
Environmental
Science
Processes & Impacts

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 1

0:
52

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Atmospheric me
aDivision of Environmental Science and Engi

Technology, 77 Cheongam-Ro, Nam-Gu,

saeyunk@postech.ac.kr; Fax: +82-54-279-82
bEnvironmental Measurement & Analysis Ce

Research, 42 Hwangyong-Ro, Seo-Gu, Incheo

† Electronic supplementary informa
https://doi.org/10.1039/d3em00454f

Cite this: Environ. Sci.: Processes
Impacts, 2024, 26, 519

Received 17th October 2023
Accepted 29th January 2024

DOI: 10.1039/d3em00454f

rsc.li/espi

This journal is © The Royal Society o
rcury uptake and accumulation in
forests dependent on climatic factors†

Yo Han Yang, a Min-Seob Kim, b Jaeseon Park b and Sae Yun Kwon *a

The environmental and climatic factors dictating atmospheric mercury (Hg) uptake by foliage and

accumulation within the forest floor are evaluated across six mountain sites, South Korea, using Hg

concentration and Hg stable isotope analyses. The isotope ratios of total gaseous Hg (TGM) at six

mountains are explained by local anthropogenic Hg emission influence and partly by mountain elevation

and wind speed. The extent to which TGM is taken up by foliage is not dependent on the site-specific

TGM concentration, but by the local wind speed, which facilitates TGM passage through dense

deciduous canopies in the Korean forests. This is depicted by the significant positive relationship

between wind speed and foliage Hg concentration (r2 = 0.92, p < 0.05) and the magnitude of d202Hg

shift from TGM to foliage (r2 = 0.37, p > 0.05), associated with TGM uptake and oxidation by foliar

tissues. The litter and topsoil Hg concentrations and isotope ratios reveal relationships with a wide range

of factors, revealing lower Hg level and greater isotopic fractionation at sites with low elevation, high

wind speed, and high mean warmest temperature. We attribute this phenomenon to active TGM re-

emission from the forest floor at sites with high wind speed and high temperature, caused by turnover of

labile organic matter and decomposition. In contrast to prior studies, we observe no significant effect of

precipitation on forest Hg accumulation but precipitation appears to reduce foliage-level Hg uptake by

scavenging atmospheric Hg species available for stomata uptake. The results of this study would enable

better prediction of future atmospheric and forest Hg influence under climate change.
Environmental signicance

Forests are recognized as a global sink for mercury, by removing atmospheric mercury via the stomata uptake by foliage. Our study aims to identify key
environmental and climatic factors affecting foliar Hg uptake and accumulation within the forest oor across six mountain sites, South Korea. The
measurement of mercury concentration and mercury stable isotopes suggests that local wind speed is the dominant predictor of foliage mercury level and the
associated isotopic fractionation, rather than site-specic atmospheric mercury concentration. Forest oor mercury concentration and isotope ratios are
inuenced by climatic factors (wind speed, air temperature), which enhance decomposition and subsequent Hg re-emission from litter and soil. The identied
factors can be used to predict future impacts of atmospheric mercury in forest ecosystems.
1. Introduction

Biogeochemical cycling and fate of atmospheric mercury (Hg) in
forests have been studied extensively in the recent decade.1,2

This is because forests act as a major sink for atmospheric Hg,
by taking up 1500 to 2100 Mg Hg year−1 from the atmosphere.3

The primary pathway in which atmospheric Hg is taken up by
forests is through the sequestration of gaseous elemental Hg0

via stomata in foliage.4,5 Non-stomatal Hg0 uptake via foliage
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cuticles has also been reported at night6 and in coniferous
canopies.7 Hg0 has a long residence time and is well-mixed in
the atmosphere, making it broadly available for uptake by
forests and other aquatic and terrestrial surfaces.8 Direct Hg0

uptake by the forest oor has recently been identied as an
overlooked pathway, accounting for over half of the total
atmospheric Hg0 uptake in mid-latitude forests.9 Conversely,
wet and dry Hg deposition, in the form of oxidized Hg2+ and
particulate bound Hg (PBM), onto foliage, litter, and soil
surfaces constitutes relatively small proportions.4,10

Recent applications of stable Hg isotopes have shed light on
specic biogeochemical processes governing atmospheric Hg
transformation, accumulation, and re-emission in forests.
Mass-dependent fractionation (MDF) or changes in d202Hg,
which is known to occur via all-known Hg biogeochemical
processes, have been documented during Hg0 uptake and
oxidation via foliar tissues,10 Hg0 re-emission,11,12 and dark
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Fig. 1 Locations of six mountain sites in South Korea. CFPP refers to
coal-fired power plant and numbers denote % number of coal-fired
power plants in a given location from the total national number of
CFPP (n = 61). DEM (Digital Elevation Model) represents the height
above the sea level.
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abiotic and microbial reductions within soil.13–15 Mass-
independent fractionation (MIF) or changes in D199Hg and
D200Hg occur primarily via Hg2+ photo-reduction16 and Hg0

photo-oxidation,17 respectively, and have been used to identify
processes leading to Hg0 re-emission from foliage and forest
oor11,15 and for distinguishing between atmospheric Hg
species (Hg0 vs. Hg2+) affecting forest media.18 Dark abiotic
redox processes are also known to cause small changes in
D199Hg.19,20

The extent to which the aforementioned biogeochemical
processes occur depends on environmental and climatic
factors, which subsequently dictate the fate of atmospheric Hg0

within forests. Across a large spatial scale (national to regional
level), precipitation and soil carbon content are regarded to be
the strongest predictors of spatial variability in atmospheric
Hg0 accumulation in the forest oor.1,2,21–24 Regions of frequent
and high levels of precipitation are thought to have active
biomass production, which, in turn, increase foliage available
for Hg0 uptake and delivery to soil via litterfall. Using a passive
exchange meter device, Zhang et al.25 also reported that
temperature and humidity can facilitate Hg0 re-emission from
forest litter by mediating rapid turnover of labile organic
matter. Relative to the forest oor, the environmental/climatic
factors affecting Hg0–foliage interaction over a large spatial
scale is less well constrained, although the diurnal and
temporal proles of Hg0 uxes over canopy are well docu-
mented.7,9,15,26 Among a handful of studies, B. Wang et al.12 re-
ported positive correlations between foliage Hg0 uptake and
temperature and solar radiation, and negative correlations with
humidity and air Hg0 concentration over the canopy in a remote
mountain, China. We speculate that foliar Hg0 uptake is more
sensitive to changes in environmental/climatic factors and may
serve as an additional predictor of spatial Hg0 accumulation
across forests.

Our study evaluates environmental/climatic factors affecting
atmospheric Hg0 level and its uptake and accumulation across
six South Korean forests. Identifying key factors is critical in
South Korea given that >60% of land is occupied by forested
mountains.27 Despite the substantial domestic anthropogenic
Hg emissions and proximity to Hg emitting countries in East
Asia, low atmospheric Hg0 concentrations reported across the
nation28 are suspected to be driven by active foliage Hg0 uptake.
Here, we sampled total gaseous Hg (TGM; Hg0 + Hg2+), foliage,
litter, and topsoil at the highest elevation of six mountain sites
in South Korea. The same genus of vegetative species (Quercus)
was sampled for foliage and litter and in the same month of the
year (July) to minimize the effect of tree physiological processes
and seasonal variations on Hg accumulation. The TGM
concentration and isotope ratios are evaluated in relation to
climatic/environmental factors and compared with foliage to
identify key indicators governing foliar Hg0 uptake. The Hg
isotope ratios of foliage, litter, and topsoil are also compared
within and across the mountain sites to assess Hg0 fate and
factors dictating soil Hg input. The results of this study would
enable interpretation of atmospheric Hg0 concentrations over
South Korea and for predicting future atmospheric and forest
Hg0 inuences under climate change.
520 | Environ. Sci.: Processes Impacts, 2024, 26, 519–529
2. Methods
2.1. Site description

It is estimated that >60% of the land cover in South Korea is
dominated by deciduous mountains, making South Korea an
effective sink for atmospheric Hg0. We selected six mountains
distributed across South Korea, which are characterized as
temperate broadleaf and mixed forests of coniferous forests
(37%), deciduous forests (32%), and mixed forests (26%).27 The
sampling locations of six mountains are illustrated in Fig. 1 and
Table S1,† which were obtained from the Korea Meteorological
Administration Weather Data Service website (https://
data.kma.go.kr), located 7 to 30 km away from the sampling
locations. The relative humidity and wind speed are the
average values of the sampling month (July) for their
respective years of sampling. In addition to their widespread
geographical distribution, the mountains selected for this
study vary in their proximity to anthropogenic Hg emission
sources. Mt Mani, Mt Seokmun, and Mt Gaya are located on
the west coast and receive southwesterly wind in summer.
Three mountains are in proximity to coal-red power plants.29

Mt Bihak and Mt Hambaek are located on the east coast and are
situated <20 km away from steel manufacturing plants and
cement clinker production facilities. Mt Jiri is located inland
and is a relatively remote site, given that anthropogenic Hg
emission sources are situated >50 km away from this region.
This journal is © The Royal Society of Chemistry 2024
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2.2. Sample collection

In July of 2019 to 2022, TGM, foliage, litter, and topsoil were
sampled at the highest elevations (460–1340 m from the sea
level) of each mountain site (Table S1†). TGM was collected for
three consecutive days for 8 hours (between 8:00 and 16:00 LST)
and at 2 m above from the forest oor. TGM was sampled by
pumping ambient air via an air pump (Flite 3, SKC Inc., USA)
onto a gold coated bead trap and at a ow rate of 1.4 L min−1

through a PTFE syringe lter inlet (CHMLab., Spain). Prior to
TGM collection, each gold trap was heated to 600 °C for 20 min
to remove residual Hg. Quercus dentata (Daimyo oak), Quercus
mongolica (Mongolian oak), and Quercus aliena (galcham oak)
(average height of 4 m) were selected as the target species for
foliage and litter given their abundance in South Korea (>30% of
the tree biomass in South Korea; 2 002 150 ha)27 and to mini-
mize the effect of tree physiological processes governing foliar
Hg uptake. At each mountain site, a total of 20 L of foliage and
litter were sampled, respectively, from multiple trees. Fresh
foliage was sampled from a tree branch 2 m above the forest
oor (mid canopy) and decomposing litter was collected from
the forest oor. Decomposing litter was chosen to evaluate the
effect of environmental/climatic factors on the changes in litter
Hg concentration and their isotopic compositions. Aer
removing the litter, we used a stainless-steel spade to sample
topsoil (0–10 cm). All samples were sealed in polyethylene bags
and transported to the Environmental & Health Assessment
Laboratory, POSTECH, where they were rinsed with DI, air-
dried, stored at −20°C, freeze-dried, and homogenized.
2.3. Hg concentration and isotope analyses

For solid samples (foliage, litter, topsoil), total Hg (THg)
concentration was analyzed by atomic absorption spectroscopy
(AAS) using a Nippon Instruments MA-3000. The standard
reference material (ERM CE 464; tuna sh, TORT-3; lobster,
NIST 2711a; Montana II soil) and sample duplicates were
included for quality control and quality assurance. The recov-
eries ranged between 90 and 106% for ERM CE 464 (n= 14), 93–
109% for TORT-3 (n = 30), and 99–110% for NIST 2711a (n =

11). The relative standard deviations of sample duplicates (n =

28) were within 5%. TGM collected onto a gold trap was des-
orbed at 600 °C for 10 min and preconcentrated into a 1%
KMnO4 (in 10% trace metal grade H2SO4) solution and
measured for THg by cold vapor atomic uorescence spec-
trometry (CV-AFS) (Brooks Rand) according to the US EPA
method 1631.30 The calibration standard (HgCl2, Brooks Rand)
was measured between samples, which yielded recoveries
between 87 and 110% (n = 27).

For Hg isotopes, 0.2–1.4 g of freeze-dried and homogenized
foliage, litter, and topsoil were loaded onto a ceramic boat and
into a double-stage thermal combustion furnace to release Hg0.
The released Hg0 was preconcentrated into a 1% KMnO4 solu-
tion, following the procedure by Blum and Johnson.31 Hg in the
trapping solution was analyzed using a CV-AFS, which yielded
recoveries of 95 ± 13% (n = 43) relative to THg measured via
AAS. Hg isotopes were measured using a multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS,
This journal is © The Royal Society of Chemistry 2024
Nu Instruments, UK). The trapping solution was neutralized
with NH2–OH–HCl and diluted to 1–3 ng Hg mL−1 using the
same matrix as the trapping solution. The sample was intro-
duced by continuously reducing Hg with 2% SnCl2 and by
separating Hg0 using a glass gas–liquid phase separator.
Instrumental mass bias was corrected using an internal Tl
standard (NIST 997) and by bracketing samples with NIST 3133
matched to the sample matrix. MDF is reported as d202Hg values
in permil (&) relative to the NIST 3133:

d202Hg =

{[(202Hg/198Hg)sample/(
202Hg/198Hg)NIST3133] − 1} × 1000 (1)

MIF is reported using a capital delta notation and was
calculated using the following equations.32

D199Hg (&) = d199Hg − (d202Hg × 0.2520) (2)

D200Hg (&) = d200Hg − (d202Hg × 0.5024) (3)

D201Hg (&) = d201Hg − (d202Hg × 0.7520) (4)

Analytical uncertainty at 2 standard deviation (2SD) is esti-
mated based on replicate analyses of either NIST RM 8610 (n =

40), ERM CE 464 (n = 1), TORT-3 (n = 4), or NIST 2711a (n = 5).
We chose NIST 2711a because it had the largest uncertainty. Hg
isotope ratios of NIST RM 8610 were −0.53 ± 0.04& for d202Hg,
−0.02 ± 0.01& for D199Hg, −0.03 ± 0.02& for D201Hg, and 0.01
± 0.01& for D200Hg. TORT-3 had d202Hg of 0.04 ± 0.02&,
D199Hg of 0.62 ± 0.03&, D201Hg of 0.49 ± 0.06, and D200Hg of
0.05± 0.01&. NIST 2711a had d202Hg of−0.08± 0.05&,D199Hg
of−0.23 ± 0.01&, D201Hg of−0.18± 0.02, and D200Hg of−0.02
± 0.01&. Hg isotope ratios of all standards are summarized in
Table S2† and compared with the values from other laborato-
ries. Pearson's correlation coefficient test (two-tailed) and linear
regression were applied to analyze the relationship between
THg, climatic factors, and magnitude of isotopic shi using
Microso Excel 2019. Correlation coefficients and statistical
tests with values above 0.05 are considered signicant, while
those below 0.05 are considered insignicant, unless otherwise
specied.

3. Results & discussion
3.1. Total gaseous mercury (TGM)

The TGM collected in this study range between 0.39 and 6.01 ng
m−3 (n = 28). Across the mountain sites, there are no distinct
geographical differences (west vs. east) in TGM concentrations
or by proximity to local anthropogenic Hg emission sources
(Table S3†). Instead, the TGM concentration displays a weak but
positive relationship with the site-specic elevation (r2 = 0.19, p
> 0.05) and a negative relationship with the wind speed (r2 =

0.11, p > 0.05).
In regard to Hg isotopes, our TGM displays d202Hg (−1.51 to

0.10&), D199Hg (−0.70 to 0.17&), and D200Hg values (−0.10 to
0.02&) that are within the ranges of TGM isotope ratios
compiled previously over various urban-industrial and remote
locations around the world33 (Fig. 2A and B). The urban-
Environ. Sci.: Processes Impacts, 2024, 26, 519–529 | 521
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Fig. 2 (A) d202Hg and D199Hg, (B) D200Hg and D199Hg of all TGM and (C) d202Hg and D199Hg of all foliage, litter, and topsoil sampled across six
mountain sites in South Korea.
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industrial and remote locations were designated based on the
site description of individual compiled studies by Kwon et al.33

The d202Hg and D199Hg of our TGM exhibit intermediate values
to that of urban-industrial and remote sites, reecting mixtures
of anthropogenically emitted and long-range or background
TGM sources. The D199Hg and D200Hg, used to distinguish the
relative proportion of Hg0 and Hg2+,17 indicate that our TGM is
mostly in the form of Hg0. Furthermore, the correlation
between the TGM concentration (in 1/THg) and Hg isotope
ratios reveal increasing TGM concentration with increasing
D199Hg (r2 = 0.58, p < 0.05) and D200Hg (r2 = 0.56, p > 0.05)
toward the urban-industrial TGM values. Unlike the TGM
concentration, the extent of anthropogenic inuence appears to
dictate the D199Hg and D200Hg. The absence of signicant
relationship between the TGM concentration and d202Hg (r2 =
0.04, p > 0.05) can be explained by various atmospheric and
biogeochemical processes resulting in MDF.33

The relationships between the TGM and few environmental
factors (elevation, wind speed), and the TGM isotope ratios that
are dependent on anthropogenic inuence suggest that site-
specic factors may partly govern the extent of anthropogenic
Hg inuence on our TGM. In addition to the TGM concentra-
tion, the TGM isotope ratios (d202Hg, D199Hg) are weakly related
522 | Environ. Sci.: Processes Impacts, 2024, 26, 519–529
to elevation (d202Hg; r2 = 0.14, D199Hg; r2 = 0.21, both p > 0.05)
and wind speed (d202Hg; r2 = 0.45, D199Hg; r2 = 0.51, both p >
0.05), such that the mountain sites with high elevation and low
wind speed have high TGM concentration and d202Hg and
D199Hg, similar to that of anthropogenic sources (Fig. S1†). The
D199Hg values alone correlated with the mean warmest
temperature (r2 = 0.35, p > 0.05) and humidity (r2 = 0.16, p >
0.05), in that more negative D199Hg (similar to background
TGM) is observed at sites with high air temperature and low
humidity (Fig. S1†).

Our results suggest that anthropogenically emitted TGM is
effectively transported and trapped in high elevation moun-
tains, where there is low wind speed. High wind speed oen
facilitates dispersion and depletion of locally and regionally
transported TGM at high elevational mountains.34–36 Kurz et al.37

also reported night-time atmospheric inversion trapping of
TGM in a remote mountain valley, leading to active Hg0 uptake
by vegetation. While all our measurements were taken during
daytime, downward air mixing and subsequent TGM trapping
in mountain valleys, where there is low wind speed, may
increase TGM concentrations in the surrounding environment.
The more negative D199Hg observed at sites with high temper-
ature and low humidity may be explained by Hg0 re-emission
This journal is © The Royal Society of Chemistry 2024
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from foliage and/or forest oor (litter and soil), resembling the
conditions of a remote mountain with little anthropogenic Hg
inuence. This nding aligns with Yuan et al.11 as well as
a number of other studies,38–40 which identied a positive
correlation between air–foliage Hg0 exchange and temperature,
as well as a negative correlation with humidity. This process
would drive D199Hg of Hg0 to a slightly more negative value
relative to Hg2+ via evaporation.41 As such, while local anthro-
pogenic inuence mostly explains the site-specic TGM isotope
ratios, certain environmental/climatic factors may enhance the
extent of anthropogenic inuence in high elevational mountain
sites.
3.2. Forest media in relation to TGM

The foliage, litter, and topsoil THg concentrations range
between 20 and 80 ng g−1 (n = 22), 44 and 125 ng g−1 (n = 24),
and 108 and 320 ng g−1 (n = 24) (Table S4†), respectively, which
are within the ranges of those reported in remote mountains of
China and the U.S.1,2,23 Similar to the TGM concentration, we do
not observe distinct geographical difference or by proximity to
Fig. 3 The average magnitudes of d202Hg (A) and D199Hg shift (B) from
magnitudes of d202Hg (C) and D199Hg shift (D) from foliage to litter (colo

This journal is © The Royal Society of Chemistry 2024
local anthropogenic Hg emission sources in the forest THg
concentrations. In relation to the TGM, a signicant negative
relationship is observed between the TGM and foliage THg
concentration (r2 = 0.60, p < 0.05) (Fig. S2†). This implies that
high wind speeds not only reduce TGM concentrations in high
elevation mountains by facilitating dispersion and
depletion,34–36 but also increase foliage THg concentrations by
enhancing boundary layer conductance,42 leading to higher
transpiration and CO2 assimilation rates.43 The litter THg
concentration does not correlate signicantly with the foliage
THg concentration (r2 = 0.04, p > 0.05) but correlate positively
with the topsoil THg (r2 = 0.51, p < 0.05). While our TGM
measurements do not cover the entire duration of plant growth
cycle, the fact that TGM and THg concentrations in all forest
media do not show distinct geographical pattern in relation to
the proximity to local anthropogenic sources imply that local
TGM concentration does not necessarily lead to high foliar Hg0

uptake, resulting in elevated foliage and litter THg concentra-
tions. The THg content in the litter, however, dictates the
concentration of THg in the topsoil, possibly via litter decom-
position and Hg sequestration into soil organic carbon.44
TGM to foliage at each mountain site of South Korea. The average
red bars) and to topsoil (white bars) at each mountain site.

Environ. Sci.: Processes Impacts, 2024, 26, 519–529 | 523
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In regard to Hg isotopes, all foliage, litter, and topsoil
samples exhibit large negative d202Hg shis and similar D199Hg
ranges relative to the TGM (Fig. 2C). To discuss the Hg isotope
shis between the TGM and foliage rst, we nd that the overall
large negative d202Hg shi and small negative D199Hg shi are
consistent with MDF caused by Hg0 uptake and oxidation by
foliar tissues10 and MIF mediated by Hg2+ photo-reduction and
Hg0 re-emission within foliage, respectively.11,12 As illustrated in
Fig. 3A, the site-specic d202Hg shis between the TGM and
foliage are consistently negative (−1.00 to−2.78&). The D199Hg
shis are small to negative (−0.06 and−0.42&), except for Gaya
(both 2021 and 2022), which display 0.10–0.28& higher D199Hg
in the foliage relative to their respective TGM (Fig. 3B). The
positive D199Hg shis observed in Gaya are difficult to explain
given that this site does not have noticeably high or low TGM
concentration or THg in the forest media (Table S1 and S3†). We
can only speculate that there may be less Hg0 re-emission from
foliage or some retention of Hg2+ on the foliage surface deliv-
ered via wet deposition and dry deposition, which typically have
positive D199Hg.10,33 The overall pattern, however, indicates that
the magnitude of d202Hg shi from TGM to foliage is negatively
correlated with the TGM concentration (r2 = 0.41, p > 0.05), but
positively correlated with the foliage THg concentration (r2 =

0.46, p > 0.05) (Fig. S3†). This is true even when considering the
inter-annual differences in d202Hg shis from TGM to foliage in
Hambaek and Gaya and the associated TGM and foliage THg
concentrations (Fig. 3A). The magnitude of D199Hg shi is
unrelated to the TGM and foliage THg (Fig. S3†). In line with the
results of THg concentration, the site-specic TGM level does
not govern the extent of foliar Hg0 uptake. Instead, certain
climatic/environmental factors may facilitate Hg0 uptake, which
subsequently cause large d202Hg shis and elevated THg in the
foliage.

Upon litterfall, Hg2+ retained within a litter is subjected to re-
emission and/or sequestration by soil organic carbon via litter
decomposition, both of which lead to opposite trends in d202Hg
Fig. 4 Foliage THg concentration (A) and the magnitude of d202Hg shift f
The colors represent individual mountain site and are consistent with F
Hambaek 2022 and the grey dotted line represents the linear correlation
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and D199Hg. For instance, Yuan et al.11 reported that Hg0 re-
emission during leaf senesces typically causes a lower d202Hg
and a higher D199Hg in the litter relative to fresh foliage. The
documentation of a lower d202Hg and a lower D199Hg in more
matured leaves was attributed to re-mobilization of previously
bound Hg within the leaf tissues, which is recycled following
the reduction. Conversely, litter decomposition followed by
microbial and dark abiotic Hg2+ reduction in soil results in
a higher d202Hg and a slightly lower D199Hg in Hg2+ retained
within decomposing litter and soil.13–15 In our study, negligible
to signicantly positive d202Hg shis are observed in the litter
and topsoil relative to the site-specic foliage d202Hg (foliage to
litter; −0.20 to 1.25&, litter to soil; −0.08 to 1.41&) (Fig. 3C).
The D199Hg shis are much more variable, with half of the sites
(4 out of 8) displaying negative D199Hg shis and in similar
magnitude to that of dark abiotic reduction (<−0.3&) (Fig. 3D).
The large negative D199Hg shi from foliage, litter to topsoil in
Gaya 2021 may be owing to the elevated D199Hg in the foliage, as
discussed in the previous section. The litter and topsoil in Bihak
2019, Mani 2020, and Hambaek 2022 exhibit, on average,
positive D199Hg shis (0.07 to 0.16&) from their respective
foliage. Overall, the observed isotopic pattern across the forest
media mimics active foliar Hg0 uptake, litterfall, and subse-
quent decomposition, in which litter Hg provides the main
source for soil Hg accumulation. Below, we evaluate in detail
the site-specic environmental/climatic factors mediating foliar
Hg0 uptake, litter decomposition, and/or additional Hg depo-
sition across the South Korean mountain sites.

3.3. Factors dictating foliar Hg0 uptake

The relationships with ve environmental/climatic factors
suggest that wind speed is the strongest predictor of foliage Hg0

uptake and its THg concentration (Fig. 4). When taking Ham-
baek 2022 out of the account, which shows anomalously large
isotopic shis from foliage, litter to topsoil (Fig. 2C), there is an
improvement in the strength of correlation between wind speed
rom TGM to foliage (B) in relation to wind speed at each mountain site.
ig. 3. The black dotted line represents the linear correlation without
across all mountain sites.

This journal is © The Royal Society of Chemistry 2024
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and the d202Hg shi associated with Hg0 uptake by foliage
(d202Hg of TGM minus d202Hg of foliage). The observed trend is
opposite to that of site-specic TGM concentration. In the
earlier section (Section 3.1), the mountain sites with high wind
speed display low TGM concentration. These sites also appear
to have elevated foliage THg concentration and the large asso-
ciated d202Hg shi. This indicates that, while low wind speed
explains the elevated TGM concentration, high wind speed
facilitates foliage Hg0 uptake possibly via physical mixing and
Hg0 passage through canopies. Our result somewhat contrasts
a prior experimental study, which reported substantial Hg0

releases from the leaf surface with increasing wind speed.45 Few
studies have also hypothesized that low wind speed would
enhance foliar Hg0 uptake, leading to enhanced forest Hg
accumulation.26,46 Our monitoring highlights the importance of
wind speed as a predictor of site-specic foliage THg concen-
tration and Hg isotope ratios, rather than the local TGM level.
Across relatively narrow ranges of wind speed documented
across the South Korean mountains, elevated local wind speed
may be benecial for enhancing Hg0 passage through dense
deciduous forest canopies. Wind speed as a factor dictating
foliage THg and Hg isotope ratios, however, should be validated
across a larger spatial scale and various terrestrial systems (i.e.,
prairies, open elds).

Other environmental/climatic factors have only minor
inuences on the foliage THg concentration (Fig. S4†) and the
associated d202Hg shi (Fig. S5†). This is likely owing to their
intermittent (precipitation), counteracting (air temperature),
and/or indirect (elevation, humidity) inuences on Hg0 uptake
by foliage. For instance, high air temperature can increase the
duration of stomata opening, thereby enhancing foliar Hg0

uptake, as it is one of the heat tolerance mechanisms for
reducing leaf temperature under periods of elevated air
temperature.47 High air temperature can, however, trigger
stomata closure to mitigate water loss.48 As for precipitation,
prior evaluation of spatial Hg accumulation in the forest oor
revealed a strong and dominant effect of precipitation, by
increasing the overall biomass production, foliage available for
Hg0 uptake, and delivery to the forest oor.1,2,21–24 As evident by
the weak negative relationship between precipitation and our
foliage THg concentration (Fig. S4†), high precipitation level
may reduce Hg0 uptake by scavenging Hg species from the
atmosphere.49,50 In this regard, precipitation, to a certain
degree, may mediate bio-dilution effect by enhancing biomass
production and the overall Hg0 uptake but by decreasing
a foliage-level Hg0 accumulation. From the perspective of
foliage, however, the effect of precipitation is minor relative to
wind speed due to its intermittent role during the periods of
rainfall.
3.4. Factors dictating Hg accumulation in the forest oor

The litter and topsoil THg concentrations and the magnitude of
d202Hg shis (all negligible to positive shis) from foliage to
topsoil are related to a wide range of environmental/climatic
factors. Similar to the foliage, there are some improvements
in the strength of correlations aer excluding Hambaek 2022.
This journal is © The Royal Society of Chemistry 2024
We nd that the mountain sites with high elevation, low wind
speed, and low mean warmest temperature have elevated litter
and topsoil THg concentrations (Fig. 5). High relative humidity
has a negative effect on the litter THg but not on topsoil THg
(Fig. S6†). The magnitudes of d202Hg shis from foliage to
topsoil, reecting MDF mediated by biogeochemical processing
of Hg0 retained within a foliage, are smaller at sites with high
elevation, low wind speed, and low mean warmest temperature.
Precipitation has no effect on the litter and topsoil THg
concentration and the sites with high annual precipitation
display small magnitudes of d202Hg shis from foliage to
topsoil (Fig. S7†).

The relationships between various environmental/climatic
factors and the litter and topsoil THg concentration and
d202Hg shis are somewhat consistent with the “cold trapping”
effect reported in Mountain Leigong and Tibetan Plateau,
China.21,51 At each mountain site, the authors observed
increasing soil THg with elevation and attributed this to
enhanced Hg2+ input via fog water and precipitation, and sup-
pressed Hg0 re-emission from the forest oor, mediated by cold
temperature. When evaluating across multiple mountain sites
in South Korea, we observe a similar trend such that the
mountains with high elevation, low wind speed, and low mean
warmest temperature have characteristically elevated litter and
topsoil THg concentrations. While the site-specic level of
precipitation has no direct inuence on litter and topsoil THg,
the overall suppression of various biogeochemical processes
leading to Hg0 loss caused by cold temperature may be revealed
by the small d202Hg shis from foliage to topsoil.

From the perspective of biogeochemical processes facili-
tating Hg0 loss from the forest oor, the observed trend high-
lights the importance of temperature and humidity. Zhang
et al.,25 using a passive exchange meter device, found that,
under warm and humid conditions, a measurable proportion of
Hg (∼40%) xed within a litter is re-emitted due to rapid
turnover of labile organic matter mediated by decomposition.
This process would lower litter THg level and reduce the
amount of Hg available for soil sequestration. The low litter and
topsoil THg concentration and large d202Hg shis at sites with
high temperature and wind speed resemble the effect of organic
matter turnover leading to Hg0 re-emission. Furthermore, the
particularly strong negative correlation between wind speed and
the topsoil THg (r2 = 0.60, p < 0.05) and the positive correlation
with the d202Hg shi (r2 = 0.77, p < 0.05) indicate that Hg0

evaporation,41 which results in a positive d202Hg in the
remaining Hg2+, may play an additional role in lowering topsoil
THg.

Similarly, the varying shis in D199Hg from foliage to topsoil
can also be attributed to high wind speed and the high mean
warmest temperature, leading to decomposition followed by re-
emission of Hg0. The only difference is whether the effect of
decomposition is causing re-mobilization of previously bound
Hg (negative shi in D199Hg) or fast re-emission of recently
deposited Hg0 from the forest oor (positive shi in D199Hg).
Given that Bihak 2019, Mani 2020, and Hambaek 2022, which
have some of the highest wind speeds and mean warmest
temperatures, display positive D199Hg shis from foliage to
Environ. Sci.: Processes Impacts, 2024, 26, 519–529 | 525
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Fig. 5 Litter THg concentration in relation to elevation (A), wind speed (D), and themeanwarmest temperature (G). Topsoil THg concentration in
relation to elevation (B), wind speed (E), and the mean warmest temperature (H). The magnitude of d202Hg shift from foliage to topsoil in relation
to elevation (C), wind speed (F), and the mean warmest temperature (I). The colors represent individual mountain site and are consistent with
Fig. 3. The black dotted line represents the linear correlation without Hambaek 2022 and the grey dotted line represents the linear correlation
across all mountain sites.
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topsoil, we speculate that the effect of decomposition is offset
by the fast Hg0 re-emission from the forest oor. Alternatively, it
is possible that wet and dry Hg2+ deposition explains the posi-
tive shis observed from foliage to topsoil in Bihak 2019, Mani
2020, and Hambaek 2022. To evaluate this, we applied the
average D200Hg of our TGM (−0.037 ± 0.029) and the average
D200Hg of precipitation sampled from various regions of the
world (0.16± 0.10)10,52–62 as endmembers to the equations below
quantify the contribution of Hg0 and Hg2+ to the litter and
topsoil in all mountain sites. Since signicant D200Hg anoma-
lies occur exclusively via the atmospheric Hg0 photo-oxidation,17

D200Hg has been used to distinguish between atmospheric Hg
species affecting forest media.16 The proportions of Hg0 and
Hg2+ are represented as fHg

0 and fHg
2+.

D200Hgsample ¼ D200Hg2þ � fHg2þ þ D200Hg0 � fHg0 (5)

1 ¼ fHg2þ þ fHg0 (6)
526 | Environ. Sci.: Processes Impacts, 2024, 26, 519–529
The results show that there are relatively small differences in
% Hg2+ contribution to the litter (8–22%) and topsoil (16–31%)
across the mountain sites (Table S5†). Bihak 2019, Mani 2020,
and Hambaek 2022 also did not show distinctively higher %
Hg2+ contribution (litter and topsoil combined; 28–38%)
compared to other locations (26–41%). Consistent with the
results of foliage, precipitation appears to have minor inu-
ences on foliar Hg0 uptake, Hg2+ deposition as well as decom-
position of Hg within the forest oor.
4. Conclusions & implications

The THg concentrations and Hg isotope ratios in TGM and
forest media at six mountain sites of South Korea suggest that
the extent of atmospheric Hg0 uptake and accumulation within
forests are dependent on mixtures of environmental/climatic
factors rather than the local TGM concentration. We found
that wind speed is the strongest predictor of foliage THg
This journal is © The Royal Society of Chemistry 2024
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concentration and the associated d202Hg shi, by enhancing
Hg0 passage through dense canopies. In the forest oor,
decomposition, mediated by high temperature and humidity,
and high wind speed facilitate Hg0 re-emission, lower the forest
oor THg, and enhance biogeochemically mediated MDF. In
contrast to many prior studies, our study also demonstrates that
precipitation has an intermittent and counteracting effect on
forest Hg accumulation by lowering foliage-level THg and
possibly by washing away Hg2+ deposited onto foliage/litter
surfaces. The importance of wind speed acting as the primary
factor for foliage THg and d202Hg shi should, however, be
evaluated across various types of terrestrial systems including
prairies and other open elds with high average wind speed.

The sensitivity of local environmental/climatic factors
affecting the sources and the extent of forest Hg0 uptake and
accumulation merit the identication of key factors under
climate change. Perhaps, the relative importance of these
factors likely varies by region and/or biome type, and our study
serves as a preliminary case for highlighting the importance of
future environmental/climatic change modulating forest Hg
uptake. It is suspected that South Korea will experience
increased level and frequency of precipitation during summer
months.55 It is possible that precipitation leads to overall
reduction in forest Hg by lowering foliage-level THg and by
enhancing throughfall. Increased air and surface temperature
via global warming may also expedite Hg0 loss from the forest
oor. As such, understanding factors that synergistically
enhance or suppress atmospheric Hg0 uptake and accumula-
tion would aid better interpretation of the present and future
forest Hg level and the spatiotemporal TGM concentrations over
South Korea, dominated by forested mountains.
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