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Abstract Processes facilitated by precipitation play an important role on mercury (Hg) accumulation on
forest floor and therefore key to Hg cycling in forest ecosystems. Sites along the windward slope of 1,250 to
2,400 m at Mt. Ailao, Southwestern China, have higher precipitation than the leeward slope sites. In this
study, measurements of Hg concentration and associated stable isotope composition for soil, fresh, and
degraded litterfall samples weremade at sites along two slopes ofMt. Ailao to quantify the direct and indirect
effects of precipitation on Hg accumulation on forest floor. Higher soil Hg concentrations, larger litterfall Hg
depositions, and faster litter decomposition rates were observed on the windward slope (1,250–2,400 m).
Data of Hg isotopic signatures suggest that Hg in surface soils is mainly derived from litterfall Hg input.
Precipitation enhances litterfall Hg deposition by increasing litter biomass production, reduces litter
decomposition rate, facilitates short‐term Hg uptake to decomposing litter, and potentially increases
microbial activity that increases Hg loss via microbial reduction or runoff. Structural equation modeling
results support that the indirect effect of precipitation on increased biomass production merge as the most
important factor controlling soil Hg variation. Given the climate forcing on global precipitation pattern and
vegetation growth cycle, Hg biogeochemical cycling is likely to continue to evolve under the
changing climate.

Plain Language Summary Precipitation has direct and indirect effects on Hg accumulation and
transformation on forest floor. The direct effect is that atmospheric Hg enters into forest floor via
precipitation, throughfall, and cloud water deposition. In addition, precipitation likely has an indirect effect
on Hg accumulation by influencing litter biomass production and postdepositional processes of Hg, such
as litter decomposition, Hg reemission, and surface runoff. The objective of this study is to better quantify the
direct and indirect effects of precipitation on Hg accumulation on forest floor. The study sites are located
along the leeward and windward slopes of Mt. Ailao in Southwest China. Precipitation intensity is the
main variable at the same altitude between two slopes. Our results showed that influences from precipitation
on soil Hg accumulation are largely through the indirect effects caused by influencing litterfall Hg
deposition. We also suggest that the changed precipitation pattern can force variations of litterfall Hg
deposition and soil Hg accumulation globally.

1. Introduction

Thirty one percent of terrestrial surface is covered by forest ecosystems (Keenan et al., 2015). Mercury (Hg)
processes in forest ecosystems play an important role in global Hg cycling. Elevated atmospheric Hg deposi-
tion to montane forest causes a higher risk of accumulation and bioconcentration of MeHg, that is, Methyl
Hg (Blackwell & Driscoll, 2015; X. Wang, Luo, et al., 2017; H. Zhang et al., 2013). Mercury enters into forest
ecosystems through wet and dry Hg (II) depositions and Hg0 deposition (i.e., via litterfall and direct deposi-
tion to soils). Earlier studies showed that the amount of Hg derived from the atmosphere distinctly increases
with altitude and highlighted the importance of greater Hg deposition via precipitation, throughfall, and
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cloud water (i.e., direct effects of precipitation) at a higher elevation (Blackwell & Driscoll, 2015; Stankwitz
et al., 2012; H. Zhang et al., 2013). However, recent studies suggested that atmospheric Hg0 deposition is the
main source of Hg accumulating within the forest floor, and precipitation likely has an indirect effect on Hg
accumulation by influencing litter biomass production (X. Wang, Luo, et al., 2017; Zheng et al., 2016).
Precipitation also influences the postdepositional processes of Hg, such as litter decomposition, Hg reemis-
sion, and surface runoff (Gustin & Lindberg, 2000; J. Munthe et al., 1995; Rea et al., 2000; X. Wang, Luo,
et al., 2017); however, these processes are quite difficult to quantify due to complicated biological, oro-
graphic, and climatic influences (Yin et al., 2016; H. Zhang et al., 2013). Thus, the role of precipitation on
Hg accumulation on forest floor is still unclear and therefore warrants better investigation.

Data of stable Hg isotopes in environmental samples provide mechanistic insights into biogeochemical
cycling of Hg in the environment. Mercury isotopes undergo mass‐dependent fractionation (MDF; reported
as δ202Hg) and mass‐independent fractionation (MIF; reported as Δ199Hg, Δ200Hg and Δ201Hg), resulting in
significant differences in Hg isotopic compositions among environmental pools (Blum et al., 2014). The Hg
(II) andHg0 in the atmosphere have been shown to have distinct Hg isotopic compositions (Chen et al., 2012;
M. Enrico et al., 2016; X. Fu, Marusczak, et al., 2016; Gratz et al., 2010). Atmospheric Hg (II) pool is charac-
terized by positiveΔ199Hg, Δ200Hg, and Δ201Hg values, whereas atmospheric Hg(0) pool has complementary
negative Hg isotopic values. The isotopic data serve as useful tools for identifying sources and processes of Hg
in forest ecosystems.

The objective of this study is to better understand the role of precipitation on Hg accumulation and transfor-
mation in forest ecosystems. The study sites are located along the leeward and windward slopes of Mt. Ailao
in Southwest China. Precipitation intensity is the main variable at the same altitude on the two slopes.
Measurements of Hg isotopes were utilized to trace Hg sources and biogeochemical processes. To quantify
the influence of precipitation, we examined the correlations of precipitation to litterfall Hg input, soil Hg
concentration, litter decomposition rate, and Hg mass variation during litter decomposition. Structural
equation modeling (SEM) was applied to synthetically assess the direct and indirect effects of precipitation
on Hg accumulation in forest soil.

2. Methodology
2.1. Site Description

Mt. Ailao is located at the boundary of Yunan‐Guizhou Plateau and Hengduan Mountains in Yunnan
province, Southwestern China (Figure S1 in the supporting information). The observed 1.4–2.0 ng/m3 atmo-
spheric Hg0 concentration (close to 1.4–1.6 ng/m3 background value in the northern hemisphere; Sprovieri
et al., 2016) at Mt. Ailao suggests limited impact from direct anthropogenic emissions (H. Zhang et al., 2016).
From the meteorological data during 1985–2016 (Figure S1), the precipitation increases with the increasing
altitude on both slopes. The annual precipitation intensity at 1,000 m (above sea level) of windward slope is
about 200mm higher than that at the same altitude level of leeward slope (p< 0.01, by Independent Samples
T test). Such precipitation difference becomes smaller with the increasing altitude until comparable annual
precipitation intensities at the mountain top (2,500 m, above sea level). Air temperature at the same altitude
level of two slopes are similar (Figure S1).

Mt. Ailao has a distinct vegetation structure with respect to its altitude. The forest age, canopy coverage,
forest type, and dominant tree species of the study sites are summarized in Table S1 and Figure S1.
Briefly, dry‐hot valley vegetation predominates on leeward slope at 800–1,000‐m altitude; coniferous forests
(mainly pinus spp.) mixed with evergreen broadleaf species (<40%) on both slopes at 1,000–2,400 m; and
evergreen broadleaf species on both slopes at >2,500 m. The forest soil is mainly Luvisol with soil pH of
4.4–4.9 (Z. Yang & Yang, 2011).

2.2. Sampling

Nine sites on the leeward slope (850, 1,000, 1,250, 1,500, 1,850, 2,100, 2,400, 2,500, and 2,650 m) and seven
sites on the windward slope (1,250, 1,500, 1,850, 2,100, 2,400, 2,500, and 2,650 m) were selected for sampling.
At each site, five 5 × 5 m subplots were established for sample collection, following a previous protocol
(X Wang, Luo, et al., 2017). Zero to ten centimeters of surface soil sample for each subplot were collected
in April 2016. We randomly selected three out of five subplots at each site to collected monthly litterfall
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samples. Monthly litterfall samples were collected since January 2017, by 1 m × 1 m nylon nets hanging at
0.3 m above ground, following our previous methods (X. Wang, Lin, et al., 2016). Overall, we totally
collected 80 surface soil samples (16 sites × 5 replicates) and 576 monthly litterfall samples (16
sites × 3 replicates × 12 months).

We conducted the 1‐year litter decomposition experiment, following the procedure described in our previous
work (X. Wang, Lin, et al., 2016). Briefly, 15 g of a well‐mixed litter sample was placed in a 15 cm × 15 cm
nylon bag that had 1 mm × 1 mm mesh size. We totally put 240 litter bags at 16 sites (i.e., 15 bags for each
site), and each of 48 bags of samples (16 sites×3 replicates) was collected starting from 0, 3, 6, 9, and
12 months after 25 January 2017.

2.3. Concentration Measurements

In this study, vegetation samples were dried in an oven at 60 °C for 48 hr until <0.03% of mass variation
occurred in 8 hr. Soil samples were air dried at a dark and clean room and then ground in an agate mortar
and sieved by a 200‐mesh sieve (74 μm). The reason for using air drying is that the loss or increase of Hgmass
caused by the air‐soil flux exchange during 1‐ or 2‐week time of natural air drying would not significantly
influence soil Hg concentration, and the difference of Hg concentration between by air drying and freeze
drying is low ≤5% (average = 1.9 ± 1.5%, 1SD, and n = 5; by preexperiment). Hg concentrations of litter
and soil samples were measured by Lumex RA‐915+ Direct Mercury Analyzer (X. Wang, Lin, et al., 2016).
Standard reference materials were measured in every 10 samples, which yielded recoveries of 95–105%.
GBW07405 (GSS‐5, 290 ± 40 ng/g) was used as the soil Hg standard. GBW10020 (GSB‐11,
Hg = 150 ± 25 ng/g) and GBW10049 (GSB‐27, Hg = 12 ± 3 ng/g) were used as the litter Hg standard.

The decomposition rate was calculated using a first regression model (i.e., decomposition rate defined by
first‐order kinetics; Breymeyer et al., 1997; Harmon et al., 2009):

Mt ¼ M0×e− kd×tð Þ; (1)

where Mt is the present litter mass remaining, M0 is the initial litter mass, t is time in month, and kd is the
decomposition rate constant in month. Table S2 shows Mt / M0 at each site during 1‐year litter decomposi-
tion.We usedMATLAB to obtain the kd in equation (1). Hgmass variation (VHg) during litter decomposition
is estimated as

VHg ¼ Hg0−Hgfð Þ∕Hg0×100%; (2)

where Hg0 is the initial Hg mass in litter, and Hgf is the final Hg mass in litter remaining during 1‐year
decomposition. VHg > 0means Hgmass loss after 1‐year litter decomposition, while VHg < 0means Hgmass
increase.

2.4. Isotopes Measurements

Four random samples collected in January, April, August, and October (one in eachmonth) at each site were
mixed to make a composite sample. The Hg isotopic signatures of the litterfall and soil composite samples
were determined by using a method that has been described previously (X. Wang, Luo, et al., 2017).
Briefly, all samples were processed by a double‐stage tube furnace and trapping solutions (anti aqua regia,
HNO3:HCl = 2:1, v/v) for Hg preconcentration, and the Hg solutions were diluted to 1 ng/ml prior to Hg iso-
tope measurement by the Nu II Plasma mass spectrometer (MC‐ICP‐MS, Nu Instruments, UK). The acid
strength of each diluted solution was 8–12%. The recoveries of preconcentrating were both 95% to 105%
for BCR‐482 (reference standard for litter samples), GSS‐4 (590 ± 50 ng/g, reference standard for soil sam-
ples), and samples. The sample introduction system for Hg isotope ratio measurements consists of an online
Hg vapor generation system (Yin et al., 2010; HGX‐200, Teledyne CETAC Technologies, USA) coupled to a
CETAC Ardius 2 Desolvating Nebulizer System. The SnCl2 (3%) was used as the reducing agent for Hg and
mixed online with Hg standards or samples to generate Hg0. Instrumental mass bias correction was accom-
plished using NIST SRM 997 as an internal standard and external standard‐sample bracketing with a NIST
SRM 3133 Hg solution. Mercury concentrations in acid matrices of Hg standard solutions (NIST‐3133) and
UM‐Almadén secondary standard solution were matched to the sample solutions (1 ppb, 10% acid strength
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in anti‐aqua regia solution). The Hg‐MDF is reported in δ notation using the unit of
permil (‰) referenced to the neighboring NIST‐3133 solution:

δ202Hg ‰ð Þ ¼ 1; 000× 202Hg∕ 198Hgsample

� �
∕ 202Hg∕ 198HgNISTSRM3133

� �
−1

h i
: (3)

MIF is reported as ΔxxxHg following the convention suggested by Blum and
Bergquist (2007):

Δ199Hg ‰ð Þ ¼ δ199Hg−0:2520×δ202Hg; (4)

Δ200Hg ‰ð Þ ¼ δ200Hg−0:5024×δ202Hg; (5)

Δ201Hg ‰ð Þ ¼ δ201Hg−0:7520×δ202Hg: (6)

UM‐Almadén secondary standard solution was analyzed for every 10 samples. To
assess if the nonunity recoveries resulting from the double‐stage offline
combustion‐trapping technique induced discernible isotopic bias, we measured
BCR 482 and GSS‐4 at the beginning of sample preconcentration sessions. Results
of UM‐Almadén (δ202Hg = −0.53 ± 0.04‰, Δ199Hg = −0.00 ± 0.04‰,
Δ201Hg = −0.03 ± 0.02‰, Mean ± 1SD, Standard deviation, n = 10) and BCR‐482
(δ202Hg = −1.65 ± 0.06‰, Δ199Hg = −0.56 ± 0.05‰, Δ200Hg = −0.01 ± 0.03‰,
Δ201Hg = −0.58 ± 0.04‰, Mean ± 1SD, n = 5), and GSS‐4
(δ202Hg = −1.70 ± 0.08‰, Δ199Hg = −0.35 ± 0.03‰, Δ201Hg = −0.31 ± 0.03‰,
Δ200Hg = −0.00 ± 0.02‰, Mean ± 1SD, n = 5) are consistent with recommended
values (Blum & Bergquist, 2007; Estrade et al., 2010).

2.5. Statistical Methods

Independent sample t test was utilized to analyze the statistical difference during
the site‐to‐site comparison at the same altitude (e.g., site at 1,250 of windward slope
versus site at 1,250 of leeward slope). Paired sample t test was used for determining
whether the data means observed on the windward and leeward slopes are signifi-
cantly different. One‐Way ANOVA (Analysis of Variance) was utilized to analyze
statistical differences among the means of three or more groups (e.g., Hg isotopic
compositions from different plant species). The statistical significance of r is deter-
mined at 95% confidence interval by two‐tailed tests (Table 1). Multiple Linear
Regression (MLR) is used to model the relationship between the explanatory and
response variables. Principal component analyses (PCAs) was conducted to explain
the variation of soil Hg concentration and soil δ202Hg. Kaiser‐Meyer‐Olkin and
Bartlett's sphericity tests were performed to evaluate how suited the data are for
PCAs (Kaiser‐Meyer‐Olkin should be >0.60). Varimax was used as the rotation
method in PCA analyses. All statistical analyses were performed by SPSS version 17.

Based on our hypothesis and available data, a conceptual SEM was constructed to
quantify effects of precipitation on Hg accumulation on forest floor. Model con-
struction procedures involved the three stages. First, hypothesized mechanisms
for interpretations across precipitation, litterfall Hg deposition, litter decomposi-
tion, and soil Hg were proposed in Table S2. Second, PCA was performed to create
a multivariate functional index to represent the long‐term precipitation effect on
soil Hg (details in section 3.4). All variables were standardized into Z scores.
Finally, SEM was developed from the conceptual model using χ2 tests with
maximum likelihood estimation. Model fitting was performed by using the Amos
software version 24. From the SEM path network, the standardized path coefficient
(β) represents the direct effect of one variable on another, and the indirect effect
(e.g., one variable affects another variable which in turn affects a third) can be
calculated asT
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Indirect effect ¼ β1×β2×β3×⋯×βn: (7)

3. Results and Discussion
3.1. Dominant Source for Hg Accumulation on Forest Floor

The means of Hg isotopic composition in litter samples (δ202Hg =−2.51 ± 0.15‰, Δ199Hg =−0.35 ± 0.07‰,
Δ200Hg =−0.02 ± 0.02‰, 1SD, n= 16 sites, Figures 1a, 1c, and 1e) are comparable to these reported for litter
or mature leaves in remote forest ecosystems (M. Enrico et al., 2016; M. Jiskra et al., 2015; X. Wang, Luo,
et al., 2017; Zheng et al., 2016). Hg isotopic compositions in litter show a weak yet consistent elevation gra-
dient (i.e., r2 < 0.2, p > 0.05, Table S4), but there is no clear difference between the data observed on both
slopes (p > 0.05, Figures 1a, 1c, and 1e and Table S5). The study site is far away from the location of known
anthropogenic sources. Mercury in litter at this site is mainly from long‐range transport and therefore shares
similar Hg isotopic signatures on both slopes at same altitude. The Hg isotopic compositions are also quite
consistent for different plant species (p > 0.05, One‐Way ANOVA test), suggesting that Hg isotopes undergo
similar fractionation processes during the uptake of Hg. Similarly, soil samples (Figures 1b, 1d, and 1f) show
negative δ202Hg (−0.148 ± 0.27‰, n = 16 sites), negative Δ199Hg (−0.36 ± 0.10‰, n = 16 sites), and Δ200Hg
of ~0 (−0.01 ± 0.04‰, n = 16 sites). Soil Δ199Hg decreases with the increase of altitude (r ranges −0.86 to
−0.60, p < 0.05, Table S4). Interestingly, the windward slope sites at <2,500 m have more positive δ202Hg
(0.1–0.7‰ shift) than leeward slope sites (p < 0.05, on slope‐slope level, Table S5).

The MIF signatures of Hg isotopes are unlikely to be altered by postdepositional processes as seen for MDF
in forest ecosystems, making theMIF signatures of Hg a useful tracer to identify specific sources (Blum et al.,

Figure 1. Variations of : (a) δ202Hg in litterfall, (b) δ202Hg in 0—10‐cm surface soil, (c)Δ199Hg in litterfall, (d)Δ199Hg in 0
—10‐cm surface soil, (e) Δ200Hg in litterfall, (f) Δ200Hg in 0—10‐cm surface soil along with altitude on leeward and
windward slopes of Mt. Ailao. The error bar is 1 standard deviation. The raw data can be found in Table S8.
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2014; Sonke, 2011; X.Wang, Luo, et al., 2017). There are two possible pathways that can induce the odd‐MIF
(i.e., Δ199Hg and Δ201Hg) of soil Hg: One is Hg0 reemission by photoreduction with magnetic isotope effect,
and the other is dark reduction by natural organic matter, which is associated with the nuclear volume effect
(M. Enrico et al., 2016; M. Jiskra et al., 2015; X. Wang, Luo, et al., 2017; Zheng et al., 2016). Photochemically
induced Hg0 reemission in forest floor is typically not important because of shading by the dense forest
canopy (Agnan et al., 2016; X. Wang, Luo, et al., 2017; X. Wang, Yuan, et al., 2017). The scatter plot of
Δ199Hg versus Δ201Hg yields a slope of ~1.0 (Figure 2d), suggesting negligible nuclear volume effect
(Δ199Hg:Δ201Hg ∼ 1.6; Blum et al., 2014; Jiskra et al., 2015). The positive Δ200Hg signal is mainly observed
in precipitation and during Hg0 oxidation processes 200Hg MIF (Blum et al., 2014; Chen et al., 2012; Sun
et al., 2016). Data from rainfall samples collected at global sites show that Hg in precipitation of remote
sites has a consistently different isotopic signatures from those found in litter and soil samples
(Figures 2a–2d; Chen et al., 2012; Demers et al., 2013; Gratz et al., 2010; Sherman et al., 2012; Yuan et al.,
2015). Therefore, the positive Δ199Hg and Δ200Hg in precipitation can be treated as a unique atmospheric
Hg (II) input endmember (Blum et al., 2014; Chen et al., 2012; Demers et al., 2013; Maxime Enrico et al.,
2017; M. Enrico et al., 2016; Gratz et al., 2010; D. Obrist et al., 2017; Yu et al., 2016).

Precipitation intensity at 2,650 m regions is nearly 2 times higher than at 850 m. However, Δ200Hg values in
all surface soil are ~0 (−0.01 ± 0.04‰, n = 16). In addition, Δ199Hg of surface soils are much negative than
that of precipitation (−0.36 ± 0.10‰ vs. 0.44 ± 0.23‰ in Figures 3b and 3c) but close to that of litterfall. This
suggests that litterfall Hg deposition is the main source for soil Hg accumulation. Geological Hg, derived
from weathering of bed rocks, has been shown to have less negative δ202Hg (−0.6‰ to −1.5‰, Figure 3a)
without significant MIF of 199Hg and 200Hg (Figures 3a–3c; Blum et al., 2014; Smith et al., 2008). The mixing
of geological Hg may contribute Hg to soil for samples collected at <1,850‐m sites, which showed more posi-
tive soil δ202Hg and Δ199Hg values (Figures 1b and 1d). Overall, isotopic evidence suggests that litterfall
input is the dominant source for Hg found in surface soil, consistent with results from China Tibetan forests
(X. Wang, Luo, et al., 2017) and U.S. forests (Zheng et al., 2016). The annual average of Hg concentration in
precipitation of Mt. Ailao is 4.9 ± 3.1 ng/L (X. Wang, Lin, et al., 2016), yielding wet deposition of
4–10 μg·m−2·year−1 at the study sites. The litterfall Hg input is 2–4 times higher than wet deposition

Figure 2. Relationships among (a) Δ200Hg versus δ202Hg, (b) Δ200Hg versus Δ199Hg, (c)Δ199Hg versus δ202Hg,
(d)Δ199Hg versus Δ201Hg. The Hg isotopic signatures for geological Hg are derived from literatures (Blum et al., 2014;
Smith et al., 2008) and for wet deposition from literatures (Chen et al., 2012; Demers et al., 2013; Gratz et al., 2010;
Sherman et al., 2012; Yuan et al., 2015).
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(Figure 3a). Moreover, surface soil Hg concentration is significantly correlated to litterfall Hg input
(r2 = 0.69, p < 0.01, Figure S2). This, again, points to litterfall Hg being the primary source of Hg in soil.

PCA in Table 2 shows that the sampling locations on the two slopes (PC1, 46% variances of soil Hg) and ele-
vation (PC2, 24% variances of soil Hg) influence soil Hg concentration. Soil Hg concentrations along the
windward slope of 1,250, 1,500, 1,850, and 2,400 m are significantly higher than the values on the leeward
slope of the same altitude (p < 0.05, on site‐site level, Figure 3b). Figure 3b shows that Hg concentration
in surface soil on both slopes significantly increases (p < 0.05, two‐tailed t test, Table S4) from 850 to
2,500 m and sharply decreases at 2,650 m. PC1 and PC2 both have high factor loadings for variables repre-
senting influences from litterfall Hg deposition (i.e., litterfall Hg deposition and litterfall biomass production
in PC1; Δ199Hg of soil Hg in PC2). High factor loadings for variables related to litter decomposition (i.e., kd
and VHg) in PC1 and PC2 were also identified, suggesting the importance of litter decomposition. High factor
loadings for precipitation and temperature were observed in both PC1 and PC2, indicating that the two fac-
tors impose strong indirect effects on soil Hg by influencing litterfall Hg deposition and litter
decomposition processes.

3.2. Effect of Precipitation on Litterfall Hg Deposition

Figure S3 shows that the monthly litterfall Hg input is highly correlated to the litterfall biomass production
(r2 > 0.70, n = 576 samples) rather than to the Hg concentration in litterfall (r2 < 0.20, n = 576 samples),
suggesting that the variation of litterfall Hg deposition is controlled by litter biomass production,

Figure 3. (a–d) Variations of annual precipitation, litterfall Hg deposition, Hg concentration in 0–10 cm surface soil,
litterfall biomass production, and litterfall Hg concentration; (e and f) variations of kd and VHg (Hg mass during 1‐year
litter decomposition) along with altitude on leeward and windward slopes of Mt. Ailao. The error bar is 1 standard
deviation. The raw data can be found in Table S9.
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consistent with earlier results (X. W. Fu, Yang, et al., 2016; X. Wang, Bao,
et al., 2016). MLR analysis (Table S6) shows that precipitation and tem-
perature predominantly influence litter biomass production (r2 = 0.58,
Table S6), showing greater production with respect to higher precipitation
and temperature. Annual precipitation intensity at site of 1,250, 1,500,
1,850, 2,100, and 2,400 m of windward slope (Figure S1) is significantly
higher than that at the same altitude levels of leeward slope (p< 0.05, both
on site‐site and slope‐slope level, Table S5), while the temperature on both
slopes is comparable (p > 0.05, both on site‐site and slope‐slope level,
Table S5). This supports the precipitation effect on litterfall Hg deposition
through enhancing litter biomass production.

Figures 3a and 3c show that the litterfall Hg deposition and litterfall bio-
mass production along the windward slope of 1,500, 1,850, 2,100, and
2,400 m are both significantly higher than the values on the leeward slope
of the same altitude (p < 0.05, both on site‐site and slope‐slope level,
Figures 3a and 3c and Table S5). However, Hg concentration in litter
samples shows little difference between two slopes (p > 0.05, Figure 3d
and Table S5). Greater litterfall Hg deposition on the windward slope site
of 1,250 m (Figure 3a) was not observed because of the much higher

litterfall Hg concentration at leeward site of 1,250 m (66 ± 9 ng/g vs. 44 ± 7 ng/g, Figure 3c). The observed
differences of litterfall biomass production and litterfall Hg deposition are not caused by vegetation type,
since sites at the same altitude have similar vegetation types (Figure S1 and Table S1) and forest ages
(Table S1). Tables 1 and S6 both suggest that precipitation as the most important factor to explain 35%
variances of litterfall biomass production.

The above analysis clearly show that the precipitation plays an important role in Hg accumulation in forest
top soil through enhancing the production of vegetative biomass. Higher soil Hg concentration was observed
at the windward sites at 1,250, 1,500, 1,850, and 2,400 m (Figure 3b). Table 1 also shows that precipitation is
significantly correlated to soil Hg concentration, to litterfall Hg deposition and to litterfall biomass produc-
tion (all r > 0.50, p < 0.05 by two‐tailed test). Interestingly, a significantly negative correlation between pre-
cipitation andΔ199Hg in surface soil was found (r=−0.63, p< 0.01, Table 1). Figures 2b and 2c show positive
Δ199Hg in precipitation samples, which rules out precipitation as the main source for soil Hg. Instead, Hg in
surface soil shows negative Δ199Hg, similar to litterfall Hg. This indicates that the effect of precipitation is
indirect through promoting vegetative biomass production.

3.3. Precipitation Effects on Litter Decomposition

The values of kd (litter decomposition rate constant) are significantly different on the two slopes, higher kd
along the windward slope of 1,250 to 2,400 m than on the leeward slope of the same altitudes (p < 0.05, both
on site‐site and slope‐slope level, Figure 3e and Table S5). In addition, we observed a decreasing elevation
gradient for kd on both slopes (p< 0.05, Table S4). The global meta‐analysis suggests that higher temperature
and precipitation induce a faster kd (D. Zhang et al., 2008). In this study, MLR analysis shows that tempera-
ture plays a more important role than precipitation in controlling the elevation gradient of kd (Table S6).
However, the different kd along the two slopes is mainly induced by precipitation. We found significantly
lower VHg (Hg mass variation during 1‐year litter decomposition, positive value for Hg loss while negative
value for Hg increase) at the sites of 1,500, 1,850, and 2,100m of windward slope (Figure 3f). However, a poor
correlation between VHg and kd (r

2 = 0.19, p> 0.05 by two‐tailed test) was found, suggesting litterfall decom-
position rate would not significantly influence Hg mass variation during 1‐year litter decomposition.
Interestingly, VHg is positive for sites at <2,400 m and negative for sites at 2,400–2,650 m on both slopes.
Such shifts of VHg suggest a loss of Hg mass at lower altitudes but an increase at higher altitudes. Two pos-
sible reason can explain the Hg loss during litter decomposition at lower altitudes. One is Hg0 evasion due to
the C and N microbial mineralization during litter decomposition (D. Obrist et al., 2010; Pokharel & Obrist,
2011; Strauss et al., 2012). The other is Hg leaching with the formed dissolved organic carbons (Pokharel &
Obrist, 2011; X. Wang, Lin, et al., 2016).

Table 2
Using PCAs to Explain Variations of Soil Hg Concentration

PCA component (78% variances explained)

Variable PC1 (54%) PC2 (24%)

SoilHg 0.681 −0.487
LBF 0.878 −0.103
Precipitation 0.661 −0.698
Temperature −0.533 0.805
Δ199Hg_S −0.044 0.805
Slope 0.759 0.390
LB 0.926 −0.004
Altitude 0.548 −0.800
kd −0.064 0.744
VHG −0.779 0.447
δ202Hg_S 0.231 0.871

Note. LBF is litterfall Hg deposition, Δ199Hg_S is Δ199Hg of soil Hg, LB is
litterfall biomass production, and δ202Hg_S is δ202Hg of soil Hg. KMO
value = 0.674. Slope = 1 for leeward site and =2 for windward site in
PCAs. PCA = principal component analysis. Number in bold font means
the significant factor loading.
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We observed ~40% Hgmass loss at 850 m, while ~10% Hgmass increment
at 2,650 m. MLR analysis shows that precipitation explains 71% VHg varia-
bility (r = −0.85, p < 0.01, Table S6), suggesting Hg uptake by decompos-
ing litter during litter decomposition, particularly at higher altitudes.
Atmospheric Hg0 uptake by decomposing litter and deep soil Hg mixing
by fungal translocation are possible causes for such Hg mass increase
(Demers et al., 2007; X. Wang, Lin, et al., 2016). However, both pathways
cannot explain the strong correlation between precipitation and VHg (Hg
mass variation during the 1‐year litter decomposition).

A more plausible explanation is that the Hg source of uptake by decom-
posing litter is from throughfall (Demers et al., 2007; Pokharel & Obrist,
2011; X. Wang, Lin, et al., 2016). However, Hg isotopic signatures in
throughfall samples have not been reported. Hg in throughfall has been
proposed to originate from particulate‐bounded Hg (PBM) and gaseous‐

oxidized Hg (GOM) washed off from leaf surfaces during rainfall events (D. F. Grigal, 2003; Rea et al.,
1996; Rea et al., 2001). PBM at remote sites has similar δ202Hg and Δ199Hg compared to rainfall samples
but with ~0 Δ200Hg (Yu et al., 2016). The GOM MIF signatures at remote forest sites is not yet understood.
Only one study reported GOM MIF signatures in a coastal environment (Δ199Hg: −0.28‰ to 0.18‰ and
Δ200Hg: 0.08‰ to 0.28‰; Rolison et al., 2013). The contribution of MIF signatures from PBM and GOM
may shift the MIF signals in throughfall. Photoreduction of deposited Hg (i.e.,PBM and GOM) at the
surface of foliage (Demers et al., 2013; Zheng et al., 2016), mixing of Hg MIF signatures with biomass of tree
detritus and epiphytes (e.g., bark, lichen, andmoss, negativeΔ199Hg and ~0Δ200Hg, can also deviate HgMIF
signatures in throughfall samples from precipitation; M. Enrico et al., 2016; Daniel Obrist et al., 2018).
Further studies on isotope compositions of throughfall help fully assess the contribution of throughfall Hg
in soil Hg accumulation.

X. Wang, Lin, et al. (2016) reported ~5% Hg mass increment during 2‐year litter composition at a nearby site
at 2,450 m. In this study, ~1% to ~14% of Hg mass increase was observed during litter decomposition at sites
of 2,400 and 2,500 m during 1 year. Although the short‐term (1–2 years) decomposition period does not infer
long‐term accumulation trend, the continual coverage of newly deposited litter can block external Hg uptake
by the decomposing litter underneath (X Wang, Lin, et al., 2016) and possibly cause Hg loss in the decom-
posing litter through C and Nmineralization. Reemission of Hg0 by biologically mediated reduction can lead
to a positive shift of δ202Hg on forest floor without significant MIF (M. Jiskra et al., 2017, 2015; Kritee et al.,
2007, 2009; Woerndle et al., 2018). The more positive δ202Hg (~1–1.5‰ shift) in surface soil than in fresh lit-
ter confirms such Hg loss during long‐term litter decomposition mediated biologically because of negligible
MIF shifts (Figures 1a–1d). Similar δ202Hg shifts were observed in forests of North America (up to 1.3‰) and
Europe (0.4‰; M. Jiskra et al., 2015; Zheng et al., 2016).

Table 1 shows a significantly positive correlation between kd and δ202Hg of soil Hg (r = 0.56, p < 0.05), sug-
gesting that the higher litter decomposition rate finally leads to a more positive δ202Hg of soil Hg. Using
PCAs, we obtained two primary components (PC1 and PC2) in Table 3. PC1 mainly represents the elevation
gradient that higher elevation induces a lower temperature, slower kd, higher precipitation, and more nega-
tive δ202Hg in soil (49% variances of soil δ202Hg explained by PC1). It is noteworthy that temperature has the
highest factor loading in Table 3. The higher temperature can lead to a faster litter decomposition rate
(r = 0.64, p < 0.05, Table 1) and larger soil Hg reemission (Agnan et al., 2016), thus inducing more positive
δ202Hg in surface soil (r = 0.55, p < 0.05, Table 1). PC2 mainly represents the “slope effect” that yields more
positive δ202Hg of soil Hg for the windward slope sites at 1,250 to 2,400 m (Figure 1b). As discussed, tempera-
ture is comparable between two slopes at the same altitude, but precipitation is significantly higher on
windward slope. Greater incorporation of geogenic sources (geogenic sources with more positive δ202Hg
and ~0 Δ199Hg in Figures 2b and 2c) on windward slope cannot solely explain the difference observed along
the two slopes because contribution from geogenic sources will also give a more positive Δ199Hg in soil sam-
ple, which was not significantly observed on the windward slope (p > 0.05, on slope‐slope level, Figure 2d
and Table S6). Another cause is likely that the long‐term effect of higher precipitation induced soil Hg ree-
mission during litter decomposition. This is verified in Table 3 that positive factor loadings of kd,

Table 3
Using PCAs to Explain Variations of δ202Hg of Soil Hg, δ202Hg_S is δ202Hg
of Soil Hg, and δ202Hg_L is δ202Hg of Litter Hg

PCA component (79% variances explained)

Variable PC1 (53%) PC2 (26%)

δ202Hg_S 0.697 0.555
Precipitation −0.907 0.484
kd 0.717 0.419
Temperature 0.968 −0.216
Slope 0.003 0.944
Altitude −0.957 0.252
δ202Hg_L 0.089 −0.274

Note. KMO value = 0.681. Slope = 1 for leeward site and =2 for windward
site in PCAs. Number in bold font means the significant factor loading.
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precipitation, and δ202Hg of soil Hg (31% variances of δ202Hg of soil Hg
explained by PC2). We recommend a further long‐term litter decomposi-
tion study to verify our hypothesis.

3.4. Results From SEM Modeling

Precipitation can induce additional Hg uptake from environment by
decomposing litter (likely from throughfall). We used VHg (Hgmass varia-
tion during 1‐year litter decomposition) to represent this short‐term effect
of precipitation. We used the PCA component 1 (explaining 60% of total
variances, Table S7) of δ202Hg in soil, the shift of δ202Hg between litterfall
and soil, and kd to represent the long‐term effect induced by precipitation.
Precipitation intensity can infer the wet Hg deposition variations as ear-
lier studies suggest that variation of seasonal or spatial wet Hg deposition
is controlled by the precipitation intensity (X. W. Fu, Yang, et al., 2016;
Sprovieri et al., 2017; X. Wang, Lin, et al., 2016).

SEM pathway network in Figure 4 explains 92% variances of Hg concen-
tration in soil. The negative standardized path coefficient between precipi-

tation and short‐term litter decomposition means that a lower precipitation leading to a smaller Hg mass
increase. The negative standardized path coefficient between precipitation and long‐term litter decomposi-
tion means that the higher precipitation increasing Hg loss via microbial reduction or runoff. The SEM
further confirms that litterfall biomass is the primary factor controlling the variation of litterfall Hg deposi-
tion (direct effect: 0.84), and the litterfall Hg deposition shapes the variation of Hg concentration in soil
(direct effect: 0.81). The direct effect of precipitation on soil Hg concentration is 0.37. The highest indirect
effect of precipitation soil Hg concentration is by influencing litterfall Hg deposition (indirect effect: 0.40),
followed by short‐term litter decomposition (indirect effect: 0.23), and then by long‐term litter decomposi-
tion (indirect effect: −0.14). The SEM pathway network suggests that influences from precipitation on soil
Hg accumulation are largely through the indirect effects caused by of precipitation on litterfall
Hg deposition.

4. Implications

Recent studies suggested a Hg distribution defined by land cover and water‐limited plant productivity via the
analysis of correlations among soil Hg concentration, leaf area index, and Hg/C ratios (D. Obrist et al., 2016;
X. Wang, Luo, et al., 2017; Zheng et al., 2016). We combined comprehensive field observations and Hg iso-
topic signatures along with windward and leeward slopes of Mt. Ailao to further determine the contribution
of precipitation on Hg accumulation in surface soil. The data suggest indirect effects of precipitation through
influencing biomass production and litter decomposition processes that facilitate Hg accumulation in mon-
tane forest floor, rather than “cold trapping” effect that attribute Hg accumulation to lower temperatures
(Blackwell & Driscoll, 2015; Gerson et al., 2017; Stankwitz et al., 2012; H. Zhang et al., 2013). The absence
of rainfall Hg isotope signatures in forest surface soil is most likely caused by the shift of isotopic signals dur-
ing the throughfall process contributed by the Hg washed away from the surface of vegetative biomass (e.g.,
leaves and branches). High‐energy resolution X‐ray absorption near‐edge structure spectroscopy shows that
up to 57% Hg in foliage is present as nanoparticulate Hg (SR)2 that is less likely to be remobilized after
deposition through litterfall to surface soil (Manceau et al., 2018). Atmospheric deposition of Hg2+ through
precipitation and throughfall tends to have stronger mobility than litterfall Hg after deposition and therefore
be diluted by Hg mass from other sources (e.g., geological Hg), removed by runoff, or reemitted into atmo-
sphere after chemical/biological reduction (Amos et al., 2015; D. F. Grigal, 2002; Lindberg et al., 2007).
Further studies are needed to verify these possible causes.

We found a significant correlation between precipitation and litterfall Hg input and a correlation between
Hg pool size and C pool size in global‐documented forest ecosystems (Figure 5a and 5b). The C content in
the forest soil comes from decomposition of litter (X. Wang, Luo, et al., 2017). Results from SEM suggest that
litterfall Hg deposition plays a predominant role in controlling Hg variation in soil. Thus, the correlation
between Hg pool size and C pool size mainly reflects the variation of cumulative litterfall Hg deposition

Figure 4. Structural equation modeling fitted to soil Hg concentration
among litterfall Hg concentration, precipitation, litterfall biomass, litterfall
Hg deposition, and short‐term and long‐term litterfall decompositions.
Numbers adjacent to arrows represent the standardized path coefficients. R2

indicates the proportion of variance explained. The red arrow represents the
direct effect of precipitation (i.e., wet Hg deposition) on soil Hg.

10.1029/2018JG004809Journal of Geophysical Research: Biogeosciences

WANG ET AL. 968



globally. Vegetation serves as an active “pump” to take up 1,000–1,200 Mg/year Hg0 in global terrestrial
ecosystems (X. Fu, Zhu, et al., 2016; X. Wang, Bao, et al., 2016). Though precipitation and soil moisture
may not always be the limiting factor for vegetation net primary production (NPP) at the local scale (e.g.,
variation of NPP in rainfall forest), precipitation is the most important factor to explain the variability of
the terrestrial NPP at the global scale (Del Grosso et al., 2008). Global climate warming is changing the
spatial pattern of precipitation, thus likely poses an important and not‐yet‐quantified impact on global Hg
biogeochemical cycling. Large‐scale droughts have reduced 1.83 Pg C NPP in the Southern Hemisphere
from 2000 through 2009, while the wetter and warmer trends in the Northern Hemisphere have increased
1.28 Pg C NPP (Zhao & Running, 2010). Given average ~50 ng/g C of Hg/C ratio in terrestrial ecosystems
(M. Jiskra et al., 2018), we estimate total ~90 Mg decrease of vegetation Hg deposition in the Southern
Hemisphere and ~75 Mg increase in the Northern Hemisphere from 2000 to 2009. A recent study
indicates that atmospheric Hg0 uptake by vegetation plays an important role in shaping the seasonal
variations of atmospheric Hg0 (M. Jiskra et al., 2018). Overall, the change of global precipitation thus
has potential to perturb the present mass budgets of Hg cycling. Further studies are needed to more
confidently quantify the impact of the precipitation changes on Hg accumulation in terrestrial
ecosystems globally.
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