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ABSTRACT: The Himalayan valleys are important transport channels of
atmospheric pollutants from South Asia to the Tibetan Plateau. This study aims
to demonstrate the use of biomonitors (i.e., tree foliage, bark, mosses, and
lichens) in the Himalayas to understand the sources and accumulation of
mercury (Hg), including the transboundary atmospheric Hg transport across the
Himalayas. Results showed that the significant variability in the physiological
characteristics and nutrient uptake pathways, coupled with rapid changes in
topography and climate-forced precipitation, led to significant differences in
concentrations and isotopic compositions among biomonitor species. Δ199Hg
values (−0.32 to −0.10‰) at the lower altitudes were slightly more positive
than values at upper altitudes, likely reflecting signals of transboundary transport
of anthropogenic Hg from South Asia. The isotope mixing model determined
atmospheric Hg0 as the main source of Hg in most biomonitors (67 ± 13% to
88 ± 13%), except for Usnea longissimas (i.e., a unique type of lichen) with 61 ± 16% contribution of atmospheric Hg2+.
Additionally, the morphological structure and epiphytic environment of U. longissimas facilitate aqueous Hg secondary reactions. Our
results suggest that the Hg cycling in the Himalayan valleys could mix multiple impacts from montane environments and signals of
transboundary transport of anthropogenic Hg from South Asia.
KEYWORDS: mercury, deposition, isotopes, biomonitors, Himalayan valleys

1. INTRODUCTION
Mercury (Hg) is a global concern toxic pollutant. The long-
distance transport of anthropogenic Hg and the subsequent
deposition in regions of little anthropogenic release threaten the
health of ecosystems and human.1−4 Known as the “Roof of the
World”, the Qinghai-Tibet Plateau (QTP) has an average
altitude of over 4000 m above sea level. Though far away from
anthropogenic Hg emission sources,5,6 the QTP is confronted
with a high level of Hg pollution risk.6,7 The Hg accumulation
rate in lake sediments and ice cores of the QTP has increased by
2 to 7 times since the 1850s,8,9 suggesting distinct anthropogenic
impacts on Hg deposition.
The Indianmonsoon controls the transboundary atmospheric

transport in the southern regions of the QTP.9−11 The
convective storms induced by the Indian monsoon can transport
anthropogenic Hg from South/Southeast Asia across the
Himalayas, the highest mountain system in the world, via
midtropospheric circulation.12 The south-north longitudinal
valleys in the Himalayas provide water channels.13,14 The
upslope winds bring atmospheric pollutants through these
valleys over the Himalayas.15−18 Observational evidence has
been found for persistent organic pollutants (POPs). The POP
transport flux induced by the valley wind is 2 to 3 times higher
than the flux across the mountain ridges.19 This leads us to

hypothesize that the valleys across the Himalayas provide the
transport pathway for atmospheric Hg because of the similar
physiochemical properties of Hg and POPs. Yet, lack of data in
Hg concentration, process details, and not identified Hg sources
warrant the Hg observations along these valleys.
Direct measurement of atmospheric Hg in the Himalayas is

challenging due to the harsh environments and lack of access
and utilities. The continuous uptake of atmospheric Hg by
vegetative biomasses (e.g., tree foliage, bark, moss, and lichen)
could retain the transport signals where the vegetations serve as
the biomonitors. Vegetative biomonitors have been utilized to
monitor atmospheric Hg pollution levels with the advantages of
easy collection and cost-effectiveness.20−25

Generally, Hg in tree foliage, bark, moss and lichen mainly
comes from uptake of atmospheric Hg, and to a lesser degree,
Hg translocation by root uptake of soil Hg.2,26 Their sensitivities
in reflecting atmospheric Hg pollution depend on individual
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physiological and morphological characteristics. Vascular foliage
primarily accumulates Hg through stomatal and cuticular uptake
of atmospheric Hg0. The translocation of Hg from soils to above-
ground tissues is less understood.27,28 Mercury in tree bark
comes mainly from foliage translocation via phloem after uptake
of atmospheric Hg0 by foliage or from surface-absorption of
atmospheric Hg (specifically particle-bound Hg2+).2,26 Non-
vascular vegetations, including lichens and mosses, accumulate
Hg by absorbing diffused air Hg (both Hg0 and Hg2+) through
its cell membranes.23,29,30 The plant’s physiological and
morphological characteristics would influence the accumulation
rate of Hg accumulation species in biomonitors along the
altitude of valley. Additionally, the elevation gradient in the
Himalayan valleys is sharp, leading to a complicated montane
climate and rapid changes in vegetation.18,31,32 These environ-
mental factors can influence atmospheric Hg cycling in
ecosystems. Thus, it is required to examine the representative-
ness of the biomonitor data in relation to the signals of Hg
transport for assessing Hg transport, uptake, and deposition in
the Himalayas.
Hg isotopic techniques are a powerful tool to trace Hg sources

and their fate in the environment. Mercury has unique three-
dimensional isotopic fractionations, which include mass-
dependent fractionation (MDF, expressed as δ202Hg), odd
mass-independent fractionation (odd-MIF, Δ199Hg and
Δ201Hg), and even mass-independent fractionation (even-
MIF, Δ200Hg and Δ204Hg).33−35 The atmospheric Hg0,
atmospheric Hg2+, and anthropogenic Hg all have unique Hg
isotopic signatures.36−38 Odd-MIF only occurs in a few Hg
biogeochemical processes, such as the photoreduction of
Hg2+.39,40 Even-MIF is associated with the oxidation of Hg0 to
Hg2+ in the upper atmosphere. There are known processes of Hg
translocation and transformation at the interface of air-
vegetation-soil that produce even-MIF, making Δ200Hg as a
superior tracer for atmospheric Hg2+.34,41−47 Overall, the
δ202Hg, Δ199Hg and Δ200Hg values of biomonitors are useful
for determining their Hg sources and identifying the specific
biogeochemical processes by analyzing shifts of Hg-MDF and
-MIF signatures.
The objectives of this study are to (1) investigate the

distribution of atmospheric Hg levels along the elevation of the

Himalayan valleys; (2) understand Hg sources and accumu-
lation processes through stable Hg isotope signals in
biomonitors; and (3) identify transboundary atmospheric Hg
transport and internal Hg biogeochemical processes at the
interface of air and biomonitors. We selected two valleys, the
Yadong Valley and Chentang Valley, in the Himalayas and
collected typical biomonitors. Then, we used Hg isotopes to
trace Hg sources and accumulation processes in different
biomonitors. Implications for atmospheric Hg cycling along
valleys of the Himalayas were discussed.

2. METHODOLOGY
2.1. Site Description. Two typical valleys in the Himalayas

are selected in this work, including the Yadong Valley and
Chentang Valley (Figure 1). The Yadong Valley is located
between 87°21′−87°26′ E and 27°13′−27°54′ N and borders
India. It stretches from south to north, with an altitude variation
over 4000 m. The Chentang Valley is located between 88°48′−
89°03′ E and 27°23′−27°48′N and borders Nepal, also with an
altitude variation over 4000 m. At an altitude of 3200 m of the
Chentang Valley, its direction shifts from south-north to west-
east. There is a distinct montane climate controlled by the
Indian monsoon for two valleys (Figure 1). The climate changes
from maritime humid weather in the lower elevation to
continental arid weather in the upper elevation. The terrain is
flat and wide in the low-altitude regions (1800−2800 m), with
subtropical evergreen-deciduous broadleaf mixed forests. The
detailed plant types along with elevation can be found in the
Supporting Information.

2.2. Sample Collection and Pretreatment. The bio-
monitors in this study include tree foliage, tree bark, moss, and
lichen. The sampling sites in the Yadong Valley ranged from an
elevation of 1800 to 4200 m with an interval of 200 m between
adjacent two sites and in the Chentang Valley ranged from 2200
to 4600 m. Each sampling site was at least 200 m from the
roadway to avoid the direct anthropogenic impacts. To attain
statistical significance, we collected three replicate samples for
each biomonitor at each site. Notably, Usnea longissima was
investigated separately in this study due to its unique
morphological characteristics and epiphytic habitat across
different altitudes, distinguishing it from other common lichens.

Figure 1. Sampling locations and vegetation distribution in selected two valleys in the Himalayas. The anthropogenic Hg emission data are obtained
from AMAP/UNEP geospatially distributed 2015 Hg emission data set.
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Hereafter, the lichen mentioned in this study did not contain the
species of U. longissima. Our sampled mosses and lichens grow
on stem bark below the elevation of 4000 m, and grow on stones
above 4000 m. We did not sample the mosses growing on the
ground to avoid the impacts from the soil. Overall, we collected
284 biomonitor samples in August of 2022, including 73mosses,
55 lichens, 33 U. longissimas, 70 tree foliage, and 53 tree barks
(Figure 1).
After collection, all samples were lightly washed with

ultrapure water to remove surface dust and soil in the laboratory.
After the water was drained, all samples were placed in an oven at
40 °C and dried to a constant weight. Our earlier studies have
documented that oven-drying at 40 °C would not lead to a
significant Hg mass loss in vegetation.48,49 After drying, all
samples were ground into a fine powder using a grinder and
stored in sealable polyethylene bags. The grinding tools were
wiped clean with ethanol before grinding the next sample to
prevent cross-contamination.

2.3. Hg Concentration and Isotope Measurements.Hg
concentrations in samples were measured by using a DMA-80
Hg analyzer. We determined Hg concentrations of one certified
plant reference material and one parallel sample in every nine
samples. The average recovery of certified plant reference
material (NIST SRM 1515, Hg concentration: 44.0 ± 2.2 ng
g−1) was 100.7 ± 4.5% (n = 35). The bias of the parallel sample
was less than 5%.
Preconcentration of Hg in plant samples and determination of

Hg isotopic compositions have been described in our earlier
studies.50−52 We selected two samples of every biomonitor at
each sampling site to measure the Hg isotopic compositions.
The selected samples were processed by double-stage heating
pyrolysis in a tubemuffle furnace. TheHg vapor evaded from the
sample was then captured by using 5 mL of 40% reverse aqua
regia (HCl/HNO3 = 1:3, v/v) trapping solution. The Hg
concentration enriched in the trapping solution was measured
by cold vapor atomic fluorescence spectrometry (Tekran 2500)

Figure 2.Comparisons of (A) Hg concentration, (B) δ202Hg values, (C)Δ199Hg values, and (D)Δ200Hg values among moss, lichen,Usnea longissimi,
foliage and bark in the Chentang Valley and Yadong Valley. The asterisk (*) represents a statistical difference at the 95% confidence level.
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following US-EPA method 1631. The preconcentration
recovery of certified plant reference material was 99.8 ± 5.3%
(BCR-482, n = 9). The preconcentration recovery of samples
was 96.7± 11.3% (n = 178). TheHg isotopic compositions were
determined by a multicollector inductively coupled plasma mass
spectrometer (MC-ICP−MS, Neptune Plus, Thermo Scien-
tific). The trapping solution was diluted to 0.5 ng mL−1 and
imported into the gas−liquid separator with 3% SnCl2 solution.

The Hg-MDF is reported in δ notation using the unit of permil

(‰) referenced to the neighboring NIST-3133 solution

Hg (‰) 1000 ( Hg/ Hg )/ Hg

/ Hg ) 1

202 202 198
sample

(202

198
NIST 3133

= × [

] (1)

Figure 3. Altitudinal trends of Hg concentrations and Hg isotope signatures by using Generalized Additive Models (GAMs). (A) Hg concentration in
the Chentang Valley, (B) δ202Hg values in the Chentang Valley, (C)Δ199Hg values in the Chentang Valley, (D)Δ200Hg values in the Chentang Valley,
(E)Hg concentration in the Yadong Valley, (F) δ202Hg values in the Yadong Valley, (G)Δ199Hg values in the Yadong Valley, and (H)Δ200Hg values in
the Yadong Valley. We added error bounds to illustrate the uncertainty of the fitted trends in (A−H).
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The MIF is reported as ΔxxxHg following the convention
proposed by Blum and Bergquist53

Hg (‰) Hg 0.2520 Hg199 199 202= × (2)

Hg (‰) Hg 0.5024 Hg200 200 202= × (3)

Hg (‰) Hg 0.7520 Hg201 201 202= × (4)

To evaluate whether isotopic composition bias occurred
during the preconcentration, we determined the Hg isotopic
compositions of certified plant reference material BCR-482.
Results of BCR-482 were δ202Hg = −1.44 ± 0.10‰, Δ199Hg =
−0.63 ± 0.10‰, Δ201Hg = −0.64 ± 0.09‰, Δ200Hg = 0.07 ±
0.04‰ (mean ±2σ, n = 9, Table S3). The NIST-8610 standard
solution was also measured in every 10 to 15 samples as the
secondary standard with results of δ202Hg = −0.52 ± 0.07‰,
Δ199Hg = 0.01 ± 0.10‰, Δ201Hg = 0.00 ± 0.09‰, and Δ200Hg
= 0.00± 0.06‰ (mean±2σ, n = 16, Table S3). These measured
values were consistent with the reported results,53,54 thus
indicating negligible isotopic bias during the preconcentration.

2.4. Hg Isotope Mixing Model. Two source endmembers
for Hg accumulation in biomonitors were proposed: atmos-
pheric Hg0 and atmospheric Hg2+ inputs. Since known Hg
biogeochemical processes in plants do not lead to an even-MIF,
Δ200Hg is a superior tracer to trace atmospheric Hg2+.
Therefore, we used a Δ200Hg binary mixing model to estimate
the contribution of atmospheric Hg0 and atmospheric Hg2+
inputs

f fHg Hg

Hg

200
Hg(0)) Hg(0)

200
Hg(II) Hg(II)

200
plant

× + ×

= (5)

whereΔ200HgHg(0) is the signature of atmospheric Hg0 inputs in
the QTP and obtained from earlier observations (−0.06 ±
0.04‰),12 and f Hg(0) is the atmospheric Hg0 input contribution.
Δ200HgHg(II) is the signature of atmospheric Hg2+ inputs (0.20±
0.04‰),2,26,50 and f Hg(II) is the atmospheric Hg2+ input
contribution (Figure S1). The small SD range of Δ200HgHg(II)
is because of the remote location of the QTP sites, which has
little direct influence by anthropogenic emissions.12,50 We used
the Monte Carlo simulation to quantify uncertainties of the Hg
isotopic mixing model (in more detail in Supporting
Information). These uncertainties are quantified by generating
one million groups ofΔ200Hg signatures randomly ranging from
mean − SD to mean + SD to solve eq 5.

2.5. Statistical Analysis. Statistical analyses were con-
ducted using IBM SPSS Statistics v25.0 and RStudio at a
confidence level of 95%. When data were normally distributed,
one-way ANOVA, paired samples t-test, and posthoc Tukey
HSD tests were applied to assess differences of significance;
otherwise, the Kruskal−Wallis test andDunn’s posthoc test were
applied. Pearson correlation analysis was utilized to assess
relationships among different variables. For data fitting, local
polynomial regression and Generalized Additive Models
(GAMs) were used. More details can be found in the Supporting
Information.

3. RESULTS
3.1. Hg Concentrations and Isotopic Compositions.

Figure 2A and Table S1 depict the variation of Hg
concentrations among different biomonitors. The U. longissimas
had the highest average concentration (mean± SD, 150± 41 ng

g−1, n = 33), followed by other lichens (106± 37 ng g−1, n = 55)
and mosses (88 ± 55 ng g−1, n = 73), and the lowest in foliage
(27 ± 15 ng g−1, n = 70) and bark (12 ± 10 ng g−1, n = 53). The
Hg concentrations in mosses, lichens and bark in the Yadong
Valley were 30−150% higher than those in the Chentang Valley
(t-test, p < 0.05 for moss; p < 0.01 for bark and lichen), and the
concentrations in U. longissimas and foliage between two valleys
were insignificant (t-test, p > 0.05).
Figure 2B−D and Table S2 display Hg isotopic signatures in

two valleys. The U. longissimas had an average δ202Hg value of
−1.08 ± 0.44‰. Mosses and lichens had comparable values of
δ202Hg (−1.48± 0.38‰ versus−1.77± 0.38‰, p > 0.05 by the
t-test). Foliage and bark had the largest negative δ202Hg
signatures with the value of −2.42 ± 0.39‰ and −2.11 ±
0.43‰, respectively (p< 0.01, Dunn’s posthoc test). U.
longissimas had the highest negative Δ199Hg values (−0.54 ±
0.22‰, p < 0.01). There were insignificant differences in
Δ199Hg values amongmosses (mean =−0.25± 0.13‰), lichens
(mean = −0.31 ± 0.14‰), foliage (mean = −0.36 ± 0.10‰)
and bark (mean = −0.30 ± 0.09‰). U. longissimas had the
highest positive Δ200Hg values (mean = 0.09 ± 0.04‰),
followed by lichens (mean = 0.02 ± 0.04‰), mosses (mean =
0.00 ± 0.05‰), foliage (mean = −0.02 ± 0.03‰) and bark
(mean = −0.04 ± 0.04‰).
The isotopic signals in the foliage and bark showed

insignificant differences between the two valleys. The mean
moss δ202Hg value of Chentang Valley was significantly higher
than the value of Yadong Valley (−1.34 ± 0.33‰ versus −1.73
± 0.33‰, p < 0.01 by t-test), and Δ200Hg in lichen of Yadong
Valley was 0.03 ± 0.03‰ and in Chentang Valley was 0.01 ±
0.03‰. There were insignificant correlations among Hg
concentrations, δ202Hg, Δ199Hg and Δ200Hg in biomonitors
(Figures S2 and S3).

3.2. Altitudinal Distributions. The Hg concentration in
lichens increased with increasing altitude of the Chentang Valley
(Figure 3A). The other biomonitors in the Chentang Valley did
not show consistent altitudinal gradients. TheU. longissimas had
the lowest Hg concentration (122 ± 11 ng g−1) at 3600 m
altitude in the Chentang Valley, and mosses had the highest Hg
concentration (113 ± 23 ng g−1) at 3000 m altitude. The Hg
concentrations in all biomonitors of Yadong Valley varied largely
from the elevation of 2500 to 4000 m (Figure 3E). The Hg
concentrations in lichens, foliage and bark reached their peaks at
3600 m altitude in the Yadong Valley. Moss Hg concentrations
in the Yadong Valley were highest (311 ± 77 ng g−1) at an
altitude of 2800 m.
As shown in Figure 3B−D, Hg isotopic signatures in the

biomonitors of Chentang Valley did not vary significantly along
with altitude (ANOVA test, p > 0.05). However, U. longissimas
hadmore negatively isotopic values at mid-altitude (3000−3500
m). There were distinct fluctuations in δ202Hg and Δ199Hg
signatures of mosses, U. longissimas, foliage and bark along the
altitude of Yadong Valley (Figure 3F−H). Notably,U. longissima
Δ199Hg values were distinctly negative (−0.80 ± 0.04‰) at
3000−3500 m altitudes in the Yadong Valley. Moss Δ199Hg
values in the Yadong Valley were most negative (−0.61 ±
0.04‰) at an altitude of 2800 m. Lichen Δ200Hg signatures in
the Yadong Valley and Chentang Valley did not have significant
fluctuations along with the altitude (ANOVA test, p > 0.05).

4. DISCUSSION
4.1. Hg Accumulation in Biomonitors. Mercury in tree

bark derives from foliage translocation via tree phloem after
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uptake of atmospheric Hg0 by foliage or from direct absorption
of atmospheric Hg (specifically particle-boundHg) by its porous
surface.25,55−57 In the studied region, Hg in the bark originates
mainly from foliage translocation. This is supported by several
observations. First, the average Hg concentrations in the bark of
both valleys were ∼50% of values in foliage (t-test, P < 0.01),
consistent with the Hg translocation gradient from foliage to
bark.26 The Δ199Hg and Δ200Hg serve as useful tracers to
identify Hg sources in bark since little Hg-MIF occurs during the
translocation process. Our results showed comparable Δ199Hg
and Δ200Hg values between bark and foliage (t-test, P > 0.05),
suggesting similar Hg sources. In addition, the δ202Hg values in
bark showed a positive shift of only 0.3‰ compared to those of
foliage, but a negative shift up to−3.2‰ compared to signatures
of atmospheric total Hg in the QTP.12 There is a small MDF
occurring during the direct Hg absorption by bark lenticels but
up to −2.8‰ to −2.6‰ shift of δ202Hg during the uptake of
atmospheric Hg0 by foliage stomata.26,37 This confirms that Hg
in the bark mainly comes from foliage translocation.
There were insignificant differences in Hg concentrations and

isotopic signals between mosses and lichens in the Yadong
Valley (t-test, p > 0.05). However, the Hg concentration in
lichens of Chentang Valley was 25% higher than that in mosses
(t-test, p < 0.05), and the δ202Hg value in lichens was 0.35‰
lower than the value in mosses (t-test, p < 0.01). The differences
in topography and climate in Chentang and Yadong likely
contribute to the distinct Hg concentrations and isotopic signals
between moss and lichen. The shifts of valley direction at the
mid-elevation of Chentang Valley (i.e., from south-north to
west-east) change the local hydrothermal conditions and water
transport within the valley. The differences between moss and
lichen in adapting to climatic changes would affect the Hg
uptake by the two plant types, leading to the faster reactions of
lighter isotopes in mosses.20,23,58

Hg concentrations in mosses and lichens were 2−10 times of
Hg concentrations in foliage in both valleys at the same altitude.
The Δ200Hg signals in mosses and lichens were significantly
higher than those in foliage at the same altitude (∼0.09‰ shift).
SinceΔ200Hg is a superior tracer for atmospheric Hg2+,33,41,59,60

the greater positiveΔ200Hg values in mosses and lichens suggest
Hg sources from atmospheric Hg2+. This is related to the
physiological characteristics and epiphytic environment of
mosses and lichens. Due to the lack of a thick waxy cuticle
layer, mosses and lichens obtain water and nutrients through the
entire plant, thus making it more efficient in capturing
atmospheric Hg wet deposition than vascular foliage.20,57,61,62

Additionally, the δ202Hg signals in mosses and lichens weremore
positive than those in foliage (t-test, p < 0.01). This can be
explained by the distinct pathways of atmospheric Hg uptake.
Mosses and lichens mainly absorb atmospheric Hg (including
Hg0 and Hg2+) through diffusion.23,29,30,57 The incorporation of
atmospheric Hg to extracellular or intracellular exchange sites in
moss and lichen is a rapid and passive physicochemical
process.20,63,64 However, foliage primarily absorbs atmospheric
Hg0 through stomata, influenced mainly by vegetation
physiology.26,57 The complicated and physiology-controlled
process would lead to a greater shift in δ202Hg during foliage
uptake of air Hg0.26,37,51,65

Notably, U. longissima showed the highest Δ200Hg signals
(Figure 2D). This indicates the elevated atmospheric Hg2+
sources in U. longissimas. The elevated atmospheric Hg2+
sources in U. longissima can be attributed to its unique
morphological structure and epiphytic environment. U. long-

issima features a central cord-like structure (cord axis)
surrounded by multilayered symbiotic tissues, which provide a
large specific surface area, enhancing water absorption efficiency
compared to general leafy and crustaceous lichens.66,67 Addi-
tionally, U. longissima hangs from branches and has higher
chances to obtainmontane fogwater than other lichens attaching
on tree trunks.

4.2. Factors Affecting Altitudinal Distribution. The Hg
concentration and isotopic signatures in biomonitors are
without consistent altitudinal gradients in Figure 3. This is
because of the interplays of climate, topography, and vegetation
forcing a complicated Hg cycling in the Himalayan valleys. We
discussed these combined impacts as follows.
The climate, specifically the forced changes of precipitation

type (i.e., rainfall and cloudwater) and amount along the
altitude, can influence Hg transformation (e.g., redox reactions)
and Hg accumulation in biomonitors. Hg concentrations in
lichens peaked at 3600 m altitude in the Yadong Valley.
Similarly, the Hg concentrations of lichens and mosses at mid-
altitude (2800−3800 m) of Chentang Valley reached 1.5 times
those in the lower region (t-test, p < 0.01). The trend of
cloudwater likely plays an important role in shaping the
altitudinal distribution of Hg concentrations because the higher
cloudwater quantity at mid-altitude significantly increased wet
deposition of atmospheric Hg.60,68−71

Altitudinal changes in vegetation species and types, which are
controlled by the montane climate, also affect Hg accumulation
in biomonitors at different altitudes. The tree species shift from
evergreen broadleaf species at low elevations to deciduous and
coniferous species at high elevations. Similarly, lichen shifts from
fruticose and foliose to crustose species.7,69,72,73 This could lead
to large heterogeneities in the Hg concentration among various
altitudes. We found that the Hg concentration of broadleaf
foliage in the Yadong Valley was about twice that of coniferous
foliage (40 ± 21 versus 22 ± 14 ng g−1, p < 0.01), while little
difference was observed in the Chengtang Valley (t-test, P >
0.05). This is caused by the combined effect of leaf morphology
and foliage lifespan on atmospheric Hg uptake. Broadleaf foliage
has a larger leaf area and a higher stomatal density, both favorHg
accumulation. In contrast, coniferous foliage has a longer
lifespan (1−5 years) than broadleaf foliage (1−3 years), and the
longer lifespan increases the quantity of atmospheric Hg
uptake.74−77 Variation of forest canopy structure (e.g., canopy
height, canopy cover, and canopy roughness) along the elevation
also significantly affect atmospheric Hg0 and Hg2+ deposi-
tions.69,71,72 These factors collectively led to observed Hg
accumulation in biomonitors.
At 1800−2400m altitude in the Yadong Valley,Δ199Hg values

were from −0.32 to −0.10‰, slightly more positive than values
at upper altitudes (Figure 3G). These Δ199Hg values reflect
anthropogenic Hg emission from South Asia. Anthropogenic Hg
is associated with nearly to zero signals of Δ199Hg.36−38

Anthropogenic Hg emissions in South Asia amount to 240 Mg
yr−1 (Figure 1), approximately 10% of global anthropogenic Hg
emissions.8,9 The Himalayan valley is the important trans-
boundary transportation channel of other atmospheric
pollutants (e.g., POPs), thus likely a case for Hg in low elevation
regions.19,75,78 During the transport, the Hg biogeochemical
processes mediated by topography, climate and vegetation could
dilute the anthropogenic Hg signals in biomonitors,35,51 leading
to more negative Δ199Hg values at elevated sites. Additionally,
the topography-induced variations of planetary boundary layer
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would significantly influence the biomonitors’ Hg isotopic
compositions along with the elevation.79,80

4.3. Source Attribution by the Hg Isotopic Model.
Earlier studies showed that geogenic Hg (i.e., Hg release from
rock weathering) does not translocate from the tree root zone to
foliage, and that moss and lichen almost do not absorb soil Hg
because of a lack of root structure.26,57,81 Therefore, the
contribution of geogenic sources to Hg accumulation in
biomonitors is quite minimal. Since Δ200Hg is a superior tracer
for atmospheric Hg2+,33,35,41,59 its signals were utilized for
estimating the relative contribution of atmospheric Hg0 and
Hg2+ inputs.
The modeling results showed that atmospheric Hg0 was the

main Hg source in bark and foliage, with the contributions of 88
± 13% and 84 ± 11%, respectively. Atmospheric Hg0
contributed 73 ± 17% of Hg sources in mosses and 67 ± 13%
in lichens except for U. longissimas (Figures S4 and 5A,B).
Atmospheric Hg2+ was the main Hg source in U. longissimas,
with 61 ± 16% contribution. This is consistent with the
physiological traits and epiphytic environment of U. longissima
that adsorbs a greater amount of atmospheric Hg2+.20,23,30,82

The atmospheric Hg0 contribution in the foliage and bark did
not vary significantly along with the altitude in the two valleys
(Figure S5). There was also a weak altitudinal trend of

atmospheric Hg2+ contribution in the Chentang Valley (Figure
5C), which can be explained by its specific topography. The
prevailing valley direction of the Chentang Valley is from south
to north at lower altitude but from west to east at higher
altitudes. The changed valley orientation alters the local
hydrothermal conditions and water transport within the valley,
and subsequently influences atmospheric Hg2+ deposition along
the altitude.5,7 Interestingly, the contribution of atmospheric
Hg2+ of lichens and mosses in the Yadong Valley distinctly
increased from 30% to 50% at 3000−4000 m (Figure 5D). This
is because of the higher precipitation and the greater cloudwater
amount at altitudes of 3000−4000 m, both increase Hg2+
deposition.60,69,83

4.4. Postdepositional Processes in U. longissima. The
Hg isotopic model has shown the atmospheric Hg2+ input being
the main Hg source in U. longissimas. Using the Δ199Hg data of
atmospheric Hg0 and Hg2+ in the QTP,12,50 the Hg isotopic
mixing model estimates an average of 0.48 ± 0.18‰ for U.
longissimas (Figure S6). However, U. longissimas did not exhibit
positive Δ199Hg values of atmospheric Hg2+. Specifically, U.
longissimas at mid-elevation sites of the Chentang Valley (3200−
3400 m) and Yadong Valley (3000−3400 m) both showed
unusual negative Δ199Hg values, up to −0.86‰ (Figure 4E,F).
Earlier studies suggest that Hg0 re-emission from plants

Figure 4. Hg isotopic signature and correlation. (A) Δ199Hg versus δ202Hg in biomonitors of Chentang Valley, (B) Δ199Hg versus δ202Hg in
biomonitors of Yadong Valley; (C) Δ200Hg versus Δ199Hg in biomonitors of Chentang Valley, (D) Δ200Hg versus Δ199Hg in biomonitors of Yadong
Valley; (E) Δ201Hg versus Δ199Hg in moss of Yadong Valley, and (F) Δ201Hg versus Δ199Hg in U. longissimas of Yadong Valley. The error bar
represents ±2 standard deviation.
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undergoes secondary reactions,33,38,51,81 causing a negative shift
of ∼0.45‰ Δ199Hg in reactants.34,84 This is much lower than
theΔ199Hg shift of at least −0.8‰ required for U. longissimas in
Figure S6. Therefore, the Hg0 re-emission processes cannot
explain the highly negative Δ199Hg values.
Likely, the aqueous secondary reactions of Hg2+ in the

droplets on the surface of U. longissimas contribute to the
negative Δ199Hg values. This is supported by several
observations. The physiological traits and epiphytic environ-
ment of the U. longissima, coupled with an abundant dissolved
organic matter (DOM) in precipitation and cloudwater, and
deposited Hg2+ in two valleys (specifically at mid-altitude
sites),60,69 facilitate aqueous Hg secondary reactions. The ∼1.0
slope of Δ199Hg to Δ201Hg of U. longissimas in both valleys
(Figure 4E,F) confirms the magnetic isotope effect induced by
photochemical processes.33,84 Additionally, at mid-altitude sites
of the Himalayas, changes from broadleaf forest to coniferous
forest could result in elevated Hg deposition due to the increase
of canopy biomass, thus influencing their chemical reactivities.85

These changes can affect the magnitude the odd-MIF during
photoreduction processes.86,87 This may explain the unusual
negativeΔ199Hg values inU. longissimas at mid-altitude sites.We
did not observe significant secondary reactions for lichens
possibly for two reasons. One is that atmospheric Hg0 is the
main source. The other is that most lichens grow below the
canopy with solar radiation shielding that weakens photo-
reduction.

5. IMPLICATIONS
This study reveals Hg sources and accumulation mechanisms in
biomonitors along with the elevation of the Himalayan valleys.
We highlight that the rapid changes in climates, topography, and
vegetation force a complicated Hg cycling, thus leading to the
Hg concentration and isotopic signatures without altitudinal
gradients in biomonitors. Specifically, the Hg secondary

reactions could lead to highly negative odd-MIF values in U.
longissima at mid-altitude. Additionally, we determined that
atmospheric Hg0 was the main source of Hg in bark, foliage,
mosses, and most lichens, but Hg in U. longissimas was mainly
from atmospheric Hg2+. Thus, using biomonitors to reflect the
anthropogenic Hg transport in montane valleys has uncertain-
ties because of the variability in Hg exchange at the interface
between ambient air and biomonitors. On the other hand, the
inconsistently altitudinal gradients likely reflect relatively weak
transboundary transport of anthropogenic Hg across the
Himalayan, although it is strong for POPs. Given Hg with a
more complex biogeochemical cycling than POPs,19,88 the Hg
cycling in the Himalayan valleys could mix the multiple impacts
from montane environments and signals of transboundary
transport of anthropogenic Hg from South Asia.
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