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a b s t r a c t

Forests play an important role in global mercury (Hg) cycling. To explain the high Hg accumulation in
subtropical forest ecosystems, we studied temporal dynamics of Hg, carbon (C), nitrogen (N), and sulfur
(S) in forest soil profiles, as well as litterfall flux and precipitation, in an old-growth moist evergreen
broadleaf (EB) forest and a mossy coppice (MC) forest from South China over seven years. The mean soil
Hg concentration was 257 ± 14 ng g�1 in the O-horizon and 248 ± 15 ng g�1 in the A-horizon for the EB
forest, and 94 ± 27 ng g�1 in the O-horizon and 70 ± 11 ng g�1 in the A-horizon for the MC forest. Annual
variations in Hg concentration were suggested to be associated with variations in precipitation and lit-
terfall biomass. Significant vertical Hg transport was only observed in the MC forest, which was attrib-
uted to its lower organic matter content. Correlation and stoichiometry analyses further suggested that
the dynamics in Hg concentration in the forest floor was also closely linked to the variation in S con-
centration. Additionally, the difference in the soil Hg pool between these two forests was attributed to
different litterfall biomass fluxes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Mercury (Hg) has been treated as a primary pollutant by the
United States Environmental Protection Agency and the World
Health Organization. Forest ecosystems play an important role in
global Hg cycling (Lindberg et al., 2007). Forest Hg mass assess-
ments have shown that the forest floor is a stable Hg sink (Fu et al.,
2010; St Louis et al., 2001; Wang et al., 2009). Hg accumulated in
the forest soil can be methylated through microbial and abiotic
processes (Allan et al., 2001; Carpi et al., 1997). The product methyl
Hg (MeHg), which has a strong bioaccumulation capability, is
transported to aquatic ecosystems via surface runoff leading to
elevated MeHg levels in aquatic food webs (Allan et al., 2001; Eklof
et al., 2013, 2014; Hultberg et al., 1995). Recently, a study of the
spatial distribution of soil Hg suggests that the forest soil in South
China is more prone to accumulating Hg than that in North China

(Luo et al., 2014). Forest type has been identified as an important
factor that influences soil Hg sink function (Luo et al., 2014; Obrist
et al., 2011). Forests in South China are mainly subtropical ever-
green broadleaf forests. The distribution and dynamics of soil Hg of
these forest ecosystems have not been well documented. In addi-
tion, these forests are facing threats from human activities, and
their areas are decreasing. Therefore, understanding the process of
Hg accumulation in the forest floors of these forests will greatly
help the assessment of ecological risk of deforestation in South
China.

Hg geochemical processes in forest soil include litterfall input,
wet deposition, soil evasion, surface runoff, and groundwater
output. The surface soil is rich in organic matter, which has a strong
affinity for Hg. Therefore, groundwater output, surface runoff, and
soil evasion would not substantially affect soil Hg accumulation
(Grigal, 2002, 2003), and the soil Hg pool is mainly shaped by at-
mospheric Hg inputs. Earlier studies have shown that litterfall Hg
inputs were 2e7 times higher than those of wet deposition, sug-
gesting that Hg uptake by foliage is the key process that shapes soil
Hg accumulation (Grigal, 2003). As Hg concentration in foliage
correlates with atmospheric Hg concentration (Frescholtz et al.,
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2003; Gustin et al., 2008), the elevated atmospheric Hg concen-
tration in South China (Fu et al., 2015) may lead to higher Hg
deposition from litterfall in forests from this region.

The stoichiometry of Hg, carbon (C), nitrogen (N), and sulfur (S)
in forest soil could help to understand Hg accumulation in forests.
Legacy sequestration of atmospheric Hg in the forest has been
shown to strongly link with C pools (Obrist et al., 2011, 2012).
Subtropical forests in South China are among the largest terrestrial
carbon sinks (Tan et al., 2012); however, it is unknown whether
high carbon sequestration is associated with high Hg accumulation
in the subtropics. Moreover, soil Hg also tends to have an affinity for
reduced S groups (S�2, SH�1) and organic S groups (Zhang and
Lindberg, 1999). In the presence of reduced S groups, the soil Hg
storage capacity can reach up to 2.4 � 10�2 g g�1 (Smith-Downey
et al., 2010). Understanding relationships and interactions among
Hg, C, N, and S is important for assessing their potential contribu-
tion to the regional and global C and Hg cycles.

In the present study, wemonitored soil Hg storage, soil C, N, and
S dynamics, and litterfall production for seven years in two sub-
tropical forests in South China. Our objectives were: (1) to char-
acterize the soil Hg dynamics in Asian subtropical forests; (2) to
quantify the interactions between Hg and other nutrient elements,
such as C, N, and S for subtropical forests; and (3) to understand
potential ecological mechanisms associated with the high Hg
accumulation in remote forest ecosystems of South China.

2. Material and methods

2.1. Site descriptions

Our study sites are located in the Ailaoshan Station for Sub-
tropical Forest Ecosystem Research Studies (ASSFERS, 24�320N,
101�010E, Fig. 1) at 2450e2650 m above sea level. ASSFERS is in a
pristine remote area far away from air pollution sources, and the
mean atmospheric Hg concentration of the forests in ASSFERS is
~2 ng m3 (Fu et al., 2015). Two types of forests along the elevation
gradient were studied. At around 2450 m of elevation, the
ecosystem is an old-growth, montane, and moist evergreen
broadleaf (EB) forest. The forest has a distinct vertical structure,
with a 20e30 m canopy and a 95% average canopy coverage.
Dominant species include Lithocarpus xylocarpus, L. chintungensis,
Schima noronhae, and Manglietia insignis. At high elevations (above
2600m), close to the top of the mountain, the ecosystem is a mossy
coppice (MC) forest, with a 5e7 m high tree layer and an 85%
average canopy coverage. The dominant species of the MC are not
significantly different from those of the EB. The climate of this re-
gion is influenced by the southwest monsoon throughout the year,
and it has distinct dry (from November to May) and rainy (June to
September) seasons. The annual temperature at the EB forest site is
11.0 �C and is 10.0 �C at the MC forest site. The annual precipitation
for both the EB and MC forest sites are ~1900 mm.

2.2. Sample collection and measurements

Soil profile samples were collected in the EB and MC forests. A
typical forest site was chosen for each forest type for sampling.
Twelve plots (10� 10m and numbered 1, 2, 3… 12) were randomly
selected in a 30� 40 m transect for both the EB and MC forest sites.
Two groups of six random plots (selected from the 12 plots) were
sampled at the end of dry and rainy seasons for each forest site.
Hence, 6 plot values � 7 years were obtained for each site. The
mean Hg concentration from the 6 random plots did not show a
significant difference from the mean concentration of the total 12
plots (P¼ 0.957) based on a test measurement in 2007. In each plot,
the “S” type soil sampling method was used according to the

operations of the Chinese Ecosystem Research Network (CERN). For
each plot, 1e2-kg of soil samples of the O-horizon soil and 0e20 cm
of mineral soil were collected. After natural drying, the soil samples
were ground in an agate mortar and then sifted through a 200-
mesh (74-mm) sieve. The total Hg concentration of each soil pro-
file was measured with an RA-915 þ multifunctional mercury
analyzer (Lumex, Mission, BC, Canada). Total C and N and S con-
centrations were measured by the vario MACRO cube (Elementar,
Hanau, Germany). Hg, C, N, and Smeasurements were performed in
duplicates, and accepted variations of replicated measurements
were less than 5%. Standard samples were measured in every ten
samples, with recoveries ranging from 95 to 105%. GBW07405
(GSS-5) was used as the soil Hg standard, IVA99994 as the soil C and
N standards, and AR-4018 as the soil S standard.

3. Results and discussion

3.1. Variations in soil Hg concentration

From 2007 to 2013, the mean soil Hg concentration was
257 ± 14 ng g�1 in the O-horizon and 248 ± 15 ng g�1 in the A-
horizon in the EB forest (Fig. 2, Table S1). The soil Hg concentration
did not differ significantly between the two soil layers (paired t-
test; P > 0.05). The mean Hg concentration in the O-horizon
exhibited a slowly decreasing trend over 2007e2013 (R2 ¼ 0.42,
P < 0.05, Fig. S1). This may be related to decreased precipitation and
litterfall production from 2007 to 2013, as the correlation coeffi-
cient was 0.73 between soil Hg concentrations of the EB forest and
its annual precipitation, and 0.66 between the O-horizon Hg con-
centration and annual litterfall production (Fig. S2). Observations
over a longer time period are needed to verify this hypothesis
because the results were not statistically significant (P > 0.05). No
significant difference in soil Hg concentration was found between
the rainy and dry seasons for the two soil layers, indicating that
surface runoff and vertical Hg transport may not be significant. This
may be attributed to high soil C contents (19.6% for the O-horizon
and 10.8% for the A-horizon, Table S1) in the soil organic matter,
which can strongly bind Hg in upper soil profiles (Skyllberg et al.,
2006).

In the MC forest, the mean Hg concentrationwas 94 ± 27 ng g�1

in the O-horizon and 70± 11 ng g�1 in the A-horizon (Fig. 2). The Hg
concentration in the O-horizonwas significantly higher than that in
the A-horizon (paired t-test; P < 0.05), suggesting that the Hg
sequestration process in the MC forest differed from that in the EB
forest. Different from the EB forest, the Hg concentration in the A-
horizon during the rainy season was significantly higher than for
the dry season in the MC forest (paired t-test; P ¼ 0.02, Fig. 2),
which indicates vertical Hg transport. Furthermore, the Hg accu-
mulation rate during 2007e2013 in the two soil layers of the MC
forest showed opposite trends over time (Fig. S3), further verifying
the above hypothesis. The C, N, and S concentrations in the A-ho-
rizon in the EB forest were 1.3e3 times higher than those in the MC
forest (Table S1), which indicates that there is greater organic
matter accumulation in the EB forest. Therefore, we propose that
the difference in the seasonal cycle of soil Hg between the two
types of forest mainly resulted from the impacts of organic matter.

Although the dominant tree species were similar in these two
forests, the soil Hg pools in the two soil layers in the EB forest were
3 times higher than those in the MC forest (Fig. 3). A previous study
in the EB forest has shown that Hg concentrations in the bottom soil
are between 20 and 30 ng g�1, indicating that the Hg in the O/A
horizons resulted from atmospheric inputs and the weathering of
litterfall (Zhou et al., 2013). The foliage Hg pool of the dominant tree
species was 350 mg ha�1 in the EB forest, which was 3.2-times
higher than that in the MC forest (Fig. 3) and is in agreement with
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