tem Hg and atmospheric Hg deposition. Wang et al. (2019) 
reviewed long-term time-series data from ecosystems 
across the globe and found that fish Hg trends were often 
decoupled from atmospheric Hg trends, especially during 
the most recent decades, due to the influence of legacy Hg 
and biogeochemical and ecological processes that control 
its mobility, transformation (especially methylation), and 
biological uptake. Predicting future ecosystem Hg levels 
thus requires a comprehensive evaluation of the invento-
ries and residence times of both “new” and legacy Hg, and 
environmental and ecosystem processes.

Future atmospheric Hg deposition trends are dependent 
on policy scenarios for Hg emission reduction. Pacyna 
et al. (2016) used two chemical transport models (GLE-
MOS, ECHMERIT) to evaluate future changes in Hg depo-
sition in various geographic regions using three anthropo-
genic emissions scenarios of 2035, and projected that the 
‘new policy’ and ‘maximum feasible reduction’ scenarios 
would result in 20–30% decrease in Hg deposition in all 
regions except South Asia. Lei et al. (2014) combined the 
effect of emissions changes and climate change through 
the CAM-Chem model using three emissions scenarios of 
2050 (B1, A1B, A1FI), and projected a general increase 
in TGM around the globe under all the three scenarios due 
to an increasing use of fossil fuels. By integrating future 
changes in anthropogenic emissions, climate, and bio-
geochemical cycles into a three-dimensional atmosphere/
ocean model and a two-dimensional land model, Zhang 
et al. (2021) projected future Hg deposition trends based 
on various policy scenarios. The results showed that the 
‘maximum feasible reduction’ and ‘new policy delayed’ 
scenarios would reduce the atmospheric deposition in 

2050 by 48% and 28%, respectively, compared to the ‘cur-
rent policy’ scenario.

Q4 How does climate change affect Hg cycle in the 
ocean?

Globally humans are exposed to MeHg primarily via the 
consumption of seafood. Therefore, the ocean Hg cycle and 
its sensitivity to climate change are of particular importance 
to risk assessment of human health. The Arctic region is 
a hotspot for climate change. The rising temperature and 
increasing riverine input of dissolved organic carbon (DOC) 
have the potential to increase Hg methylation rate (Stern 
et al. 2012). Highly characteristic Hg isotope signatures 
reflect that Hg deposited to the cryosphere during spring 
can reemit back to the atmosphere contributing to the sum-
mer peak of atmospheric Hg concentrations (Araujo et al. 
2022). The Hg export to the Arctic Ocean increases asso-
ciated with enhancing permafrost thaw, glacier melt, and 
coastal erosion due to the warming surface air temperature 
(Chételat et al. 2022). Elemental Hg (Hg0) concentrations 
in the surface ocean might decline related to the enhancing 
air–sea exchange of  Hg0 and a lack of  Hg0 enrichment owing 
to contiguous ice (DiMento et al. 2019). Schartup et al. 
(2020), otherwise, found an increase of mono-methylmer-
cury (MeHg) in sea ice during a regime shift from multi-year 
sea ice to seasonal ice indicating a higher MeHg exposure 
of sea ice-related biota (Schartup et al. 2020). However, the 
overall trends are the result of many competing processes 
and hard to discern at ecosystem levels. For instance, it was 
reported that the reduced sea ice cover in the Bering Sea was 
associated with decreased sea bird egg MeHg levels, indicat-
ing a dominant role of enhanced photodemethylation (Point 
et al. 2011). Lower Hg concentrations were observed in the 
predators with reduced sea ice-based foraging (McKinney 
et al. 2022).

Studies of Hg in the Southern Ocean are scarcer than their 
Arctic counterpart. There is a seasonal variation of mercury 
species in the polar sea ice environment, but the cause is 
still ambiguous including the influence of solar radiation, 
temperature, brine volume, and atmospheric deposition 
(Nerentorp Mastromonaco et al. 2016). Lower gaseous oxi-
dized mercury (GOM) content has been recently found in 
the Antarctic sea ice region, which was attributed to the 
greater uptake by sea salt aerosols (Yue et al. 2021). Despite 
the limited study of the Hg cycle in the Southern Ocean, 
the effect of climate change on the Southern Ocean is prob-
ably distinct compared to that on the Arctic Ocean. Unlike 
its counterpart, sea ice extent in the Southern Ocean has 
been found a slowly increasing trend based on the satellite 
record that began in 1979 (Meehl et al. 2016). Therefore, the 
oceanic Hg cycle in the Southern Ocean affected by climate 
change should be remarkably different.

At a global scale, methylmercury can be biomagnified 
over 7–9 orders of magnitude in fish and marine mammals 
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compared to the seawater concentrations in the marine food 
webs. It was shown that nutrient supply was strongly linked 
to the bioavailability and trophic transfer of MeHg in marine 
ecosystems (Driscoll et al. 2012). Lee and Fisher (2016) 
reported an active uptake of MeHg by phytoplankton cells 
and found that the volume concentration factors (VCF) were 
inversely correlated with the radius of the cells. Schartup 
et al. (2018) carried out a quantitative study of the food 
web dynamics of MeHg involving different trophic levels 
of plankton (e.g., phytoplankton, copepod, and krill) and 
identified DOC, the growth dilution, and grazing rates as key 
factors in MeHg uptake in marine ecosystems. Their subse-
quent study incorporating long-term observation data and 
ecosystem modeling found seawater temperature and die-
tary shifts as important influencing factors (Schartup et al. 
2019). When studying the MeHg bioaccumulation and food 
web dynamics in the global marine plankton ecosystem, 
Zhang et al. (2020) found a competing effect between the 
phytoplankton size and seawater MeHg concentrations on 
phytoplankton MeHg, and the biomagnification from phy-
toplankton to herbivorous zooplankton was determined by 
the zooplankton biomass. Wu et al. (2020, 2021) extended 
the bioaccumulation of MeHg in the plankton food webs to 
more trophic levels and found that trophic dilution occurs 
for food webs involving small zooplankton and that assimila-
tion efficiency was a particularly sensitive factor for MeHg 
biomagnification. They also found a connection between the 
slope of trophic pyramid and MeHg biomagnification.

Although the links between climate change and the 
marine Hg cycle have become increasingly evident (e.g., 
Stern et al. 2012), the net effects remain unclear on the 
global scale, especially because of synergetic and antago-
nistic effects of multiple factors that operate simultaneously 
(Krabbenhoft and Sunderland 2013). The fact that future 
projections of many fundamental marine biogeochemical 
processes such as ocean warming, acidification, productiv-
ity, and export varying between models add another layer of 
uncertainty (Dutkiewicz et al. 2015). As a first step, Zhang 
et al. (2021) used a 3D ocean general circulation model to 
project Hg based on ocean biogeochemical parameters gen-
erated from an Earth System Model. Their results revealed 
large regional variabilities in a changing climate and high-
lighted the importance of plankton community structure. 
Future studies are clearly needed to better parameterize the 
linkage between the Hg cycle and ocean biogeochemistry in 
a changing climate.

Q5 Can Hg isotopic composition be used as a new tool for 
tracing Hg source, transport, and surface exchange in com-
plex and changing environments? To trace the environmental 
recovery and human benefit in future, are there other meth-
ods we could use? How can these methods be integrated 
together to reduce the uncertainties?

Mercury isotopes can undergo mass-dependent fraction-
ation (MDF), as well as odd- and even-mass independent 
fractionation (MIF) in the environment. The MDF of Hg 
isotopes (e.g., δ202Hg signature) can be induced by many 
environmental processes, whereas significant MIF of odd-
mass Hg isotopes (Δ199Hg and Δ201Hg signatures) is mainly 
associated with photochemical redox reactions (Bergquist 
and Blum 2007; Jiskra et al. 2012; Kritee et al. 2009; Rod-
riguez-Gonzalez et al. 2009; Wiederhold et al. 2010; Zheng 
et al. 2007; Zheng and Hintelmann 2009). Measurable even-
Hg MIF anomalies (e.g., Δ200Hg and Δ204Hg signatures) are 
mainly observed in atmospheric samples, with GEM and 
oxidized Hg forms in precipitation, cloud water, air particles, 
and gaseous oxidized mercury (GOM) universally character-
ized by negative and positive Δ200Hg values, respectively 
(Chen et al. 2012; Fu et al. 2021a, 2019b; Washburn et al. 
2021). The mechanisms that induce even-MIF of Hg iso-
topes are related to atmospheric photochemical redox reac-
tions at high altitudes (Chen et al. 2012; Fu et al. 2021a; Sun 
et al. 2016a, 2017).

Mercury stable isotopes are used to track Hg sources and 
transformation processes in environment. GEM, the domi-
nant Hg form in the atmosphere, in remote regions world-
wide is generally characterized by positive δ202Hg values 
(mean of 0.52 ± 0.38‰ with site-specific mean values rang-
ing from − 0.21 to 1.19‰) and negative Δ199Hg (mean of 
− 0.19 ± 0.06‰ with site-specific mean values ranging from 
− 0.29 to − 0.08‰) and Δ200Hg (mean of − 0.06 ± 0.03‰ 
with site-specific mean values ranging from −  0.10 to 
0.00‰) values (Fig. 1; Demers et al. 2013; Fu et al. 2018, 
2019a, 2016b; Kurz et al. 2020; Gratz et al. 2010; Nguyen 
et al. 2021; Enrico et al. 2016). These values are clearly 
distinguishable from those observed in urban areas world-
wide (mean δ202Hg = − 0.54‰, mean Δ199Hg = − 0.04‰, 
mean Δ200Hg = 0.00‰) (Fig. 1; Demers et al. 2015; Fu et al. 
2021b; Xu et al. 2017; Yu et al. 2016). The large variations 
in GEM isotopic compositions in the global atmosphere are 
thought to be caused by a combined effect of anthropogenic 
emissions, foliar uptake, and atmospheric oxidations (Fu 
et al. 2018, 2019a, 2016b). In addition, soil GEM emissions 
are generally characterized by negative and slightly posi-
tive δ202Hg (means = -4.49 to 1.33‰), negative to positive 
Δ199Hg (means = − 0.30 to 0.71‰), and near-zero Δ200Hg 
values, which is thought to have contributed significantly 
to the negative GEM δ202Hg shift in the urban atmosphere 
(Fu et al. 2021b; Zhang et al. 2020; Zhu et al. 2022). On 
the other hand, observations of oxidized Hg forms in the 
atmosphere including GOM, particulate-bound Hg (PBM), 
precipitation, and cloud water Hg showed opposite Hg MIF 
isotopic signatures (e.g., overall positive Δ199Hg (means: 
− 0.12 to 0.83‰) and Δ200Hg (means: 0.02 to 0.14‰) val-
ues) ( Fu et al. 2021a, 2019b; Guo et al. 2021; Kwon et al. 
2020; Qiu et al. 2021; Washburn et al. 2021). It is mainly 
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caused by atmospheric redox reactions in the gas phase and 
in aerosols and cloud droplets ( Fu et al. 2021a; Huang et al. 
2019).

With MIF signatures between GEM and oxidized Hg, it 
has been proposed that dry deposition of GEM constitutes 
a dominant fraction (50–92%) of Hg loading to forests, 
peat bogs, and Arctic tundra ( Enrico et al. 2016; Obrist 
et al. 2017; Wang et al. 2020a, b). Jiskra et al. (2021) 
found that Hg in seawater was probably largely derived 
from the GEM dry deposition. It suggest that the GEM 
dry depositions to the Earth surface are likely underesti-
mated (Enrico et al. 2016; Obrist et al. 2017; Wang et al. 
2020a, b; Jiskra et al. 2021; Fu et al. 2021a). Either GEM 
is more readily removed from the atmosphere than pre-
viously thought, or our understanding of bi-directional 
exchange processes and rates of Hg(0) between the atmos-
phere and the Earth surfaces is incomplete (Holmes et al. 
2010; Horowitz et al. 2017; Jiskra et al. 2021). Mercury 
stable isotopes have been also used to track re-emissions 

of Hg from organic soils and foliage (Jiskra et al. 2015; 
Yuan et al. 2019, 2021). Jiskra et al. (2015) calculated an 
approximately 28% loss of the previously deposited Hg 
in forest soils due to re-emissions in a Northern Sweden 
boreal forest. A recent study in a subtropical evergreen 
forest estimated that the re-emission flux of Hg from for-
est floors exceeded that of gross GEM depositions to for-
est soils, indicating that subtropical forest soils are an net 
sources of GEM (Yuan et al. 2021). Foliage is generally 
regarded as a net sink of GEM (Fu et al. 2016a); however, 
simultaneous re-emissions of Hg from foliage during foliar 
GEM uptake have estimated to be 30% on average to the 
GEM depositions to foliage (Yuan et al. 2019).

Lake sediments in remote areas provide records of his-
torical variations in the atmospheric Hg deposition. Many 
previous studies have observed increased Hg accumulation 
in lake sediments since the industrialization, which is mostly 
likely attributed to the increasing anthropogenic atmospheric 
Hg emissions (Kang et al. 2016; Lepak et al. 2020; Outridge 
et al. 2007; Yin et al. 2016). Interestingly, the increase of 
sedimentary Hg accumulation in most regions is accom-
panied by a positive shift of δ202Hg and Δ199Hg in sedi-
ments, as those compiled by Lee et al. (2021). Currently, 
the mechanisms associated with the continuous increase 
of δ202Hg and Δ199Hg in sediments are not well clear. The 
increase of δ202Hg was proposed to be partly caused by the 
δ202Hg changing patterns of anthropogenic Hg emissions 
(Lee et al. 2021; Lepak et al. 2020), and the δ202Hg values 
of which were estimated to increase since the industrializa-
tion because of the changes of anthropogenic source sectors 
(Sun et al. 2016b). The increase of Δ199Hg was speculated 
to be related to increasing precipitation Hg deposition and 
accelerated photoreduction of Hg(II) in lake waters. Gener-
ally, the historical variations in the sedimentary Hg isotopic 
signatures should reflect isotopic signatures of atmospheric 
Hg deposition, especially under the condition that the lake 
is in a stead state and the input of Hg from the atmosphere 
is considerably large when compared with the Hg inventory 
in the lake (e.g., shallow lakes). Therefore, the sedimentary 
records should probably reflect similar changes in the iso-
topic compositions of atmospheric Hg deposition as those 
observed in lake sediments (Lepak et al. 2020). Numerous 
studies have defined the baseline Hg isotopic signatures 
in sediments before the industrialization (Lee et al. 2021). 
Hence, further studies to compare Hg isotope signatures 
between preindustrial and present-day sediments would help 
to evaluate the recovery of atmospheric Hg depositions and 
emissions.

In addition, Hg isotopes have been used to identify human 
Hg exposure sources and metabolic processes (Laffont et al. 
2009, 2011; Li et al. 2014; Du et al. 2018; Sherman et al. 
2013; Rothenberg et al. 2017). For example, a significant 
MDF of ~ 2‰ for δ202Hg and no MIF between human hair 

Fig. 1  Site-specific mean δ202Hg, Δ199Hg, and Δ200Hg values of 
atmospheric gaseous elemental mercury (GEM), particulate-bound 
mercury (PBM), gaseous oxidized mercury (GOM), and cloud water 
at global sites
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and fish diet have been reported (Laffont et al. 2009, 2011). 
A binary mixing model based on Δ199Hg has been used to 
quantify human exposure from fish and rice consumption 
(Du et al. 2018). However, Hg isotope study on Hg biogeo-
chemical cycle and human Hg exposure can be integrated 
together, which finally evaluate the ecosystem mercury 
recovery and health benefit.

Since Hg isotopes in the atmosphere and the Earth sur-
faces are controlled by many processes, a combination of 
Hg isotopes, Hg mass balance, and Hg cycling approaches 
would improve our understanding of Hg sources and trans-
formation in the environment using Hg isotopes. Several 
studies have already accommodated the stable Hg isotopes in 
the global Hg chemistry and transport models (Sonke 2011; 
Sun et al. 2019; Song et al. 2022). However, the modeling 
results based on published Hg isotope fractionation enrich-
ments factors (the standard model) seem to be inconsist-
ent with the observations, and such a discrepancy is likely 
caused by our incomplete understanding of the fractionation 
of Hg isotopes in the environment and the transport and 
transformation of Hg in different Earth reservoirs (Sun et al. 
2019). Therefore, further studies on isotope compositions of 
natural and anthropogenic Hg emissions and Hg species in 
various Hg reservoirs (e.g., atmosphere, water, soil, biota) as 
well as stable Hg isotope fractionation during environmental 
processes are needed, which will help to improve our under-
standing of Hg cycling in the environment and evaluate the 
effectiveness of Minamata Convention.

Data are adopted from the following: Das et al. 2016; 
Demers et al. 2013; Demers et al. 2015; Enrico et al. 2016; 
Fu et al. 2021b; Fu et al. 2018; Fu et al. 2019a; Fu et al. 
2016b; Fu et al. 2019b; Gratz et al. 2010; Guo et al. 2021; 
Huang et al. 2016; Kurz et al. 2020;  Nguyen et al. 2021; Qiu 
et al. 2021; Rolison et al. 2013; Washburn et al. 2021; Xu 
et al. 2017; Xu et al. 2019; Yu et al. 2016; Zheng et al. 2018.

Future Assessment

Q6 How far away are we from having a process-based inte-
grated global Hg model? How well are these models con-
strained by observational data? How well do these models 
attribute the changes in ecosystem and human beings to the 
change of Hg emissions and release?

The construction of a state-of-the-art integrated global 
Hg model first needs a dynamic and online biogeochemical 
cycling simulation of Hg which couples multiple environ-
mental media. A majority of three-dimensional (3D) models 
have been developed for the simulation of atmospheric Hg, 
including regional models (e.g., CAMx, CMAQ-Hg, STEM-
Hg, WRF-Chem-Hg) and global models (e.g., GEOS-Chem-
Hg, GLEMOS, GRAHM, ECHMERIT). Processes such 
as emission, transport, and deposition of atmospherically 

speciated Hg have been simulated with different horizon-
tal and vertical resolutions in these models. Compared to 
atmospheric Hg, process-based models are limited for the 
simulation of Hg in soils and oceans. Smith-Downey et al. 
(2010) developed a mechanistic global model of soil Hg (i.e., 
GTMM) to simulate global distribution of soil Hg storage 
and emissions. Zhang et al. (2015) developed oceanic Hg 
simulation in the MIT general circulation model (MITgcm) 
to investigate the air–sea exchange of Hg and source contri-
bution of rivers. Importantly, the lifetime of Hg is very dif-
ferent among different environmental media, ranging from 
several months in the atmosphere to millennia in the deep 
ocean and armored soil (Amos et al. 2013). The long lifetime 
of Hg in soils and oceans leads to significant legacy impacts 
of historical Hg activities on present Hg conditions (Amos 
et al. 2013), which may influence ecosystem Hg recovery.

The great differences in lifetime result in difficulties to 
couple existing models to achieve a dynamic simulation of 
biogeochemical Hg cycling among environmental media. 
Off-line boundary conditions are a common practice pres-
ently for the bi-directional exchange processes among envi-
ronmental media (Horowitz et al. 2017; Shah et al. 2021). 
However, this practice restricts the evaluation of the legacy 
impacts of historical Hg activities on present Hg conditions 
and the subsequent assessment of ecosystem Hg recovery. 
Thus, a dynamic online biogeochemical cycling simula-
tion of Hg which couples multiple environmental media is 
urgently needed. The modeling representation of biogeo-
chemical Hg cycling in Earth system models (e.g., CESM) 
may be an alternative approach in future studies. The Earth 
system models couple the components of the atmosphere, 
land surface, ocean, and sea ice in a changing climate (Leh-
ner et al. 2015; Wieder et al. 2021), and these components 
are to be coupled without resorting to any “flux adjust-
ments.” Meanwhile, long-term simulation can be conducted 
in these models accounting for the legacy impacts of trace 
elements, and the simulation of Earth’s future climate states 
allows the assessment of ecosystem Hg recovery in a chang-
ing climate.

The construction of a fully coupled Hg simulation in 
Earth system models requires accurate representations of 
key processes at the interface among different environmental 
media, such as air–sea exchange, air–foliage exchange and 
air–soil exchange. Air–sea fluxes of GEM are observed by 
flux chambers (Floreani et al. 2019; Gardfeldt et al. 2001) 
and simulated by micrometeorological methods (Nightin-
gale et al. 2000; Soerensen et al. 2010; Osterwalder et al. 
2021), indicating low invasion of elemental Hg. However, 
high invasion of elemental Hg is confirmed by isotopic 
evidence in a recent study (Jiskra et al. 2021). The contro-
versy indicates our knowledge gap on the air–sea exchange 
of Hg. Foliage-induced dry deposition of elemental Hg is 
simulated by the resistance-in-series model, accounting for 
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aerodynamic, quasilaminar, stomatal, in-canopy aerody-
namic, ground, and cuticular resistances (Selin et al. 2008; 
Wesely 1989; Wright and Zhang 2015). However, higher 
stomatal resistances of elemental Hg (uptake of elemental 
Hg by foliage) have been confirmed by recent studies (Jiskra 
et al. 2018; Zhou et al. 2021), suggesting the improvement of 
the representation of stomatal resistances in the resistance-
in-series model.

Besides the dynamic biogeochemical cycling simulation 
in Earth’s system models, a state-of-the-art integrated model 
should also involve food web models and assessment models 
of human exposure risk. With the help of these models, the 
integrated model can attribute the changes in human expo-
sure to the changes of Hg emissions and releases. Several 
studies have coupled atmospheric models to assessment 
models of human exposure risk to investigate the relation-
ship (Chen et al. 2019; Giang and Selin 2016; Zhang et al. 
2017). However, the lack of food web models in the stud-
ies led to ineluctable uncertainties of their results. Zhang 
et al. (2021) improved the model framework by introduc-
ing a 3D oceanic Hg simulation and a low-level food web 
along with coupled atmospheric and terrestrial simulation to 
investigate the impacts of future emission changes on human 
health. Modeling Hg cycling in comprehensive and system-
atic food webs has been still deficient, which hampers the 
accurate assessment of human exposure risk and the con-
striction of an integrated model. In addition, uncertainties 
still exist for Hg-related health impact assessments. Besides 
fetal IQ loss and adult myocardial infarction which possess 
dose–response relationships based on epidemiological sur-
veys, other health problems such as metabolic syndrome 
(Zhang et al. 2020), hearing impairment (Hemmativaghef 
2020), and immunotoxin impairments (Abu Zeid et  al. 

2021) are revealed to be associated with Hg exposure. How-
ever, these health impacts have still lacked dose–response 
relationships. The consideration of comprehensive health 
impacts is needed for the state-of-the-art integrated model.

A state-of-the-art integrated model should be constrained 
by various types of observations which are conducted in a 
long-term period. The types include atmosphere, soil, ocean, 
vegetation, sediment, biota, etc. In fact, Hg in various types 
of samples has been measured in numerous studies (UNEP 
2019). However, the combination of the various types of 
observations and associated effectiveness has not been eval-
uated in an integrated model framework. Meanwhile, long-
term observations are of much importance accounting for 
the legacy impacts of Hg in soils and oceans, which assists 
the integrated model to assess the ecosystem Hg recovery.

Q7 How do different social-economic pathways and miti-
gation options affect the ecosystem and human health?

There is no linear relationship between regulatory activi-
ties and changes of human exposure to Hg, as best demon-
strated by case studies in the Arctic and elsewhere (UNEP 
2019). One way to quantify the relationship between regu-
latory activities and changes of human Hg exposure is to 
integrate Earth model with social-economic system, which 
requires the full sequence information all the way through 
regulatory activities, emission projection, environmental 
transport and inter-compartmental migration, and mercury 
bioaccumulation, to human exposure and health (Fig. 2). A 
recently published analysis of Hg concentrations in blood 
and urine samples of pregnant women and children in the 
United States collected during 1999–2016 shows an increase 
in organic Hg (So et al. 2021), although Hg mitigation and 
adaption measures have been taken in the United States in 
the past decades and atmospheric Hg concentrations have 

Fig. 2  Roadmap of regulatory 
activities and ecosystem recov-
ery and human Hg exposure
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kept decreasing (Zhang et al. 2016). Thus, we can expect 
that even substantial anthropogenic Hg emission reduction 
can result in low abatements or increase of Hg in ecosystem 
or human beings if the background Hg concentrations in 
atmosphere and global ocean are not stabilized (Wang et al. 
2019). The scientific community has pointed out that aggres-
sive regulatory activities should be taken as soon as possible 
to stabilize Hg cycle and to lower the adverse impact of 
climate change on human health (Amos et al. 2013; Angot 
et al. 2018; Krabbenhoft and Sunderland 2013; Wang et al. 
2010, 2019).

However, future emission trajectories are highly uncertain 
and depend on changes both in the global social-economic 
pathways and in the mitigation options. National commit-
ments under the Paris Agreement on climate change will 
also interact with the Minamata Convention on Mercury. 
Actions to reduce  CO2 emissions including the improve-
ment of efficiency of energy production and usage and fos-
sil fuels substitution with renewable sources are likely to 
have a positive impact on the reduction of anthropogenic 
Hg emissions (Pacyna et al. 2016; Streets et al. 2009; Wang 
et al. 2012). Several studies have projected global or regional 
atmospheric Hg emissions (Chakraborty et al. 2013; Mul-
vaney et al. 2020; Pacyna et al. 2016; Rafaj et al. 2013; 
Streets et al. 2009; Wu et al. 2018a, 2018b). Although the 
scenario assumptions on activity level and technology pene-
tration vary across these studies, the differences in results are 
mainly caused by the assumptions on the degree of control 
technologies and the projected activity levels output from 
existing models such as the energy-related model. Therefore, 
the impact from the drivers of the social-economic pathways 
(e.g., detailed energy technologies, secondary metal produc-
tion) on the Hg emissions is scarcely analyzed.

Moreover, the global social-economic pathways and 
mitigation options will also impact the relative emissions 
of different Hg species (Rafaj et al. 2013; Wu et al. 2018a), 
which is important for modeling the Hg behaviors in the 
environment. Future Hg speciation profiles are very sensitive 
to Hg sources, combustion and production conditions, and 
penetration technologies. In future, the detailed point source 
information collected by parties will aid to the determination 
of Hg speciation profiles. However, the uncertainty of new 
technologies on Hg behaviors in sources and their penetra-
tion situation will challenge the projection of speciated Hg 
emissions.

Recent advances on Hg flow studies indicate secondary 
anthropogenic Hg emissions and Hg releases to water and 
soil due to the use of wastes contaminated by Hg (Hui et al. 
2017; Ouyang et al. 2021; Sundseth et al. 2012; Wu et al. 
2015, 2016). Reducing the use of fossil fuel and promoting 
the waste safe disposal will promote the search of energy and 
resources from wastes. It is quite possible that Hg embodied 
in the historical waste streams will be activated and new 

sources will be embodied (Chakraborty et al. 2013). Besides, 
with the control of convention-related emission sources, 
the sectoral distribution of Hg emissions will be changed in 
future (Streets et al. 2009). Moreover, Hg control technol-
ogy cannot eliminate Hg from the anthropogenic activities 
unless it is sealed or emitted/released to the environment. 
Therefore, it is easy for Hg to flow from one medium to 
another medium and the countermeasures sometimes con-
flict. Therefore, it is urgent to switch single medium Hg 
emission control to cross-media and cross-industries Hg 
flow management globally. In future, the impact of different 
social-economic pathways and mitigation options on global 
Hg flows requires future studies to provide whole-process 
control strategies.

Perspective and Recommendation

In this paper, we synthesized research progresses with 
respect to 7 scientific issues on ecosystem Hg recovery and 
health benefit under the Minamata Convention on Mercury 
in a changing climate. Declines of atmospheric Hg con-
centrations in Europe and North America can be clearly 
attributed to the decline of anthropogenic Hg emissions, 
whereas atmospheric Hg trends in China are more complex 
but generally agree with emission trends. The Hg concen-
trations in aquatic biota mostly decreased since the 1970s 
in North America, North Europe, and Arctic. However, 
significant increases were observed over recent decades in 
North America and the Arctic. Data on human exposure 
are severely lacking, with limited data showing significant 
declines from 1966 to 2015. It is difficult to set the “back-
ground” or “safe” Hg concentrations in environmental and 
biota matrixes. Biomonitoring in multiple species in differ-
ent regions of the world is needed to evaluate the effective-
ness of the Minamata Convention.

Large uncertainties exist with respect to the fluxes of 
natural emissions from geogenic activities and re-emissions 
of legacy Hg stored in the terrestrial surfaces. Glaciers, sea-
sonal snow cover, permafrost, and sea/lake ice will contin-
ually liberate legacy Hg into the atmosphere and aquatic 
environments in a warming climate. The reduction in human 
and wildlife MeHg exposure can be ultimately achieved by 
reducing anthropogenic emissions; however, the former is 
expected to significantly lag behind the latter. Global bio-
geochemical cycling of Hg will be affected by rapid climate 
change, which remains a major uncertainty when evaluating 
the effectiveness of regulatory activities.

The combination of Hg isotopes, Hg mass balance, and 
Hg cycling approaches will improve the understanding of 
Hg sources and transformation in the environment. It is 
critical for identification of legacy Hg sources to decipher 
signals due to policy changes versus natural variations. The 
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construction of a state-of-the-art integrated Earth system 
model requires accurate understanding of key processes at 
the interface among different environmental media, which 
should also involve in food web model and assessment 
models of human exposure risk. To quantify the relation-
ship between regulatory activities and changes of human Hg 
exposure, it is needed to integrate Earth system model with 
social-economic system, which requires the full sequence 
information of global biogeochemical cycle of Hg. However, 
future emission trajectories are highly uncertain and depend 
on changes both in the global social-economic pathways 
and in the  mitigation options, such as the impacts from the 
Paris Agreement on climate change. The impact of different 
social-economic pathways and mitigation options on global 
Hg flows requires future studies to provide whole-process 
control strategies.

Systematic studies on global biogeochemical cycle of Hg 
(anthropogenic and natural emission, environmental trans-
port and migration, Hg bioaccumulation, human exposure, 
and health effects) are urgently needed. Major factors/pro-
cesses affecting ecosystem Hg recovery and human health 
such as natural re-emissions and climate changes should be 
better understood. A variety of new methods such as Hg 
stable isotopes, integrated Earth system models, and social-
economic system should be coupled to attribute the changes 
in ecosystem recovery and human health benefits to the 
change of Hg emissions and releases and to evaluate the 
effectiveness of the Minamata Convention.

Acknowledgements This study was funded by the Strategic Pri-
ority Research Programs of the Chinese Academy of Sciences, the 
Pan-Third Pole Environment Study for a Green Silk Road (Pan-TPE, 
XDA2004050201), the National Natural Science Foundation of 
China (22222604), Frontiers Science Center for Critical Earth Mate-
rial Cycling (14380188), the CAS Interdisciplinary Innovation Team 
(JCTD-2020-20), and the Canada Research Chairs program.

Funding Funding was provided by Chinese Academy of Sciences 
(XDA2004050201), National Natural Science Foundation of China 
(22222604), Frontiers Science Center for Critical Earth Material 
Cycling (14380188), CAS Interdisciplinary Innovation Team (JCTD-
2020-20), and Canada Research Chairs

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

References

Abu Zeid EH, Khalifa BA, Said EN, Arisha AH, Reda RM (2021) Neu-
robehavioral and immune-toxic impairments induced by organic 

methyl mercury dietary exposure in Nile tilapia Oreochromis 
niloticus. Aquat Toxicol 230:105702

Agnan Y, Le Dantec T, Moore CW, Edwards GC, Obrist D (2016) New 
constraints on terrestrial surface atmosphere fluxes of gaseous 
elemental mercury using a global database. Environ Sci Technol 
50:507–524

Akerblom S, Bignert A, Meili M, Sonesten L, Sundbom M (2014) Half 
a century of changing mercury levels in Swedish freshwater fish. 
Ambio 43:91–103

AMAP/UNEP (2008) Mercury fate and transport in the global atmos-
phere: measurements, models and policy implications. AMAP/
UNEP.

AMAP/UNEP (2019) Technical background report for the global 
mercury assessment. In: Arctic Monitoring and Assessment 
Programme and United Nations Environment Programme (Ed.). 
AMAP/UNEP, Geneva, Switzerland.

Amos HM, Jacob DJ, Streets DG, Sunderland EM (2013) Legacy 
impacts of all-time anthropogenic emissions on the global mer-
cury cycle. Global Biogeochem Cycles 27:410–421

Angot H, Hoffman N, Giang A, Thackray CP, Hendricks AN, Urban 
NR, Selin NE (2018) Global and local impacts of delayed mer-
cury mitigation efforts. Environ Sci Technol 52:12968–12977

Araujo BF, Osterwalder S, Szponar N, Lee D, Petrova MV, Pernov 
JB et al (2022) Mercury isotope evidence for Arctic summer-
time re-emission of mercury from the cryosphere. Nat Commun 
13(1):4956

Babu SR, Nguyen L, Sheu GR et al (2022) Long-range transport of La 
Soufriere volcanic plume to the western North Pacific: influence 
on atmospheric mercury and aerosol properties. Atmos Environ 
268:118806

Bagnato E, Aiuppa A, Parello F, Calabrese S, D’Alessandro W, Mather 
TA, McGonigle AJS, Pyle DM, Wängberg I (2007) Degassing 
of gaseous (elemental and reactive) and particulate mercury 
from Mount Etna volcano (Southern Italy). Atmos Environ 
41:7377–7388

Bergquist BA, Blum JD (2007) Mass-dependent and -independent frac-
tionation of Hg isotopes by photoreduction in aquatic systems. 
Science 318:417–420

Blanchfield P, Rudd J, Hrenchuk L, Amyot M, Babiarz C, Beaty K, 
Bodaly D, Branfireun B, Gilmour C, Graydon J, Hall B, Harris 
R, Heyes A, Hintelmann H, Hurley J, Kelly C, Krabbenhoft D, 
Lindberg S, Mason R, Paterson M, Podemski C, Sandilands K, 
Southworth G, St Louis V, Tate L, Tate M (2022) Experimental 
evidence for recovery of mercury-contaminated fish populations. 
Nature 601(7891):74–78

Blukacz-Richards EA, Visha A, Graham ML, McGoldrick DL, de Solla 
SR, Moore DJ, Arhonditsis GB (2017) Mercury levels in herring 
gulls and fish: 42 years of spatio-temporal trends in the Great 
Lakes. Chemosphere 172:476–487

Braaten H, Åkerblom S, deWit H, Skotte G, Rask M, Vuorenmaa J 
et al (2017) Spatial and temporal trends of mercury in freshwater 
fish in Fennoscandia (1965–2015). Norwegian Institute for Water 
Research, Oslo, p 70

Carpi A, Lindberg SE (1998) Application of a Teflon (TM) dynamic 
flux chamber for quantifying soil mercury flux: tests and results 
over background soil. Atmos Environ 32:873–882

Chakraborty LB, Qureshi A, Vadenbo C, Hellweg S (2013) Anthropo-
genic mercury flows in India and impacts of emission controls. 
Environ Sci Technol 47:8105–8113

Chellman N, McConnell J, Arienzo M, Pederson G, Aarons S, Csank A 
(2017) Reassessment of the upper fremont glacier ice-core chro-
nologies by synchronizing of ice-core-water isotopes to a nearby 
tree-ring chronology. Environ Sci Technol 51(8):4230–4238

Chen JB, Hintelmann H, Feng XB, Dimock B (2012) Unusual fraction-
ation of both odd and even mercury isotopes in precipitation from 
Peterborough, ON, Canada. Geochim Cosmochim Acta 90:33–46



Reviews of Environmental Contamination and Toxicology          (2022) 260:15  

1 3

Page 13 of 17    15 

Chen L, Zhang Y, Jacob D, Soerensen A, Fisher J, Horowitz H, Cor-
bitt E, Wang X (2015) A decline in Arctic Ocean mercury sug-
gested by differences in decadal trends of atmospheric mercury 
between the Arctic and northern midlatitudes. Geophys Research 
Lett 42(14):6076–6083

Chen L, Liang S, Liu M, Yi Y, Mi Z, Zhang Y, Li Y, Qi J, Meng J, 
Tang X, Zhang H, Tong Y, Zhang W, Wang X, Shu J, Yang Z 
(2019) Trans-provincial health impacts of atmospheric mercury 
emissions in China. Nat Commun 10.

Chételat J, McKinney MA, Amyot M, Dastoor A, Douglas TA, Heim-
bürger-Boavida LE et al (2022) Climate change and mercury in 
the Arctic: abiotic interactions. Sci Total Environ 824:153715

Das R, Wang XF, Khezri B, Webster RD, Sikdar PK, Datta S (2016) 
Mercury isotopes of atmospheric particle bound mercury for 
source apportionment study in urban Kolkata, India. Elementa-
Sci Anthrop 4:1–12

De Simone F, Cinnirella S, Gencarelli CN, Yang X, Hedgecock IM, 
Pirrone N (2015) Model study of global mercury deposition from 
biomass burning. Environ Sci Technol 49:6712–6721

Demers JD, Blum JD, Zak DR (2013) Mercury isotopes in a for-
ested ecosystem: implications for air-surface exchange dynam-
ics and the global mercury cycle. Global Biogeochem Cycles 
27:222–238

Demers JD, Sherman LS, Blum JD, Marsik FJ, Dvonch JT (2015) Cou-
pling atmospheric mercury isotope ratios and meteorology to 
identify sources of mercury impacting a coastal urban-industrial 
region near Pensacola, Florida, USA. Global Biogeochem Cycles 
29:1689–1705

DiMento BP, Mason RP, Brooks S, Moore C (2019) The impact of 
sea ice on the air-sea exchange of mercury in the Arctic Ocean. 
Deep-Sea Res Pt I 144:28–38

Douglas TA, Loseto LL, Macdonald RW, Outridge P, Dommergue A, 
Poulain A, Amyot M, Barkay T, Berg T, Chetelat J, Constant P, 
Evans M, Ferrari C, Gantner N, Johnson MS, Kirk J, Kroer N, 
Larose C, Lean D, Nielsen TG, Poissant L, Rognerud S, Skov H, 
Sorensen S, Wang FY, Wilson S, Zdanowicz CM (2012) The fate 
of mercury in Arctic terrestrial and aquatic ecosystems, a review. 
Environ Chem 9:321–355

Driscoll C, Chen C, Hammerschmidt C, Mason R, Gilmour C, Sunder-
land E, Greenfield B, Buckman K, Lamborg C (2012) Nutrient 
supply and mercury dynamics in marine ecosystems: a concep-
tual model. Environ Res 119:118–131

Du B, Feng X, Li P, Yin R, Yu B, Sonke JE, Guinot B, Anderson C, 
Maurice L (2018) Use of mercury isotopes to quantify mercury 
exposure sources in inland populations, China. Environ Sci Tech-
nol 52(9):5407–5416

Durnford D, Dastoor A (2011) The behavior of mercury in the cryo-
sphere: a review of what we know from observations. J Geophys 
Res 116.

Dutkiewicz S, Morris J, Follows M, Scott J, Levitan O, Dyhrman S, 
Berman-Frank I (2015) Impact of ocean acidification on the 
structure of future phytoplankton communities. Nat Clim Chang 
5(11):1002–1006

Eagles-Smith CA, Ackerman JT, Willacker JJ, Tate MT, Lutz MA, 
Fleck JA, Stewart AR, Wiener JG, Evers DC, Lepak JM, Davis 
JA, Pritz CF (2016) Spatial and temporal patterns of mercury 
concentrations in freshwater fish across the Western United 
States and Canada. Sci Total Environ 568:1171–1184

Edwards BA, Kushner DS, Outridge PM, Wang F (2021) Fifty years of 
volcanic mercury emission research: knowledge gaps and future 
directions. Sci Total Environ 757:143800

Enrico M, Le Roux G, Marusczak N, Heimburger LE, Claustres A, Fu 
XW, Sun RY, Sonke JE (2016) Atmospheric mercury transfer to 
peat bogs dominated by gaseous elemental mercury dry deposi-
tion. Environ Sci Technol 50:2405–2412

Feng X, Li P, Fu X, Wang X, Zhang H, Lin C (2022) Mercury pollution 
in China: implications on implementation of Minamata conven-
tion. Environ Sci Processes Impacts 24:634–648

Floreani F, Acquavita A, Petranich E, Covelli S (2019) Diurnal fluxes 
of gaseous elemental mercury from the water-air interface in 
coastal environments of the northern Adriatic Sea. Sci Total 
Environ 668:925–935

Friedli HR, Radke LF, Lu JY (2001) Mercury in smoke from biomass 
fires. Geophys Res Lett 28:3223–3226

Friedli HR, Arellano AF, Cinnirella S, Pirrone N (2009) Initial esti-
mates of mercury emissions to the atmosphere from global bio-
mass burning. Environ Sci Technol 43:3507–3513

Fu X, Zhu W, Zhang H, Sommar J, Yu B, Yang X, Wang X, Lin CJ, 
Feng X (2016a) Depletion of atmospheric gaseous elemental 
mercury by plant uptake at Mt. Changbai, Northeast China. 
Atmos Chem Phys 16:12861–12873

Fu XW, Marusczak N, Wang X, Gheusi F, Sonke JE (2016b) Isotopic 
composition of gaseous elemental mercury in the free tropo-
sphere of the Pic du Midi Observatory, France. Environ Sci 
Technol 50:5641–5650

Fu X, Yang X, Tan Q, Ming L, Lin T, Lin C-J, Li X, Feng X (2018) 
Isotopic composition of gaseous elemental mercury in the marine 
boundary layer of East China Sea. J Geophys Res 123:7656–7669

Fu X, Zhang H, Liu C, Zhang H, Lin C-J, Feng X (2019a) Sig-
nificant seasonal variations in isotopic composition of atmos-
pheric total gaseous mercury at forest sites in China caused 
by vegetation and mercury sources. Environ Sci Technol 
53:13748–13756

Fu XW, Zhang H, Feng XB, Tan QY, Ming LL, Liu C, Zhang LM 
(2019b) Domestic and transboundary sources of atmospheric 
particulate bound mercury in remote areas of China: evidence 
from mercury isotopes. Environ Sci Technol 53:1947–1957

Fu X, Jiskra M, Yang X, Marusczak N, Enrico M, Chmeleff J, Heim-
bürger-Boavida L-E, Gheusi F, Sonke JE (2021a) Mass-inde-
pendent fractionation of even and odd mercury isotopes dur-
ing atmospheric mercury redox reactions. Environ Sci Technol 
55:10164–10174

Fu X, Liu C, Zhang H, Xu Y, Zhang H, Li J, Lyu X, Zhang G, Guo 
H, Wang X, Zhang L, Feng X (2021b) Isotopic compositions 
of atmospheric total gaseous mercury in 10 Chinese cities and 
implications for land surface emissions. Atmos Chem Phys 
21:6721–6734

Garcia E, Carignan R (2005) Mercury concentrations in fish from 
forest harvesting and fire-impacted Canadian boreal lakes com-
pared using stable isotopes of nitrogen. Environ Toxicol Chem 
24:685–693

Gardfeldt K, Feng XB, Sommar J, Lindqvist O (2001) Total gaseous 
mercury exchange between air and water at river and sea surfaces 
in Swedish coastal regions. Atmos Environ 35:3027–3038

Giang A, Selin NE (2016) Benefits of mercury controls for the United 
States. Proc Natl Acad Sci USA 113:286–291

Gratz LE, Keeler GJ, Blum JD, Sherman LS (2010) Isotopic composi-
tion and fractionation of mercury in Great Lakes precipitation 
and ambient air. Environ Sci Technol 44:7764–7770

Guo J, Sharma CM, Tripathee L, Kang S, Fu X, Huang J, Shrestha 
KL, Chen P (2021) Source identification of atmospheric particle-
bound mercury in the Himalayan foothills through non-isotopic 
and isotope analyses. Environ Pollut 286:117317

Gustin MS, Lindberg SE, Weisberg PJ (2008) An update on the natu-
ral sources and sinks of atmospheric mercury. Appl Geochem 
23:482–493

Hammerschmidt CR, Fitzgerald WF (2006) Methylmercury in fresh-
water fish linked to atmospheric mercury deposition. Environ Sci 
Technol 40:7764–7770

Hansen KM, Christensen JH, Brandt J (2015) The influence of cli-
mate change on atmospheric deposition of mercury in the 



 Reviews of Environmental Contamination and Toxicology          (2022) 260:15 

1 3

   15  Page 14 of 17

Arctic—a model sensitivity study. Int J Environ Res Pub He 
12:11254–11268

Harris R, Rudd J, Amyot M, Babiarz C, Beaty K, Blanchfield P, Bodaly 
R, Branfireun B, Gilmour C, Graydon J, Heyes A, Hintelmann H, 
Hurley J, Kelly C, Krabbenhoft D, Lindberg S, Mason R, Pater-
son M, Podemski C, Robinson A, Sandilands K, Southworth G, 
St Louis V, Tate M (2007) Whole-ecosystem study shows rapid 
fish-mercury response to changes in mercury deposition. Proc 
Natl Acad Sci USA 104(42):16586–16591

Hawkings JR, Linhoff BS, Wadham JL, Stibal M, Lamborg CH, Car-
ling GT, Lamarche-Gagnon G, Kohler TJ, Ward R, Hendry KR, 
Falteisek L, Kellerman AM, Cameron KA, Hatton JE, Tingey S, 
Holt AD, Vinsova P, Hofer S, Bulinova M, Vetrovsky T, Meire L, 
Spencer RGM (2021) Large subglacial source of mercury from 
the southwestern margin of the Greenland Ice Sheet. Nat Geosci 
14:496

Hemmativaghef E (2020) Exposure to lead, mercury, styrene, and 
toluene and hearing impairment: evaluation of dose-response 
relationships, regulations, and controls. J Occup Environ Hyg 
17:574–597

Holmes CD, Jacob DJ, Corbitt ES, Mao J, Yang X, Talbot R, Slemr 
F (2010) Global atmospheric model for mercury including oxi-
dation by bromine atoms. Atmos Chem Phys 10:12037–12057

Horowitz HM, Jacob DJ, Amos HM, Streets DG, Sunderland EM 
(2014) Historical mercury releases from commercial prod-
ucts: global environmental implications. Environ Sci Technol 
48:10242–10250

Horowitz HM, Jacob DJ, Zhang Y, Dibble TS, Slemr F, Amos HM, 
Schmidt JA, Corbitt ES, Marais EA, Sunderland EM (2017) 
A new mechanism for atmospheric mercury redox chemistry: 
implications for the global mercury budget. Atmos Chem Phys 
17:6353–6371

Huang Y, Wu S, Kaplan JO (2015) Sensitivity of global wildfire occur-
rences to various factors in the context of global change. Atmos 
Environ 121:86–92

Huang Q, Chen JB, Huang WL, Fu PQ, Guinot B, Feng XB, Shang LH, 
Wang ZH, Wang ZW, Yuan SL, Cai HM, Wei LF, Yu B (2016) 
Isotopic composition for source identification of mercury in 
atmospheric fine particles. Atmos Chem Phys 16:11773–11786

Huang Q, Chen JB, Huang WL, Reinfelder JR, Fu PQ, Yuan SL, Wang 
ZW, Yuan W, Cai HM, Ren H, Sun YL, He L (2019) Diel vari-
ation in mercury stable isotope ratios records photoreduction of 
PM2.5-bound mercury. Atmos Chem Phys 19:315–325

Hui ML, Wu QR, Wang SX, Liang S, Zhang L, Wang FY, Lenzen M, 
Wang YF, Xu LX, Lin ZT, Yang H, Lin Y, Larssen T, Xu M, Hao 
JM (2017) Mercury flows in China and global drivers. Environ 
Sci Technol 51:222–231

Jiskra M, Wiederhold JG, Bourdon B, Kretzschmar R (2012) Solution 
speciation controls mercury isotope fractionation of Hg(II) sorp-
tion to goethite. Environ Sci Technol 46:6654–6662

Jiskra M, Wiederhold JG, Skyllberg U, Kronberg RM, Hajdas I, 
Kretzschmar R (2015) Mercury deposition and re-emission 
pathways in boreal forest soils investigated with Hg isotope sig-
natures. Environ Sci Technol 49:7188–7196

Jiskra M, Sonke JE, Obrist D, Bieser J, Ebinghaus R, Myhre CL, 
Pfaffhuber KA, Wangberg I, Kyllonen K, Worthy D, Martin 
LG, Labuschagne C, Mkololo T, Ramonet M, Magand O, Dom-
mergue A (2018) A vegetation control on seasonal variations in 
global atmospheric mercury concentrations. Nat Geosci 11:244

Jiskra M, Heimburger-Boavida L-E, Desgranges M-M, Petrova MV, 
Dufour A, Ferreira-Araujo B, Masbou J, Chmeleff J, Thyssen 
M, Point D, Sonke JE (2021) Mercury stable isotopes constrain 
atmospheric sources to the ocean. Nature 597:678

Kang SC, Huang J, Wang FY, Zhang QG, Zhang YL, Li CL, Wang 
L, Chen PF, Sharma CM, Li Q, Sillanpaa M, Hou JZ, Xu BQ, 
Guo JM (2016) Atmospheric mercury depositional chronology 

reconstructed from lake sediments and ice core in the Himalayas 
and Tibetan Plateau. Environ Sci Technol 50:2859–2869

Kelly EN, Schindler DW, St Louis VL, Donald DB, Vlaclicka KE 
(2006) Forest fire increases mercury accumulation by fishes via 
food web restructuring and increased mercury inputs. Proc Natl 
Acad Sci USA 103:19380–19385

Krabbenhoft DP, Sunderland EM (2013) Global change and mercury. 
Science 341:1457–1458

Kritee K, Barkay T, Blum JD (2009) Mass dependent stable isotope 
fractionation of mercury during mer mediated microbial deg-
radation of monomethylmercury. Geochim Cosmochim Acc 
73:1285–1296

Kumar A, Wu S (2019) Mercury pollution in the Arctic from wild-
fires: source attribution for the 2000s. Environ Sci Technol 
53:11269–11275

Kumar A, Wu S, Huang Y, Liao H, Kaplan JO (2018) Mercury from 
wildfires: global emission inventories and sensitivity to 2000–
2050 global change. Atmos Environ 173:6–15

Kurz AY, Blum JD, Gratz LE, Jaffe DA (2020) Contrasting controls on 
the diel isotopic variation of hg-0 at two high elevation sites in 
the Western United States. Environ Sci Technol 54:10502–10513

Kwon SY, Blum JD, Yin R, Tsui MTK, Yang YH, Choi JW (2020) 
Mercury stable isotopes for monitoring the effectiveness of the 
Minamata Convention on Mercury. Earth-Sci Rev 203:103111

Laffont L, Sonke JE, Maurice L, Hintelmann H, Pouilly M, Bacar-
reza YS, Perez T, Behra P (2009) Anomalous mercury isotopic 
compositions of fish and human hair in the Bolivian Amazon. 
Environ Sci Technol 43(23):8985–8990

Laffont L, Sonke JE, Maurice L, Monrroy SL, Chincheros J, Amour-
oux D, Behra P (2011) Hg speciation and stable isotope sig-
natures in human hair as a tracer for dietary and occupational 
exposure to mercury. Environ Sci Technol 45(23):9910–9916

Lee C, Fisher N (2016) Methylmercury uptake by diverse marine phy-
toplankton. Limnol Oceanogr 61(5):1626–1639

Lee JH, Kwon SY, Yin R, Motta LC, Kurz AY, Nam S-I (2021) 
Spatiotemporal characterization of mercury isotope baselines 
and anthropogenic influences in lake sediment cores. Global 
Biogeochem Cy. 35:e2020GB006904.

Lehner F, Joos F, Raible CC, Mignot J, Born A, Keller KM, Stocker 
TF (2015) Climate and carbon cycle dynamics in a CESM 
simulation from 850 to 2100 CE. Earth Syst Dynam 6:411–434

Lei H, Wuebbles D, Liang X, Tao Z, Olsen S, Artz R, Ren X, Cohen 
M (2014) Projections of atmospheric mercury levels and their 
effect on air quality in the United States. Atmos Chem Phys 
14(2):783–795

Lepak RF, Janssen SE, Engstrom DR, Krabbenhoft DP, Tate MT, Yin 
R, Fitzgerald WF, Nagorski SA, Hurley JP (2020) Resolving 
atmospheric mercury loading and source trends from isotopic 
records of remote North American lake sediments. Environ Sci 
Technol 54:9325–9333

Li M, Sherman LS, Blum JD, Grandjean P, Mikkelsen B, Weihe P, 
Sunderland EM, Shine JP (2014) Assessing sources of human 
methylmercury exposure using stable mercury isotopes. Envi-
ron Sci Technol 48(15):8800–8806

Lim A, Jiskra M, Sonke J, Loiko S, Kosykh N, Pokrovsky O (2020) 
A revised northern soil Hg pool, based on western Siberia 
permafrost peat Hg and carbon observations. Biogeosciences 
17:3083–3097

Lindberg S, Bullock R, Ebinghaus R, Engstrom D, Feng XB, Fitzger-
ald W, Pirrone N, Prestbo E, Seigneur C (2007) A synthesis of 
progress and uncertainties in attributing the sources of mercury 
in deposition. Ambio 36:19–32

Liu K, Wu Q, Wang L, Wang S, Liu T, Ding D, Tang Y, Li G, Tian H, 
Duan L, Wang X, Fu X, Feng X, Hao J (2019) Measure-specific 
effectiveness of air pollution control on China’s atmospheric 



Reviews of Environmental Contamination and Toxicology          (2022) 260:15  

1 3

Page 15 of 17    15 

mercury concentration and deposition during 2013–2017. Envi-
ron Sci Technol 53(15):8938–8946

Lyman S, Cheng I, Gratz LE, Weiss-Penzias P, Zhang L (2020) An 
updated review of atmospheric mercury. Sci Total Environ 
707:135575

McKinney MA, Chételat J, Burke SM et al (2022) Climate change 
and mercury in the Arctic: Biotic interactions. Sci Total Envi-
ron 834:155221

Meehl GA, Arblaster JM, Bitz CM, Chung CTY, Teng H (2016) 
Antarctic sea-ice expansion between 2000 and 2014 driven 
by tropical Pacific decadal climate variability. Nat Geosci 
9(8):590–595

Mergler D (2021) Ecosystem approaches to mercury and human 
health: a way toward the future. Ambio 50:527–531

Mulvaney KM, Selin NE, Giang A, Muntean M, Li CT, Zhang D, 
Angot H, Thackray CP, Karplus VJ (2020) Mercury benefits 
of climate policy in China: addressing the Paris agreement and 
the Minamata convention simultaneously. Environ Sci Technol 
54:1326–1335

Nerentorp Mastromonaco M, Gårdfeldt K, Jourdain B et al (2016) 
Antarctic winter mercury and ozone depletion events over sea 
ice. Atmos Environ 129:125–132

Nguyen LSP, Sheu GR, Fu XW, Feng XB, Lin NH (2021) Isotopic 
composition of total gaseous mercury at a high-altitude tropical 
forest site influenced by air masses from the East Asia conti-
nent and the Pacific Ocean. Atmos Environ 246.

Nightingale PD, Malin G, Law CS, Watson AJ, Liss PS, Liddicoat 
MI, Boutin J, Upstill-Goddard RC (2000) In situ evaluation of 
air-sea gas exchange parameterizations using novel conserva-
tive and volatile tracers. Global Biogeochem Cy 14:373–387

Obrist D, Agnan Y, Jiskra M, Olson CL, Colegrove DP, Hueber 
J, Moore CW, Sonke JE, Helmig D (2017) Tundra uptake of 
atmospheric elemental mercury drives Arctic mercury pollu-
tion. Nature 547:201–204

Obrist D, Kirk JL, Zhang L, Sunderland EM, Jiskra M, Selin NE 
(2018) A review of global environmental mercury processes 
in response to human and natural perturbations: changes of 
emissions, climate, and land use. Ambio 47:116–140

Obrist D, Roy EM, Harrison JL, Kwong CF, Munger JW, Moos-
muller H, Romero CD, Sun S, Zhou J, Commane R (2021) 
Previously unaccounted atmospheric mercury deposition in a 
midlatitude deciduous forest. Proc Natl Acad Sci, USA, p 118

Osterwalder S, Nerentorp M, Zhu W et al (2021) Critical observations 
of gaseous elemental mercury air-sea exchange. Global Biogeo-
chem Cycles 2021(8):35

Outridge PM, Sanei H, Stern GA, Hamilton PB, Goodarzi F (2007) 
Evidence for control of mercury accumulation rates in Canadian 
High Arctic lake sediments by variations of aquatic primary pro-
ductivity. Environ Sci Technol 41:5259–5265

Outridge PM, Mason RP, Wang F, Guerrero S, Heimburger-Boavida 
LE (2018) Updated global and oceanic mercury budgets for the 
United Nations Global Mercury Assessment 2018. Environ Sci 
Technol 52:11466–11477

Ouyang DW, Liu KY, Wu QR, Wang SX, Tang Y, Li ZJ, Liu TH, Han 
LC, Cui YY, Li GL, Han DM (2021) Effect of the coal prepara-
tion process on mercury flows and emissions in coal combustion 
systems. Environ Sci Technol 55:13687–13696

Pacyna JM, Travnikov O, De Simone F, Hedgecock IM, Sundseth K, 
Pacyna EG, Steenhuisen F, Pirrone N, Munthe J, Kindbom K 
(2016) Current and future levels of mercury atmospheric pol-
lution on a global scale. Atmos Chem Phys 16:12495–12511

Pirrone N, Chinirella S, Feng XB, Finkelman RB, Friedli HR, Leaner 
J, Mason R, Mukherjee AB, Stracher GB, Streets DG, Telmer K 
(2010) Global mercury emissions to the atmosphere from anthro-
pogenic and natural sources. Atmos Chem Phys 10:5951–5964

Point D, Sonke J, Day R, Roseneau D, Hobson K, Vander Pol S, Moors 
A, Pugh R, Donard O, Becker P (2011) Methylmercury photo-
degradation influenced by sea-ice cover in Arctic marine ecosys-
tems. Nature Geosci 4:188–194

Qiu Y, Gai P, Yue F, Zhang Y, He P, Kang H, Yu X, Lam PKS, Chen J 
Xie Z (2021) Stable mercury isotopes revealing photochemical 
processes in the marine boundary layer. J Geophys Res Atmos 
126:e2021JD034630.

Rafaj P, Bertok I, Cofala J, Schopp W (2013) Scenarios of global 
mercury emissions from anthropogenic sources. Atmos Environ 
79:472–479

Riget F, Braune B, Bignert A, Wilson S, Aars J, Born E, Dam M, Dietz 
R, Evans M, Evans T, Gamberg M, Gantner N, Green N, Gunn-
laugsdottir H, Kannan K, Letcher R, Muir D, Roach P, Sonne C, 
Stern G, Wiig O (2011) Temporal trends of Hg in Arctic biota, 
an update. Sci Total Environ 409:3520–3526

Rodriguez-Gonzalez P, Epov VN, Bridou R, Tessier E, Guyoneaud 
R, Monperrus M, Amouroux D (2009) Species-specific stable 
isotope fractionation of mercury during Hg(II) methylation by 
an anaerobic bacteria (Desulfobulbus propionicus) under dark 
conditions. Environ Sci Technol 43:9183–9188

Rolison JM, Landing WM, Luke W, Cohen M, Salters VJM (2013) 
Isotopic composition of species-specific atmospheric Hg in a 
coastal environment. Chem Geol 336:37–49

Rothenberg SE, Yin RS, Hurley JP, Krabbenhoft DP, Ismawati Y, Hong 
C, Donohue A (2017) Stable mercury isotopes in polished rice 
(Oryza sativa L.) and hair from rice consumers. Environ Sci 
Technol 51(11):6480–6488

Schaefer, K, Elshorbany, Y, Jafarov, E, Schuster, PF, Striegl RG, Wick-
land KP, Sunderland EM (2020) Potential impacts of mercury 
released from thawing permafrost. Nat Commun 11.

Schartup A, Qureshi A, Dassuncao C, Thackray C, Harding G, Sun-
derland E (2018) A model for methylmercury uptake and trophic 
transfer by marine plankton. Environ Sci Technol 52(2):654–662

Schartup AT, Thackray CP, Qureshi A, Dassuncao C, Gillespie K, 
Hanke A, Sunderland EM (2019) Climate change and overfish-
ing increase neurotoxicant in marine predators. Nature 572:648

Schartup AT, Soerensen AL, Heimbürger-Boavida LE (2020) Influence 
of the Arctic Sea-Ice Regime shift on sea-ice methylated mercury 
trends. Environ Sci Tech Let 7(10):708–713

Scheuhammer AM, Meyer MW, Sandheinrich MB, Murray MW (2007) 
Effects of environmental methylmercury on the health of wild 
birds, mammals, and fish. Ambio 36(1):12–19

Schuster PF, Schaefer KM, Aiken GR, Antweiler RC, Dewild JF, Gry-
ziec JD, Gusmeroli A, Hugelius G, Jafarov E, Krabbenhoft DP, 
Liu L, Herman-Mercer N, Mu CC, Roth DA, Schaefer T, Striegl 
RG, Wickland KP, Zhang TJ (2018) Permafrost stores a globally 
significant amount of mercury. Geophys Res Lett 45:1463–1471

Selin NE, Jacob DJ, Yantosca RM, Strode S, Jaegle L, Sunderland 
EM (2008) Global 3-D land-ocean-atmosphere model for mer-
cury: Present-day versus preindustrial cycles and anthropogenic 
enrichment factors for deposition. Global Biogeochem Cy 22.

Shah V, Jacob DJ, Thackray CP, Wang X, Sunderland EM, Dibble TS, 
Saiz-Lopez A, Černušák I, Kellö V, Castro PJ, Wu R, Wang C 
(2021) Improved mechanistic model of the atmospheric redox 
chemistry of mercury. Environ Sci Technol 55:14445–14456

Sharma B, Kalina J, Whaley P, Scheringer M (2021) Towards guide-
lines for time-trend reviews examining temporal variability in 
human biomonitoring data of pollutants. Environ Int 151:106437

Sherman LS, Blum JD, Franzblau A, Basu N (2013) New insight into 
biomarkers of human mercury exposure using naturally occurring 
mercury stable isotopes. Environ Sci Technol 47(7):3403–3409

Shi Y, Zhao A, Matsunaga T, Yamaguchi Y, Zang S, Li Z, Yu T, Gu 
X (2019) High-resolution inventory of mercury emissions from 
biomass burning in tropical continents during 2001–2017. Sci 
Total Environ 653:638–648



 Reviews of Environmental Contamination and Toxicology          (2022) 260:15 

1 3

   15  Page 16 of 17

Sikkema JK, Alleman JE, Ong SK, Wheelock TD (2011) Mercury 
regulation, fate, transport, transformation, and abatement within 
cement manufacturing facilities: review. Sci Total Environ 
409:4167–4178

Slemr F, Weigelt A, Ebinghaus R, Brenninkmeijer C, Baker A, Schuck 
T, Rauthe-Schöch A, Riede H, Leedham E, Hermann M, Van 
Velthoven P, Oram D, O’Sullivan D, Dyroff C, Zahn A, Ziereis H 
(2014) Mercury plumes in the global upper troposphere observed 
during flights with the CARIBIC observatory from May 2005 
until June 2013. Atmosphere 5(2):342–369

Smith-Downey NV, Sunderland EM, Jacob DJ (2010) Anthropogenic 
impacts on global storage and emissions of mercury from ter-
restrial soils: insights from a new global model. J Geophys Res-
Biogeo 115.

So SCA, Tsoi MF, Cheung AJ, Cheung TT, Cheung BMY (2021) 
Blood and urine inorganic and organic mercury levels in the 
United States from 1999 to 2016. Am J Med 134:E20–E30

Soerensen AL, Sunderland EM, Holmes CD, Jacob DJ, Yantosca 
RM, Skov H, Christensen JH, Strode SA, Mason RP (2010) An 
improved global model for air-sea exchange of mercury: high 
concentrations over the North Atlantic. Environ Sci Technol 
44:8574–8580

Sommar J, Zhu W, Shang LH, Lin CJ, Feng XB (2016) Seasonal vari-
ations in metallic mercury (Hg-0) vapor exchange over biannual 
wheat-corn rotation cropland in the North China Plain. Biogeo-
sciences 13:2029–2049

Song Z, Sun R, Zhang Y (2022) Modeling mercury isotopic fractiona-
tion in the atmosphere. Environ Pollu 307:119588

Sonke JE (2011) A global model of mass independent mercury stable 
isotope fractionation. Geochim Cosmochim Acta 75:4577–4590

St Pierre KA, Zolkos S, Shakil S, Tank SE, St Louis VL, Kokelj SV 
(2018) Unprecedented increases in total and methyl mercury 
concentrations downstream of retrogressive thaw slumps in the 
Western Canadian Arctic. Environ Sci Technol 52:14099–14109

Stern GA, Macdonald RW, Outridge PM, Wilson S, Chetelat J, Cole 
A, Hintelmann H, Loseto LL, Steffen A, Wang FY, Zdanowicz 
C (2012) How does climate change influence arctic mercury? Sci 
Total Environ 414:22–42

Streets DG, Zhang Q, Wu Y (2009) Projections of global mercury 
emissions in 2050. Environ Sci Technol 43:2983–2988

Streets DG, Devane MK, Lu ZF, Bond TC, Sunderland EM, Jacob 
DJ (2011) All-time releases of mercury to the atmosphere from 
human activities. Environ Sci Technol 45:10485–10491

Streets DG, Horowitz HM, Lu Z, Levin L, Thackray CP, Sunderland 
EM (2019) Five hundred years of anthropogenic mercury: spatial 
and temporal release profiles. Environ Res Lett 14:084004

Sun G, Sommar J, Feng X, Lin C-J, Ge M, Wang W, Yin R, Fu X, 
Shang L (2016a) Mass-dependent and -independent fractiona-
tion of mercury isotope during gas-phase oxidation of elemen-
tal mercury vapor by atomic Cl and Br. Environ Sci Technol 
50:9232–9241

Sun RY, Streets DG, Horowitz HM, Amos HM, Liu GJ, Perrot V, 
Toutain JP, Hintelmann H, Sunderland EM, Sonke JE (2016b) 
Historical (1850–2010) mercury stable isotope inventory 
from anthropogenic sources to the atmosphere. Elem Sci Anth 
4:1–15

Sun XJ, Wang K, Kang SC, Guo JM, Zhang GS, Huang J, Cong ZY, 
Sun SW, Zhang QG (2017) The role of melting alpine glaciers 
in mercury export and transport: an intensive sampling cam-
paign in the Qugaqie Basin, inland Tibetan Plateau. Environ 
Pollut 220:936–945

Sun RY, Jiskra M, Amos HM, Zhang YX, Sunderland EM, Sonke 
JE (2019) Modelling the mercury stable isotope distribution 
of Earth surface reservoirs: implications for global Hg cycling. 
Geochim Cosmochim Acta 246:156–173

Sundseth K, Pacyna JM, Pacyna EG, Panasiuk D (2012) Substance 
flow analysis of mercury affecting water quality in the Euro-
pean Union. Water Air Soil Poll 223:429–442

Tong YD, Yin XF, Lin HM, Buduo, Danzeng, Wang HH, Deng CY, 
Chen L, Li JL, Zhang W, Schauer JJ, Kang SC, Zhang GS, Bu 
XG, Wang XJ, Zhang QG (2016) Recent decline of atmos-
pheric mercury recorded by Androsace tapete on the Tibetan 
Plateau. Environ Sci Technol 50(24):13224–13231

Turetsky MR, Harden JW, Friedli HR, Flannigan M, Payne N, Crock 
J, Radke L (2006) Wildfires threaten mercury stocks in north-
ern soils. Geophys Res Lett 33.

UNEP (2013) Minamata convention on mercury. In: United Nations 
Environment Programme (Ed.). UNEP, Minamata, Japan.

Vijayaraghavan K, Levin L, Parker L, Yarwood G, Streets D (2014) 
Response of fish tissue mercury in a freshwater lake to local, 
regional, and global changes in mercury emissions. Environ 
Toxicol Chem 33:1238–1247

Wang F, Macdonald R, Stern G, Outridge P (2010) When noise 
becomes the signal: chemical contamination of aquatic ecosys-
tems under a changing climate. Mar Pollut Bull 60:1633–1635

Wang SX, Zhang L, Zhao B, Meng Y, Hao JM (2012) Mitigation 
potential of mercury emissions from coal-fired power plants 
in China. Energ Fuel 26:4635–4642

Wang X, Zhang H, Lin CJ, Fu X, Zhang Y, Feng X (2015) Trans-
boundary transport and deposition of Hg emission from spring-
time biomass burning in the Indo-China Peninsula. J Geophys 
Res-Atmos 120:9758–9771

Wang F, Outridge PM, Feng X, Meng B, Heimbürger-Boavida L-E, 
Mason RP (2019) How closely do mercury trends in fish and 
other aquatic wildlife track those in the atmosphere?—Implica-
tions for evaluating the effectiveness of the Minamata Conven-
tion. Sci Total Environ 674:58–70

Wang X, Luo J, Yuan W, Lin CJ, Wang FY, Liu C, Wang GX, Feng 
XB (2020a) Global warming accelerates uptake of atmospheric 
mercury in regions experiencing glacier retreat. Proc Natl Acad 
Sci USA 117:2049–2055

Wang X, Yuan W, Lin CJ, Luo J, Wang FY, Feng XB, Fu XW, Liu 
C (2020b) Underestimated sink of atmospheric mercury in 
a deglaciated forest chronosequence. Environ Sci Technol 
54:8083–8093

Wang X, Yuan W, Lin C-J, Feng X (2021) Mercury cycling and iso-
topic fractionation in global forests. Crit Rev Environ Sci Tech-
nol 1–24.

Washburn SJ, Blum JD, Motta LC, Bergquist BA, Weiss-Penzias 
P (2021) Isotopic composition of Hg in fogwaters of coastal 
California. Environ Sci Tech Let 8:3–8

Wesely ML (1989) Parameterization of surface resistances to gase-
ous dry deposition in regional-scale numerical-models. Atmos 
Environ 23:1293–1304

Wieder WR, Butterfield Z, Lindsay K, Lombardozzi D L, Keppel-
Aleks G (2021) Interannual and seasonal drivers of carbon 
cycle variability represented by the community earth system 
model (CESM2). Global Biogeochem Cy 35.

Wiederhold JG, Cramer CJ, Daniel K, Infante I, Bourdon B, 
Kretzschmar R (2010) Equilibrium mercury isotope fraction-
ation between dissolved Hg(II) species and thiol-bound Hg. 
Environ Sci Technol 44:4191–4197

Wright LP, Zhang LM (2015) An approach estimating bidirectional 
air-surface exchange for gaseous elemental mercury at AMNet 
sites. J Adv Model Earth Sy 7:35–49

Wu Q, Wang S, Hui M, Wang F, Zhang L, Duan L, Luo Y (2015) 
New insight into atmospheric mercury emissions from zinc 
smelters using mass flow analysis. Environ Sci Technol 
49:3532–3539

Wu QR, Wang SX, Zhang L, Hui ML, Wang FY, Hao JM (2016) 
Flow analysis of the mercury associated with nonferrous ore 



Reviews of Environmental Contamination and Toxicology          (2022) 260:15  

1 3

Page 17 of 17    15 

concentrates: implications on mercury emissions and recovery 
in China. Environ Sci Technol 50:1796–1803

Wu Q, Li G, Wang S, Liu K, Hao J (2018a) Mitigation options of 
atmospheric Hg emissions in China. Environ Sci Technol 
52:12368–12375

Wu QR, Wang SX, Liu KY, Li GL, Hao JM (2018b) Emission-limit-
oriented strategy to control atmospheric mercury emissions in 
coal-fired power plants towards the implementation of Minamata 
Convention. Environ Sci Technol 52:11087–11093

Wu P, Zakem E, Dutkiewicz S, Zhang Y (2020) Biomagnification of 
methylmercury in a marine plankton ecosystem. Environ Sci 
Technol 54:5446–5455

Wu P, Dutkiewicz S, Monier E, Zhang Y (2021) Bottom-heavy trophic 
pyramids impair methylmercury biomagnification in the marine 
plankton ecosystems. Environ Sci Technol 55:15476–15483

Xu H, Sonke JE, Guinot B, Fu X, Sun R, Lanzanova A, Candaudap F, 
Shen Z, Cao J (2017) Seasonal and annual variations in atmos-
pheric Hg and Pb isotopes in Xi’an, China. Environ Sci Technol 
51:3759–3766

Xu HM, Sun RY, Cao JJ, Huang R-J, Guinot B, Shen ZX, Jiskra M, Li 
CX, Du BY, He C, Liu SX, Zhang T, Sonke JE (2019) Mercury 
stable isotope compositions of Chinese urban fine particulates in 
winter haze days: Implications for Hg sources and transforma-
tions. Chem Geol 504:267–275

Yin RS, Feng XB, Hurley JP, Krabbenhoft DP, Lepak RF, Kang SC, 
Yang HD, Li XD (2016) Historical records of mercury stable 
isotopes in sediments of Tibetan Lakes. Sci Rep-Uk 6:1–10

Yu B, Fu X, Yin R, Zhang H, Wang X, Lin C-J, Wu C, Zhang Y, He N, 
Fu P, Wang Z, Shang L, Sommar J, Sonke JE, Maurice L, Guinot 
B, Feng X (2016) Isotopic composition of atmospheric mercury 
in China: new evidence for sources and transformation processes 
in air and in vegetation. Environ Sci Technol 50:9262–9269

Yu Q, Luo Y, Wang S, Wang Z, Hao J, Duan L (2018) Gaseous elemen-
tal mercury (GEM) fluxes over canopy of two typical subtropical 
forests in south China. Atmos Chem Phys 18:495–509

Yuan W, Sommar J, Lin C-J, Wang X, Li K, Liu Y, Zhang H, Lu Z, 
Wu C, Feng X (2019) Stable isotope evidence shows re-emission 
of elemental mercury vapor occurring after reductive loss from 
foliage. Environ Sci Technol 53:651–660

Yuan W, Wang X, Lin CJ, Sommar JO, Wang B, Lu ZY, Feng XB 
(2021) Quantification of atmospheric mercury deposition to and 
legacy re-emission from a subtropical forest floor by mercury 
isotopes. Environ Sci Technol 55:12352–12361

Yue F, Xie Z, Yan J, Zhang Y, Jiang B (2021) Spatial distribution of 
atmospheric mercury species in the southern ocean. J Geophys 
Res Atmos 126(17):e2021JD034651.

Zhang Y, Jacob DJ, Dutkiewicz S, Amos HM, Long MS, Sunderland 
EM (2015) Biogeochemical drivers of the fate of riverine mer-
cury discharged to the global and Arctic oceans. Global Biogeo-
chem Cy 29:854–864

Zhang YX, Jacob DJ, Horowitz HM, Chen L, Amos HM, Krabbenhoft 
DP, Slemr F, St Louis VL, Sunderland EM (2016) Observed 
decrease in atmospheric mercury explained by global decline in 
anthropogenic emissions. Proc Natl Acad Sci USA 113:526–531

Zhang W, Zhen G, Chen L, Wang H, Li Y, Ye X, Tong Y, Zhu Y, Wang 
X (2017) Economic evaluation of health benefits of mercury 

emission controls for China and the neighboring countries in 
East Asia. Energy Policy 106:579–587

Zhang QG, Sun XJ, Sun SW, Yin XF, Huang J, Cong ZY, Kang SC 
(2019) Understanding mercury cycling in Tibetan glacierized 
mountain environment: recent progress and remaining gaps. B 
Environ Contam Tox 102:672–678

Zhang W, Du J, Li H, Yang Y, Cai C, Gao Q, Xing Y, Shao B, Li G 
(2020) Multiple-element exposure and metabolic syndrome in 
Chinese adults: a case-control study based on the Beijing popula-
tion health cohort. Environ Int 143:105959

Zhang Y, Song Z, Huang S, Zhang P, Peng Y, Wu P, Gu J, Dutkie-
wicz S, Zhang H, Wu S, Wang F, Chen L, Wang S, Li P (2021) 
Global health effects of future atmospheric mercury emissions. 
Nat Commun 12:1–10

Zheng W, Hintelmann H (2009) Mercury isotope fractionation dur-
ing photoreduction in natural water is controlled by its Hg/DOC 
ratio. Geochim Cosmochim Acc 73:6704–6715

Zheng W, Foucher D, Hintelmann H (2007) Mercury isotope frac-
tionation during volatilization of Hg(0) from solution into the 
gas phase. J Anal Atom Spectrom 22:1097–1104

Zheng W, Demers JD, Lu X, Bergquist BA, Anbar AD, Blum JD, Gu B 
(2018) Mercury stable isotope fractionation during abiotic dark 
oxidation in the presence of thiols and natural organic matter. 
Environ Sci Technol 53:1853–1862

Zhou J, Obrist D, Dastoor A, Jiskra M, Ryjkov A (2021) Vegetation 
uptake of mercury and impacts on global cycling. Nat Rev Earth 
Environ 2:269–284

Zhu W, Sommar J, Lin CJ, Feng X (2015a) Mercury vapor air-surface 
exchange measured by collocated micrometeorological and 
enclosure methods—Part I: data comparability and method char-
acteristics. Atmos Chem Phys 15:685–702

Zhu W, Sommar J, Lin CJ, Feng X (2015b) Mercury vapor air–sur-
face exchange measured by collocated micrometeorological and 
enclosure methods—Part II: bias and uncertainty analysis. Atmos 
Chem Phys 15:5359–5376

Zhu W, Lin CJ, Wang X, Sommar J, Fu X, Feng X (2016) Global 
observations and modeling of atmosphere–surface exchange 
of elemental mercury: a critical review. Atmos Chem Phys 
16:4451–4480

Zhu W, Fu X, Zhang H, Liu C, Skyllberg U, Sommar J, Yu B, Feng 
X (2022) Mercury isotope fractionation during the exchange of 
Hg(0) between the atmosphere and land surfaces: implications 
for Hg(0) exchange processes and controls. Environ Sci Technol 
56:1445–1457

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Ecosystem Mercury Recovery and Health Benefit Under the Minamata Convention in a Changing Climate
	Abstract
	Graphical Abstract

	Introduction
	Perspective of Historical Hg Change in the Ecosystem
	Major Factors and Processes Affecting Ecosystem Hg Recovery and Human Health
	Future Assessment
	Perspective and Recommendation
	Acknowledgements 
	References




