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A B S T R A C T   

The vegetation uptake of atmospheric elemental mercury [Hg(0)] and its subsequent littering are critical pro-
cesses of the terrestrial Hg cycles. There is a large uncertainty in the estimated global fluxes of these processes 
due to the knowledge gap in the underlying mechanisms and their relationship with environmental factors. Here, 
we develop a new global model based on the Community Land Model Version 5 (CLM5-Hg) as an independent 
component of the Community Earth System Model 2 (CESM2). We explore the global pattern of gaseous 
elemental Hg [Hg(0)] uptake by vegetation and the spatial distribution of litter Hg concentration constrained by 
observed datasets as well as its driving mechanism. The annual vegetation uptake of Hg(0) is estimated as 3132 
Mg yr− 1, which is considerably higher than previous global models. The scheme of dynamic plant growth 
including stomatal activities substantially improves the estimation for global terrestrial distribution of Hg, 
compared to the leaf area index (LAI) based scheme that is often used by previous models. We find the global 
distribution of litter Hg concentrations driven by vegetation uptake of atmospheric Hg(0), which are simulated to 
be higher in East Asia (87 ng/g) than in the Amazon region (63 ng/g). Meanwhile, as a significant source for litter 
Hg, the formation of structural litter (cellulose litter + lignin litter) results in a lagging effect between Hg(0) 
deposition and litter Hg concentration, implying the buffering effect of vegetation on the air-land exchange of 
Hg. This work highlights the importance of vegetation physiology and environmental factors in understanding 
the vegetation sequestration of atmospheric Hg globally, and calls for greater efforts to protect forests and 
afforestation.   

1. Introduction 

Mercury is a neurotoxin that can harm human health (Beckers and 
Rinklebe, 2017). It is also an environmental pollutant that cycles glob-
ally between the atmosphere, land, oceans, and ecosystems within 
(Obrist et al., 2018). The terrestrial ecosystem is an important part of the 
global Hg cycle due to the large mass of Hg in soils and the active bi- 
directional exchange of Hg between the atmosphere and the heteroge-
neous land surfaces (Agnan et al., 2016). The uptake of gaseous 
elemental Hg (Hg0) by vegetation is a crucial process via which atmo-
spheric Hg enters terrestrial ecosystems (Gustin et al., 2008; Obrist et al., 
2017). The foliar Hg concentrations are positively correlated with at-
mospheric Hg levels (Fay and Gustin, 2007; Millhollen et al., 2006) and 
the vegetation was found to determine the partition of Hg deposition to 

the ocean and land globally (Zhou et al., 2021). The seasonal variations 
of atmospheric Hg concentrations are also related to foliage photosyn-
thetic activity and subsequent atmospheric CO2 concentrations as a 
result of vegetation uptake (Fu et al., 2019; Jiskra et al., 2018; St. Louis 
et al., 2019). 

Large uncertainties (1000–1400 Mg) exist in our estimate of global 
Hg(0) vegetation uptake (Horowitz et al., 2017; Outridge et al., 2018; 
Zhou et al., 2021,2016), most of which are derived from an upscaling of 
limited observations. The uncertainties are caused by the following 
reasons: i. the observational data is limited to remote and vegetated 
regions, especially in the tropical/subtropical forest regions that possess 
the large potential to uptake Hg (Yuan et al., 2019b), but ignores 
vegetated regions with higher anthropogenic emissions, i.e. the mid- 
latitudes; ii. the estimate of global Hg deposition by litterfall does not 
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account for woody tissues, underlying soils, and nonvascular plants 
(Obrist et al., 2018). A part of atmospheric Hg will remain in the plant 
and be distributed to woody tissues by phloem and xylem transport (Liu 
et al., 2021; Obrist et al., 2018; Wang et al., 2021; Zhou and Obrist, 
2021). A significant proportion of Hg is assimilated by lichens, mosses, 
and woody tissues including roots (Zhou and Obrist, 2021); iii. the lack 
of consideration for multiple vegetation/plant function types that have 
different Hg(0) uptake efficacies, for instance, the mangrove and ever-
green broadleaf usually have a higher Hg concentration in foliage than 
other tree species (Wang et al., 2021). 

The Hg(0) taken by the leaf also undergoes various chemical re-
actions such as oxidation, reduction, and complexation, resulting in 
retention within the foliage, which is subsequently transferred to soil as 
litterfall when the leaf abscises and plants die off (Liu et al., 2021; Obrist 
et al., 2018). Thus, litterfall Hg plays a key role in the ecosystem process 
of the global Hg cycle (Wang et al., 2016a; Zhou et al., 2018). A series of 
local studies have shown that litterfall Hg deposition is the main Hg 
input for forest floor Hg (Jiskra et al., 2015; Luo et al., 2022; Pokharel 
and Obrist, 2011; Risch et al., 2012; Wang et al., 2017), however, the 
mechanisms for the global distribution of litter Hg concentration are not 
well understood. The litterfall biomass was often considered the domi-
nant factor (Zhou et al., 2018,2016), but the influence of atmospheric 
Hg concentration was largely neglected. Indeed, some sites in East Asia 
are found to have higher litterfall Hg concentrations than the Amazon 
area which has the largest aboveground litterfall biomass (Li et al., 
2019). For another, wildfire Hg emissions are influenced by a variety of 
environmental and anthropogenic factors, including climate conditions, 
geography, the type of vegetation, the extent and type of human activity, 
as well as the Hg content in different vegetation tissues (De Simone 
et al., 2015; Kumar et al., 2018). 

Process-based global models have been developed to study the 
terrestrial Hg cycles (Schaefer et al., 2020; Smith-Downey et al., 2010). 
However, these models didn’t consider critical processes such as vege-
tation uptake, soil Hg leaching, and wildfires. Moreover, these models 
often merely rely on the leaf area index (LAI) to calculate the vegetation 
uptake of Hg(0) but ignore the variability of stomatal uptake, which is 
regarded as the dominant pathway of Hg incorporated into foliar. These 
estimations could thus bear massive bias compared with the observa-
tions. The stomatal conductance is a key indicator of plant Hg uptake 

(Laacouri et al., 2013; Rutter et al., 2011a, 2011b; Stamenkovic and 
Gustin, 2009), and the related bidirectional air-surface exchange of Hg 
(0) has been incorporated by previous modeling studies (Bash, 2010; 
Khan et al., 2019; Wang et al., 2016c; Zhang et al., 2016b). Here, we 
develop a new mechanistic terrestrial ecosystem Hg model based on 
Community Land Model v5 (CLM5-Hg) within the Community Earth 
System Model v2 (CESM2). CLM5 is one of the most comprehensive land 
surface models, which has more ecological process fidelity than previous 
models, such as stomatal physiology and dynamic land units based on 
prognostic global vegetation state (Lawrence et al., 2019). This model 
thus could help us to better understand the Hg cycles in the terrestrial 
ecosystems covering different plant functional types (PFT). Here, we add 
Hg species as new tracers into the CLM5. The related process in terres-
trial Hg cycle, such as the stomatal regulation, soil emission, soil 
leaching, chemical transformation of leaf and underground soil reser-
voirs, and wildfires are also included (Fig. 1). We explore the global 
pattern of Hg(0) uptake by vegetation based on various PFT, which is 
compared with the LAI method. We also assess the litter Hg concen-
tration distributions constrained by observed datasets and explore the 
mechanism for driving the global spatial distribution of litter Hg. 

2. Methodology 

2.1. Model overview 

We develop a mechanical simulation of the Hg cycle in the terrestrial 
ecosystems that are coupled with the bio-geophysical and bio- 
geochemical process within the CLM5 (Fig. 1), which is the default 
land component for the Community Earth System Model Version 2 
(CESM2) including comprehensive carbon and nitrogen cycles within 
the aboveground and belowground process. The terrestrial component is 
closely coupled with the atmosphere and the state of vegetation (leaf 
area index [LAI], steam area index [SAI], canopy top and bottom 
heights, etc.) is prognostically calculated. The CLM phenology model 
comprises multiple algorithms that regulate the movement of stored 
carbon and nitrogen out of storage pools for the display of new growth 
and into litter pools for losses of displayed growth. These algorithms 
represent different phenological types, each associated with a particular 
plant functional type (PFT) (Lawrence et al., 2019). The model adopts a 

Fig. 1. Terrestrial Hg budget simulated by CLM5-Hg. Numbers represent the Hg flux among pools as well as the emission and deposition fluxes (units are in Mg Hg 
per year). 
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demographically structured approach for the dynamic of vegetation, 
which is the “Functionally Assembled Terrestrial Ecosystem Simulator” 
in CLM5. The submodule contains vegetation competition and co- 
existence. It enables a biosphere representation that accounts for the 
division of the land surface into successional stages, as well as compe-
tition for light between height-structured cohorts of representative trees 
of various plant functional types. The fire emissions are coupled to the 
atmosphere and the soil module of CLM5 also has a relatively high 
vertical resolution with 25 layers extending down to 8.50 m (Lawrence 
et al., 2019). 

We use the offline model of CLM5 (0.90◦ latitude × 1.25◦ longitude) 
with coupled biogeochemical cycles (BGC), which is run for 200 years to 
get a steady state. The model is then run for four years (2011–2014) with 
the last year used for analysis. The CLM5-Hg model takes the atmo-
spheric Hg(0) concentrations and the dry and wet deposition fluxes of 
Hg(II) simulated by the CAM6-Chem model as the upper boundary 
conditions (Zhang and Zhang, 2022) (Fig. S1). The Hg(II) deposition is 
absorbed on the leaf surface and it landed on the soil surface via 
throughfall (Smith-Downey et al., 2010; Zhang et al., 2020). The 
meteorological forcing data of CLM5 is from the Global Soil Wetness 
Project dataset (GSWP3), which is a 3-hourly 0.5◦ global forcing product 
based on 20th Century Reanalysis version 2 (Lawrence et al., 2016). 

2.2. Vegetation uptake of Hg(0) 

CLM5 adopts a nested sub-gridded hierarchy approach to represent 
the heterogeneity of land surfaces: unit -> column -> patch. Each model 
grid cell includes multiple land units (glacier, lake, urban, vegetated, 
and crop), and each column has various patches, which can take one of 
the 15 PFT, 4 crop functional types (CFT), and bare ground. We merge 
four CFTs into one (“Crop”) for simplicity. These function types differ in 
leaf and stem properties that determine the reflectivity, transmittance, 
and absorption of solar radiation (Table S1); aerodynamic parameters 
that control resistance to heat, moisture, and momentum transfer; and 
photosynthetic parameters that determine photosynthesis, stomatal 
resistance, and transpiration (Lawrence et al., 2019). 

The atmospheric Hg(0) uptake by vegetation is calculated as a dry 
deposition flux (Khan et al., 2019): 

Fd(z) = VdC(z) (1)  

where Fd(Z) represents the Hg(0) dry deposition flux at the height z, C(z) 
is the atmospheric Hg(0) concentrations from the CAM-Chem model 
(Zhang and Zhang, 2022), and vd is the dry deposition velocity calcu-
lated following the Wesely scheme (Wesely, 1989): 

Vd =
1

Ra + Rb + Rc
(2)  

where Ra is the aerodynamic resistance between a specific height and 
the surface, Rb is the quasi-laminar sublayer resistance, and Rc is the 
bulk surface resistance. Rc is mainly determined by the stomatal resis-
tance (Rs), which is calculated by Medlyn stomatal conductance model 
(Medlyn et al., 2012) The leaf stomatal resistance is: 

1
rs

= g0+ 1.6
(

1 +
g1̅̅
̅̅

D
√

)
An

Cs/Patm
(3)  

where g0 is the minimum stomatal conductance, An is leaf net photo-
synthesis, Cs is the CO2 partial pressure at the leaf surface, Patm is the 
atmospheric pressure, and D is the vapor pressure deficit at the leaf 
surface. g1 is a parameter that depends on the plant functional type 
(Table S2) following the CABLE model (De Kauwe et al., 2015). rs is 
corrected by partitioning sunlit leaf stomatal resistance and shaded leaf 
stomatal resistance and the condition of snow cover (Lawrence et al., 
2019): 

Rs =

(
fsun × elai

rsun
s

−
fsun × elai

rsha
s

)∧− 1

(4)  

where Rs represents the adjusted stomatal resistance, fsun is sunlit frac-
tion of canopy, elai represents one-sided LAI buried by snow, rsun s is 
sunlit leaf stomatal resistance, rsha s is shaded leaf stomatal resistance. 

2.3. Vegetation and soil Hg pools 

The Hg cycle is influenced by the cycle of carbon (C) and is simulated 
within the C cycling framework (Schaefer et al., 2020; Smith-Downey 
et al., 2010). CLM5 considers both the above- and below-ground pro-
cesses, including 18 plant pools consisting of six tissues, six accompa-
nied storage pools, and six transfer pools. Each soil layer is comprised of 
seven pools for litter and soil organic matter (SOM): metabolic litter 
(LITR1), cellulose litter (LITR2), lignin litter (LITR3), coarse woody 
debris (CWD), fast SOM (SOM1), slow SOM (SOM2), and passive SOM 
(SOM3). The CLM5-Hg considers a corresponding Hg pool for each C 
pool. C and Hg are transferred from one pool to another, and the flow of 
C and Hg from one pool to the other reflects the life cycle of organic 
matter. We use the Hg concentration dataset in surface soil as the initial 
soil Hg (Wang et al., 2019), where Hg emissions to the atmosphere are 
based on the decomposition of soil carbon. Some of the C/Hg pools are 
also released to the atmosphere by CO2 respiration and Hg(0) emission 
to the atmosphere (Fig. S2). 

The dynamics of vegetation are controlled by its phenology which 
determines the leaf onset and offset dates through air temperature and 
soil water conditions. During the offset period, the leaf and fine root die 
to form litterfall and the LAI drops quickly. The occurrence of fire events 
is triggered by the amount of litter and soil moisture, while the C and Hg 
in plant pools are released to the atmosphere or transferred to litter 
pools determined by their tissue and burning areas. The atmospheric Hg 
is assimilated by the leaf and transferred to litterfall when plants are at 
offset period, which is subsequently bound to SOM with considerably 
high affinity and is shielded from reduction until the organic matter is 
respired by microbe (Lawrence et al., 2019; Schaefer et al., 2020; Smith- 
Downey et al., 2010). Moreover, Hg(0) is released into the atmosphere 
by photoreduction (Saiz-Lopez et al., 2022; Yuan et al., 2019a), leaching 
of soil (Miretzky et al., 2005; Schaefer et al., 2020; Sun et al., 2019) and 
wildfire (Kohlenberg et al., 2018) (Fig. 1). 

2.4. Observational dataset 

The observed litterfall Hg concentration is obtained from the global 
Hg concentration of plant tissues (Zhou et al., 2021), which summarizes 
published data between 1976 and 2020, including 2490 individual data 
points from 230 scientific studies. Data were not weighted by sampling 
years, since no clear temporal trends in litter Hg concentration were 
observed among the 40 years (Zhou et al., 2021). Furthermore, although 
atmospheric mercury concentrations have changed markedly over the 
last decade, litter and soil mercury concentrations have changed more 
slowly, as they need longer-term accumulation and transformation 
before notable changes (Gworek et al., 2020). These data are from 416 
different measurement sites across the world covering a variety of 
vegetation types containing deciduous trees, coniferous trees, evergreen 
broadleaved trees, grasslands, and fewer wetlands. The 322 records of 
litter Hg concentration within the dataset are used for model evaluation. 
Feinberg et al. (2022). This database contains 79 publications with 
measurements ranged from 1987 to 2020 (Feinberg et al., 2022). 

3. Result and discussion 

3.1. Terrestrial Hg budget 

Fig. 1 shows the budget of the terrestrial Hg cycles from the CLM5-Hg 
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simulation, including the process of Hg(0) and Hg(II) within the 
terrestrial ecosystem. The global total Hg(II) deposition is 1130 Mg yr− 1 

to land (Zhang and Zhang, 2022). The global Hg(0) deposition is 
simulated as 3132 Mg yr− 1, more than double of Hg(II) deposition. The 
foliar Hg(0) re-emission is simulated as 470 Mg yr− 1, resulting in a net 
Hg(0) uptake of 2667 Mg yr− 1. The Hg(0) deposition is dominated by 
vegetation uptake, and a portion of Hg (580 Mg yr− 1) deposited on leaf 
surfaces is washed off with throughfall. After a series of chemical re-
actions such as oxidation, reduction, and complexation (Fig. 1), the Hg 
within foliage subsequently enters the surface of the land in the form of 
litterfall. The global total Hg litterfall flux is estimated as 1753 Mg yr− 1, 
significantly higher than the estimation of data analyses of 1180 Mg yr− 1 

(Wang et al., 2016a). A part of the Hg from aboveground vegetation is 
released back into the atmosphere via photoreduction (234 Mg yr− 1) 
and wildfires (870 Mg yr− 1). Soil respiration also causes a re-emission of 
982 Mg yr− 1 to the atmosphere and an additional 216 Mg yr− 1 and 122 
Mg yr− 1 are lost via leaching and runoff, respectively. The global soil Hg 
storage is estimated as 950 Gg (Fig. S3-S5), which is consistent with the 
range of 235–1150 Gg from previous studies (Amos et al., 2015, 2013; 
Selin et al., 2008; Wang et al., 2019). Due to the overall long residence 
time of soil Hg compared, we more focus on the vegetation part of the Hg 
cycle in this study. 

3.2. Vegetation Hg(0) uptake 

Fig. 2a shows the global distribution of vegetation uptake of Hg(0) 
based on the stomatal uptake scheme. Overall, field observations of Hg 
uptake by diverse vegetation are scarce. In general, the mean and 
standard error at the 39 observational sites are 42.93 ± 35 μg m2 yr− 1 

for the model, consistent with the measurements (41.60 ± 46.80 μg m2 

yr− 1). Our stomatal uptake-based model also better captures the spatial 
patterns of observed vegetation Hg(0) uptake than the LAI scheme 
(Fig. 2b), especially in East Asia. The fitness between observation and 
model is also improved by our stomatal parameterization (Fig. 3a). 
Large variations are simulated across the biomes worldwide driven by 
vegetation (Fig. S6). A higher level of Hg(0) uptake by vegetation is 
modeled in the Amazon region (50.32 μg m2 yr− 1) with the densest 
vegetation cover (Anadón et al., 2014) and higher net primary pro-
duction (NPP) (Fig. S6) (Wang et al., 2021) despite the atmospheric Hg 
(0) concentrations over the Amazon area are relatively low (Fig. S1). 
This modeled Amazonian Hg(0) uptake by vegetation is comparable to 
the Hg deposition flux (averaged 49 μg m2 yr− 1) by litterfall measure-
ments (Fostier et al., 2015). Much lower Hg(0) uptake fluxes are simu-
lated in areas lacking vegetation covers such as desert regions in Africa 
and Central Asia and the tundra area near the Arctic. Surprisingly, 
despite the lower NPP than the Amazon regions (Fig. S6b), we simulate 
the highest flux over East Asia (65 μg m2 yr− 1) driven by the highest 
atmospheric Hg(0) concentrations (Figs. 2a, S1). This is consistent with 
in-situ observations (58.10 μg m2 yr− 1 in the central region of China by 

Yu et al. (2020) and 61 μg m2 yr− 1 in southwest of China by Luo et al. 
(2016)). 

Fig. 2b shows the result if we adopt the LAI algorithm (Hg fixed by 
leaves through LAI) (Smith-Downey et al., 2010). The simulated Hg(0) 
uptake by the vegetation in the Amazon (51.73 μg m2 yr− 1) is relatively 
higher than the East Asia (43.22 μg m2 yr− 1).The vegetation uptake of 
Hg(0) over Amazon is likely to be overestimated by the LAI scheme. 
Since the LAI-based model does not consider the diurnal dynamics of 
leaves, such as the stomatal uptake process. Under low concentration 
conditions, the uptake of Hg by vegetation is less limited by stomatal 
uptake. This allows LAI similar to the stomatal uptake to estimate the 
uptake of atmospheric Hg(0) by foliar. However, at high mercury con-
centrations, the ability of vegetation to fix mercury leads to an under-
estimation of Hg (Fig. 3). The CLM5 considers the stomatal closure 
process occurring during the night or in situations like high water stress, 
which also hinders Hg(0) uptake by vegetation. Our model also suggests 
the East Asia as another region with significant difference between the 
LAI and stomatal approaches, mainly caused by the high atmospheric 
mercury concentrations in this region (Fig. S1a). The CLM5 includes a 
variety of vegetation types such as needle leaf species in this region, 
which have a relatively small leaf area but high update capacity of Hg 
(Luo et al., 2016). Our stomatal-based model indicates that this type of 
tree plays an important role in Hg(0) uptake with needleleaf evergreen 
tree (NET) accounting for 15% of total Hg assimilation (Fig. 4). In 
addition, the anthropogenic Hg emissions are the highest in East Asia 
(Zhang and Zhang, 2022), which amplifies the difference between the 
LAI and stomatal schemes in this region. 

The global total Hg(0) flux assimilation by vegetation is modeled as 
3138 Mg yr-1 (Fig. 1), which is higher than the LAI algorithm modeling 
1788 Mg yr− 1. The total Hg assimilation by all PFTs is 2377 Mg yr− 1, 
with 290 Mg yr− 1 for CFT (Fig. 4). The tropical/subtropical species ac-
counts for the largest proportion (27.52%, 652 Mg yr− 1), followed by the 
temperate broadleaf deciduous (16%, 379 Mg yr− 1) and temperate 
needle-leaf evergreen (14.73%, 349 Mg yr− 1), consistent with previous 
studies (Wang et al., 2016a; Wohlgemuth et al., 2022; Zhou and Obrist, 
2021). We find the foliar uptake of atmospheric Hg(0) is also regulated 
by tree functional traits, consistent with previous studies (Wohlgemuth 
et al., 2022). The CLM5 model divides vegetation into different 
phenological types based on temperature, soil moisture, day length, and 
the fraction of annual leaf growth. This approach helps to ensure that 
vegetation growth is more consistent with observations. In CLM5-Hg, 
evergreen vegetation types have the longest growing season, as their 
leaf growth cycle typically lasts for over a year or even longer (Wang 
et al., 2016b). Broadleaf tree species in CLM5 have a higher Vcmax, which 
reflects the photosynthetic rate of plant leaves. Indeed, tree species with 
larger leaf area can absorb more light photons (Teixeira et al., 2017), 
increasing An (the intensity of leaf net photosynthesis) and indirectly 
increasing stomatal conductance per unit of time for broadleaf species 
(via equation (3)), which we find facilities the uptake of more 

Fig. 2. Simulated global annual Hg(0) uptake by various plant functional type (PFT) uptake based on the parameterization of stomatal uptake (a) and the LAI 
algorithm (b). Model results (background) are the annual mean for the year 2014. Ground-based observations (rhombus) are obtained from the database of global 
vegetation measurements (See Methodology). 
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atmospheric Hg(0). As a result, our model suggests that tropical and 
subtropical tree species, represented by evergreen broadleaf forests, 
absorb the largest amount of Hg. 

Our process-model-based estimate converges with the recent 
observation-derived estimate of global vegetation Hg assimilation flux 
scaled from direct Hg(0) measurements: 2113 ± 477 Mg yr− 1 (Zhou and 
Obrist, 2021; Daniel et al., 2021). However, our estimate is much higher 
than Wang (Wang et al., 2016a) (1180 Mg yr− 1), which is based on 
litterfall data and may underestimate the vegetation Hg uptake. More-
over, their estimate does not the transformation time of mercury from 
leaves to litter, which is included in the phenology process in our model. 
Indeed, our model indicates that not all Hg(0) taken up by foliage is 
immediately senesced to litter on the surface soil. Our results are also 
higher than previous global atmospheric model estimates: e.g. 
1180–1410 Mg yr− 1 by Zhou et al. (2021), 730–1070 Mg yr− 1 by Song 
et al. (2015), 1200 Mg yr− 1 by Horowitz et al. (2017), and 2276 Mg yr− 1 

by Feinberg et al. (2022), because most of these models merely consider 
the land use types but not the specific PFT/CFT and the stomata uptake 
processes. 

3.3. Litterfall Hg 

Fig. 5a shows the global distribution of litterfall Hg concentrations, 
which is driven by that of Hg(0) uptake by vegetation (Fig. 2b) with high 
concentrations in regions like the Amazon and China and low concen-
trations in the desert and the Arctic. In general, our model captures the 
spatial patterns of observed litterfall Hg concentrations (Fig. 5a). The 
mean and standard deviation of litter Hg concentrations at the 187 sites 
are 46 ± 37 ng/g, close to the observations (59 ± 35 ng/g). Specifically, 
the model agrees well with the observations over eastern China, eastern 
North America, and West Europe, where the observations are the most 
adequate. The model also simulates relatively high litterfall Hg con-
centrations in southern Africa and Indonesia, where no observations 
exist yet. Moreover, compared with the result of the LAI-based 
approach, the fitness between observation and model is improved sub-
stantially by our stomatal parameterization (Fig. 3b). The model with 
stomatal parameterization also reduces the root mean square error 
(RMSE) between the model and observations by 50%. Our stomatal- 
based model considers the phenological process of vegetation from 
leaves to the formation of litter and includes the accumulation of 

Fig. 3. Comparison between modeled and observed values for (a) Hg(0) uptake fluxes by vegetation and (b) litter Hg concentrations. Two sets of simulations are 
shown: LAI- and stomatal uptake-based. 

Fig. 4. Simulated global Hg assimilation by the vegetation of atmo-
spheric Hg(0) separated via plant functional type (PFT). T1: Needleleaf 
evergreen tree (NET) – temperate, T2: Needleleaf evergreen tree – boreal, 
T3: Needleleaf deciduous tree (NDT) –boreal, T4: Broadleaf evergreen 
tree (BET) – tropical, T5: Broadleaf evergreen tree–temperate, T6: 
Broadleaf deciduous tree (BDT) –tropical, T7: Broadleaf deciduous 
tree–temperate, T8: Broadleaf deciduous tree–boreal, T9: Broadleaf 
evergreen shrub (BES) –temperate, T10: Broadleaf deciduous shrub (BDS) 
–temperate, T11: Broadleaf deciduous shrub– boreal, T12: C3 arctic grass, 
T13: C3 grass, T14: C4 grass, T15: Crops.   
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mercury in leaves, which makes our model more in line with the actual 
growth of plants. On the contrary, the LAI algorithm is often imple-
mented with satellite-derived monthly data without considering the 
detailed vegetation phenology (e.g., Smith-Downey et al., 2010). 

Litterfall biomass is regarded as a key factor to determine the vari-
ation of atmospheric Hg input to the soil (Fig. S7) (Zhou et al., 2018), 
however, we find the atmospheric Hg(0) concentrations also play an 
important role (Fig. S1). Previous studies presumed that the highest 
litterfall Hg deposition occurred in the Amazon Region with the largest 
tree density and biomass production (Wang et al., 2016a). But in this 
study, the simulated litter Hg concentrations in the Amazon Region (63 
ng/g) are lower than that in China (87 ng/g), which is likely attributed 

to higher litter Hg deposition in China (Fig. 5a and b). Indeed, the higher 
Hg(0) uptake by vegetation in East Asia results in more foliage Hg 
accumulation (Liu et al., 2021; Poissant, 2008). The relatively lower 
litterfall biomass in China (147 g m2 yr− 1) also helps to concentrate the 
Hg in litter compared with the Amazon area (265 g m2 yr− 1) (Fig. S7). 
Furthermore, for better nutrient management leading to an efficient 
resource economy for the production of new organs and plant fitness, 
nutrients (C, N) in leaf tissues can be translocated to other tissues before 
the leaf abscises in the CLM5 model (Lawrence et al., 2019), which 
decreases the mass density of the litterfall. However, as a non-nutrient 
element, such a recycling process is absent for Hg, which also am-
plifies the space–time asynchrony between litterfall Hg and biomass. 

Fig. 5. Global distribution of litterfall Hg concentrations (a) and flux (b) simulated by CLM5-Hg. Model results (background) are the annual mean for the year 2014. 
Ground-based observations (rhombus) are obtained from the global Hg concentration of the plant tissue database (See Methodology). 

Fig. 6. Global distribution of simulated litterfall Hg concentration in aboveground pools: (a) metabolic litter (LITR1); (b) cellulose litter (LITR2); and (c) lignin litter 
(LITR3). Correlation of litter Hg concentration in observational sites and corresponding simulated value of aboveground pool from CLM5-Hg; (d) metabolic litter 
(LITR1) Hg versus Site observed litter Hg; (e) cellulose litter (LITR2) Hg versus Site observed litter Hg; (f) lignin litter (LITR3) Hg versus Site observed litter Hg. 
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The CLM5 model considers the metabolic litter pool, cellulose litter 
pool, and lignin litter pool, which have different decomposition rates 
and turnover times. Among them, the cellulose and lignin pools in the 
model have slower decomposition rates as they are polymerized car-
bohydrates and aromatic compounds that can resist microbial break-
down into smaller compounds for uptake (Kaiser et al., 2014; 
Mcclaugherty and Berg, 1987). The CLM5-Hg model simulates the 
spatial distribution of global Hg from these litter pools (Fig. 6a–c), 
generally consistent with the observations, including 331 individual 
data points across 139 different measurement sites spanning 21 years 
(1999–2020), which are extracted from a comprehensive database 
(Zhou et al., 2021). Our results show that the Hg deposition flux in 
cellulose (5.63 μg m− 2 yr− 1) and lignin litter (2.82 μg m− 2 yr− 1) is much 
higher than that in the metabolic litter (1.73 μg m− 2 yr− 1). This indicates 
that the decomposition of litter mercury is strongly influenced by sub-
strate quality, and the structural litter (cellulose litter + lignin litter) is a 
significant source of litter Hg (Fig. 6e and f). Moreover, the model also 
indicates that leaves with higher cellulose and lignin usually persist 
longer in the physiological processes, resulting in more accumulation of 
atmospheric Hg prior to forming litter. 

3.4. Wildfire emissions 

The global wildfire emissions of Hg are estimated as 870 Mg yr− 1 

(Fig. 1), which is equivalent to 22% of all currently known anthropo-
genic and natural mercury emissions (Shah et al., 2021). South America 
has the highest emissions, followed by the Middle East and Central 
America (Fig. 7). These regions usually have relatively longer dry pe-
riods, higher temperatures (>28℃), and intermediate annual rainfall 
(350–1100 nm) (Aldersley et al., 2011), which result in higher fire 
incidence. In contrast, South America and Africa of the Northern 
Hemisphere, as well as Arctic regions have less Hg emissions of wildfire 
(Fig. 7), potentially because of significant humid and wet conditions in 
tropical rainforest climate and less vegetation cover limiting burning 
area (Schuur, 2003). Our estimate is higher than previous studies 
(300–678 Mg yr− 1) (Friedli et al., 2009; Kumar et al., 2018; Sigler et al., 
2003). One cause could be the larger Hg pools in the CLM5-Hg model 
which resulted from more vegetation uptake of Hg(0). Furthermore, our 
model considers more types of fire, such as deforestation fires and 
cropland fires. Our model also increases the mortality of vegetation 
induced by the fire with plant phenology (Lawrence et al., 2019). 

3.5. Seasonal cycles 

Fig. 8a–d shows the seasonal variation of Hg(0) vegetation uptake. 
The global Hg(0) vegetation uptake is 750 Mg yr− 1 and 1050 Mg yr− 1 

during the period March-May (MAM) and the period June-August (JJA) 
respectively, which is higher than 350 Mg yr− 1 and 250 Mg yr− 1 during 
the period September-November (SON) and period December-February 
(DJF). Specifically, the highest uptake of Hg(0) by vegetation in the 
Northern Hemisphere occurs in JJA period, when East Asia, Europe, and 
temperate North America have 100 Mg yr− 1, 53 Mg yr− 1, and 65 Mg 
yr− 1 vegetation Hg(0) uptake relatively, however, there is the largest 
vegetation uptake of Hg(0) in the Southern Hemisphere at DJF period, 
when 50 Mg yr− 1 and 9 Mg yr− 1 Hg(0) is uptake in South America and 
Southern Africa relatively. The seasonal variability of Hg(0) vegetation 
uptake is likely contributed by that of the plant growth, which is 
controlled by the dynamic parameters such as the temperature, pre-
cipitation, and solar radiation in the CLM5-Hg model. The rate of 
photosynthesis, which is determined by these parameters in the model, 
reaches its peak during the growing season of vegetation in the northern 
hemisphere. At this time, the stomatal conductance is also greater, 
allowing for more uptake of Hg(0) by vegetation in the spring and 
summer. 

We find a lagging effect between Hg(0) vegetation uptake and litter 
Hg concentrations (Fig. 8e–h). It seems that simulated litter Hg con-
centrations are lagging for one season behind Hg(0) uptake. For BET- 
tropical forests, the water use efficiency (WUE) and soil water are 
higher during the growth season in our model, which promotes a large 
amount of litterfall deposition of Hg with the shedding of senescent 
leaves. Thus, a significant increase in litter Hg concentrations in China 
and the Amazon region begins in the JJA period (Fig. 8f), consistent with 
observed seasonal trends for the litter in the broad-leaved forest in 
southwest China (Zhou et al. 2018). However, our model suggests that 
deciduous trees such as BDT-temperate and BDT-boreal produce even 
more litterfall, which results in larger litterfall Hg deposition in 
temperate regions such as temperate North America, Europe, and Boreal 
Asia in the SON period (Fig. 8g). In the CLM5 model, any one of the 
following three conditions is sufficient to initiate the leaf-falling mech-
anism for deciduous phenology when autumn arrives: a sustained period 
of dry soil, a sustained period of cold temperature, or daylength shorter 
than six hours (Lawrence et al., 2019), and the leaf-falling during the 
SON period largely drives the strong Hg littering in these temperate 
regions. Although no observation data is available to evaluate our 

Fig. 7. Simulated Hg emissions of wildfires across the globe from CLM5-Hg.  
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modeled results, yet, this implies that vegetation phenology is a poten-
tial influencing factor for the fate and mobility of Hg in forest floors, and 
the vegetation can buffer the air–soil exchange of Hg. 

4. Uncertainties 

The CLM5-Hg model bears substantial uncertainties. There is un-
certainty for the modeled climatological forcing data such as tempera-
ture, relative humidity, precipitation, and short-wave radiation that 
impacts the plant physiology and soil C/N cycles (Fisher et al., 2019). 
The model parameterization and assumption of plant physiology such as 
photosynthesis, phenology, and evapotranspiration are also important 
sources of uncertainty (Lawrence et al., 2019). The representation of 
land cover/use is also limited by the model resolution (Chen et al., 2018; 
Meier et al., 2018). In addition, there are model structure uncertainties, 
such as the trade-off between the accuracy of vegetation biomass, leaf 
area, and soil moisture due to the difference in soil textures, depths, and 
seasons (Gao et al., 2021). 

Our ability to model the speciation, transformation, transportation, 
and re-emission pattern of soil/vegetation Hg is limited by existing 
scientific knowledge and data. Many parameters in CLM5-Hg are not 
directly measured for Hg but analog to C, such as stomatal conductance, 
stabilization time of Hg in leaves, and the proportionality coefficient of 
Hg partitioning to various litter pools. There is also uncertainty about 
the association of these parameters with environmental factors and 
plant physiological characteristics as illustrated by Wang et al. (2016), 
Wohlgemuth et al. (2022), Zhou et al. (2021), whereas it is computa-
tionally prohibitive to evaluate these uncertainties quantitatively. We 
thus call for more mechanistic experimental studies in the future, to 
provide directly measured parameters related to Hg and the links with 
environment and plant physiology. Moreover, our model does not yet 
account for the transport and translocation of Hg between internal 
vegetation tissues, and neglects the root uptake of Hg from the soil, 
which may cause an underestimation of the vegetation Hg budget. In 

addition, we find various litter types contribute differently to the litter 
Hg flux but current measurement studies have covered very limited 
species. More data, especially for different plant species are needed to 
constrain the global litter Hg concentrations and fluxes. 

5. Implications 

We use so-far the most comprehensive global land model (CLM5-Hg) 
to simulate the land cycling of Hg at present-day. The model results 
indicate an annual vegetation uptake of Hg(0) of 3132 Mg yr− 1, which is 
considerably higher than previous global models and in line with most 
recent observational evidences. Considering a dynamic plant growth 
framework that includes stomatal uptake, CLM5-Hg can also simulate a 
more accurate global spatial distribution of Hg(0) deposition to land and 
litter Hg based on the current observational data and literature. Vege-
tation uptake of atmospheric Hg(0), together with litterfall biomass, are 
simulated as vital factors driving the global distribution of litter Hg, of 
which structural litter (cellulose litter + lignin litter) is a significant 
source. We identify a lagging effect between vegetation Hg(0) uptake 
and litter, representing a buffering effect for the exchange of Hg between 
the atmosphere and land. A similar buffering effect exists for the accu-
mulation of vegetation Hg mass and wild fire emissions, which may also 
occur out of phase. 

The buffering effect has a significant impact on the sequestration of 
anthropogenic Hg emissions by the global land. This effect thus needs to 
be considered in assessing the effectiveness of decreasing Hg use and 
emissions as prescribed in the Minamata Convention of Mercury (Selin 
et al., 2018). The simulated larger vegetation uptake in eastern China 
suggests the important role of atmospheric Hg concentrations, which 
helps to sequester the high anthropogenic emissions over this region, 
making a less global impact. This also indicates that the greenness of this 
region as a result of afforestation provides a potentially significant 
addition sink for atmospheric Hg (Wang et al., 2016b; Zhou et al., 2021). 
Our research calls for the protection of forests and the promotion of 

Fig. 8. The global seasonal pattern of Hg modeled by CLM5-Hg. (a.–d) Hg(0) uptake by vegetation; (e.–h) litterfall Hg concentration; (i.–l) Hg wildfire emissions. (a, 
e, i) MAM(March-May); (b, f, j) JJA(June-August); (c, g, k) SON(September-November); (d,h,l) DJF(December-February). 
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afforestation, which plays a significant role for sequestering anthropo-
genic Hg emissions. 

Terrestrial ecosystem processes, such as canopy gas exchanges, are 
sensitive to climate conditions and the responses differ among plant 
species. As the CLM5-Hg model links the terrestrial Hg cycle with plant 
physiology and the influencing climatological factors, it can diagnose 
the response of the terrestrial Hg cycle to the climate-driven changes in 
global vegetation. The model can also quantify the key processes of the 
terrestrial cycles of Hg, including litter decomposition and soil respira-
tion. In addition, CLM5-Hg is now capable of considering various types 
of plants, expanding beyond the previous constraint of relying solely on 
satellite data for vegetation analysis. The use of prognostic phenology 
and active biogeochemistry can aid in predicting both short-term and 
long-term changes in Hg levels within vegetation and soil, enabling 
better monitoring of seasonal and environmental fluctuations. The effect 
of CO2 fertilization and land use/land cover changes may have a large 
impact on vegetation uptake of Hg(0) by influencing stomatal resistance 
and dynamic vegetation structure (Zhang et al., 2016a; Zhao and 
Running, 2010). Furthermore, with increasing drought frequency and 
severity, the stomatal conductance will respond to changing environ-
mental conditions (Anderegg et al., 2017), and the mortality of plants 
and wildfire events may alter the vegetation uptake and re-emissions of 
Hg under the scenarios of changing climate (Arora and Melton, 2018). 
Our model thus provides an ideal framework to predict the impact of 
future climate and global change on terrestrial Hg cycles, and helps 
understand the Hg dynamics across different spheres on the long-term 
trajectory of the Earth System. 
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