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ABSTRACT

Forest ecosystem accounts for 31% of glo- po S

bal land areas and plays a key role in the @
play Y M e Wet deposition Foliage Hg'  goliage uptake

global biogeochemical cycling of mercury
(Hg). In this critical review, datasets of Hg B
flux measurements and Hg isotopic com-
positions in the environmental compart-
ments of forests in the last three decades
are synthesized to examine the budgets of y
Hg mass balance and storages. The pri-
mary goal of this synthesis is to provide
insight into the source, transportation,
translocation and fate of legacy Hg in for-
ests. Existing data indicate that forests represent the largest atmospheric Hg sink in the terrestrial
ecosystem, with atmospheric total Hg deposition of 2200-3400 Mg yr—' (i.e., relative to 40-65%
atmospheric Hg pool size) and 500-1100 Gg of Hg stored in surface soils and vegetation. The cli-
mate and land cover changes, deforestation and wildfire re-volatilize several hundred tons of Hg
into the atmosphere, thus increasing the ecological risk to the regional and global environments.
Vegetative uptake of Hg® vapor from air predominantly controls Hg accumulation and isotopic frac-
tionation in the atmosphere and in global forests. With the ongoing Hg emission reduction from
anthropogenic sources required by the Minamata Convention, an integrated assessment on the
changing biogeochemical processes and isotopic fractionation in response to human and natural
perturbations of emissions, climate, and land use is needed.
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1. Introduction

Mercury (Hg) in the environment is of broad public health concern because it is persistent, highly
mobile through air transport, and its neurotoxic form, methylmercury (MeHg), bioaccumulates in
organisms and biomagnifies in food chains (UN-Environment, 2019). The cumulative anthropo-
genic Hg emissions into the atmosphere have been estimated to be up to 210 Gg since the year of
1850 (Streets et al, 2011), which causes global Hg pollution nearby the sources and in remote
regions via long-range transport, and draws concerns on health of wildlife and humans. To protect
public health and the environment from impacts of anthropogenic Hg emissions, Minamata
Convention on Mercury, a legally binding international treaty, entered into force in August 2017.
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Figure 1. Mercury transport from the anthropogenic sources to the forest ecosystems. The litterfall Hg deposition and soil Hg
emissions typically decrease from low elevation/latitude evergreen broadleaf forest to the alpine/boreal forest, while the wet
deposition shows an increasing trend.

Anthropogenic release of Hg into the atmosphere consists of three species: gaseous oxidated Hg
(Hg*"), particle-bound Hg (HgP) and gaseous elemental Hg (Hg’). Given their active physical and
chemical properties, Hg”" and Hg” can be quickly scavenged from the atmosphere via wet and dry
depositions onto the Earth’s surface (Lindberg et al., 2007; Selin, 2009). In contrast, gaseous Hg’
has a long residence time (0.5-1year) in the atmosphere due to its relatively inert reactivity
(Lindberg et al., 2007). Hg® can also be removed from air after slowly oxidized to Hg*" or HgP
through complex reactions mediated by oxidants such as Os;, *OH and Br in the air (Lindberg
et al,, 2007; Mao et al,, 2016; Wang et al., 2018). In the terrestrial ecosystems, another scavenging
process of Hg’ is through vegetation uptake followed by litterfall deposition into the forest floor
(Jiskra et al., 2018; Wang et al., 2019¢; Zhou et al., 2021). Forest ecosystem accounts for 31% of glo-
bal land areas and is a hotspot region for the global biogeochemical cycling of Hg (Grigal, 2003;
Wang et al,, 2017b). A substantial quantity of anthropogenic Hg is accumulated and stored in for-
ested areas through uptake, litterfall, throughfall and translocation to woods (Fig. 1). Forest repre-
sents the important global Hg pool, which shapes the Hg accumulation in terrestrial biota
(Lindberg et al., 2007), re-emissions back to atmosphere (Gabriel et al., 2005), and transport to
downstream aquatic ecosystems where methyl Hg is produced, bioaccumulated and biomagnified
(Feng et al,, 2010). Understanding Hg cycling in forests is critical in assessing the effectiveness of
emission reduction in anthropogenic sources mandated by the Minamata Convention.

The recognition of the importance of the role that global forests play in Hg cycling began in
the 1990s, when studies in Northern Europe found that litterfall and throughfall Hg deposition in
forests exceeded direct open-field wet deposition by severalfold (Gustin, et al. 1999; Lee et al.,
1998; Lindberg et al.,, 1995; Meili, 1991a, 1991b). From 1990s to 2010s, extensive measurements
of Hg fluxes in forest ecosystems worldwide were reported, attempting to quantify the mass
budget of Hg in forest. Since 2010s, advanced analytical techniques of Hg stable isotopes were
applied to trace the source, transportation, accumulation, and storage of Hg caused by the bio-
geochemical processes taking place in the air-vegetation-water-soil ecosystem.

This critical review synthesizes and illustrates the biogeochemical cycling of Hg in remote for-
ests (far away from urban regions and without distinct Hg emission sources nearby) as well as
the resulted isotopic fractionation based on the literature published in the last three decades. We
comprehensively collected Hg concentrations (~2400 records), fluxes (~200 sites) and isotopic com-
position (~1700 records) data from more than 250 peer-reviewed publications. Using the compiled
datasets, four biogeochemical processes with values of forced isotopic fractionation in forests are
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Figure 2. Left panel: mechanism of tree uptake atmospheric mercury (Hg) through their foliage via stomatal and cuticular
uptake, and transporting Hg through leaf tissues and translocating Hg via phloem transport to woody tissues. Tree also takes up
Hg from the soil through their roots, with little transport of Hg through root tissues into xylem. Right panel: Hg biogeochemical
processes and the Hg stable isotopic compositions in forests.

presented (Fig. 2). The first process is Hg exchange over the interface of the air-foliage surface, i..,
atmospheric Hg uptake or re-emission through the stomata of foliage, and atmospheric Hg"* or
Hg® absorption by the cuticle and then the photo-reduction induced Hg" re-emission. The second is
Hg exchange between plant-soil, which includes root uptake the Hg*" from the soil solution and lit-
tle Hg transport to the xylem driven by the transpiration, and litterfall Hg deposition into the forest
floor. The third is Hg exchange between the surface of soil and air, including the atmospheric Hg’
direct deposition and oxidation in soils, and reduction induced Hg’ re-emission from the soil surface
(photo-reduction, microbial reduction and organic matter reduction). The fourth is the Hg transport
budget associated with hydrological processes such as rainfall, throughfall and runoff. In this synthe-
sis, the transformation and accumulation of MeHg in forests are not included since the conversion
of inorganic Hg to MeHg is not prevalent (e.g., the ratio of MeHg/THg in forest soils <1%) in forest
ecosystems (Grigal, 2003; Selvendiran et al., 2008b; St Louis et al., 2001).

2, Hg distribution across the global forests

2.1. Hg distributions in vegetation

The concentration of Hg in vegetation biomass across the globe ranks as follows (Figs. 3A, 3B,
and S1): litterfall (median = 40.0ng g~ ', mean = 49.5+31.5ng g ', in 317 tree species) > foliage
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Figure 3. Hg concentration in forest ecosystems across the globe from the database presented in this work. The unit for the
vegetation Hg concentration is ng g~ ', and for the water samples is ng L.

(median = 28.7ng g~ ', mean = 35.4+30.0ng g, in 412 tree species) > root (median = 14.5ng
g ', mean = 22.5+229ng g ', in 61 tree species) or bark (median = 14.7ng g~ ', mean =
27.9+456ng g ', in 65 tree species) > branch/twig (median = 13.1ng g ', mean =
17.0+11.6ng g ', in 41 tree species) > stem (median = 2.8ng g~ ', mean = 6.0+7.0ng g ', in
115 tree species). This descending order of Hg concentration in plants is different from those
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Figure 4. Correlations (A) between the foliage Hg and litterfall Hg, (B) between the stem Hg and bark Hg, (C) between the foli-
age Hg and stem Hg, (D) between the open rainfall Hg and the throughfall Hg in the database compiled here.

found for other heavy metals (e.g., Pb, Cd, etc.), which typically show highest concentrations in
roots (Rodriguez Martin et al., 2018; Tang et al., 2015; Zayed et al., 1992). This is because heavy
metals are mainly bounded to the air particle, while more than 95% Hg in air exists as the Hg’
vapor (Lindberg et al., 2007; Obrist et al., 2018). Therefore, Hg can be readily incorporated into
the biomass through foliage uptake of atmospheric Hg’, but the other metals are mainly derived
from root uptake.

Forest type is an important factor that influences the Hg distribution (Fig. S2). The mangrove
and evergreen broadleaf tree species have a higher Hg concentration in foliage and litterfall
(P<.05 by Kruskal-Wallis test). The median value of foliage Hg is 56.0ng g ', 33.6ng g ',
27.6ng g ' and 23.0ng g~ ' for broadleaf, mangrove, coniferous and deciduous tree species, while
the median value of litterfall is 57.0ng g~ ', 80.0ng g ', 35.0ng g~ ' and 36.5ng g, respectively.
Across the global forests, the regions at lower attitudes have higher foliage Hg concentrations due
to the predominant distribution of broadleaf and mangrove forests (Fig. 3A). Hg concentrations
in bark, stem and root show large variations and are site-specific. The median value of bark for
broadleaf, mangrove, coniferous and deciduous tree species is 7.0ng g ', 1.6ng g ', 25.7ng g~ '
and 11.3ng gfl, and stem Hg is 9.3 ng gfl, 2.8ng gfl, 2.7ng g71 and 2.1ng gfl, and root Hg is
250ng g ', 17.6ng g ', 7.0ng g ' and 13.3ng g ', respectively. In addition, the foliage Hg
shows a positive correlation to the litterfall Hg (P < .05, R> = 0.77) and to the stem Hg (P < .05,
R* = 0.12; Fig. 4A and 4C). However, there is no significant correlations between stem Hg with
bark Hg or with the root Hg (P> .05, Fig. 4B). These observations point to the translocation of
Hg in vegetation after atmospheric Hg’ uptake by foliage.
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2.2. Mechanism of Hg uptake and translocation in vegetation

Two potential pathways for the foliage uptake of atmospheric Hg have been proposed (Fig. 2).
One is through stomatal uptake of atmospheric Hg’. Extensive field data have shown that higher
deposition to the foliage occurs at elevated air Hg’, and that foliage Hg accumulation rate is
closely correlated with stomatal density (Demers et al., 2013a; Ericksen et al., 2003; Frescholtz et
al., 2003; Hanson et al., 1995; Laacouri et al., 2013; Stamenkovic & Gustin, 2009). The other is
the nonstomatal uptake, which is suggested dominant at night and atmospheric Hg deposited to
the surface of foliage, then incorporated into the leaf tissue and not released back into the air
(Arnold et al., 2018; Stamenkovic & Gustin, 2009). Foliage cuticles contain both polar and nonpo-
lar routes, and allow both Hg’ (nonpolar) and Hg*" (polar) to pass through the cuticle.
Therefore, it is likely that cuticles involve in the nonstomatal route (Arnold et al., 2018; Laacouri
et al.,, 2013; Stamenkovic & Gustin, 2009). Field observations also indicated that the night nonsto-
matal route could lead to a depletion of atmospheric Hg’ under calm, stable boundary layers in
forests (Fu et al., 2016).

Scanning electron microscopy and radioactive assays show that deposition Hg’ through uptake
is bound to the epidermal and stomatal cell walls or adsorbed to leaf surface (Amado Filho et al.,
2002). Laacouri et al. (2013) reported >90% Hg is stored in the foliage tissue and 2-6% in cuticle
or the surface of foliage for the common deciduous tree species, suggesting stomatal uptake of
atmospheric Hg as the potential pathway (Fig. 2). Yuan et al. (2019a) estimated that 30% of
acquired Hg can re-emit back to air after not-yet-identified Hg”" reduction in foliage tissues.
With the high energy resolution X-ray absorption near-edge structure (HR-XANES) spectroscopy,
up to 57% of stored Hg species in foliage exists as nanoparticles, with the remainder speciated as
a bis-thiolate complex (i.e., Hg(SR),) (Manceau et al., 2018). The formation of Hg nanoparticles
in foliage is controlled by the process of nucleation and growth from Hg complexes (Manceau et
al,, 2015). This explains the increasing Hg concentration during leaf senescence since the nutrient
translocation before the leaf abscission and immobile of Hg which significantly decrease the mass
density and increase Hg concentration in litterfall.

The spatial distribution of foliage Hg in global forests is largely influenced by the variation in
atmospheric Hg’ and in tree physiological processes (Wang et al., 2017a, 2020a). Potted plant
experiments in the laboratory have demonstrated linear correlation between foliage Hg and air
Hg concentration (Arnold et al., 2018; Ericksen et al., 2003; Frescholtz et al., 2003; Leonard et al.,
1998a, 1998b; Stamenkovic et al., 2008), although changes of air Hg0 concentration cannot solely
explain the foliage Hg accumulation in field observations. For example, the remote and rural
regions in China typically have higher total atmospheric Hg concentration (usually 1-5ng m )
than in North America (1-2ng m>) while the foliage Hg concentration for same type of forest
in China shows insignificant difference to the concentration in North America (Figs. S3 and S4).
The observational discrepancies reflect the active response of foliage to the atmospheric Hg’
under different climates and tree physiological parameters such as rate of net photosynthesis, sto-
mata conductance, transpiration rate and leaf lifespan, etc. Plant physiology also explains the
higher Hg concentration in evergreen broadleaf and mangrove tree species than those found in
deciduous and coniferous tree species. The longer foliage lifespan of evergreen broadleaf species
(~1year compared to several months of deciduous species) and greater stomata conductance
facilitate an extended and stronger atmospheric Hg’ exchange (Hanson et al., 1995; Poissant et
al., 2008; Yuan et al., 2019a).

The translocation of Hg in vegetation was hypothesized to be similar to most heavy metals
that initiate from root uptake of Hg*" in soil solution, followed by root to foliage transport via
plant xylem sap during the evapotranspiration process (Bishop et al, 1998; Godbold &
Huttermann, 1985; Lindberg et al., 2002). However, experimental and field measurements suggest
that up to 90% Hg in the root zone is bound to the cell walls and membranes of fine roots in the
uptake process (Cui et al., 2014; Wang et al,, 2012), and only a small amount of Hg in roots
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(<5%) can be translocated to the aboveground woody biomass, and nearly no root derived Hg
can re-emit to the air (Arnold et al., 2018; Graydon et al., 2009; Greger et al., 2005). An observed
exception is that the root of wetland grass has a greater ability to take up soil Hg and transport
to the aboveground parts (Meng et al., 2018). Recent observations using stable Hg isotope techni-
ques (spike and natural stable isotopic compositions) support the translocation of Hg from foliage
to stem via the phloem as the main pathway for Hg accumulation in aboveground woods
(Graydon et al., 2009; Wang et al., 2020b, 2021b). Due to the loose porous structure, bark has a
strong absorption of atmospheric Hg, particularly for particle-bounded Hg, and therefore exhibit
a higher Hg concentration compared to those found in wood (Hanson et al., 1997; Rodriguez
Martin et al., 2018). However, the lack of correlation between bark and stem likely suggests the
little Hg surpass bark to wood and vice versa (Fig. 4B). The Hg concentration decreases from
the outer to the inner bark, yet elevated Hg in phloem (Novakova et al., 2021). This confirms the
importance of phloem Hg translocation from foliage. Studies of Hg distribution in tree-ring have
reported the radial Hg translocation from the sapwood to the heartwood (Arnold et al., 2018;
Chellman et al., 2020; Novakova et al., 2021; Schneider et al., 2019; Wang et al, 2021b). The
radial translocation in woody biomass depends on the tree species and tree-age related sapwood
rings. The tree species with relatively low and consistent number of sapwood tree rings typically
exhibit a weaker radial translocation (Chellman et al., 2020; Novakova et al., 2021; Wang
et al., 2021b).

Tree woody biomass is not a passive bio-monitor. The observed variations of Hg concentration
in wood are a result of complex physiological interactions between the vegetation and the envir-
onment. These causes for the variabilities of Hg concentration in woody biomass among different
forest types are not well understood, but two explanations have been hypothesized to explain the
observed difference. One is tree physiological factors that influence foliage Hg uptake from the
atmosphere and Hg translocation in phloem and xylem. These factors include but are not limited
to the asymmetrical growth of trees, stomata conductance, tree ages and canopy dynamics.
Another explanation is the environmental factors such as soil moisture, hill slope, wind direction,
soil nutriments, air temperature and precipitation, which indirectly influence the tree physiology
that controls Hg accumulation in wood (Clackett et al., 2018; Ghotra et al., 2020; Scanlon et al,,
2020; Wang et al,, 2021b).

2.3. Hg transport through the hydrological processes in forests

Hg concentrations and variations in rainfall, throughfall and stream/runoff have been relatively
well documented. The median value of Hg concentration in open-field rainfall is 7.4ng L~
(mean = 7.8+5.5ng L', n=69 sites), in throughfall is 20.1ng L™' (mean = 23.7+15.8ng L',
n=>54 sites), and in forest stream/runoff is 5.0ng L~' (mean = 6.4+6.0ng L', n= 106 sites) in
Fig. 3(C). The open-field rainfall Hg concentration shows significant positive correlation to the
throughfall Hg (R*=0.61, P <.05), with a slope of 2.0 for throughfall Hg to the rainfall Hg at
paired sites across the globe (Fig. 4D). The median rainfall Hg in broadleaf, coniferous, deciduous
and mixed forests is 9.2ng L', 6.1ng L', 6.5ng L', and 7.1ng L™}, for throughfall Hg is
225ng L', 182ng L', 11.0ng L™, and 18.2ng L™, for stream/runoff Hg is 4.8ng L™, 4.3 ng
L', 44ng L', and 5.3ng L™, respectively (Fig. S5). The Hg concentrations in these water sam-
ples do not differ significantly, except the higher Hg concentrations observed in evergreen broad-
leaf forests. It is noteworthy that the datasets for broadleaf rainfall Hg concentration were mainly
collected in China and Brazil with greater anthropogenic Hg emissions. Therefore, the elevated
rainfall Hg likely reflects the regionally higher atmospheric Hg pollution level (Streets et al., 2005,
2011; Wu et al., 2016).

The canopy structure and characteristics play an important role in modifying the Hg concen-
tration in throughfall. Field observations have suggested that elevated Hg in throughfall is closely
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related to the pathway of rainfall scavenging deposited Hg”" and Hg" on canopy surface
(Graydon et al., 2008; Hultberg et al., 1995; Rea et al., 1996, 2001; St Louis et al., 2001). A recent
study with the Hg isotopes has demonstrated that Hg can also be derived from the canopy epi-
phyte cover and tree detritus which formed by the degraded vegetation biomasses (Wang et al.,
2020b). For stream/runoff Hg, the low Hg concentrations have been attributed to soil interception
of particle-bounded Hg and selective absorption of dissolved Hg by organic matters when the
water leaches through soil (Allan et al., 2001; Eklof et al., 2013; Lee et al., 2000; Lin et al., 2011;
Schwesig & Matzner, 2000; Zhao et al., 2015). The source of stream/runoff Hg during the process
of Hg desorbed from soil or decomposing litter derived from isotopic evidence (Jiskra et al.,
2017; Tsui et al., 2020; Woerndle et al., 2018) is discussed in Sec. 4.

The Hg variation in other hydrological processes has been not well documented. Several stud-
ies reported Hg concentration in leaching soil water and groundwater is typically lower than
10ng L' (Selvendiran et al., 2008a; Sun et al, 2019b; Vidon et al, 2013). The land covers,
hydrogeomorphic setting of the forest zone (e.g., topography, soil type, layer depth), and ground-
water chemistry especially the DOC (dissolved organic carbon) concentration and quality control
the Hg variations (Selvendiran et al., 2008a; Sun et al., 2019b; Vidon et al., 2013). Relatively few
studies have documented Hg concentrations in transpiration and evaporation water, and Hg con-
centrations in xylem sap. Bishop et al. (1998) reported concentrations of Hg in xylem sap ranged
from 10-15ng L™ in both the Scots pine and Norway spruce, and of MeHg at 0.03-0.16ng L™ ".
The Hg concentration in xylem sap of sugar maple is reported in the range of 1.6-10.4ng L™/,
but shows insignificant correlation to the soil Hg concentration (Yanai et al., 2020). Further stud-
ies are needed to understand whether the process of plant and soil transpiration and evaporation
leads to a significant Hg emission.

2.4. Hg accumulation in soils

The process of litter decomposition influences the fate of Hg stored in litter and the subsequent
accumulation in soils and re-emission of Hg. Since Hg in litter and soil is strongly bound to
organic matters, earlier studies have quantified the change of Hg concentration and its stoichiom-
etry with carbon, nitrogen, and sulfur in soil profiles. The observed Hg/C ratio increases with
deceasing C/N ratio in soils, leading to high levels of Hg in the decomposed litter (Gong et al.,
2014; Obrist et al,, 2011; Wang et al., 2016b). Hg is efficiently retained in organic matter while C
is lost during mineralization and the additional Hg uptake by decomposing litter also occur due
to the selective Hg sorption to different organic matter fractions (Demers et al., 2013b; Gong et
al., 2014; Obrist et al., 2011; Wang et al., 2016b).

Controlled laboratory litter incubation studies found a significant loss of Hg” when discon-
nected from the atmospheric Hg inputs (Pokharel & Obrist, 2011). Field litter decomposition
experiments in boreal and alpine forests in 1-2years of experimental period have verified the
significant Hg mass increase during decomposition (Demers et al., 2007; Pokharel & Obrist,
2011; Wang et al, 2016b, 2019d). These additional Hg sources are attributed to: (1) the wet
and dry deposition of Hg*" and Hg", particularly the throughfall Hg inputs, (2) the microbial
immobilization of Hg® or the functional group oxidation of Hg’ in the surface of decomposing
litter, and (3) fungal translocation of old Hg from lower soils to the decomposing litter
(Demers et al., 2007; Wang et al., 2016b, 2019d). Both litter type and climate factors influence
Hg transformation during litter decomposition (Pokharel & Obrist, 2011; Wang et al., 2016Db,
2019d). Increase in temperature by 1-2 °C promotes Hg mass increments during decomposition
at Mt. Ailao (Wang et al.,, 2016b). The litter decomposition rate is another parameter to control
the Hg accumulation. A faster litter decomposition rate decreases the Hg mass in the decom-
posing litter (Wang et al., 2019d), as evidenced by the experiments in subtropical evergreen for-
est observing greater Hg mass loss due to the higher nutrient turn rates (Wang et al., 2019d,
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2021a). However, few studies have depicted Hg variations during litter decomposition in the
tropical rainfall forests where with the elevated temperature, precipitation and nutrient cycling
rates. The lack of knowledge of tropical forests largely constrains our understanding of Hg
accumulation in global forests.

Across the globe, the soil Hg concentration in remote forests varies largely (several tens to
hundreds ng g~') due to the complicated impacts from the vegetation, climate and topographic
factors (Obrist et al., 2016; Outridge et al., 2018; Wang et al., 2019¢c). Wang et al. (2019¢) esti-
mated the global surface soil Hg spatial distribution and suggested the climate and vegetation as
the primary drivers. Generally, the surface soil Hg concentration (e.g., 0-20 cm) among different
forests is the result of vegetation induced atmospheric Hg inputs and the Hg variations during lit-
ter mineralization caused by the accumulation and uptake of organic matter, and the Hg loss via
the re-emission and runoff, and Hg mixing from various Hg sources (Grigal, 2003; Wang et al,,
2019¢). At specific forest site, the Hg concentration usually shows an increase gradient from Oi
(litters), Oe (decomposed litters) to Oa (well decomposed humus soil), and then a decrease trend
from mineral soil to soil parent materials. The increasing gradient in soil profiles mainly reflects
the Hg enhanced accumulation or additional Hg uptake from environment during the litter
decomposition, and the decreasing trend mainly represents the low Hg mixing from the deep
soils and the Hg loss during the long-term soil development (Lu et al., 2021; Luo et al., 2014;
Navratil et al., 2014; Obrist et al., 2011; Wang et al., 2019¢).

3. Hg mass balance and Pool size in forests

3.1. Hg flux measurement in forests

The median value for open-field precipitation flux reported in the literature is 8.8 ug m >yr ' (mean

= 93+43ug m *yr !, n=98 sites), for throughfall Hg deposition is 14.0 ug m *yr~' (mean =
185+155ug m *yr ', n=64 sites), for litterfall Hg deposition is 153 ug m *yr ' (mean =
26.4+305ug m *yr ', n=161 sites), and for runoff flux is 2.5ug m *yr ' (mean = 4.6+5.5 g
m 2yr ', n=29 sites) and for soil Hg emission is 14.0 ug m ™ yr ' (mean = 22.2+24.8 ug m “yr ',
n =21 sites). The rainfall Hg concentration and deposition do not show significant difference among
coniferous, deciduous and mixed forests. Precipitation and Hg concentration in broadleaf forests are
generally greater, leading to 50% to 60% higher Hg deposition compared to those observed in other
forest types (Fig. 5). In addition, the litterfall Hg deposition in the broadleaf forest has the highest
value due to the elevated litter Hg concentration and biomass production. The deciduous forest has
the lowest throughfall Hg and litterfall Hg depositions due to its thinner forest canopy (Fig. 5).

Globally, the spatial variation of rainfall Hg deposition is predominantly controlled by precipi-
tation, which shows a higher correlation to rainfall Hg deposition than rainfall Hg concentration
(R*=0.45 vs. R»=0.29). Similarly, the litterfall biomass production contributes more significantly
than the litterfall Hg concentration for the observed spatial change of litterfall Hg deposition
(R*=0.61 vs. R*=0.20). In contrast, throughfall Hg concentration has a higher contribution to
the variation of throughfall Hg deposition (R*=0.62 vs. R* =0.49) because the scavenging add-
itional Hg from the canopy increases the Hg concentration in throughfall. Precipitation is posi-
tively correlated to throughfall and rainfall Hg depositions, and to litterfall Hg deposition due to
the increased canopy biomass production caused by rainfall (Fig. 6A and 6B). The ratio of litter-
fall to throughfall Hg deposition is 2 to 3 in broadleaf forests, compared to ~1 in other forests,
suggesting intensive canopy uptake of atmospheric Hg" (Fig. 5).

The quantity of Hg output (air-soil flux and runoff flux) from forests has large uncertainties
due to limited available data. The reported air-soil Hg flux ranges from —4.6 to 81.4 ug m “yr '
(a negative value infers air to soil Hg deposition, n=21 sites). Air-soil Hg’ exchange flux is a
dynamic bi-directional process, and factors that influence the exchange process include
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atmospheric Hg concentration, floor Hg concentrations, soil characteristics, forest types, and cli-
matic factors. Yuan et al. (2019b) summarized the governing climatic factors driving the air-soil
Hg’ exchange flux at global forest sites, and suggested that the dominant factor is temperature
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(positive effect, i.e., increases Hg emission), followed by air Hg concentration (negative effect),
humidity (typically positive effect) and solar radiation (positive effect). An increase of tempera-
ture accelerates the soil Hg® diffusion and Hg*" reduction in soil profiles (Agnan et al., 2016;
Yuan et al., 2019b), thus ongoing global warming likely enhances Hg’ evasion from forest floor.

Hg runoff data collected at 29 global forest sites ranges from 1.6 to 21.6 ug m ™ >yr ', The ever-
green broadleaf forest has a higher runoff Hg flux because of the larger water discharge (Fig. 5).
Both hydrological and biogeochemical processes play an important role in the quality of Hg run-
off flux (Allan et al, 2001; Bushey et al,, 2008; Eklof et al, 2013; Lee et al., 2000; Schwesig &
Matzner, 2000). Climate change including incidental extreme weather and wildfires, forest cover
types and forestry (i.e., stump harvest) all have impact on Hg runoff flux (Eklof et al., 2012, 2013,
2014; Sorensen et al., 2009).

3.2. Hg mass balance and pool sizes across the globe

The source and sink terms synthesized from published datasets indicate that >60% of atmos-
pheric input Hg (throughfall Hg + litterfall Hg) is retained in the forest ecosystems (Fig. 5), sug-
gesting the forest as an important sink of atmospheric Hg at the global scale. More recently, Yu
et al. (2020) reported a lower ratio (5% to 63%) of Hg inputs retained in two subtropical conifer-
ous forests in China based on micrometeorological flux measurement. This difference is likely
caused by a combination of the measurement technique and the elevated forest soil Hg concen-
tration that induces high Hg” re-emission.

Though the Hg concentration in wood is one order of magnitude lower than that in foliage,
the large biomass of aboveground wood leads to the Hg pool sizes 1 to 2 times greater than the
foliage Hg pool sizes (Wang et al., 2020b; Yang et al.,, 2017). The soil Hg pool size in forests is
much larger than the vegetation Hg pool size, with >90% Hg stored in soil (Navratil et al., 2009;
Obrist et al., 2009, 2011; Wang et al., 2009, 2020b). From the literature data collected at global
forest sites, the organic soil Hg pool size shows a logarithmic decrease with the increasing pre-
cipitation intensity (Fig. 6C), reflecting a fast nutrient return that limits Hg accumulation in soil.
The organic soil Hg pool size is significantly correlated to the carbon pool size (Fig. 6D), indicat-
ing Hg complexation with organic matters and the association of Hg cycle with soil carbon cycle
at the continental and global scales (Obrist et al., 2011; Wang et al., 2019¢).

We used the median Hg concentrations in rainfall, litterfall and throughfall to estimate the
specific deposition as:

Ji = Chgi X P; 1)

where i= rainfall, litterfall and throughfall, and J; is the specific Hg deposition, and Cyy is the
corresponding Hg concentration, and P is the annual of precipitation intensity, or biomass pro-
duction of litterfall, or throughfall intensity across the globe. The global litterfall Hg deposition is
estimated to be in the range of 1000-1200mg yr~' (Fu et al., 2016; Wang et al.,, 2016a); wet Hg
deposition range is 690-1000 Mg yr—'; and throughfall Hg deposition range is 1100-1400 Mg
yr~! (Fu et al, 2016; Zhou et al., 2021). Wang et al. (2019c) estimated 1088 +379 Gg of Hg is
stored in 0-20 cm surface soil globally, and 32% of the surface Hg storage resides in tropical/sub-
tropical forest regions, and 23% in temperate/boreal forest regions. Using the median Hg concen-
tration of root and aboveground wood and their biomass (Spawn et al., 2020), the global Hg pool
size in underground wood is about 2100 to 3200 Mg, and in aboveground wood is about 1200 to
1950 Mg. The Hg fixed in woody biomass is ~140 Mg yr~' (Obrist et al, 2010; Wang et al,,
2020b). There are large uncertainties for air-soil Hg flux and runoff, making it difficult to quan-
tify the global budget of forest Hg.
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4. Process evidence by stable Hg isotopes in forests

Recent analytical advancements of Hg stable isotopes enable identification of the source, trans-
formation, and fate of Hg in forest ecosystems. Hg undergoes both mass dependent fractionation
(MDEF, represented by 6°*’Hg) and mass independent fractionation (odd-MIF for odd mass num-
ber Hg isotopes indicated by A'’Hg or A**'Hg; even-MIF represented by A**°Hg or A***Hg)
during the processes of transport and transformation. Hg-MDF is reported in é notation using
the unit of permil (9,,) referenced to the commonly adopted isotope reference material for Hg,
NIST 3133:

0*Hg(%,) = 1000 x {(zozHg/ 198Hgsample)/ <2°2Hg/ 198HgNISTSRM3133) - 1] (2)

Hg-MIF is reported as A“*Hg and calculated using the difference between a measured 0**Hg
value and a value predicted based on MDF (Blum & Bergquist, 2007):

A" Hg(%,) = 6" Hg — 0.2520 x §*”Hg 3)
A*Hg(%,) = 6" Hg — 0.5024 x §*”Hg (4)
A*'Hg(%,) = 6*"'Hg — 0.7520 x §**Hg (5)

Earlier works have reviewed the Hg isotopes main processes during the global Hg cycling
(Blum et al., 2014; Kwon et al., 2020; Sun et al., 2019a; Tsui et al., 2019). Here we focus on the
observed Hg isotopic fractionation in forests and discuss the Hg biogeochemical processes evi-
denced by stable Hg isotopes.

4.1. Hg isotopic fractionation during air-vegetation exchange processes

Figures 2 and 7 summarize the Hg isotopic compositions of primary endmembers of Hg sources
in remote forests. The median value for §*“Hg of air Hg’ globally is 0.27%, (mean =
0.27 +0.57%,, n=343), for A"’Hg is —0.17%, (mean = —0.16 £0.11%,, n=343), and for A**°Hg
is —0.05%, (mean = —0.05 +0.05%,, n = 343). The 5°**Hg and A'*’Hg of the air Hg’ in China are
more positive than in North America and Europe (median of §*°*Hg: 0.129, in China vs. 0.55%,
in North America and Europe, and median of A"’Hg: —0.12%, in China vs. —0.23%, in North
America and Europe; P < .05 by independent samples T-test). Besides the discrepancies of atmos-
pheric Hg chemical and transport cycles, the 1-3 times of atmospheric Hg’ concentration in
China (Fu et al., 2015) is another important cause for these more positive Hg isotopic signatures
(Sun et al.,, 2019a).

Hg in rainfall shows a distinct Hg isotopic composition, with a median of —0.529, (mean-
=—0.61+0.43%, n=53), 0.50%, (mean = 0.54+0.30%, n=53), and 0.21%, (mean =
0.22+0.12%,, n=>53) for 6***Hg, A'’Hg and A**°Hg, respectively. The Hg isotopic composition
of PBM (particle bounded mercury in atmosphere) has the similar direction to Hg in rainfall, but
with a more negative median §°**Hg of —0.94%, (mean=—1.00+0.49%,, n=128), and more
positive A'”’Hg of 0.31%, (mean = 0.40+0.36%, n=128) and A**Hg of 0.08%, (mean =
0.08 £0.46%,,, n = 128), respectively. The even-MIF signatures in PBM and rainfall have been pro-
posed to derive from the Hg oxidation processes in the upper atmosphere (Chen et al., 2012; Sun
et al.,, 2016, 2019a). A wide variety of physical, chemical and biological processes are capable of
inducing Hg-MDF. In contrast, only photo-reduction and organic matters mediated dark redox
can lead to significant Hg-MIF (Blum et al.,, 2014; Zheng et al, 2019; Zheng & Hintelmann,
2010). Hence, the unique Hg-MIF signatures of the air Hg’ and Hg*" forms (rainfall Hg and
PBM) provide useful signals in tracing the fate of atmospheric Hg depositions in forests.
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The Hg-MIF signatures of foliage Hg differ from the signatures of atmospheric Hg**, but are
close to the signatures of atmospheric Hg’, suggesting that the Hg in foliage is primarily through
the uptake of atmospheric HgO (Blum et al,, 2014; Demers et al., 2013a; Sonke, 2011). The foliage
Hg isotopic composition shows small differences among the different tree species and forest
types. Foliage uptake of atmospheric Hg’ leads to an average of —2.8%, of MDF globally, thus
global foliage with median 6°*’Hg of —2.579%,, and —2.17%, for North America and Europe foli-
age and —2.78% for China foliage. The A'’Hg of foliage is 0.1%, more negative than the value
of air Hg’ (median: —0.27%, vs. —0.17%,), but A**°Hg of foliage is comparable to the value of
the air Hg" (median: —0.04%, vs. —0.03%,). The litterfall §°**Hg shows a — 0.3%, to —0.4%, shift
compared to the foliage §*”’Hg (median: —2.94%, vs. —2.57 %,), and its A'*’Hg displays
a—0.05%, to —0.1%, shift (median: —0.37%, vs. —0.279%,). Yuan et al. (2019b) has reported that
upon Hg’ uptake, maturing foliage becomes progressively enriched in lighter Hg isotopes and
depleted in odd mass isotopes, which caused by Hg" re-emission (with more negative 6°°*Hg but
positive A'”’Hg in Fig. 7A) from Hg previously metabolized and bound in the leaf interior after
reduction. The re-emission Hg accounts for 30% of the total uptake of Hg (Yuan et al., 2019b).

4.2. Hg accumulation processes on forest floor

Earlier mass balance studies found that the atmospheric Hg deposition shifted from the litterfall
Hg deposition in low elevation forests to wet and cloud water induced atmospheric Hg*" depos-
ition in alpine forests (i.e., “cold trapping effect,” Fig. 1), and suggested that Hg deposition caused
by the “cold trapping effect” is the dominant deposition pathway for Hg accumulation in surface
soil of elevated montane regions (Blackwell & Driscoll, 2015; Lawson et al., 2003; Stankwitz et al.,
2012). However, recent studies in montane forests have demonstrated that vegetation uptake of
atmospheric Hg” induced Hg deposition (atmospheric Hg’ dry deposition) is the main pathway
for Hg sources on forest floor, and precipitation and temperature show an indirect effect by
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controlling the vegetation biomass and litter decomposition to influence the Hg accumulation in
surface soil (Demers et al, 2013a; Guédron et al., 2018; Jiskra et al, 2015; Wang et al., 2017a,
2019d, 2020a, 2020b; Yuan et al., 2019a; Zheng et al., 2016). Global forest surface soil in Fig. 7(C)
and 7(D) exhibits a median of —0.20%, (mean = —0.22 +0.19%,, n=320) A'”’Hg value and close
to zero A’ ’Hg, both characteristic of the MIF signatures in foliage and litterfall. This confirms
the dominant contribution from the atmospheric Hg’ dry deposition. Using the isotopic finger-
prints and statistical modeling, it has been found that both climate and vegetation changes can
alter atmospheric Hg® dry deposition onto surface soil in forests and therefore change the accu-
mulation and spatial distribution of Hg in soil at the continental scale (Wang et al.,
2019¢, 2020a).

After the litterfall Hg deposition, Hg in soil is subject to microbial reduction during the initial
litter decomposition period, as well as weak yet continuous photo-reduction because the canopy
shading constrains sunlight reaching into the forest floor (Wang et al., 2016b; Yuan et al., 2020).
Since microbial reduction mainly induced the Hg-MDF, the 6**’Hg of decomposing litter
becomes more positive and the A'”’Hg nearly has a small variation (Lu et al., 2021; Yuan et al,,
2020). The dark redox reactions mediated by organic matter and microbial reduction become the
predominant processes in a time scale of decades to centuries. These reductions lead to a grad-
ually more positive 6°°’Hg in organic soil. In addition, the organic matter induced Hg dark redox
transformation has a distinct nuclear volume effect (NVE) that leads to a more negative A'*® Hg,
up to —0.1%, to —0.3%, shift between the Oa (i.e., well decomposed humus soil) and litters
(Guédron et al., 2018; Jiskra et al., 2015; Lu et al., 2021; Yuan et al., 2019a). Photochemical reduc-
tion of Hg>" widely occurs in the environment. Air, foliage and litterfall samples typically exhibit
the magnetic isotope effect (MIE) induced a slope of 1 for A'’Hg versus A**'Hg (Bergquist &
Blum, 2007; Blum et al., 2020; Sonke, 2011). In deep organic soil, the occurrence of organic mat-
ter medicated Hg dark redox alter the slope to slightly greater than 1 due to partial NVE yielding
of up a slope of ~1.6 (Guédron et al., 2018; Jiskra et al., 2015; Lu et al., 2021; Yuan et al., 2019a).
In mineral and deeper soil, with the mixing of Hg derived from geogenic sources (i.e., rock
weathering), the A’ Hg gradually become ~0 because of diminutive A'*® Hg signatures in rocks
(Blum et al., 2014; Guédron et al., 2018; Smith et al., 2008; Sun et al., 2019a).

Demers et al. (2013a) reported the isotopic composition of Hg” evaded from forest floor and
proposed that the Hg” evasion may be from air-surface exchange of atmospheric Hg rather than
from the emission of legacy Hg on forest floor. However, more field observations suggest occur-
rence of legacy Hg re-emission based on the strong Hg’ evasion during daytime and deposition
at night (Agnan et al., 2016; Zhu et al., 2016). Jiskra et al. (2019) showed a lower 5202Hg and
higher A"’Hg in soil pore gas Hg” compared to the values in atmospheric Hg’, which are attrib-
uted to the abiotic oxidation of atmospheric Hg’ by organic matter in soil. More studies are
required to comprehensively understand the contribution of microbial reduction, organic matter
redox and photo-reduction induced Hg re-emission from the forest floor.

4.3. Sources of Hg in hydrological transport

Throughfall Hg shows signals of atmospheric Hg*" inputs and atmospheric Hg*" dry deposition
which has been represented as the difference between rainfall Hg and throughfall Hg depositions
(Demers et al., 2007; Fu et al., 2010; Grigal, 2003; St Louis et al., 2001, 2019; Wang et al., 2009,
2016a). However, the Hg isotopic studies reveal that such difference cannot be solely explained
by the atmospheric Hg>" dry deposition. Wang et al. (2020b) reported throughfall Hg isotopic
composition in a deglaciated forest chronosequence. They found that A'® Hg and A** Hg of
throughfall are both significantly more negative than those in precipitation, and shifted toward
the signatures more characteristic of vegetation covers. Using Hg MIF mixing modeling, it is
shown that throughfall Hg contains large ratio of atmospheric Hg” sources derived from detritus
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of canopy and the canopy epiphyte cover (Wang et al., 2020b). Several studies in forests with Hg
isotope data during runoff (Jiskra et al., 2017; Tsui et al,, 2020; Woerndle et al., 2018) suggest
that runoff would not lead a Hg-MDF because Hg desorbed from soil or decomposed litter is
bound to DOM in runoff water, and >70% of the Hg comes from the dry deposition of atmos-
pheric Hg0 (Fig. 7) (Jiskra et al., 2017; Tsui et al., 2020; Woerndle et al., 2018).

4.4. Sources of Hg in woods

It has been shown that Hg sources in aboveground woods are mainly from the translocation of
foliage uptake of atmospheric Hg” (Sun et al., 2017; Wang et al., 2020b, 2021b). The translocation
of foliage uptake of atmospheric Hg” even contributes 44 —83% of Hg in roots (Wang et al,
2020b). Wang et al. (2021b) analyzed Hg isotopic compositions in tree-ring profiles, and reported
0**°Hg values vary among the tree samples, which was attributed to the complexity of Hg-MDF
during atmospheric Hg uptake and translocation in vegetation. The A'*® Hg signature, which
only influenced by the radial translocation in xylem, can be as a tracer to reconstruct a decadal-
scale temporal trend of the atmospheric Hg’. Overall, woody biomass represents atmospheric Hg’
sink underestimated by earlier assessments that focused on litterfall deposition.

5. Summary and implications for the Minamata convention

Knowledge in the biogeochemical cycling of Hg has advanced extensively in the last three deca-
des. Part of the development was leveraged on the advancement of stable Hg isotope techniques
capable of tracing sources and processes. Vegetation uptake of atmospheric Hg’ is the largest
atmospheric Hg’ sink in terrestrial ecosystems, and plays an important role in changing the sea-
sonal atmospheric Hg concentration and its isotopic composition, as well as surface soil Hg con-
centration (Fu et al., 2019; Jiskra et al., 2018; Wang et al., 2019¢; Zhou et al.,, 2021). The quantity
of atmospheric Hg deposition mediated by forests (2200-3400 Mg yr ' including throughfall and
vascular/non-vascular vegetation uptake) represents the most important mass budget of Hg in
global context.

Earlier studies have intensively focused on the Hg biogeochemical processes in forest soil. To
current, the Hg transport and transformation during the forest hydrological processes require
more attention. Globally, rainfall Hg deposition is in the range of 690-1000 Mg yr~ ' with positive
A"° Hg and A*® Hg. The absence of atmospheric Hg>" isotope signatures in forest components
raises the question on the fate of Hg*" deposition in forests. Atmospheric deposition of Hg>"
through precipitation tend to have higher mobility and therefore possibly be diluted by Hg mass
from other sources (e.g., geological Hg), removed by groundwater discharge, or re-emitted into
atmosphere through chemical or biological reduction (Amos et al., 2015; Grigal, 2002; Lindberg
et al., 2007). More studies are needed to identify the fate of Hg in the hydrological processes.

In addition, throughfall and woods contain a large fraction of Hg originated from atmospheric
Hg’, which was underestimated in earlier assessment. The role of root and canopy epiphyte cover,
such as moss and lichen that take up atmospheric Hg’ (Wang et al., 2019b) also need attention.
A preliminary estimate of Hg uptake by moss covers in forest ecosystems reaches 630+ 315 Mg
yr ' (Wang et al., 2020b), equivalent to half of the global litterfall Hg deposition (Fu et al., 2016;
Wang et al., 2016a), which requires further verification.

The impacts of forest ecosystems on the global Hg cycle depend to a large extent on how
changing landuse, both intentionally (e.g., afforestation and deforestation) and unintentionally
related to (e.g., climate change) need further assessment (Bishop et al., 2020; Obrist et al., 2018).
Accelerated climate change increases the unpredictability of Hg accumulation in forest ecosys-
tems. Extreme drought and wildfire emission of Hg caused by human activities are estimated to
be 200-610 Mg yr . Climate change alone could increase wildfire Hg emission by 14% globally
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in 2050 (Kumar et al., 2018; Outridge et al., 2018; Webster et al., 2016). Wildfire drives emission
of Hg on forest floor accumulated over decades to centuries immediately into the atmosphere
and increase the local and regional Hg loading, posing substantial ecological risks (Garcia &
Carignan, 2005; Kelly et al., 2006; Vijayaraghavan et al., 2014). The ongoing change of landcover
and forestry can potentially increase the soil Hg and MeHg transport into the downstream
aquatic ecosystems and Hg" re-emission (de Wit et al., 2014; Eklof et al., 2013, 2014; Kronberg et
al., 2016; Mazur et al., 2014). These findings have not considered the role of tropical forest eco-
systems where 60-70% of global surface Hg storage reside (Wang et al., 2016a, 2019¢). The
ongoing deforestation is also a concern. It has been estimated that gaseous Hg emissions from
soil following forest loss and land change in tropical forests of Brazil is about 4 times greater
than in temperate deciduous forest (Carpi et al., 2014). Finally, the recent afforestation in China
(27% increase of forest covers in the past two decades) driven by the national ecological projects
could have significantly increased the terrestrial Hg sink. More studies are needed to understand
the impacts of these human activities on global Hg cycling.

Reduction of anthropogenic Hg emissions mandated by the Minamata Convention will con-
tinue to decrease the Hg concentration in the atmosphere. However, it may take a much longer
period to observe the response in forest ecosystems. Current studies in aquatic ecosystems suggest
that Hg decrease and recovery is slow (up to centennial scale) due to the complex processes asso-
ciated with climate change and changes in land-use and ecosystems (Braune et al., 2016; Burgess
et al., 2013; Evans et al,, 2013; Wang et al., 2019a). Recent studies have revealed up to 10° to 107
of magnification for MeHg via the food chain from soil to birds in forest ecosystem (Luo et al.,
2020; Sauer et al., 2020; Townsend et al., 2013, 2014; Tsui et al., 2018). This suggests that the for-
est biota can be as the hotspot for MeHg bioaccumulation which used to occur in the aquatic
ecosystems, and we recommend further assessments in these issues. Overall, how quickly terres-
trial ecosystems transfer anthropogenic Hg into food webs or back to the atmosphere would
affect the global cycling of Hg and risk of Hg exposure to human and wildlife, and thus ultim-
ately determine effects of how actions in accordance with the Minamata Convention.
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