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• Terrestrial Hg cycling influences expo-
sure of humans and biota to this potent
neurotoxin.

• Advances in understanding were
reviewedwith a focus on developments
since 2010.

• Decreased Hg emissions may bring re-
covery sooner thanpreviously expected.

• Arctic warming is likely increasing
global Hg fluxes and even direction in
some cases.
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This reviewdocuments recent advances in terrestrial mercury cycling. Terrestrialmercury (Hg) research hasma-
tured in some areas, and is developing rapidly in others. We summarize the state of the science circa 2010 as a
starting point, and then present the advances during the last decade in three areas: land use, sulfate deposition,
and climate change. The advances are presented in the framework of three Hg “gateways” to the terrestrial en-
vironment: inputs from the atmosphere, uptake in food, and runoff with surface water. Among themost notable
advances:
• The Arctic has emerged as a hotbed of Hg cycling, with high stream fluxes and large stores of Hg poised for re-
lease from permafrost with rapid high-latitude warming.

• The bi-directional exchangeofHgbetween the atmosphere and terrestrial surfaces is better understood, thanks
largely to interpretation from Hg isotopes; the latest estimates place land surface Hg re-emission lower than
previously thought.

• Artisanal gold mining is now thought responsible for over half the global stream flux of Hg.
• There is evidence that decreasing inputs of Hg to ecosystemsmay bring recovery sooner than expected, despite
large ecosystem stores of legacy Hg.
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• Freshly deposited Hg is more likely than stored Hg to methylate and be incorporated in rice.
• Topography and hydrological connectivity have emerged as master variables for explaining the disparate re-
sponse of THg and MeHg to forest harvest and other land disturbance.

These and other advances reported here are of value in evaluating the effectiveness of theMinamata Convention
on reducing environmental Hg exposure to humans and wildlife.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The UN Minamata Convention seeks to reduce the threats posed by
mercury (Hg) pollution. In the half century since Hg was recognized
as the pollutant responsible for the tragic poisoning of Minamata Bay,
science has made great strides in better describing the global cycling
of Hg (e.g. Obrist et al., 2017). The terrestrial environment is an impor-
tant component of that global cycle. Land surfaces form extensive, com-
plex interfaces with the atmosphere, and Hg moves in both directions
across that interface (Agnan et al., 2016). Within the landscape Hg
moves and transforms into different species, including the extremely
toxic methylmercury (Kronberg et al., 2016b). Some Hg moves with
runoff water from the terrestrial landscape into aquatic ecosystems.
Even when the annual runoff flux is combined with the annual atmo-
spheric exchange flux, the total amount is much smaller than the store
of Hg in the soils of the landscape (UNEP, 2019). This large soil Hg
store is not in itself a particularly large part of the risk posed by Hg to
people or biota. Nonetheless, Hg transported from the terrestrial land-
scape in runoff is a source of the Hg that bioaccumulates in freshwater
aquatic ecosystems, (e.g., Wiener et al., 2006; Chen et al., 2016). Meth-
ylmercury (MeHg), the methylated fraction of Hg, is of particular inter-
est in this regard. Uptake ofMeHgby rice from soils in Hg-contaminated
areas also poses a danger to fauna and people since rice bioaccumulates
Hgmore thanmany other grains (Qiu et al., 2008). An extra impetus for
quantifying Hg exchange between the land surface and atmosphere is
provided by emerging questions about the effect of global warming on
permafrost (Schuster et al., 2018) and wildfires (Kumar et al., 2018),
as well as the atmospheric movements of Hg to and from the Arctic
(Soerensen et al., 2016; Sonke et al., 2018). Furthermore, theMinamata
Convention on Mercury (UNEP, 2013b) calls for assessing the effects of
reductions in anthropogenic emissions as a result of the convention (Ar-
ticle 19), as well as progress towards the goals of “controlling and,
where feasible, reducing emissions ofmercury andmercury compounds
to the atmosphere… and the release to waters.” (Articles 8 and 9).

Thus a number of topical issues require an understanding of the ter-
restrial Hg cycle. Half a century of research has yielded much progress.
The ability to measure Hg at environmentally relevant part per trillion
levels, and then to subdivide that into different forms, including natural
abundance isotopes, has been a key factor in those advances. Recent re-
views of the literature of relevance to terrestrial cycling include Shanley
and Bishop (2012), Hsu-Kim et al. (2018) and Obrist et al. (2018). To
emphasize areas where scientific understanding is developing most
rapidly, this paper focuses on advances during the past decade. To pro-
vide context for these advances, the paper starts with a concise sum-
mary of major features in the understanding of terrestrial Hg cycling
as of 2010 (Section 2). This includes how landscapes receive Hg from
the atmosphere, Hg cycling within the terrestrial environment, human
influences on that cycling, and how Hg ultimately leaves the terrestrial
environment. Here, “leave” includes evasion back to the atmosphere,
consumption (birds, insects etc.), or deliverywith runoff to downstream
aquatic ecosystems. Analysis of human influences is focused on spatially
extensive factors (forestry, agriculture, and climate) rather than point
sources related to mining and industry. This terrestrial cycling is
superimposed on the hydrological cycle which moves Hg, and several
other terrestrial biogeochemical cycles. One is that of organic matter
(OM)which can donate electrons tomicrobial processes that methylate
Hg (Skyllberg et al., 2003). Another key cycle is that of sulfur (S), which
influences Hg speciation (e.g., S2−, S2H3−, SH−) and can accept elec-
trons (e.g., sulfate) during microbial Hg methylation (Liu et al., 2014b).

Against this background, advances since 2010 in understanding the
terrestrial Hg cycle will be presented to focus attention on areas
where knowledge has developedmost rapidly. This starts by examining
three aspects of how human activity alters Hg cycling (Section 3): forest
landscape management, atmospheric deposition of sulfur on wetlands,
and climate change (including thawing permafrost and fires). Then, im-
pacts of human activity on three “gateways” to the terrestrial cycle will
be considered (Section 4): exchangewith the atmosphere, utilization of
vegetation for food, and exports to surface waters. Key developments
are identified at the end of each section. Section 5 then summarizes ad-
vances in the conceptualization of terrestrial Hg cycling since 2010, how
this newunderstanding relates to implementing theMinamata Conven-
tion to reduce Hg exposure, and areas needing further revision.

2. Terrestrial cycling –baseline understanding circa 2010

A useful starting point for taking up the terrestrial Hg cycle is to con-
sider the Hgmass balance for individual watersheds (Table 1). Alterna-
tively, one can generalize Hg pools and fluxes within specific terrestrial
environments (Fig. 1), here including a forested hillslope, a wetland
from the nemoboreal zone, and the Arctic tundra. These settings repre-
sent only a fraction of the diversity of terrestrial environments, but they
are three of the more studied settings (cf. Table 1) owing to the rela-
tively high levels of Hg in the freshwater fish of such landscapes.

2.1. Hg inputs from the atmosphere

There are three potential sources of Hg in the terrestrial environ-
ment (Ebinghaus et al., 1999). Some originates in situ, from volcanism,
geothermal activity, and near-surface deposits of Hg-bearing rocks.
Other Hg can be introduced directly from point sources of human activ-
ity such as mining, industrial effluents, or biomedical waste. The rest is
deposited from the atmosphere, which is a temporary store of Hg emit-
ted from the earth surface. The net emission of Hg results from the com-
bination of natural sources (10%), ongoing human activities (30%), and
re-mobilization of previously deposited Hg from soils or leaves/needles,
aquatic ecosystems including oceans, forest fires, and permafrost
thawing (60%) (UNEP 2013). The re-mobilized Hg includes “legacy”
Hg from earlier human activities.

Atmospheric deposition is the downward component of a bi-
directional exchange of Hg between the landscape and the atmosphere.
The downward component is composed of both gaseous elemental Hg
(GEM, subsequently referred to as Hg0) and operationally defined gas-
eous oxidized Hg (Hg(II)) as well as particulate Hg. The upward compo-
nent is primarily Hg0, due to the exceptionally high vapor pressure (for
a metal) of Hg0. The presence of gaseous elemental Hg in the atmo-
sphere facilitates long-range transport before deposition to water and
land. As of 2010, it was estimated that Hg concentrations in the atmo-
sphere had increased from 2050 Mg to 5600 Mg (Selin et al., 2008).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1
Mercury and methylmercury stream output flux from watersheds, based on whole water (unfiltered), with percent retention based on wet-only and total deposition (when provided).
Flux units are μg m−2 yr−1. Data summarized from Table S1.

THg MeHg Median % retentionc

THg MeHg

Ecosystem type #studies #sitesb High Median Low High Median Low Wet only total dep Wet only total dep

Arctica 11 18 112.24 1.71 0.13 0.480 0.017 0.010 n/a n/a n/a n/a
Upland Forest 26 53 54.40 1.97 0.16 0.370 0.054 0.010 77.0 92.0 63.4 87.8
Wetland and forest wetland 13 18 5.50 1.45 0.25 0.185 0.055 0.022 75.0 76.3 −5.1 63.3
Agriculture 5 17 4.90 2.69 0.53 0.120 0.063 0.026 n/a n/a n/a n/a
Urban 5 9 22.21 4.77 1.60 0.160 0.080 0.020 n/a 62.6 n/a 52.2

a Includes one alpine tundra site.
b Some similar sites within a study were lumped as a “single site”: Hurley et al. (1995), Domagalski et al. (2016), St Pierre et al. (2018).
c Based on wet only deposition and based on total deposition (if available); n/a in % retention implies too few data.
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Over themillennia, volcanic eruptions elevated atmospheric Hg concen-
trations for short periods (years), but human activity is responsible for
sustained elevation of background levels, most markedly between
circa 1950 and 1985 (Smith-Downey et al., 2010).

Atmospheric Hg deposits to the land surface as bothwet and dry de-
position. Elemental Hg0 makes up circa 95% of atmospheric Hg but does
not contribute to wet deposition because of its low solubility (i.e. low
Henry's law constant) in clouds (Schroeder and Munthe, 1998). Hg0

can be oxidized to reactive Hg(II), a mix of operationally defined gas-
eous oxidized Hg and particulate-bound Hg (Landis et al., 2002) which
is rapidly scavenged from the air by water droplets and deposited as
wet deposition. In contrast, dry deposition consists of Hg(II) and Hg0

that attaches directly to surfaces, including vegetation and particles in
the atmosphere.

The forest canopy takes up Hg0 from the atmosphere in growing fo-
liage throughout the growing season, such that Hg in litterfall is a mea-
sure of dry Hg0 deposition (Rea et al., 2002; Millhollen et al., 2006). Hg
(II) in both gaseous and particle form also deposits to the canopy, but
this Hg is readily washed off by throughfall (Graydon et al., 2008). Var-
iation in the different components of Hg in deposition is considerable
(Table S1), with dry deposition of Hg0 particularly uncertain (Fritsche
et al., 2008; Zhang et al., 2009). In forested areas, however, litterfall is
the single largest component of atmospheric deposition (Lee et al.,
Fig. 1. Typical values for stocks and annual fluxes for THg in the northern temperate/boreal
magnitudes; actual values and even net flux directions may vary widely among ecosystems, a
are specific to that land cover or process. In the case of fire, the value is for a one-time release
panels are modified from Shanley and Bishop (2012). Arctic panel values are calculated from
(2018), and the GLIMS glacial database (http://glims.colorado.edu/glacierdata/, accessed 2 Nov
2000; Demers et al., 2007). As litterfall decomposes, the remaining
OM binds Hg in the soil.

A key factor in terrestrial Hg cycling is that Hg can be re-emitted
from the landscape to the atmosphere. However, understanding of re-
emission processes has been limited (Lindberg et al., 2007;
Hammerschmidt and Fitzgerald, 2008; Brighamet al., 2009). The under-
standing of Hg re-emission as of 2010 was influenced by awareness of
Hg deposition episodes in the Arctic. Photo-oxidation triggered by the
Arctic sunrise resulted in rapid dry deposition of Hg (Schroeder et al.,
1998). Within days, however, much of this Hg was returned to the at-
mosphere (Lalonde et al., 2002; Sherman et al., 2010). Studies had
also demonstrated re-emission of Hg0 fromother terrestrial surfaces be-
sides snowpack, including forests and wetlands (Lindberg and Zhang,
2000; Gustin and Stamenkovic, 2005; Demers et al., 2007; Fritsche
et al., 2008).

The revelation that some of the Hg in atmospheric deposition origi-
nates from re-emission from land and ocean surfaces complicates its at-
tribution to natural and anthropogenic sources since re-emission of
earlier deposition represents a mixture of these. In 2010, an estimate
of global re-emission of Hg0 from terrestrial ecosystems was 2900 Mg
a−1 (Smith-Downey et al., 2010), which was similar to re-emission es-
timates from oceans of about 2800Mg a−1, and larger than primary an-
thropogenic emissions of 2200 Mg a−1 (Selin et al., 2008).
forest and wetland landscapes, and the Arctic landscape. The intent is to show relative
nd have high uncertainty. Belowground Hg stocks may consider different depths. Values
(not per year); the value is high because it is specific to burned area. Forest and Wetland
data in Schuster et al. (2002), Schuster et al. (2018), Obrist et al. (2017), Sonke et al.

ember 2019). Artwork by Meghan Waskowitz.

http://glims.colorado.edu/glacierdata/
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2.2. Terrestrial Hg storage

Most Hg in soils is present as oxidized Hg bound to OM. In organic
soils, concentrations in the range of 50–250 ng g−1 are common
(Grigal, 2003). Concentrations are lower in mineral soils due to less
OM, but the far greater mass of mineral soil generally makes it the larg-
est pool of Hg in landscapes (Fig. 1, Table 1). Anthropogenic activity has
increased Hg pools by a factor of circa three, withmuch of that increase
near the soil surface (e.g. Alriksson, 2001).

Somewhat less than a tenth of the terrestrial pool is held in living
vegetation. The concentration range has been reported as 10 to
40 μg kg−1 in foliage (Rasmussen et al., 1991; Siwik et al., 2009) and
30 to 90 μg kg−1 in roots (Schwesig and Krebs, 2003) at unpolluted
sites. In the forested hemiboreal region, this range is somewhat
narrower (Fig. 1). As growing vegetation is initially free of Hg, the incor-
poration of Hg into new vegetation each year is a dynamic part of the
terrestrial pool (Smith-Downey et al., 2010).

Environmental archives such as peat, lake sediment and ice hold
substantial stores of Hg from thousands of years of atmospheric deposi-
tion (Grigal, 2003), and also reveal details about the deposition history.
Studies of specific Northern Hemisphere glaciers and ice sheets indi-
cated Hg concentrations rivalling concentrations found in lake sedi-
ments and soils, but no global estimates existed prior to 2010
(Schuster et al., 2002; Fitzgerald et al., 2005).

2.3. Hg transformation

Within the terrestrial environment, two transformations are of par-
ticular importance, Hgmethylation and demethylation. Interest in these
counteracting processes relates largely to the extreme toxicity and bio-
accumulation of MeHg. Some aquatic ecosystems receive a significant
portion of their MeHg load from the terrestrial environment (Wiener
et al., 2006; Brigham et al., 2009; Marvin-Dipasquale et al., 2009).
High latitude regionswith peatlands and fens are an areawhere Hg out-
puts from the terrestrial landscape into surface waters commonly con-
tribute to levels of Hg in fish high enough to pose a risk to humans
(Lindqvist et al., 1991; Rudd, 1995). MeHg concentrations are also ele-
vated in rice from China (Horvat et al., 2003; Fu et al., 2008; Qiu et al.,
2008), the Philippines (Appleton et al., 2006), and Tanzania (Taylor
et al., 2005). Wildlife is likewise at risk from terrestrial Hg, from spiders
to birds to the Florida panther (Barron et al., 2004; Cristol et al., 2008;
Evers et al., 2008). The possibility of direct toxicity from Hg in the soil
environment was also recognized (Bringmark and Bringmark, 2001).

By 2010, methylation had been documented for a phylogenetically
diverse set ofmicrobial guilds, linked to anoxic conditionswhere sulfate
(SO4

2−) reduction, iron reduction, and fermentation occurs (Fleming
et al., 2006). These guilds included both iron- and S-reducing bacteria
(Chadwick et al., 2006; Fleming et al., 2006), with S-reducing bacteria
most often identified (Gilmour et al., 1992; Branfireun et al., 1999).
The importance of atmospheric deposition of anthropogenic SO4

2− in
promoting methylation was demonstrated in wetland manipulations
(Branfireun et al., 2001; Jeremiason et al., 2006). Sulfur also influences
the speciation of inorganic Hg, and thus the availability of Hg for meth-
ylation, including the ability to pass through cell membranes (Schaefer
and Morel, 2009). When SO4

2− supply and SO4
2− reduction are both ele-

vated, the accumulation of sulfide may inhibit methylation by limiting
Hg bioavailability for uptake by microbes (Gilmour et al., 1998; Benoit
et al., 1999).

Demethylation, both biotic and abiotic, proceeds continually as well,
but the rate varies less than for Hg methylation (Oremland et al., 1991;
Marvin-DiPasquale et al., 2000). The balance of these processes is influ-
enced by the availability of electron acceptors, electron donors (primar-
ily OM), and the amount of Hg within the cell. The latter is a function of
the concentration of Hg and its chemical speciation (Benoit et al., 2001).
Methylation and demethylation occur simultaneously, and the fraction
of MeHg in the pool of Hg on the solid phase has been shown to reflect
the balance between these processes in some soils (Skyllberg et al.,
2007).

2.4. Co-cycling of Hg with water and organic matter

Thephysicalmovement of Hg redistributes its different formswithin
the terrestrial ecosystem and ultimately removes some of it via gate-
ways out from the terrestrial cycle. The transport and transformation
of Hg in the terrestrial ecosystem links to both the hydrological cycle
and the biogeochemical cycle of OM (Lindqvist et al., 1991). In the ter-
restrial environment, Hg moves with water in both particulate (HgP)
and dissolved forms (HgD) along hydraulic energy gradients towards
the surface water “gateway”. Xylem sap also moves Hg(II) from
soilwater up to needles (Bishop et al., 1998) and transpiration by vege-
tation may return Hg0 from wetland soils to the atmosphere (Lindberg
et al., 2002a, 2002b). Water also affects the form of Hg by contributing
to suboxic conditions in saturated soils (Mitchell et al., 2008). In suboxic
soils anaerobicmicrobialmetabolism can promote Hgmethylation and/
or reduction, given appropriate electron donors, acceptors, microbes
and Hg speciation (Marvin-diPasquale et al., 2000).

Saturated features such as peatlands, riparian fens and other wet-
lands are hotspots for Hg methylation. Organic surface soils in uplands
can also be sources of MeHg, but they often lack “connectivity” to sur-
face waters, making uplands less important for catchment outputs of
MeHg. However, increased hydrologic connectivity and MeHg export
can be promoted by forest harvest, beaver dams, periods of high flow
or other disturbances (Bishop et al., 2009; Roy et al., 2009).

The ability of runoff tomove particulatematerials is a further hydro-
logical influence on Hg export to surface waters. In some catchments,
particulate Hg is the major form of Hg leaving the catchment in runoff
(Shanley et al., 2008), whereas in other catchments, particulate Hg is
only a minor part of the export (Pettersson et al., 1995). In studies
prior to 2010, the proportion of particulate Hg export varied from b1%
to 80% (Table S1).

Water moves much more quickly through a catchment to a stream
than Hg does. In the small upland catchment in the humid, nemoboreal
zone studied by the METAALICUS project, only 1% of the isotopically
marked Hg deposited on the uplands reached the lake downslope
within three years (Harris et al., 2007). This long lag between Hg inputs
from the atmospheric “gateway” to the terrestrial environment andout-
puts from the surfacewater “gateway” reinforces concerns from simpler
mass balance considerations (low catchment Hg fluxes relative to large
Hg storages) that reducing atmospheric emissionswill take generations
tomarkedly reduce the loading ofHg from terrestrial catchments to sur-
face waters (Meili et al., 2003). One short-term benefit of Hg deposition
reductions is direct lowering of Hg inputs to surface waters (Blanchfield
et al., 2004;Munthe et al., 2007), which has an immediate benefit to fish
(Harris et al., 2007).

Hg in soils is strongly bound to OM, in particular to the sulfur in thiol
groups (Skyllberg et al., 2003; Ravichandran, 2004). Nearly all of the dis-
solved and particulate Hgmovingwithwater through the terrestrial en-
vironment is bound to OM (Bishop et al., 1995; Mitchell et al., 2008;
Åkerblom et al., 2008), with the exception of dissolved elemental Hg,
which is aminor, unreactive component. The linkage of Hg toOMbegins
in the atmosphere, where organic matter may promote oxidation of Hg
and its subsequent washout in precipitation (Lin et al., 2006). The Hg-
OM linkage remains in streamwater leaving the terrestrial environment
(e.g. Babiarz et al., 1998; Nelson et al., 2007). Physical coupling of the
terrestrial Hg and OM cycles was incorporated in the GEOS global
model (Smith-Downey et al., 2010).

The correlation of MeHg to dissolved organic carbon (DOC) is more
variable than that of total Hg and DOC from site to site (Brigham et al.,
2009). Some areas exhibit a positive MeHg - DOC relationship (e.g.
Shanley et al., 2008; Dittman et al., 2009), but other areas, i.e. forested
streams of Fennoscandia, show the reverse (Pettersson et al., 1995;
Sørensen et al., 2009). The negative correlation may reflect a rate
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limitation in the net production of MeHg from soils when flushed rap-
idly, as during spring snowmelt. This limitation would not limit the
co-transport of total Hg (THg) with OM (Bishop and Lee, 1997).

The combustion of forest floor OM by fire reduces the store of Hg
(Friedli et al., 2003). At Acadia National Park in Maine, a 1938 forest
fire was cited as the reason for a 50% lower THg flux relative to an un-
burned control catchment (Nelson et al., 2007). Combustion releases
Hg primarily as Hg0, though fuel moisture can increase particulate-
bound Hg (Obrist, 2007).

2.5. Human influences on the Hg cycle

Increased levels of Hg in the environment are themost direct human
influence, resulting from atmospheric emissions or from contaminated
sites. Where rice is grown near areas contaminated by Hg mining,
paddy soils are an important site for MeHg production, and consump-
tion of rice from such sites threatens human health (Feng et al., 2008).
An extensive human influence on surface waters is forest harvest,
whichhas varying degrees of impact on the export ofHg. Several studies
have found that forestry operations resulted in elevated THg and MeHg
concentrations in downstreamwaters (Porvari et al., 2003;Munthe and
Hultberg, 2004; Munthe et al., 2007; Skyllberg et al., 2009) and biota
(Garcia and Carignan, 1999; Garcia and Carignan, 2000; Desrosiers
et al., 2006; Garcia et al., 2007). In contrast, however, several early stud-
ies detected little or no forest harvest effects on THg and MeHg in
streamwater (Allan et al., 2009; Sørensen et al., 2009) and fish (Rask
et al., 1998). Controlled burning in associationwith harvestwas also im-
plicated in Hg methylation hotspots and trophic transfer, but with dif-
fering impacts on the biota (Caldwell et al., 2000; Garcia and Carignan,
2000; Kelly et al., 2006).

Forest harvest reduces evapotranspiration and canopy interception
(Murray and Buttle, 2003), thereby increasing groundwater levels and
soil moisture. The role of increased wetness in mobilizing Hg and pro-
moting methylation was evident from increased Hg concentrations in
fish after impoundments created reservoirs (Tremblay et al., 1998).
The FLUDEX experiment demonstrated that Hg andMeHgmobilization
was not due to wet areas becoming wetter, but rather due to the initial
inundation of previously dry areas (Hall et al., 2005, 2009). Similarly, re-
cent beaver ponds show greater methylation than older ponds (Roy
et al., 2009).

An estimated 8–23% of all Hg in thefish of Sweden's forest landscape
was mobilized into watercourses by forest harvest operations (Bishop
et al., 2009). Skyllberg et al. (2009) suggested that elevated MeHg con-
centrations in streams after forest harvest was sourced mainly from
new MeHg formation and less from mobilization of pre-existing
MeHg. Best management practices (BMP) for forestry that minimized
riparian disturbance were posited as effective countermeasures
(Sørensen et al., 2009). The lack of BMPs was identified as a factor in-
creasing MeHg in runoff when forestry machinery crossed a stream
(Munthe and Hultberg, 2004).

Sulfur deposition, enhanced by anthropogenic S emissions, was an-
other human influence suspected of increasing methylation in
peatlands due to the role of sulfur-reducing bacteria (SRB) in net meth-
ylation (Gilmour and Henry, 1991). Sulfate serves as a terminal electron
acceptor for SRB (Branfireun et al., 2001; Mitchell et al., 2008). Experi-
mental S addition to wetlands stimulated MeHg production (Gilmour
et al., 1998; Branfireun et al., 1999; Jeremiason et al., 2006). Landscape
scale effects were harder to discern, although one study linked decreas-
ing Hg in fish to declining S deposition (Drevnick et al., 2007).

Potential implications for future cycling of Hg in a changing climate
were initially drawn from findings in studies that captured short-term
variability in climate-relevant conditions (flooding/drought cycling,
fire, temperature increases/thawing etc.). For example, increasedmobi-
lization of Hg from terrestrial storage has been attributed to:
(1) thawing of mires in northern Sweden (Klaminder et al., 2008);
(2) extreme wet/dry cycling impacts on peat decomposition in a
Spanish bog (Cortizas et al., 2007); and (3) forest fires (Nelson et al.,
2007; Wiedinmyer and Friedli, 2007; Friedli et al., 2009). Elevated
MeHg concentrations in surfacewaters have also been predicted as a re-
sult of future increases inflooding (Balogh et al., 2006). Browningof sur-
facewaters, (increasedOM,Monteith et al., 2007) has led to speculation
that further increases in OM export will increase OM-associated Hg in
surface waters (Demers et al., 2010).

Numerous site-specific studies have focused on Hg contamination
from point sources, including Hg mining, gold mining, large-scale pre-
cious metal production, municipal wastewaters, chlor-alkali produc-
tion, and other chemical manufacturing processes. These impacts are
highly variable (see citations within Table S1, Kocman et al., 2013). Ar-
tisanal and small-scale goldmining (ASGM),whichuse inefficient amal-
gamation techniques, release Hg. However, as of 2010, ASGM sites had
yet to be well-characterized (Veiga et al., 2006; Telmer and Veiga,
2009).

Point-source contaminated environments were the first type of sys-
tems in which watershed modeling focused on the transfer of Hg from
the terrestrial to the aqueous environment (Carroll et al., 2000; Zagar
et al., 2006). Early models of non-point source contaminated systems
focused on transport and transformations within aqueous bodies
(lakes, ponds and later rivers) (see citations within Knightes and
Ambrose, 2007, Knightes et al., 2009). The early model results indicated
that an improved understanding of mercury loading from the terrestrial
environment, as well as erosion and sediment delivery, were critical to
advance process-based model prediction.

3. Recent advances: influences on terrestrial Hg cycling

The preceding overview of terrestrial Hg cycling provides back-
ground for the next two sections which explore developments since
2010 on terrestrial Hg cycling. Section 3 addresses themajor human in-
fluences on that cycling: land-use, SO4

2− pollution and climate.

3.1. Land-use, in particular forest management

Examples of increased Hg export from land to water after forest har-
vest, the large spatial extent of forestry and expectations that forests
will be utilized more intensively in the future have all focused attention
on the coupling between Hg and forest management. Since 2010, stud-
ies of forestry effects onHghavemore than doubled to over twenty. The
new findings vary substantially with respect to forest harvest effects on
MeHg concentrations in water (increases of 0–325%) as well as Hg and/
orMeHg concentrations in biota (increases of 0–80%) (Fig. 2). Effects on
MeHg loadswere generallymore pronounced due to the increase in dis-
charge after logging. The site-dependent variability highlighted during
recent years emphasizes the value of process-based understanding of
forestry-induced changes on Hg methylation and mobilization.

Kronberg et al. (2016b) found that the combination of water satura-
tion and availability of electron donors elevatedMeHg formation in new
discharge areas created when formerly well-drained podzols were in-
undated by increased groundwater tables.Water-logged soils in driving
tracks (Braaten and deWit, 2016) andwater-filled cavities formed after
removal of stumps for biofuels (Ukonmaanaho et al., 2016; Eklöf et al.,
2018) have been identified as hotspots of Hg methylation, with micro-
bial analyses supporting this interpretation in the latter two studies.
Stump harvest may even raise MeHg in groundwater decades later
(Magnusson, 2017).

Catchment topography can influence the response to forest harvest.
Since the soils outside of the riparian zonemay act as a source of MeHg,
hilly catchments with narrow riparian zones are at a higher risk of ele-
vated MeHg in runoff than flatter landscapes, where the newly formed
discharge area will be located further away from the stream
(Kronberg et al., 2016a). While the likelihood of MeHg export after har-
vest is lowest in the flattest terrain and increases with hilliness, there is
a point where increasing catchment steepness precludes the



Fig. 2. Background concentrations and significant (p b 0.05) forest harvesting responses of
MeHg concentrations in water and Hg concentrations in biota from various studies in the
Northern Hemisphere. Striped bars represent ranges of background concentrations or
forestry responses between different catchments included in the original studies. Only
significant (p b 0.05) forestry responses on MeHg concentrations, not fluxes, are given
in the figure. Background concentrations in biota are highly variable over the range of
trophic levels. For the sake of visibility, significant (p b 0.05) increases in biota
concentrations are stated as a percentage value in the figure. Data originate from the
following publications: 1 Eckley et al., 2018, 2 Ukonmaanaho et al., 2016, 3Kronberg
et al., 2016a, 4Eklöf et al., 2014, 5de Wit et al., 2014, 6Eklöf et al., 2012b, 7Skyllberg et al.,
2009, 8Munthe et al., 2007, 9 Sørensen et al., 2009, 10Allan et al., 2009, 11Porvari et al.,
2003, 12Wu et al., 2018, 13Garcia and Carignan, 2000, 14 Garcia and Carignan, 1999
(numbers in the figure are based on Garcia and Carignan, 1999: Garcia et al., 2007 use
the same setup of sample sites showing that the effect remained for several years after
logging), 15Rask et al., 1998, and 16Desrosiers et al., 2006.
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development of saturated, suboxic conditions needed for methylation,
such as in the steep terrain of coastal mountain areas in Oregon, USA
(stream section gradients ranging from 4 to 20%, Eckley et al., 2018).
Streamwater MeHg concentrations in this study were less than detec-
tion limit (b0.05 ng/L) both before and after forest harvest. Catchments
showing the highest response to forest harvest in terms of topography
may thus be intermediate between the steep catchments in Oregon
(Eckley et al., 2018) and the flatter, lowland catchments in Scandinavia
and Finland (Eklöf et al., 2016; Kronberg et al., 2016a; Ukonmaanaho
et al., 2016).

Hydrological connectivity may play an important role in determin-
ing the effects of more intensive forest management methods to pro-
duce biofuels, such as whole-tree harvest and stump harvest (Eklöf
et al., 2018). Removal of logging residues and stumps can create addi-
tional soil disturbance, causing erosion and promoting superficial hy-
drological pathways (Walmsley and Godbold, 2010). However, in
some studies where stump harvest promoted MeHg formation in
water-filled stump holes (Ukonmaanaho et al., 2016; Eklöf et al.,
2018) stream MeHg concentrations did not increase (Eklöf et al.,
2012b; Eklöf et al., 2013; Ukonmaanaho et al., 2016). This might be
due to limited hydrological connectivity between Hg methylation
hotspots and streams (Eklöf et al., 2018).

Several studies with minimal Hg response to forest harvest have at-
tributed this positive outcome to the use of Best Management Practices
(BMP) including retention of growing forest in riparian buffers, soil pro-
tection for heavy forestry vehicles, and/or harvesting duringwinter con-
ditions when soil disturbance is less likely (Sørensen et al., 2009; Eklöf
et al., 2014; Eckley et al., 2018). However, a Norwegian forest harvest
that created extensive wheel ruts and soil disturbance on non-frozen
soils yielded no MeHg response in runoff water (de Wit et al., 2014).

Responses of aquatic Hg bioaccumulation to forest harvest needs to
consider not only MeHg changes in runoff but also the changes in nutri-
ents that impact aquatic growth, and thereby food-web structure. Wu
et al. (2018) found that fish Hg concentrations increased after forest
harvest but with a large year-to-year and lake-to-lake variation
(−14% to +121%). Decreased MeHg in herbivorous stoneflies after for-
est harvest in Norwaymay have resulted from biodilution caused by in-
creased nutrient loadings after harvest (de Wit et al., 2014).

Forest harvesting not only impacts runoff Hg but can also increase
Hg evasion to the atmosphere, in particular by changing emission
rates and deposition. Canopy removal increases solar radiation reaching
the forest floor (Carpi and Lindberg, 1997; Gustin et al., 2002), air and
soil temperature (Lin et al., 2010; Kim et al., 2012) and soil moisture
(Gustin and Stamenkovic, 2005). More Hg in the soil of old-growth for-
ests compared to second-growth forests in southwest Ohio, USA
(Gamby et al., 2015), indicated a net loss of Hg from the forest floor
after forest harvest by runoff and/or Hg emission to the atmosphere.
Mazur et al. (2014) reported that forest harvest changed net Hg deposi-
tion (~150 ng m−2 d−1 in the unharvested control during the growing
season) to net emission. The highest emission rates were from sites
with logging residue extraction for biofuels (net emission
~200 ng m−2 d−1). Increased photoreduction of Hg in the less shaded
forest floor after debris removal may have facilitated Hg emission.

In a changing climate, rising temperatures in high latitude forests
shorten snow cover duration, causing forest operations to occur more
often on soils unprotected by snow or frost. Where precipitation in-
creases, the extent of water-logged soils after forest harvest will in-
crease, creating more sites with high MeHg. Such climate related
challenges facing the forestry sector make understanding and manage-
ment of water quality issues a priority.

Primary changes in knowledge since 2010:

• The number of published studies has doubled since 2010, including
more targeted, process-based studies, but the range of Hg response
to forestry remains large.

• Landscapes of intermediate steepness show the greatest response to
harvest, through creation of new methylation sites and hydrological
connectivity to streams.

• Post-harvest increases in stream MeHg are driven by new MeHg for-
mation in previously well-drained areas.

• Forestry Hg impacts can be mitigated by Best Management Practices,
but empirical evidence remains weak.

3.2. Sulfate deposition on wetland systems

Connections between the sulfur cycle and the transformation, trans-
port and bioaccumulation of Hg have been elucidated by a number of re-
cent studies. Archived chironomids linked declining S deposition to
decreasedHg in these aquatic insects (Braaten et al., 2020). In peatlands,
new lines of evidence support the key role of SRB and other microbial
guilds in wetland Hg methylation. Inhibition experiments and targeted
gene analyses, showed that SRB are dominant Hg methylators in
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Amazonian wetlands during the dry season (Lazaro et al., 2018) and
Sphagnum moss mats (Yu et al., 2010). Increased SO4

2−deposition can
also altermicrobial communities in favor of both SRB abundance and in-
creased MeHg production, such as increases in abundance of
Desulfovibrio-like bacterial (Yu et al., 2010) and Deltaproteobacterial
communities, within which most SRB exist (Strickman et al., 2016).

Given the new awareness that broad microbial guilds beyond SRB
have potential Hg methylation capabilities (Gilmour et al., 2013; Podar
et al., 2015), it seems plausible that the direct role of SRB inmethylating
Hg is variable and still relatively poorly characterized. To date, few stud-
ies have simultaneously and directly measured MeHg production and
methylation specifically by SRB. Rapidly growing access to molecular
methods (e.g., Schaefer et al., 2014), promise new discoveries in themi-
crobial ecology of SRB and their role in Hg methylation in wetlands, in-
cluding microbial syntrophy, which may explain the intricacy of Hg
methylation interactions between SRB and other microbial guilds (Yu
et al., 2010; Gilmour et al., 2013).

The stimulation of Hg methylation by added SO4
2− in field studies

(e.g. Bergman et al., 2012; ColemanWasik et al., 2012) has further sup-
ported the well-established role of SRB as Hg methylators (Gilmour
et al., 2013). The manipulation of atmospheric SO4

2− inputs in these
newer studies demonstrated more clearly that MeHg concentrations
follow changes in SO4

2−, with time lags between decreased SO4
2− depo-

sition and significantly decreased MeHg concentrations in peat and
biota (e.g., mosquito larvae) on the order of a few years (Coleman
Wasik et al., 2012). Stimulation of MeHg production by SO4

2− has also
been observed in engineered and wastewater treatment wetlands
(Zheng et al., 2013; Oswald and Carey, 2016; McCarter et al., 2017), as
well as at the broader landscape scale (Drenner et al., 2011; Gabriel
et al., 2014). In the Florida Everglades, the connection between Hg and
S has direct policy implications with respect to the use and control of
SO4

2− as an agricultural fertilizer (Corrales et al., 2011; Orem et al.,
2011).

The connection between changes in SO4
2− deposition andMeHgpro-

duction can be complicated by impacts on Hg evasion (Fritsche et al.,
2014), OM quality, and climatic factors, including drought and temper-
ature (Åkerblom et al., 2013). Water table fluctuations can augment
MeHg production in wetlands through the regeneration of SO4

2− via
transiently oxidized conditions (Bergman et al., 2012; Feng et al.,
2014; Haynes et al., 2017b). Large water table fluctuations often occur
during and after drought, which can extend the timeframe of SO4

2−-
stimulated MeHg production, though the effect appears to slow over
time due to the gradual incorporation of SO4

2− intomore recalcitrant or-
ganic S pools (ColemanWasik et al., 2012, 2015). The role of OM quality
was identified in rice paddymethylation (Windham-Myers et al., 2014),
and the observation that new beaver ponds promote MeHg in water
(Levanoni et al., 2015).

Stimulation of MeHg production in wetlands or wetland-dominated
landscapes by SO4

2− does not continue beyond an optimum intermedi-
ate SO4

2− level, which was first hypothesized by Gilmour and Henry
(1991) to be in the 20–50 mg L−1 range. High SO4

2− concentrations
and/or interactions between S and Fe cyclesmay influence the duration
of elevated MeHg production (Ulrich and Sedlak, 2010; Berndt and
Bavin, 2012; Marvin-Dipasquale et al., 2014; Hoggarth et al., 2015;
Johnson et al., 2016). In managed wetlands, coagulants such as Fe2
(SO4

2−)3 have been used to reduce Hg bioavailability by promoting pre-
cipitation and settling of particulate Hg complexes, leading to reduc-
tions in fish Hg concentrations (Ackerman et al., 2015). How sulfide
accumulation impacts methylation is also complicated by multiple po-
tential inorganic and organic reduced S forms, some promoting bio-
availability and some inhibiting Hg uptake (Nagy et al., 2011; Graham
et al., 2012; T. Zhang et al., 2012b). Generally, MeHg production en-
hancement by SO4

2− inputsmay be greatest in wetlandswith poor to in-
termediate nutrient levels and biogeochemical SO4

2− limitations
(Tjerngren et al., 2012; Johnson et al., 2016), though this may be con-
founded by plant rhizosphere-microbial interactions and seasonal
variations in some wetlands (Windham-Myers et al., 2009; Alpers
et al., 2014).

Finally, S cycling can strongly influence Hg solubility and transport
within and fromwetlands. Lowmolecular mass thiols, thiols associated
with natural OM and nanoparticulate β-HgS affect the solubility of Hg
species and possibly the mobility of Hg in hydrological flows or by eva-
sion (Poulin et al., 2016; Liem-Nguyen et al., 2017). Hofacker et al.
(2013) suggested that Hg-containing Cu nanoparticles and colloidal
transport may be an important mechanism for Hg transport from con-
taminated riparianwetland soils. Inputs of SO4

2− towetlands can also re-
sult in enhanced soil OM decomposition, which increases soil water
concentrations of Hg(II) and MeHg, and possibly impacts down-
gradient transport (McCarter et al., 2017; Myrbo et al., 2017).

Primary changes in knowledge since 2010:

• The multiple interacting ways through which S influences Hg specia-
tion, bioavailability, and mobility have become clearer.

• Evidence has mounted that SO4
2− additions change bacterial commu-

nity composition and sustain methylation, though S2− buildup in-
hibits methylation beyond a certain point.

• An expanded array of microbial guilds is now known to participate in
Hg methylation, but SRB remain important, possibly through
syntrophy.

3.3. Climate including fires and permafrost thawing

Climate impacts on terrestrial Hg cycling are potentially many-fold.
Ecosystem Hg loading, processing rates, lateral transport to aquatic
end points, and methylation in particular all are climate-sensitive.
IPCC (2018) predicts a highly likely increase in global temperature of
1.5 °C, where warming over land will be higher than over sea and
high-latitude ecosystems will likely experience the most warming. As-
sociated changes in precipitation will also be greater in mid- to high-
latitude ecosystems, particularly with regard to extremes, both
droughts and intense, episodic rainfall. Direct impacts of climate change,
related to heat and precipitation, are often distinguished from indirect
impacts. Examples of indirect effects, where climate-related ecosystem
responses can influence terrestrial Hg cycling in complex ways, include
changes in terrestrial productivity, land-atmosphere exchange, and for-
est fire frequency. A third category of impact is through societal adap-
tion to climate change and mitigation measures, for example
intensification of forestry, which could potentially increase Hg release
to the environment (cf. Section 3.1).

3.3.1. Atmosphere-soil Hg interactions: circulation patterns, deposition, and
re-emission

Large-scale weather patterns impacted wet Hg deposition to forests
in both New England, USA, and in the central Himalayas (Mao et al.,
2017), resulting in higher Hg deposition during periods of high rainfall,
and lower atmospheric Hg concentrations indicative of atmospheric
scavenging. Net ecosystem loading, however, also depends on dry depo-
sition and surface emission of Hg.

There is no general consensus about whether terrestrial ecosystems
function as a source or sink of atmospheric Hg (Fritsche et al., 2008;
Agnan et al., 2016), but re-emission of Hg from soils is usually higher
at higher temperatures (Yang et al., 2019; MacSween et al., 2019), pos-
sibly because of evaporation and increased microbial activity that re-
duces Hg2+ to Hg0 (Ma et al., 2018). Yang et al. (2019) observed
decreases in soil Hg retention in three different climate manipulation
experiments at Hubbard Brook, NH; artificial soil warming, drought
(via precipitation exclusion), and simulated ice storms. Vegetation up-
take may explain seasonal variation in atmospheric Hg, which suggests
that higher terrestrial productivity increases the Hg sink function of
vegetation (Jiskra et al., 2018). Greening and browning of the Arctic
(Phoenix and Bjerke, 2016) will also alter the areal extent of woody
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vegetation interactingwithHg. Section 4.1.3 provides further discussion
of climate change influences on land-atmosphere Hg exchange.

3.3.2. Fire
Wildfire contributes to global contamination through atmospheric

release and influences Hg cycling in soils, surface waters, sediments,
and biota. Current climate predictions indicate global wildfire emissions
of Hg will increase 28% by 2050 (Kumar et al., 2018). Recent experi-
ments by Kohlenberg et al. (2018) show that peats release a large per-
centage of Hg as Hg0 when heated, suggesting that increased burning
at northern latitudes will be a large source of atmospheric Hg. In addi-
tion to large Hg0 emissions, recent global transport models considering
particulate-bound Hg emissions from wildfire predict significant in-
creases in deposition in the polar and boreal regions (Simone et al.,
2017; Fraser et al., 2018). To assess such model predictions, spatial
data on the fate of Hg after a fire are critical. Kolka et al. (2017) demon-
strated regional scalability of remotely sensed burn severity to quantify
Hg losses from soil during fire.

Post-fire soil cycling of Hg varieswith soil characteristics, vegetation,
fire severity, and post-fire rainfall. Fire severity dictates release of Hg
from soil, and even low severity fires may release significant amounts
(Campos et al., 2015; Kolka et al., 2017). Soil Hg concentrations have in-
creased in burned soils following rain (Abraham et al., 2018). It is un-
clear what causes these increases, but possibilities include exposure of
underlying soil, scavenging of atmospheric Hg by soil, or deposition of
new litter material (e.g. Engle et al., 2006; Burke et al., 2010).

Following burning, increased surface flow and erosion may trans-
port Hg-containing sediments into surface waters and reservoirs,
though only a few studies have quantified aquatic transport of Hg fol-
lowing fire. Jensen et al. (2017) evaluated post-fire Hg transport using
paired burned/unburned watersheds and found that burning increased
HgP:TSS (Total Suspended Sediment) by an order of magnitude for a
range of flow conditions. Thus, in systems where burning was severe
enough to cause erosion and increases in TSS, Hg increases can be signif-
icant. Thefire effects diminished after eightmonths (Jensen et al., 2017).

Early studies identified burned areas as hotspots of methylation and
trophic transfer (cf. Section 2.5). More recent findings in watersheds
with low- to moderate-severity burning have not found elevated Hg
in the foodweb (Moreno et al., 2016; Riggs et al., 2017). These contrast-
ing results suggest that post-fire methylation is likely governed by site-
specific characteristics.

Patel et al. (2019) studied the long-term effects of fire on Hg cycling
by comparing awatershed that burned severely in 1947 to an unburned
control in Acadia, Maine. Hg in the burned watershed followed OM re-
covery in the soil. Mercury export from both watersheds was strongly
correlated with DOC. The Hg:DOC was similar in both watersheds, but
the burnedwatershed exported less Hg. Interestingly, MeHgwas signif-
icantly higher in the O-horizon of the burned watershed, suggesting
that fire may provide a lasting boost to MeHg production in soils.

3.3.3. Process rates: methylation, organic matter and erosion
Increasing global temperatureswill facilitate the formation ofMeHg,

which is mediated by temperature-dependent biotic processes (cf.
Section 2.3). Additional factors that constrain net MeHg production
are availability of Hg and substrates (SO4, labile OM), soil moisture
and redox conditions, and losses from demethylation – all sensitive to
water table regime (Haynes et al., 2017a, 2017b). In observations from
porewaters (Stern et al., 2012; Creswell et al., 2017) and in a soil
warming experiment in Arctic soils (Yang et al., 2016), microbial
MeHg production appeared to be more temperature-sensitive than mi-
crobial demethylation, suggesting a net increase in MeHg from
warming. Multi-factorial manipulations of peatland plots including
warming, and S and N addition treatments showed that the S addition
effect on methylation disappeared when combined with warming.
Warming alone did not affect porewater MeHg (Åkerblom et al., 2013).
Climatic controls on Hg may act through its close link with the C
cycle. Experimental soil OM response to climate warming suggest that
the pool of labile SOM is rather small and can be rapidly depleted
upon warming (Melillo et al., 2002; Knorr et al., 2005; Tang and Riley,
2015), leading to limited Hg mobilization. A notable exception is the
case of permafrost thawing, further discussed in Section 3.3.4. Addition-
ally, the browning of surface waters in recent decades, related to re-
duced acid deposition (Monteith et al., 2007) and climate wetting (de
Wit et al., 2016), suggests that soil water DOC concentrations have in-
creased. This has implications for transport of Hg which is bound to
DOC, and the influence of DOC on methylation/demethylation
(Ravichandran, 2004). Surface water DOC is associated with lower Hg
bioaccumulation in fish (Braaten et al., 2018; Wu et al., 2019), possibly
reflecting lower bioavailability of Hg through Hg-OM complexation in
lakes. The progressive decrease in the Hg:C ratio as water moves from
precipitation to soil water to groundwater to runoff suggests a mecha-
nistic link between Hg and C in terrestrial Hg cycling (Demers et al.,
2013; Åkerblom et al., 2015).

Climatic shifts in precipitation patterns are likely to promote land-
water transport of both MeHg and Hg, leading to higher exposure of
the aquatic foodweb to Hg. Lateral Hg transport ismostly driven by pre-
cipitation and hydrologic pathways, but also by disturbance (see
Section 3.1). In catchmentswith bare soils, particulates are an important
transport vector of Hg especially during heavy rain events (Baptista-
Salazar et al., 2017; Saniewska et al., 2018). Particulates can dominate
Hg in runoff from vegetated areas as well (cf. Sections 2.4 and 4.3).
Coastal erosion, which is increasing because of more intense rainfall
and heavier storms, delivers significant amounts of Hg to marine envi-
ronments in the Baltic region (Kwasigroch et al., 2018).

3.3.4. Permafrost and glaciers
Permafrost (Schuster et al., 2018) and glacial ice (Schuster et al.,

2002) contain significant stores of Hg from thousands of years of natural
atmospheric deposition. As the Earth continues to warm, and at a faster
rate at higher latitudes, permafrost is thawing (Smith et al., 2010) and
glacial ice is melting (Kääb et al., 2007). Warming at northern high lat-
itudes is poised to release new Hg stores from: 1) the large cover of
organic-rich (and thus Hg-rich) permafrost soils (Obrist et al., 2017)
and glacial ice (Boutron et al., 1998; Schuster et al., 2002; Fain et al.,
2008); 2) peaks in atmospheric Hgduring summer resulting fromatmo-
spheric mixing with ozone that enhance Hg deposition (Sonke and
Heimbürger, 2012); 3) processes unique to the Arctic, such as the
Polar Sunrise (Lindberg et al., 2002a, 2002b; Fitzgerald et al., 2005;
Berg et al., 2008) that trigger Hg deposition; and 4) increases in north-
ern boreal forest fires that release Hg into the atmosphere
(Rothenberg et al., 2010; Homann et al., 2015). These processes and
conditions unique to the Arctic and Subarctic exert a strong influence
on the global Hg cycle.

Model projections estimate a 30–99% reduction in Northern Hemi-
sphere permafrost by 2100, assuming anthropogenic greenhouse
gases emissions continue at current rates (Koven et al., 2013). Higher
frequencies of freeze-thaw events and thawing permafrost will also de-
liver more Hg to rivers through increased erosion (Olson et al., 2018).
Stores of Hg in Northern Hemisphere permafrost have been estimated
to contain 1656 ± 962 Gg Hg, of which 793 ± 461 Gg Hg is frozen in
permafrost with the rest residing in the active layer (Schuster et al.,
2018). Thus permafrost soils store nearly twice as much Hg as all
other soils, the ocean, and the atmosphere combined. Global stores of
Hg in glacial ice have yet to be quantified, but site-specific studies doc-
ument high Hg concentrations and stores there as well (Schuster et al.,
2018, Fig. 1).

Most of the world's fisheries are in the Northern Hemisphere, and
they feed billions of people. Moreover, indigenous human cultures in
the Arctic and Subarctic are dependent on the region's fish for their sub-
sistence lifestyle. Continued warming will likely promote or accelerate
the mobilization of Hg from glacial melt and permafrost thaw,
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increasing concentrations, exports, yields, and potential Hgmethylation
at least in the Northern Hemisphere, if not worldwide.

Primary changes in knowledge since 2010:

• Climate-warming induced intensification of water and organic matter
cycles has led to a parallel intensification of Hg cycling.

• Global warming is widely anticipated to increase terrestrial Hg net
methylation, but experimental results have been mixed.

• Thawing permafrost and increased wildfires are already accelerating
the release of Hg to the atmosphere and receivingwaters,with the po-
tential to release much more.

4. Recent advances: terrestrial cycle gateways

Having examined advances during the last decade in understanding
human influences on the terrestrial Hg cycle, the review moves on to
examine three “gateways” to terrestrial cycling of relevance to the im-
pact of Hg pollution on human health and biota: land-atmosphere ex-
change, food derived from the terrestrial environment, and delivery of
Hg in runoff to surface waters.
4.1. Bi-directional land-atmosphere exchange of Hg

Compared to natural levels before 570 BP anthropogenic emissions
have increased the global pool of atmospheric Hg by about 450%
(Outridge et al., 2018; UNEP, 2019). The current estimate for the total
atmospheric Hg pool is between 4400 and 5300 Mg (Amos et al.,
2014; Horowitz et al., 2014; Zhang et al., 2014; Streets et al., 2019). Sub-
sequently, the greater atmospheric Hgpool has resulted in an overall in-
crease (~300%) in both wet and dry deposition of Hg to the terrestrial
environment. Anthropogenic activities emit between 2000 and
2820 Mg Hg a−1 into the atmosphere (Outridge et al., 2018; UNEP,
2019). For Europe, anthropogenic Hg emission estimates have been
challenged by a top-down approach based on ambient Hg measure-
ments. The estimated annual European Hg0 emissions (89 ± 14 Mg
a−1) were 17% larger than the inventory estimates, which was within
the stated uncertainties (Denzler et al., 2017). Top-down estimates of
anthropogenic Hg0 emissions in Asia, however, were 18–221% larger
than inventory assessments (Song et al., 2015). Inventory emission esti-
mates have also been questioned because of a mismatch between the
recent rising trends (2010–2015) in anthropogenic emissions (+22%,
UNEP, 2019) and decreases in atmospheric Hg0 concentrations and Hg
wet deposition estimates (~30–40%) at Northern Hemisphere back-
ground sites since 1990 (Y. Zhang et al., 2016b).

The global atmospheric Hg pool is fed not only by direct anthropo-
genic emissions (2000–2820 Mg a−1), but also by natural sources, pri-
marily volcanic emissions of circa 500 Mg a−1 (0.1–1000 Mg a−1) and
terrestrial re-emission of naturally and anthropogenically-derived Hg
from vegetation, soil and snow of circa 1000 Mg a−1 (Outridge et al.,
2018; UNEP, 2019). Most recent estimates of average annual land Hg0

emissions range between 607 Mg a−1 (Agnan et al., 2016) and
1360 Mg a−1 (Agnan et al., 2016; Song et al., 2016; Horowitz et al.,
2017). Thus, the land-atmosphere exchange of Hg0 represents a major
control on how fast the environment will recover from anthropogenic
Hg pollution (Lyman et al., 2020). While wet deposition of Hg(II) is rel-
atively well quantified, Hg0 dry deposition and land Hg0 re-emission es-
timates remain uncertain. This uncertainty is borne out by a recent
review of 132 direct Hg0 flux measurement studies where the central
25% of the distribution ranged between −513 and 1653 Mg a−1

(Agnan et al., 2016). Hg0 dry deposition is not only the dominant path-
way of atmospheric Hg deposition to terrestrial surfaces, it is also a
global “pump” that drives seasonal patterns in global Hg movement
(Jiskra et al., 2018; Sonke et al., 2018).
4.1.1. Deposition of atmospheric Hg to the terrestrial ecosystems

4.1.1.1. Wet deposition.Hg inwet deposition has beenmonitored by net-
works in North America, Europe and China as well as the 17 stations of
the Global Mercury Observation System (GMOS) project, which ran
from2011 to 2015 (Sprovieri et al., 2017). TheNorthernHemisphere re-
sults depicted a north to south increase in Hg wet deposition, ranging
from b1 μg m−2 a−1 in Russia to N10 μg m−2 a−1 in Slovenia
(Sprovieri et al., 2017). The European Monitoring and Evaluation Pro-
gramme (EMEP) network shows a N-S gradient in total Hg deposition
from b5 μgm−2 a−1 in Scandinavia to N40 μgm−2 a−1 in parts of south-
ern Europe (http://en.msceast.org, accessed 20-01-10). A N-S Hg depo-
sition gradient is also present in Alaska, from 0.2 μg m−2 a−1 in the
northern tundra (68.6° N) (Obrist et al., 2017) to 4.8 μg m−2 a−1 in
the south (57.7° N) (Pearson et al., 2019). Elsewhere in the USA, during
2011–2017, the Mercury Deposition Network (MDN) maps for the USA
showed relatively lowHgwet deposition of 2–5 μgm−2 a−1 in theWest
(albeitwith hotspots in high-precipitation and natural Hg source areas),
increasing to 5–10 μg m−2 a−1 in the Northeast and upper Midwest,
10–15 μg m−2 a−1 in the remaining Midwest and Mid-Atlantic, and
15–20 μg m−2 a−1 along the Gulf Coast and Florida (http://nadp.slh.
wisc.edu/, accessed 2019-11-03). Shanley et al. (2015) reported wet
Hgdeposition of 27.9 μgm−2 a−1 at anunpolluted site at 18° N in Puerto
Rico. As in the EMEP and GMOS networks, an increasing north to south
west Hg deposition gradient is evident. Other tropical sites, including
Mt. Ailao in southwest China (5.4 μg m−2 a−1, Zhou et al., 2013) and
the Sisal station in Mexico (7.4 μg m−2 a−1, Sprovieri et al., 2017), do
not fit the trend of higher wet Hg deposition at lower latitudes. Wet
Hg deposition measurements in tropical and subtropical latitudes are
scarce, and more are needed to clarify this pattern. Also, the Southern
Hemisphere has relatively few observational data.

Alongwith a contemporary global decrease of atmospheric Hg0 con-
centrations in North America and Western Europe (1–2% a−1, Streets
et al., 2019), Hg wet deposition decreased by about 1.5% and 2.2% a−1,
respectively, between 1990 and 2013 (Y. Zhang et al., 2016b). However,
strong emission sources in South and East Asia compensated for this de-
crease in Hg deposition on a global scale (Zhang et al., 2016c). Projected
future changes in the Hg cycle with constant Hg emissions between
2015 and 2050 indicate a global increase in Hg deposition of about
30% until 2050 (Amos et al., 2013). The increase occurs because anthro-
pogenic emissions add Hg to the atmospheric pool faster than it can be
sequestered into terrestrial and marine reservoirs.

4.1.1.2. Dry deposition. In comparison to Hg wet deposition, dry deposi-
tion fluxes of Hg0 and Hg(II) are still poorly constrained (Wright et al.,
2016; Cheng and Zhang, 2017). Atmospheric dry deposition of Hg0 is
typically derived from net Hg0 exchange measurements performed
with dynamic flux chambers and micrometeorological techniques
(Sommar et al., 2013; Zhu et al., 2015a, 2015b; Zhu et al., 2016;
Osterwalder et al., 2018). Based on net Hg0 deposition events, inferred
dry deposition velocities over vegetated surfaces and wetlands ranged
from0.1 to 0.4 cms−1. Below canopies and over bare soil, deposition ve-
locitieswere significantly lower (Zhang et al., 2009). However, there are
only a fewpublished year-roundHg0 flux studies that adequately repre-
sent the net soil-vegetation-air flux on an ecosystem scale (Fritsche
et al., 2008; Castro and Moore, 2016; Obrist et al., 2017; Osterwalder
et al., 2017). Thus, in chemical transport models, Hg0 dry deposition is
often parameterized with resistance-based dry deposition schemes
(Smith-Downey et al., 2010; Wang et al., 2014b; Song et al., 2016;
Wright et al., 2016; Zhang et al., 2016d). The lack of direct evaluations
of thesemodels against real-world Hg0 fluxmeasurementsmay explain
the high uncertainty in the global annual estimates of Hg0 exchange be-
tween the atmosphere and terrestrial surfaces (Song et al., 2015;
Horowitz et al., 2017; Khan et al., 2019).

Litterfall Hg is regarded as an approximation for Hg0 dry deposition
in forested areas (Risch et al., 2017). Litterfall accounts for between 65

http://en.msceast.org
http://nadp.slh.wisc.edu/
http://nadp.slh.wisc.edu/
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and 90% of the Hg deposition to terrestrial ecosystems (Demers et al.,
2007; Demers et al., 2013; Jiskra et al., 2015; Enrico et al., 2016; Zhang
et al., 2016d; Zheng et al., 2016; Yuan et al., 2019a), as confirmed by
Hg stable isotope mass balances. Globally, annual Hg0 deposition
through litterfall is estimated between 1020 and 1230 Mg (Risch et al.,
2012; Fu et al., 2016a, 2016b; X. Wang et al., 2016; Zhang et al.,
2016d). The growing season accumulation of atmospheric Hg0 in vege-
tation has been suggested to drive a summertime atmospheric Hg0 de-
pletion equivalent to 25% of the average annual Hg0 concentration
(1.5 ng m−3) in the Northern Hemisphere (Jiskra et al., 2018). Across
the U.S., Hg(II) dry deposition averaged 0.5 (0.1–6.1) μg m−2 a−1,
which is typically b5% of the total Hg deposition (Lan et al., 2012; L.
Zhang et al., 2016a). In these studies, dry deposition was modeled
using measurements from active automated Tekran® systems (Gustin
et al., 2015). However, on large spatial scales, it has been difficult to
model Hg(II) dry deposition since its compounds and physicochemical
properties are not well defined (Gustin et al., 2013; Jaffe et al., 2014).
When using active and passive samplers including surrogate surfaces,
Hg(II) concentrations in the air are 1.3-to-12 times higher than previ-
ously thought at locations in the western USA and Florida (Huang
et al., 2013; Gustin et al., 2015). These underestimated concentrations
suggest that current estimates of Hg(II) deposition are biased low.

Springtime mercury depletion events (AMDEs) in the polar region
and subsequent Hg(II) dry deposition to snow and ice are driven by
photochemical oxidation of Hg0 by halogens (Schroeder et al., 1998;
Angot et al., 2016). In addition to this process, Hg0 is deposited to the
Arctic ecosystem by (1) reactive oxidative uptake of atmospheric Hg0

into the snowpack and soils (~9months), and (2) tundra vegetation up-
take (~3 months) (Obrist et al., 2017; Douglas and Blum, 2019). How-
ever, a dominant part of the Hg(II) deposited during AMDEs was re-
emitted back to the atmosphere through photoreduction. This resulted
in minor retention of Hg in the snowpack as a net input to the polar ter-
restrial ecosystem (Steffen et al., 2008; Sherman et al., 2010; Douglas
and Blum, 2019). In the Arctic tundra, only about 2% of the Hg was at-
tributed to wet deposition, while 71% of the soil Hg originated from at-
mospheric Hg0 deposition. Dry deposition of Hg(II) occurred mainly
during AMDEs and contributed about 27% of the total atmospheric Hg
deposition (Obrist et al., 2017).

4.1.2. Re-emission of Hg from the terrestrial environment to the atmosphere
The net Hg0 flux between land and the atmosphere represents the

sum of emissions from land surfaces that comprise primarily emission
from soil and vegetation surfaces, geogenic activity and biomass burn-
ing as well as Hg0 dry deposition to surfaces. However, the uncertainty
in real-time observations of the net Hg0 flux (Agnan et al., 2016) is even
larger than estimates of total anthropogenic Hg emissions to the atmo-
sphere, which renders model parameterizations difficult (Horowitz
et al., 2017).

To date, comprehensive studies of net Hg0 fluxes on an ecosystem
level are scarce, which is exemplified by the major revision of Hg re-
emission in the most recent global estimates (UNEP, 2019). A year-
round Hg0 flux measurement on the Alaska tundra revealed re-
emission undermaximum solar irradiation around noon in the summer
growing season besides the AMDEs (Jiskra et al., 2019). Hg0 re-emission
dominates the net Hg0 flux at a boreal peatland during the growing sea-
son (Osterwalder et al., 2017), and that re-emissionwas likely driven by
evasion of dissolved Hg0 from peat porewater. Jiskra et al. (2015) re-
ported that substantial re-emission resulting from dark abiotic reduc-
tion of Hg(II) can occur from peat soils, mobilizing substantial
amounts (~ 30%) of historically deposited Hg. However, Hg stable iso-
tope investigations indicated only little photochemically induced re-
emission of Hg (Enrico et al., 2016). Hg0 re-emission from foliage has
been observed for more than a decade (Poissant et al., 2008). The re-
emission flux has been postulated to originate from instantaneous eva-
sion of recently deposited Hg0 or Hg(II) on vegetation surfaces
(Hintelmann et al., 2002). Recent studies, however, suggested that
previously metabolized Hg in the leaf interior was re-emitted after re-
duction of that sulfur-bound Hg (Manceau et al., 2018; Yuan et al.,
2019a). Hg re-emission from previous foliar uptake reached 30% in an
evergreen broadleaf subtropical forest (Yuan et al., 2019a).

4.1.3. Accumulation of atmospheric Hg in the terrestrial environment
Although part of deposited Hg is subject to re-emission to the atmo-

sphere, large amounts of atmospheric Hg have been deposited and ac-
cumulated in the terrestrial environment (Obrist et al., 2018). Thus
polar firn air, peat cores and lake sediments have been extensively
used as archives for atmospheric Hg deposition (Biester et al., 2007;
Fain et al., 2009; Pérez-Rodríguez et al., 2015; Enrico et al., 2017).
Since the onset of industrialization, deposition of atmospheric Hg has
increased Hg concentration in the upper organic soil layers by 20%
(Smith-Downey et al., 2010). Recent stable Hg isotope studies have
pinpointed Hg sources in soil and peat cores and also demonstrated
that Hg retained in the organic-rich layers was predominantly derived
from atmospheric Hg0 (Demers et al., 2013; Jiskra et al., 2015; Enrico
et al., 2016; X. Wang et al., 2016; Zheng et al., 2016; Obrist et al.,
2017). The dominant accumulation of atmospheric Hg0 over Hg(II) is
consistent with the substantially higher litterfall Hg deposition com-
pared to wet deposition of Hg(II) (X. Wang et al., 2016). In mineral
soil, source tracing revealed the co-existence of geogenic and atmo-
spheric derived Hg (Jiskra et al., 2015; Zheng et al., 2016; Obrist et al.,
2017), suggesting the continuous input of atmospheric Hg to the min-
eral soil.

Terrestrial storage of atmosphericHg is a function of (1) atmospheric
Hg deposition and (2) Hg re-emission. Themajor controls on soil Hg ac-
cumulation and mobilization are soil OM content, vegetation
(e.g., species and leaf area index), precipitation, soil characteristics
(e.g., morphology, texture and pH) and climate (Obrist et al., 2018;
Wang et al., 2019). With the anticipated decline in anthropogenic Hg
emissions under the Minamata Convention, the fate of the terrestrial
Hg pool will play a central role in how fast aquatic ecosystems will re-
cover from Hg pollution. A decrease in atmospheric Hg concentrations
will reduce uptake of Hg0 by foliage and associated input of Hg0 to soil
via litterfall.

Climate change has had and will have a broad impact on land-
atmosphere exchange of Hg. Plant growth in the Northern Hemisphere,
for example, has increased over the past decades (0.13–0.15 Pg C a−1)
(Campbell et al., 2017), increasing Hg deposition in vegetation by an es-
timated 140 Mg a−1 since 1990 (Jiskra et al., 2018). On a global scale,
however, satellite-based models exhibit a decrease in global vegetation
growth due to an increase in the atmospheric vapor pressure deficit
(Yuan et al., 2019b). There is strong indication that climate change
weakens the vegetation Hg0 pump by stimulating events such as mid-
latitude droughts (Zhao and Running, 2010; Osterwalder et al., 2019),
Arctic browning after extreme winter warming and desiccation
(Phoenix and Bjerke, 2016; Treharne et al., 2019) or wildfires in the bo-
real and Arctic region (Mack et al., 2011). Soil warming and permafrost
thawing along the northern permafrost gradient are hypothesized to
additionally increase future Hg0 concentrations through accelerated
OM decomposition and soil Hg loss to the atmosphere (Obrist, 2007;
Smith-Downey et al., 2010; Amos et al., 2013; Jiskra et al., 2015). Fur-
thermore, increased precipitation at northern latitudes driven by cli-
mate change could lead to higher groundwater tables and more
anoxic conditions favoring Hg reduction and Hg0 emission from organic
soils where these are not counterbalanced by increases in evapotranspi-
ration (cf. Section 3.2, Haynes et al., 2017a, Osterwalder et al., 2017). At
the same time soil warming and permafrost thawing support plant
growth (Sturm et al., 2001; Jia et al., 2003) and subsequent atmospheric
Hg0 uptake. Deforestation is the main driver of global forest loss (2.3
million km2 from 2000 to 2012) (Hansen et al., 2013), which is increas-
ing in the tropics (Margono et al., 2014;Mitchard, 2018).Mercury emis-
sion from deforested land (Mazur et al., 2014) adds to the atmospheric
Hg burden.
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Primary changes in knowledge since 2010:

• Elemental Hg has been established as the dominant component of dry
deposition in remote areas, with divalent Hg making a minor contri-
bution.

• Hg in foliage and organic soils can be emitted despite strong binding
to substrates.

• The estimate of global re-emission was reduced from 2200 Mg a−1

(UNEP 2013) to 1000 Mg a−1 (UNEP, 2019).
• A latitudinal gradient of increasing wet Hg deposition from Arctic to
equator was established.

• Boreal and Arctic systems are large historical sinks of Hg that are be-
coming strong re-emitters that may counteract efforts to curb anthro-
pogenic Hg emissions.

4.2. Food from terrestrial ecosystems

One gateway through which Hg leaves the terrestrial ecosystem is
when plants are used for food by wildlife or people. New reports of Hg
contamination in rice, the major food energy source for nearly half of
the world's people, have come from Indonesia (Krisnayanti et al.,
2012), and different parts of China (e.g. Meng et al., 2011; B. Meng
et al., 2014a; M. Meng et al., 2014b; Cheng et al., 2013; Liang et al.,
2015; Tang et al., 2015). These confirm that rice bioaccumulates MeHg
more than many other plant species, and is an important source of
MeHg in terrestrial ecosystems (Zhao et al., 2016a, 2016b). Further-
more, rice consumption was the dominant pathway of MeHg exposure
to humans in Hgmining areas and also certain areas of inland southern
China (Li et al., 2012; P. Li et al., 2015a; P. Li et al., 2017a; Du et al., 2018).
Brombach et al. (2017) reported that 30% of rice products exceeded 10%
of the provisional tolerable weekly intake (PTWI) of Hg for toddlers and
13% for adults with a rice-based diet. Abeysinghe et al. (2017)
highlighted that MeHg was biomagnified by wildlife in rice-based
food webs, with granivorous birds in Hg mining areas accumulating
MeHg at levels that are a threat to their health and reproduction.

Paddy soil is the principal source of MeHg in rice plant tissues
(Strickman and Mitchell, 2017), which is translocated from the roots
to above-ground parts. Most of the MeHg in the plant is transferred to
the seed as it ripens (Meng et al., 2011). During grain processing, most
of the inorganic Hg (IHg) (~78%) is eliminated, but the majority of the
MeHg (~80%) remains in the food product (B. Meng et al., 2014a). Li
et al. (2010) indicated that MeHg in rice seeds exists almost exclusively
as CH3Hg-L-cysteinate (CH3HgCys), a complex that is thought to be re-
sponsible for the transfer of MeHg across the blood-brain and placental
barriers.

The methylation of IHg in paddy soil primarily occurs under reduc-
ing conditions through a process mediated by SRB, iron-reducing bacte-
ria, andmethanogens (e.g. Somenahally et al., 2011;Wang et al., 2014a;
Liu et al., 2014a, 2014b; X. Liu et al., 2018a; Y.R. Liu et al., 2018b;
Vishnivetskaya et al., 2018). The mobility and methylation of Hg in
ephemerally flooded soil is determined by a range of factors, such asmi-
crobial community structure and diversity, redox potential, pH, DOC,
sulfur, iron, and dissolved Hg concentration (Rothenberg and Feng,
2012, Liu et al., 2014a, 2014b, X. Liu et al., 2018a, Wang et al., 2014a,
2014c,). Recently, Zhao et al. (2016b) found that SO4

2− stimulation of
SRB was potentially important for Hg methylation in rice paddies.
Meng et al. (2010, 2011) suggested that newly deposited Hg is more
readily transformed to MeHg and accumulated in rice plants than Hg
that has an extended residence time in mining-contaminated soil.
Therefore, the concentration of Hg in ambient airwas proposed as an in-
dicator for the risk of MeHg accumulation in rice grain (Zhao et al.,
2016a, 2016b).

Minimizing the potential for MeHg production in rice paddies is one
way to improve the safety of rice in Hg contaminated areas. Intermittent
flooding, as opposed to continuous flooding of rice paddies can hinder
Hg methylation by creating aerobic conditions in the rhizosphere
(Rothenberg et al., 2011; Peng et al., 2012; Wang et al., 2014a, 2014c).
Selenium (Se) amendment of soils can also reduce the accumulation
of MeHg in rice grain (Wang et al., 2014c, 2016a, 2016b; Zhao et al.,
2014; Y.-F. Li et al., 2015b; Tang et al., 2017). Other amendments to
paddy soils (elemental S, SO4

2−+Se, SO4
2−+Fe, Fe, Fe+cysteine, and bio-

char) might also mitigate MeHg accumulation in rice (Shu et al., 2016;
Wang et al., 2016a, 2016b; Y. Li et al., 2017b; Zhang et al., 2018, 2019;
Zhong et al., 2018). Cultivar selection is another way to reduce MeHg
in rice grain grown in Hg-contaminated areas (Peng et al., 2012;
Rothenberg and Feng, 2012; Li et al., 2013).

Primary changes in knowledge since 2010:

• The vulnerability of certain wildlife to the Hg in rice has been docu-
mented.

• Newly deposited Hg is more likely to bemethylated and incorporated
in rice than Hg already present in the soil.

• Management strategies to reduce MeHg in rice have been identified.

4.3. Delivery of Hg in runoff to surface waters

In the past decade, research on terrestrial to aquatic transfers of Hg
has expanded spatially (e.g. new locations/climates), temporally (e.g.
longer-term place-based time series and high frequency in-situ surro-
gatemeasurements), and cognitively (e.g. Hg isotopes providing deeper
process insight). Furthermore, the proliferation of stream studies has
led to synthesis papers that have advanced the science through analysis
of differences and commonalities (with respect to Hg fluxes, Hg‑carbon
relations, Hg:MeHg ratios, etc.) within and among natural and
perturbed ecosystems. Here we acknowledge prior synthesis findings
and explore the most recent advances in delivery of Hg from the terres-
trial landscape to receiving waters.

4.3.1. Arctic studies
One region where riverine Hg work has intensified is the Arctic.

Streams in Arctic glaciated and permafrost-dominated systems export
higher yields of Hg than other non-contaminated systems (Schuster
et al., 2011; Emmerton et al., 2013; Domagalski et al., 2016; Vermilyea
et al., 2017; Sondergaard et al., 2015; St Pierre et al., 2018), including
large Eurasian rivers (Sonke et al., 2018). High Hg stream yields in the
Arctic have been attributed to Hg release from thawing permafrost
(Schuster et al., 2018; see Section 3.3.4). Particulate Hg has been
shown to dominate Arctic stream Hg flux, (Nagorski et al., 2014,
Sondergaard et al., 2015, Vermilyea et al., 2017, St Pierre et al., 2018),
while dissolved Hg dominates in Arctic wetland environments
(Nagorski et al., 2014; Vermilyea et al., 2017; Poulin et al., 2019). In a
small Arctic Alaskan watershed, Douglas et al. (2017) found that more
than half of the Hg in the snowpack left the catchment in spring runoff
and estimated that 25% of Hg originated from atmospheric mercury de-
pletion events (AMDE)whichmay become enhancedwith future Arctic
warming.

4.3.2. Mass balance studies
Hg input-output mass balance at the watershed scale (Table S1) es-

tablishes a framework to evaluate processes and assess recovery time-
scales. Hsu-Kim et al. (2018) analyzed Hg mass balances for different
landscapes, and determined that undisturbed forest systems had the
lowest stream Hg export as a percentage of total atmospheric deposi-
tion (~4–8%). Greater percentages were documented in forested areas
with high sediment loads (13%, Shanley et al., 2008; 19%, Riscassi and
Scanlon, 2013). Other undisturbed systems that export a relatively
high percentage of atmospheric deposition include wetlands, boreal,
and alpine tundra (compiled in Shanley and Bishop, 2012), boreal
peatlands (33%, Osterwalder et al., 2017), and a subtropical forest in
southwestern China (~10%, Ma et al., 2016).

Hg isotope approaches have helped to interpret mass balances.
Woerndle et al. (2018) used isotopes to trace sources of Hg deposition,
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and its cycling, transport and fate in headwater catchments. Demers
et al. (2018) used Hg isotopes in stream suspended sediment to provide
new constraints on sources, transport, and transformations of Hg along
the flow path. Isotope spikes used in the Mercury Experiment to Assess
Atmospheric Loading in Canada and the U.S. (METAALICUS) project re-
vealed that much of the Hg deposited onto vegetation was re-emitted
back to the atmosphere (45% in the forest and 71% in the wetland)
(Graydon et al., 2012), while Oswald et al. (2014) determined that the
morphology and hydrologic behavior of different landscape units in
part control the fate and transport of Hg in upland soils.

Net retention of Hg on the terrestrial landscape has generated a large
store of legacy Hg in soils, and the conventional wisdom puts stream re-
covery decades to centuries away (Amos et al., 2014). However, Gerson
and Driscoll (2016) reported a decrease in stream Hg (and MeHg) dur-
ing a 12-year period (2004–2015) in which dry Hg deposition signifi-
cantly decreased, challenging the notion that stream recovery will
take centuries or even decades. Notably, this decrease occurred in
spite of expectations that Hg would increase as DOC increased in re-
sponse to the decreased acidity and ionic strength of precipitation. In-
deed, experimental liming of an acidic stream by Millard et al. (2018)
did result in increased stream Hg concentrations and loads. Measure-
ments from 19 watercourses in Sweden showed that significant OM in-
creases over a decade were also not generally matched by Hg increases
(cf. Section 3.3.4) (Eklöf et al., 2012a). Taken together, these studies sug-
gest that decreases in Hg deposition might be “overriding” upward
pressure on Hg concentrations expected from acid deposition recovery.

4.3.3. Contaminated and disturbed ecosystems
Recent assessments have drawn attention to the inordinate role of

contaminated sites (e.g. industrial and mining operations) to global
stream Hg export (Kocman et al., 2013; Kocman et al., 2017). More
than half of global stream Hg transport arises from artisanal small-
scale gold mining (ASGM) (Obrist et al., 2018), although there is high
variability (Gerson et al., 2018). Almost half of the Hg and gold‑silver
mine-impacted sites (n = 15) in western North America showed an
order of magnitude greater stream Hg export (16 to 5000 μg m−2

a−1) reported in Domagalski et al. (2016) compared to unimpacted for-
estedwatersheds (typically b1 to ~10 μgm−2 a−1) (Shanley and Bishop,
2012). Disturbed systems also export a relatively high percentage of at-
mospheric deposition due to mobilization of surficial sediment and a
more direct path from deposition to stream runoff due to impervious
cover (see Section 3.1 on forestry impacts). Hsu-Kim et al. (2018) esti-
mated ~8–14% Hg export in managed forests and ~50% in urban areas.
Elevated Hg export occurred in recently urbanized areas with prior ap-
plication of Hg-containing pesticides/fungicides (Barringer et al., 2013;
Deonarine et al., 2015). As in other streams, high-flow periods generate
elevated streamHg concentrations in systems contaminated from local-
ized sources, including ASGM (Nartey et al., 2011; Diringer et al., 2015),
other mining (Holloway et al., 2017), and industrial contamination
(Riscassi et al., 2016).

4.3.4. The role of dissolved and particulate organic matter
New empirical studies and compilations (e.g. Lavoie et al., 2019)

have reaffirmed the well-established role of OM in the transport of Hg,
and this is now supported by Hg isotopic tracing (Jiskra et al., 2017).
Strong positive relationships between HgD and DOC were documented
for watersheds in North America (Stoken et al., 2016), the Arctic
(Nagorski et al., 2014; r2 = 0.88), Sweden (Eklöf et al., 2012a; average
r2 = 87%) and the Czech Republic (Navratil et al., 2015; r2 =
0.64–0.93). Advances in Hg-C interaction research have clarified carbon
quality's role with field studies where the optical properties of DOMex-
plained more of the variance in filtered Hg concentration than did bulk
DOC (Dittman et al., 2009; Riscassi and Scanlon, 2011; Eklöf et al.,
2012a; Burns et al., 2013; Voss et al., 2015; Lescord et al., 2018).

Tight linkages between DOC and Hg in runoff suggest that large-
scale browning may have increased Hg loading to surface waters, but
changes in DOMquality also mediate how changes in DOMquantity in-
fluence Hg export. In a study of 19 Swedish watercourses by Eklöf et al.
(2012a) filtered Hg concentration remained unchanged despite a de-
cade of increase in DOC. However, as DOC increased, absorbance at
420 nm remained unchanged, suggesting that Hg responded to the
amount of humic matter rather than bulk DOM. In a cross-European
study, Bravo et al. (2018) showed that stream THg was terrestrially-
derived based on the high fluorescence index of streamDOM. However,
Bravo et al. (2017) found that terrestrial DOMwas less likely than other
DOM fractions to promote MeHg formation in lakes.

As dissolved Hg tracks DOC, particulate Hg (PHg) tracks particulate
organic carbon (POC). TSS can serve as a proxy for POC when POC is a
consistent fraction of TSS in streams. Riscassi and Scanlon (2011) com-
piled studies that documented strong relations of PHg (and/or THg) to
POC (and/or TSS) for 15 mostly forested watersheds. Similarly strong
relations were reported in the Yukon River (Schuster et al., 2011),
downstream of ASGM activity (Diringer et al., 2015), during freshet in
a large Canadian river (Voss et al., 2015), in a recently de-glaciated
stream (Nagorski et al., 2014), and at a mine site in Idaho (Holloway
et al., 2017). Departures from a consistent Hg:TSS ratio were used to
infer a new source of Hg (Diringer et al., 2015) and an increase in the
THg:TOC ratio was related to forestry site preparation (Eklöf et al.,
2014).

Increasingly, researchers are linking strong Hg-OM relations to high
frequency in-stream optical measurements (Vermilyea et al., 2017). A
strong THg-turbidity relation has been found in Alaskan glacial streams
(r2 = 0.82, Vermilyea et al., 2017) and mid-latitude forested streams
(r2 = 0.79–0.98, Riscassi and Scanlon, 2013). Both of these studies
were thus able to use high-frequency turbidity to calculate an annual
PHg flux.

4.3.5. Methylation of Hg
The past decade has brought increasing awareness that the Hg

methylation process is not restricted to wetlands and impoundments.
Methylation occurs in anoxic soils, even in microzones of anoxia within
otherwise oxygenated soil (Shanley et al., 2019). Thus a significant frac-
tion of the MeHg carried by streams was formed in the terrestrial land-
scape (Burns et al., 2014; Bravo et al., 2017; Rodenhouse et al., 2019).
The dynamics of MeHg transfer from the terrestrial to aquatic environ-
ment share some commonalities and contrasts to THg. High flows and
corresponding DOM increases that drive THg export can also mobilize
MeHg, but the link is often weaker (Eklöf et al., 2014; Lescord et al.,
2018). High-flow conditions that connect the stream to the broaderwa-
tershed can mobilize MeHg from methylation hotspots such as wet-
lands, but may dilute MeHg if such hotspots are absent or less active
during spring when soils are cold and snowmelt flows are high
(Schelker et al., 2011; Eklöf et al., 2013; Riscassi et al., 2016).

4.3.6. Watershed Hg modeling
Development of watershed models that capture the complexity of

Hg biogeochemistry and accurately predict stream Hg and MeHg con-
centrations and fluxes remains a major unmet research need (Hsu-
Kim et al., 2018). Used within a single watershed, multiple mechanistic
and empirical models that each capture the dynamics of a particular
component of Hg have proved useful (Golden et al., 2012). However,
this ensemble approach can be time consuming, and no one model ex-
ists that captures both the DOC-driven watershed THg fluxes and
sediment-bound THg fluxes. Simulating MeHg in those same water-
sheds has proved even more difficult (Knightes et al., 2014). Carroll
andWarwick (2016) successfully modeled both Hg andMeHg in a con-
taminated system in which soil bank erosion was the dominant process
contributing to in-stream fluxes. In this case, in-depth a priori knowl-
edge of the system was pivotal, as four different flow regimes were
needed to capture differences in Hg loading mechanisms. Evaluation
of empirical data and hydrology within a watershed will be necessary
to guide the appropriate application of process-based watershed
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specific models in the future (Oswald and Branfireun, 2014; Zhu et al.,
2018; Eklöf et al., 2015; Berndt et al., 2016).While Hg andMeHgmodel-
ing is still developmental, modeling that tests the effects of climate
change is critical to guide future watershed management (Golden
et al., 2013).

Primary changes in knowledge since 2010:

• Increased focus on the Arctic has revealed high Hg concentrations and
fluxes.

• “Recovery” of streams to lower Hg concentration may be more rapid
than expected.

• Artisanal small-scale gold mining is responsible for more than half of
global stream Hg export, but such sites have not been studied well.

• DOM character is a critical factor in Hg mobility and in MeHg forma-
tion.

• Much of the MeHg carried by streams originated from the terrestrial
landscape.

5. Summary and implications for the Minamata Convention

Terrestrial cycling is an area of Hg science that is developing rapidly.
Part of the development relates to new measurements. Natural abun-
dance isotopes that trace sources and processes have been particularly
useful, for instance in quantifying re-emission from strongly binding
substrates in soils and foliage at some sites (Jiskra et al., 2017; Yuan
et al., 2019a), accumulation at others (Obrist et al., 2017), or defining
the importance of newly deposited Hg for bioaccumulation in rice
(Meng et al., 2011). Microbial techniques are also opening up new ave-
nues in understanding the biological foundations for Hg transforma-
tions and interactions with other environmental variables (Eklöf et al.,
2018; Jones et al., 2019).

Another factor contributing to progress is the increased efficiency of
routine analyses that facilitates study of more sites (cf. Tables 1, S1).
Given the complexity of Hg, the addition of new sites is essential for
conceptual generalizations and process understanding that can be
tested experimentally or inmodel predictions. The suggestion of a topo-
graphical optimum between steep and gentle terrain in the vulnerabil-
ity of forests to releasing Hg after harvesting would not have been
possible without an increasing number of catchment studies
(Kronberg et al., 2016a). Even more long-term studies, however, are
needed to resolve the causes of the variability in response to forest har-
vest (cf. Section 3.1 and Fig. 2). Advances in micrometeorological tech-
niques and their deployment around the globe from the Arctic (Kamp
et al., 2018) to the tropics (Zhang et al., 2016c) are also helping to ad-
dress the complex interface between land and atmosphere where the
Fig. 3. Severity and certainty of impacts on the “gateways” of the terre
strength and even the overall direction of Hg exchange are critical
issues.

With so many developments on many fronts, this review has fo-
cused on recent (post-2010) developments in understanding influences
on the terrestrial cycle, in particular the three “gateways” through
which impacts arise for the health of people and wildlife, as well as
the global cycling of Hg. A comparison of the impact severity and level
of certainty about these impacts reveals clear patterns, despite much
uncertainty and/or paucity of data for many regions and influences
(Fig. 3). The most severe and certain impacts follow from the rapidly
warming climate in the high latitudes. Substantial amounts of Hg that
have accumulated in boreal and Arctic soils are beingmobilized by per-
mafrost thawing and wildfire. Research documenting the return of
these stores to the atmosphere is reshaping our understanding of the
global Hg cycle by calling into question previously accepted ideas that
Hg would tend to move from the tropics and temperate zone towards
higher latitudes (Jiskra et al., 2018).

The impacts on the global Hg cycle depend to a large extent on how
changing land cover, both intentional as in afforestation and deforesta-
tion, as well as unintentional related to climate change (e.g. greening
and browning)will influence net ecosystemexchange of Hgwith the at-
mosphere in the mid-latitudes and the tropics. The effectiveness of
measures to reduce anthropogenic Hg emissions and subsequently at-
mospheric Hg concentrationsmay be offset by a combination of climate
warming induced environmental changes such as more frequently oc-
curring wildfires (Abatzoglou and Williams, 2016), droughts (Allen
et al., 2010), decreasing global vegetation growth (Yuan et al., 2019b)
and release of Hg from thawing permafrost soils (Schuster et al.,
2018). Wet Hg deposition and vegetation cover increase towards the
tropics, but this is where measurements are fewest and the potential
for changes in forest cover is particularly high. This lack of data high-
lights the need to improve our measurements of Hg mobility across
the land-atmosphere gateway in representative environments. Ad-
vances with in-situ Hg flux measurements, such as using eddy covari-
ance (Osterwalder et al., 2019) and integration of several techniques
(e.g., stable Hg isotopes and micrometeorology) to constrain fluxes
will be central to better quantification of land-atmosphereHg exchange.
This will help integrate bi-directional surface-atmosphere exchange in
global Hg chemistry and transport models.

Another critical Hg impact on people and biota is exposure to Hg in
artisanal gold mining (ASGM). While focused on a relatively small land
area, ASGM has an inordinate global influence on the export of Hg to
surface waters and the atmosphere as well as a regional influence on
the food supplywhere rice is grown near areas contaminated bymining
(Ha et al., 2017). Moremeasurements are needed from ASGM sites, and
the tropics in general, to better define the cycling of Hg in these areas.
strial Hg cycle that influence people, the biota and global cycling.
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Documentation of Hg in wildlife that eat rice has added to the impor-
tance of studies on people and biota in areas new to Hg research
(Abeysinghe et al., 2017).

Recognition that new sources of Hg are being mobilized in high lat-
itudes, together with increased awareness of the impacts from ASGM
will help keep Hg on the research agenda as a pervasive issue for
human and ecosystem health. A key issue for implementing the
Minamata Convention will be further improvements in understanding
how the anthropogenic spread of Hg, and our efforts to control this
spread, affects the exposure of humans and the rest of the world's
biota to Hg. Decadal declines of atmospheric Hg bring into focus the
time scale of recovery, especially as the compounding factor of anthro-
pogenic S deposition has also abated.

If and when these factors will translate into reduced Hg loadings to
surface waters via catchment outputs remains a major question mark.
This recovery was generally believed to be very slow (centennial
scale) prior to 2010, but there are now tantalizing, albeit inconclusive
indications that recovery may be faster. Regional recovery observed in
thefish of some regions has been complemented by a handful of decadal
stream time series where Hg has decreased, or has not increased in step
with increases in OM (Eklöf et al., 2012a; Gerson and Driscoll, 2016).
Whether this recovery can be attributed solely to decreased Hg and S
deposition, or whether other factors such as climate or land use change
contribute, remains to be answered. The possibility that somewetlands
might evade legacyHgback to the atmosphere if andwhen atmospheric
concentrations decline might also contribute to more rapid aquatic re-
covery than currently expected (Osterwalder et al., 2017). Advances in
understanding the microbial basis for Hg transformation, with conse-
quences for both bioavailability and mobility within catchments will
be a key part of resolving recovery time scales for both downstream
aquatic ecosystems and land-based food webs. Part of the challenge
for the future will be revealing how changes in nutrient availability
and climate interact to influence microbial methylation both directly
and indirectly through effects such as enhanced syntrophy, Hg(II) bio-
availability impacts from S2− molecules, and Hg(II) solubility (e.g. Hu
et al., 2020). Methodological advances in molecular biology combined
withmicrobial ecology, as well as better analytical sensitivity in probing
atomic andmolecular interactions amongHg, S andDOM,will be critical
tools for meeting this challenge.

The cycling of Hg in terrestrial ecosystems has an important bearing
on how actions in accordancewith theMinamata Conventionwill affect
the global cycling of Hg, and ultimately the risks of Hg exposure to peo-
ple and other biota. This importance is due partly to the sink strength of
terrestrial ecosystems for atmospheric Hg, but also to how quickly ter-
restrial ecosystems transfer anthropogenic Hg into food webs or back
to the atmosphere. In the years ahead further advances in isotopic, mi-
crobial and micrometeorological techniques will play key roles in
distinguishing the effect of international efforts to reduce Hg emissions
on the terrestrial Hg cycle from the effect of climate, land-use and other
anthropogenic influences.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137647.
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