
1.  Introduction
To protect human health and the environment from impacts of anthropogenic mercury (Hg) emissions, Minama-
ta Convention on Mercury, a legally binding international treaty, entered into force in August 2017. However, 
significant knowledge gaps in Hg cycling challenge our ability to assess the effectiveness of the Convention in 
reducing human and wildlife Hg exposure (Outridge et al., 2018; Selin et al., 2018; UN-Environment, 2019). 
Currently, the annual anthropogenic Hg emissions into the atmosphere are estimated to be 1900–2200 Mg, only 
accounting for ∼30% of total Hg emissions, whereas up to 60% of the total Hg emissions are contributed from 
re-emissions of previously deposited Hg (legacy Hg) (Outridge et al., 2018; UN-Environment, 2019). Several 
field observations and model simulations predict that land-use and climate change can profoundly alter the Hg 
biogeochemical cycling, as they directly affect the legacy Hg re-emissions from the terrestrial and ocean pools 
(S. Sun et al., 2020; Wang, Luo, et al., 2020; Y. Zhang et al., 2020). While a reduction of anthropogenic Hg 
emissions is expected to distinctly decrease the Hg concentration in the atmosphere, as have been observed at 
Northern Hemisphere Remote sites (Tang et al., 2018; Zhang, Jacob, et al., 2016), it may take much longer for 
biotic Hg, especially Hg in aquatic biota, to decrease due to complex processes associated with climate change 
and changes in land-use and ecosystems (Braune et al., 2016; Burgess et al., 2013; Evans et al., 2013; Wang, 
Outridge, et al., 2019).

Abstract  As climate change accelerates, extreme weather events become more severe and frequent. We 
analyzed the datasets of decade-long observation (2005–2020) of mercury (Hg) stored in two subtropical 
evergreen forests to understand the impacts of extreme weather on the sequestration of atmospheric Hg in 
forest ecosystems. Results show a weak correlation between litterfall Hg and atmospheric Hg0 concentration. 
Droughts and snowstorms significantly disturb Hg accumulation in litterfall and soils. Litterfall Hg 
concentration and deposition both display an increasing trend during the period of extended droughts in 
2011–2014, but a decreasing trend after droughts. This is caused by the water stress that influences the 
change of tree physiology and processes of foliage Hg0 uptake. Snowstorm damages large areas of canopy, 
which leads to substantial canopy epiphyte cover mixed into the forest floor, thus considerably increasing 
soil Hg concentrations. Over a decadal timescale, soil Hg variabilities are shaped by the combined effects 
of atmospheric Hg inputs and processes of organic soil mineralization mediated climatic factors. Our study 
highlights that the accelerated climate change increases the unpredictability of Hg accumulation in terrestrial 
ecosystems. Future studies are needed for better understanding the response of Hg biogeochemical cycling to 
climate change among different terrestrial biomes.

Plain Language Summary  The decade-long observation of litterfall Hg deposition and uppermost 
soil Hg concentration was carried out at a subtropical forest in Southwest China. Our data clearly display how 
the extended droughts and largest snowstorm of the past four decades at studied site influencing the foliage 
and soil Hg cycling. We suggest the drought would increase the litterfall Hg concentration and total deposition 
flux, and the snowstorm would remarkedly increase the atmospheric Hg burden which derived from the canopy 
long-term stored Hg. We highlight that the extreme weather events could disturb the ecological balance and Hg 
biogeochemical Hg cycling in forest ecosystem.
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Terrestrial biota is less prone to Hg bioaccumulation since the conversion of inorganic Hg to methyl Hg is gen-
erally not favored in the terrestrial environment (Bushey et al., 2008; Douglas et al., 2012). However, terrestrial 
soil represents the largest global Hg pool, with an estimated 1100 Gg Hg being stored in top 0–20 cm surface 
soils (Wang, Yuan, Lin, et al., 2019). It is an important sink of atmospheric Hg with a deposition flux of 3200–
3600 Mg yr−1 (Outridge et al., 2018). As such, climate change can significantly reshape Hg accumulation in soils 
(Wang, Luo, et al., 2020), re-emissions back to atmosphere (Gabriel et al., 2005), and transport to downstream 
aquatic ecosystems where methyl Hg is produced, bioaccumulated and biomagnified (Evers et al., 2007; Feng 
et al., 2010). Therefore, the storage and translocation of Hg in terrestrial ecosystems and its response to climate 
change are important in the assessment of global Hg mass budget and have implication on the effectiveness of 
the Minamata convention. As climate change accelerates, extreme weather events become more severe and fre-
quent, which affect the ecological resilience of terrestrial ecosystems (Gastineau & Soden, 2009; Orlowsky & 
Seneviratne, 2012). Studies on terrestrial ecosystems in temperate and boreal regions have revealed that extreme 
storms (Allan et al., 2001; Bushey et al., 2008; Eklof et al., 2013; Lee et al., 2000) and pulses of snowmelt and 
melting glaciers (Douglas et al., 2017; X. J. Sun et al., 2017) could result in elevated Hg runoff into downward 
aquatic ecosystems. However, much less data are available for subtropical and tropical forest ecosystems where 
60%–70% of global litterfall Hg deposition and surface Hg storage reside (Wang, Bao, et al., 2016; Wang, Yuan, 
Lin, et al., 2019).

In this study, we hypothesized that the extreme weather events have considerable effects on Hg uptake and ac-
cumulation in subtropical forests. Decade-long datasets of meteorological factors and Hg distributions in atmos-
phere, litterfall and soils in two subtropical evergreen forests are analyzed for examining how the Hg content in 
litter and soil samples responds to extreme weather and changes of atmospheric Hg concentrations. We finally 
discussed the implications of forest Hg cycling in the context of climate change.

2.  Materials and Methods
2.1.  Site Description

The study sites are located at 2,450–2,650 m above the sea level (asl) within the Ailaoshan Station for Subtrop-
ical Forest Ecosystem Research Studies (ASSFERS), southwest China. ASSFERS has China's largest subtrop-
ical montane evergreen forest ecotone because of its relatively warm and wet climate and remote location with 
minimal human's disturbance (Z. Y. Lu et al., 2016; Wang, Lin, Lu, et al., 2016; Wang, Yuan, Lu, et al., 2019; 
Yuan, Sommar, et al., 2019; Yuan, Wang, et al., 2019; W. Yuan et al., 2020). Our earlier studies have reported the 
atmospheric Hg deposition, Hg storage in soils, and Hg isotopic signatures at ASSFERS (Z. Y. Lu et al., 2016; 
Wang, Lin, Lu, et al., 2016; Wang, Yuan, Lu, et al., 2019; W. Yuan et al., 2020), and in this study we examine the 
response of forest Hg to extreme weather. We selected two forest types. One is the old-growth moist evergreen 
broadleaf (MEB) forest that is located at around 2,450 m asl (101.0263 E, 24.5391 N), with an average canopy 
height of 20–25 m. The dominant tree species are Castanopsis wattii, Lithocarpus xylocarpus, Schima noronhae 
and Manglietia insignis. The other is the summit mossy dwarf (SMD) forest that occupies at higher elevations 
(2,600–2,650 m asl), with a 5–7 m canopy layer and >85% canopy coverage. The dominant tree species in the 
SMD forest are pachyphylloides L. and Rhododendron irroratum. The annual precipitation at ASSFERS is about 
1800 mm with distinct dry (November to April) and rainy (May to October) seasons; 85% of precipitation occurs 
in the rainy season. The mean annual temperature is 13.0 ± 5.0°C (average ± standard deviation), and mean annu-
al relative humidity is 84% ± 5% (Z. Y. Lu et al., 2016; Wang, Lin, Lu, et al., 2016). The forest soil at both sites is 
mainly Luvisol (World Reference Base) with a pH of 3.5–3.9 (Wang, Lin, Lu, et al., 2016; W. Yuan et al., 2020).

2.2.  Collection and Measurements of Litterfall and Soil Samples

We collected monthly litterfall samples at the two forest sites (n = 25 for MEB and n = 12 for SMD in each 
month) from January 2005 to December 2019. The collection methodology has been documented in our earlier 
studies (Wang, Lin, Lu, et al., 2016; Wang, Yuan, Lu, et al., 2019). Briefly, monthly litterfall samples were col-
lected by 1 × 1 m nylon nets hanging 1 m above ground at 25 random locations at MEB, and 12 random locations 
at SMD forests. Litterfall samples were placed in paper bags and dried at 50°C in an oven for 72 hr. Our earlier 
studies have shown this drying process would not lead to Hg loss from vegetation (Wang, Yuan, et al., 2020). 
After being dried, litterfall samples were ground in an electric grinder, sieved with a 200-mesh (74 μm) sieve, 
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and the fraction passed through the sieve was placed in Hg-free plastic bags for chemical analysis. Litter samples 
from 2005 to April, 2011 were only measured the total biomass, and samples from May, 2011 to 2019 were 
measured total biomass and Hg concentration. The litter Hg concentration results at ASSFERS were reported by 
Zhou et al. (2013), B. Yu et al. (2016), Wang, Lin, Lu, et al. (2016), Wang, Yuan, Lu, et al. (2019) and W. Yuan 
et al. (2020). Our litterfall Hg data are new and based on the sampling methodology of this study. It is noted that 
some our data are comparable to earlier reported values, because of similar sampling locations, time periods 
and tree species. The litterfall samples included litter of leaf, bark, twig, moss, flower, fruit, and other detritus 
litters. Our earlier study in 2013 (Zhou et al., 2013) and analysis of litterfall Hg deposition in 2019 (see Table 
S1 in Supporting Information S1) both suggest that leaf litter Hg accounts for about 70% of the total litterfall Hg 
deposition. Hereafter, “litterfall” refers to leaf litter only, unless otherwise specified.

For forest soil sampling, six replicates of 10 m × 10 m subplots were established at each site (Z. Y. Lu et al., 2016; 
Wang, Lin, Lu, et al., 2016; Wang, Yuan, Lu, et al., 2019). We mainly collected forest humus soils (3–5 cm depth 
from the forest floor; reflecting short-term (decadal) variations and top mineral soils (0–20 cm; reflecting long-
term [hundreds of years]) variations in this study. Briefly, 12 replicate samples were selected from each sampling 
subplot to form an “S” shape and then mixed to produce a composite sample (1–2 kg in mass). Six composite 
samples were collected form each forest type during one sampling event. The same approach was utilized for 
both the humus and top mineral soils. During 2007–2015, the soil samples were collected at the end of dry (April 
to May) and rainy (October to November) seasons with 24 samples for MEB and for SMD in each year. During 
2016–2020, we collected 12 soil samples in each April for MEB and for SMD. The soil samples were air dried and 
sieved following the same approach as the vegetation samples, and the <74 μm fractions were placed in Hg-free 
plastic bags for chemical analysis. Our earlier study has suggested several days air drying at clear room (air Hg0 
concentration less than 5 ng m−3) lead to <3% influence on soil Hg concentration (Wang, Lin, Lu, et al., 2016).

Mercury concentrations in vegetation and soil samples were measured by a DMA80 Hg analyzer. We meas-
ured Hg concentrations in leaf litterfall samples collected in May 2011–July 2014, August 2015–January 2018, 
and January 2019–December 2019 in MEB forest, and August 2015–January 2018 in SMD forest. Stand-
ard reference materials GBW07405 (GSS-5, soil, Hg = 290 ± 40 ng g−1), GBW10020 (GSB-11, vegetation, 
Hg = 150 ± 25 ng g−1) and GBW10049 (GSB-27, vegetation, Hg = 12 ± 3 ng g−1, all from National Standard Ref-
erence Materials of China) were used for QA/QC and measured every 9 samples with a recovery of 95%–105%. 
In addition, we utilized the Walkley-Back method (i.e., using Cr2O7

2− to oxidize soil organic carbon, and then 
FeSO4 to reduce the excess Cr2O7

2−) to determine soil organic carbon (OC) content (Walkley, 1947). Litterfall 
and soil Hg data for two forest sites can be found in Supporting Information S1.

2.3.  Litterfall Hg Deposition and Atmospheric Total Hg

The litterfall Hg deposition was estimated by:

JLitter = CHg × PLitter� (1)

where JLitter is the litterfall Hg deposition flux (unit: μg m−2 month−1), CHg is litterfall Hg concentration (unit: 
ng g−1), and Plitter is the monthly biomass production of litterfall (unit: g m−2). The atmospheric total gaseous Hg 
(TGM), >99% of which is Hg0 at ASSFERS (Zhang, Fu, et al., 2016) has been measured at ASSFERS by Tekran 
2537 Mercury Analyzer since May of 2011, following the protocol of GMOS (Global Mercury Observation Sys-
tem) (D'Amore et al., 2015) as described elsewhere (Wang et al., 2015; H. Zhang, Fu, et al., 2016). Briefly, the 
Tekran system was automatically calibrated for Hg0 every 73-hr using an internal permeation source, which pro-
vides ∼1 pg s−1 of Hg0 at 50°C into the zero-air stream. External calibration using a Tekran 2505 Mercury Source 
with manual injections of known concentrations of Hg0 was performed every 4 months. For assessing the impact 
of TGM on Hg accumulation in litterfall, “AccuTGM” was defined to represent the mean TGM concentration 
during the foliage lifespan (approximately 1 year at ASSFERS (Wang, Lin, Lu, et al., 2016)):

AccuTGMi =
∑i−1

i−13 TGM
12

� (2)

where AccuTGMi is the mean TGM concentration during foliage lifespan for the i-th month litterfall, for exam-
ple, for the leaf litter sampled in June 2012, the corresponding AccuTGM was calculated as the average TGM 
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concentration during June 2011 to May 2012. In this study, we analyzed the relationship between AccuTGM and 
litterfall Hg concentration during 2012–2019.

2.4.  Meteorological Data

The Meteorological data including precipitation amount, solar radiation, potential evapotranspiration, and air 
temperature 2 m above the ground level were Measured at a nearby station by the Chinese Academy of Sciences, 
following the protocols of the Chinese Ecosystem Research Network (QX/T 50–2007 and QX/T 51–2007). The 
Meteorological station is located at 2,450 m asl, and about 1 km away from our selected forest sites. We used the 
reconnaissance drought index (RDI) which is based on cumulative precipitation and potential evapotranspiration 
to assess the severity of drought (Tsakiris et al., 2007)

aik =

∑j=k
j=1 Pj

∑j=k
j=1 PETj

� (3)

RDIi = lnai − lna
�̂

� (4)

where ak
i is the initial value of RDI, Pj and PETj are the precipitation and potential evapotranspiration of the j-th 

month of the i-th hydrological year. The hydrological year at ASSERFES starts in November, hence for Novem-
ber k = 1. 𝐴𝐴 𝐴𝐴𝐴 is standard deviation of ln(ak

i). The RDI is estimated by periods of 3, 6, 9 and 12 months in each 
hydrological year and the drought event is defined as a period commencing when RDI < −1 based on earlier 
studies (Cheng et al., 2020; Tsakiris et al., 2007).

2.5.  Statistical Methods

We used the R Programming Language to remove outliers (those that are out of the range between the upper 
extreme and lower extreme values in a box and whispers plot) in each data set. The Kolmogorov-Smirnov test 
was applied to decide if the data of a sample not came from a normal distribution. Student's t-test and One-Way 
ANOVA test (if homogeneity of sample variance, otherwise using Kruskal-Wallis test) were used to infer sta-
tistical differences among groups. Linear and polynomial regressions with F-test or t-test were used to examine 
their relationships. These statistical analyses were performed by SPSS version 22.0 at a confidence level of 95%.

3.  Results and Discussion
3.1.  Impacts From Extreme Weather on Litterfall Biomass Production

Figure 1 shows monthly rainfall, RDI, and litterfall biomass production in MEB and SMD forests from January 
2005 to December 2019. The distinct dry (November to April) and rainy (May to October) climate at ASSFERS 
(Figure 1a) leads to the seasonal litterfall biomass production with a bi-modal pattern (Liu et al., 2003), that is, 
one peak in the early dry season (November to December) and the other at the beginning of the rainy season 
(April to May), respectively (Figures 1b and 1c). The litterfall biomass peak in the earlier dry season of the MEB 
forest is significantly lower than that during April to May (P = 0.000 by independent t-test, Figure 1b). However, 
the two peaks are comparable in the SMD forest (P = 0.35 by independent t-test, Figure 1c). This is because the 
different tree species and the deeper soil depths in the MEB forest can sustain more foliage growth in the dry 
season. The annual litterfall biomass production in the MEB forest is 16% higher than that in the SMD forest, 
consistent with the higher net primary productivity in the MEB forest (Liu et al., 2002; Xu et al., 2020).

Notably, extended droughts occurred during November 2011–August 2014, marked by a decreasing trend of RDI 
with RDI < −1 throughout the dry seasons (Figure 1a). Drought-induced water stress promotes leaf senescence in 
subtropical forests (Liu et al., 2003), evidenced by an increasing litterfall biomass production during this drought 
period (Figures 1b and 1c). The litterfall biomass production during November 2013–May 2014 increased 50% in 
the MEB forest (p < 0.01, Independent-samples t-test) and 33% in the SMD forest (p = 0.43, Independent sample 
t-test) in comparison to the values during November 2011–May 2012. The distinct drought events in the dry sea-
sons of 2006, 2008, and 2010 are also associated with an elevated litterfall biomass production in MEB and SMD 
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Figure 1.  (a) Temporal trend of rainfall and reconnaissance drought index (RDI), (b) temporal trend of litterfall biomass 
production for mature evergreen broadleaf (MEB) forest, (c) temporal trend of litterfall biomass production for summit mossy 
dwarf (SMD) forest during January 2005 to December 2019.
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forests. The largest snowstorm in the past four decades at ASSFERS happened on January 9th to 11th 2015 (Song 
et al., 2017). During a short span of three days, roughly 40 cm of snow fell on the plot, resulting in a large number 
of broken tree branches, and the average leaf area index decreased from 3.85 ± 0.51 (Mean ± standard deviation) 
before the snowstorm to 2.21 ± 0.47 afterwards (Song et al., 2017). The snowstorm induced a pulse of litterfall 
deposition in January 2015 (Figure 1c), but the annual litterfall biomass production decreased by 29%–40% when 
comparing the production between the year of 2014 and 2015 (Figure S1 in Supporting Information S1).

3.2.  Impacts From Extreme Weather on Litterfall Hg

The monthly litterfall Hg concentration in the MEB forest ranges from 43 ± 10 ng g−1 to 80 ± 17 ng g−1 during 
2011–2019, with an overall average of 60 ± 13 ng g−1 (n = 650 samples). In the SMD forest, the value ranges 
from 38 ± 7 ng g−1 to 81 ± 7 ng g−1 with an overall average of 57 ± 8 ng g−1 (n = 210). The litterfall Hg concen-
trations in MEB and SMD forests show insignificant difference (P = 0.101 by independent t-test), but are signif-
icantly correlated (r = 0.78, P = 0.000 by t-test), indicating that they are driven by similar processes. The con-
centrations are in good agreement with our earlier study (Wang, Lin, Lu, et al., 2016) on 29 evergreen broadleaf 
(EB) forests (60 ± 30 ng g−1), which are significantly higher than those reported for temperate and boreal forests 
(43 ± 12 ng g−1, n = 89 sites, P < 0.01 by independent t-test) (Wang, Bao, et al., 2016). The difference has been 
attributed to the combined effects of 1−2 years leaf lifespan and stronger foliage assimilation of EB tree species 
(Seyoum et al., 2012; Wang, Bao, et al., 2016).

The monthly litterfall Hg deposition in the MEB forest ranges from 0.6 ± 0.2 to 11.7 ± 4.1 μg m−2 month−1, with 
an overall mean monthly deposition of 2.0 ± 1.8 μg m−2 month−1. In the SMD forest, it ranges from 0.5 ± 0.2 μg 
m−2 month−1 to 4.8 ± 3.5 μg m−2 month−1, with an overall mean monthly deposition of 1.6 ± 0.9 μg m−2 month−1 
(Figures 2a and 2b). These values are 30%–40% lower than those reported in our earlier studies (Wang, Yuan, Lu, 
et al., 2019; W. Yuan et al., 2020), because the litterfall refers mainly to the leaf litterfall in this study, but includes 
all the litterfall in our earlier studies. The r value between litterfall Hg deposition and litterfall biomass produc-
tion is up to 0.99, much higher than that (0.26) between litterfall Hg deposition and litterfall Hg concentration 
(Figure 3a). The temporal trends of litterfall Hg deposition in the MEB and SMD forests are controlled predomi-
nantly by the pattern of litterfall biomass production, consistent with earlier studies (Wang, Lin, Lu, et al., 2016; 
Wang, Yuan, Lu, et al., 2019). The elevated litterfall Hg deposition usually occurs in early winter and late spring 
when biomass production peaks. The annual litterfall Hg deposition after snowstorm (2015–2016) is 90%–120% 
lower than the deposition before the snowstorm (2013–2014) which attributed to the combining effect from the 
decrease of litterfall biomass production caused by the snowstorm and the elevated litter Hg concentration during 
2013–2014 (Figure 2a).

Litterfall Hg concentrations in the MEB forest during 2011–2019, and in the SMD during 2015–2017 do not 
exhibit a significant temporal trend (both r = 0.0, P > 0.05 by t-test; Figures 2a and 2b). During the period 
of sustained drought in Nov 2011 to Aug 2014, the litterfall Hg concentration in MEB shows a significant in-
creasing trend with time (r = 0.65, P < 0.01 by t-test), with an average rate of 0.5 ng g−1 month−1, and the Hg 
concentration peaks at the same time as litterfall biomass production (Figure 2a). Following the drought period, 
a significantly decreasing trend of litter Hg concentration is observed in MEB and SMD forests, respectively 
(Figures 2a and 2b). The litterfall Hg displays an average decreasing rate of −1.7 ng g−1 month−1 in the MEB 
forest (r = −0.82, P < 0.01 by t-test) and −1.5 ng g−1 month−1 in the SMD forest (r = −0.72, P < 0.01 by t-test) 
from August 2015 to September 2016. Given that litterfall Hg is mainly derived from atmospheric Hg0 (Wang, 
Luo, et al., 2017; Wang, Luo, et al., 2020), this change can be attributed to the variations in atmospheric Hg0 and 
in tree physiological processes.

Air–foliage Hg0 exchange is a dynamic bi-directional process including atmospheric Hg0 deposition and foliage 
Hg evasion (Hanson et al., 1995; X. Wang et al., 2014; Wang, Lin, Yuan, et al., 2016). An elevated atmospheric 
Hg0 concentration enhances Hg0 deposition flux, potentially resulting in higher Hg concentration in foliage. 
Measurements at ASSFERS show that the mean TGM concentration decreased from 2.1 to 1.4 ng m−3 from 2011 
to 2014, and has stayed at the level of 1.4 to 1.6 ng m−3 since then (Sprovieri et al., 2016; X. Wang et al., 2015; 
Zhang, Fu, et al., 2016). Similarly, AccuTGM decreased from 2.1 ng m−3 in January 2012 to 1.4 ng m−3 in De-
cember 2014 and was near constant at 1.3–1.4 ng m−3 from August 2015 to September 2016 (Figure 2a). The 
litterfall Hg concentration shows no significant correlations with AccuTGM (all r = 0.0, P > 0.05 by t-test). The 
temporal changes in litterfall Hg cannot be explained by the variation in AccuTGM nor atmospheric Hg0.
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That leads us to examine the influence of tree physiological processes that control foliage uptake of atmospheric 
Hg0 and its subsequent accumulation and translocation. The important physiological parameters include but 
are not limited to the inconsistent tree growth, rate of photosynthesis, stomata conductance, transpiration rate, 
foliage lifespan and canopy characteristics (Arnold et al., 2018; Ericksen et al., 2003; Laacouri et al., 2013; Luo 
et al., 2016; Stamenkovic & Gustin, 2009; Wang, Yuan, et al., 2020; Wright & Zhang, 2015), all of which are 
sensitive to environmental and climatic conditions. The litterfall Hg concentration shows a significant anticorre-
lation to the average precipitation during the foliage lifespan in 2011–2014 and 2015–2016 (Figure 3b; r = −0.62, 
P < 0.01 for MEB in 2011–2014, and r = −0.66, P < 0.01 for MEB and SMD in 2015–2016 by t-test), but insig-
nificant correlations in 2017–2019 non-drought periods (Figure S2 in Supporting Information S1). We postulated 
that drought events affect Hg concentration in litterfall because of the water stress that influences tree physiologi-
cal processes. Moreover, another potential cause is that the lower precipitation washing through the canopy leads 
to more deposited Hg possibly absorbed by foliage. We recommend further studies to verify this issue.

Water stress can affect Hg accumulation in litterfall in multiple ways. First, it affects tree growth by influencing 
the rate of net photosynthesis, stomata conductance, and transpiration rate (Seyoum et al., 2012). The decrease 
of stomata conductance and transpiration rate reduces atmospheric Hg0 uptake and subsequently decrease Hg 

Figure 2.  Monthly mean Hg concentration in leaf litterfall, leaf litterfall Hg deposition and mean accumulated total 
atmospheric mercury (AccuTGM) concentration during foliage growing seasons from 2011 to 2019. (a) is for MEB forest and 
(b) for SMD forest.
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accumulation in foliage (negative effect). It could also reduce Hg re-emis-
sion and increase Hg accumulation in foliage (positive effect) (Teixeira 
et  al.,  2018). Water stress also provokes leaf senescence, shortens foliage 
lifespan, reduces its exposure to atmospheric Hg0 (negative effect), and pro-
motes nutrient translocation before the leaf abscission, which significantly 
decreases the mass density (Ishida et al., 2006). During leaf abscission, Hg 
in foliage is immobilized due to sorption by macromolecular organic matters 
and/or the formation of nanoparticles (Cui et al., 2014; Manceau et al., 2018). 
The decreasing mass density and the immobility of Hg increase Hg concen-
tration after leaf senescence (positive effect). Several studies on evergreen 
broadleaf tree species have reported 20%–50% greater Hg concentration in 
litters than in mature foliage (Buch et al., 2015; Teixeira et al., 2012, 2018). 
The positive effects from the water stress are higher than the negative ef-
fects at ASSFERS because of the elevated litterfall Hg concentration during 
drought periods. Finally, the continuous drought events can significantly af-
fect water use efficiency, making the impacts over a long period of time after 
the drought (i.e., resulting in a distinct response lag; Section S1 in Support-
ing Information S1) (Linger et al., 2020; Thibault & Brown, 2008).

We attribute the increasing Hg concentration in litterfall of MEB forest 
during 2011–2014 to the effects from continued drought events, and the de-
creasing trend of Hg concentration in 2015–2016 to the restoration of rainfall 
(RDI > 0, Figure 1a) that relieved the water stress. Due to the elevated litter-
fall biomass production and litterfall Hg concentration caused by droughts in 
MEB forest in 2011–2014, we observed an increasing trend of litterfall Hg 
deposition (Figure 2a). Though without litterfall Hg data during 2014–2015, 
we speculate that the litterfall Hg concentrations remain at the high level 
because of the response lag between water stress and annual rhythms of tress 
species.

3.3.  Impacts From Extreme Weather on Soil Hg Content

During 2007–2020, the Hg concentration in the MEB forest varies from 135 
to 247 ng g−1 (197 ± 18 ng g−1, median = 195 ng g−1, n = 124) in humus soil, 
and from 159 to 251 ng g−1 (201 ± 18 ng g−1, median = 203 ng g−1, n = 124) 
in the top 0–20 cm mineral soil. These values are comparable to earlier re-

ported concentrations (Z. Y. Lu et al., 2016; Wang, Lin, Lu, et al., 2016). The Hg concentration in humus soil of 
SMD forest is 70% lower (116 ± 48 ng g−1, median = 108 ng g−1, n = 131) than that in the MEB forest, and in top 
0–20 cm mineral soil is half the concentration in the MEB forest (mean = 74 ± 28 ng g−1, median = 66 ng g−1, 
n = 149). This is because of the lower litterfall Hg deposition and higher Hg loss via runoff at the top of the 
mountains in SMD forest (Z. Y. Lu et al., 2016). Different from MEB forest, the Hg concentration in humus soil 
of SMD is 60% higher than in the top 0–20 cm mineral soil.

Figures 4a and 4b show that Hg concentrations in MEB and SMD forests remain relatively consistent over the 
measurement period. A distinct increase of the humus soil Hg in MEB and SMD forests is absent during the 
sustained drought in 2011–2014 (all P > 0.05 by ANOVA-test), though the litterfall Hg deposition increased, 
possibly due to the dilution of the Hg pool size (up to several mg m−2 Hg mass) (Wang, Lin, Lu et al., 2016; W. 
Yuan et al., 2020) in humus soils when compared to tens of μg m−2 yr−1 litterfall Hg depositions. The snowstorm 
does not seem to significantly affect Hg concentration in humus soils of MEB forest compared to the data of 
2014–2015 (P = 0.73 by independent t-test, Figure 4a), while there is an 18% decrease in 0–20 cm mineral soils. 
For SMD forest, the Hg concentration in humus soils increase one-time after the snow damage in 2015, and in 
0–20 cm top mineral soils increase 50%.

The elevated Hg concentration caused by the snow damage is derived from the soil of canopy epiphyte cover. 
The subtropical evergreen broadleaf forest canopy has the intensive epiphyte cover which is composed of veg-
etation (such as moss, lichen, and ferns), dead roots, and humus soils formed by the senescence of vegetation 

Figure 3.  (a) Monthly litterfall mercury flux versus litterfall production 
or mercury concentration from 2011 to 2019 in MEB and SMD forests; (b) 
litterfall Hg concentration versus average precipitation during foliage lifespan 
(last 12-month before litterfall sampled) during 2011–2014 and 2015–2016.
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(Huang et al., 2019; L. Song et al., 2011). The enhanced Hg accumulation of moss and lichen (Olson et al., 2019; 
Wang, Yuan, Feng et al., 2019) results in up to 201 ± 98 ng g−1 Hg in soil under canopy epiphyte cover (n = 62, 
Table S2 in Supporting Information S1), nearly doubling the Hg concentration in humus soils of SMD forest 
(116 ± 48 ng g−1). The snowstorm leads to large areas of canopy removal and substantial canopy epiphyte cover 
mixed into the forest floor, thus significant increasing soil Hg concentration in SMD forest (p < 0.001, by Inde-
pendent Samples t-test). The insignificant fluctuation in humus Hg concentration of MEB forest after snow dam-
age can be attributed to the similar Hg concentration in canopy epiphyte cover and humus soils (201 ± 98 ng g−1 
vs. 197 ± 18 ng g−1, p = 0.28, by Independent Samples t-test), as well as the thinner canopy epiphyte cover 
(Huang et al., 2019).

The gradual decrease of soil Hg concentration in SMD forest and in 0–20 cm top mineral soils of MEB forest after 
the snowstorm (during 2016–2018, Figure 4b) can be explained by two factors. One is the dilution by the translo-
cation of downward low Hg from the deep soils (Demers et al., 2007; Wang, Lin, Lu, et al., 2016). The other is Hg 

Figure 4.  Variations of mercury concentration and organic carbon content (OC) in humus soil and 0–20 cm top mineral soil 
from 2007 to 2020. (a) at the MEB forest site, and (b) at the SMD forest site.
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washout with precipitation and runoff after the snow storm. Earlier findings 
suggest that snowmelt leads to a pulse of Hg-DOC (dissolved organic carbon) 
complex output in boreal forests (Douglas et al., 2017; Navratil et al., 2011). 
The Hg-containing runoff can be supported by the observed pulse of organ-
ic matte decrease after the snowstorm (Figures 4a and 4b), and the limited 
canopy epiphyte cover mixed into 0–20 cm mineral soils with elevated Hg 
concentration after the snow damage in the SMD forest (Figure 4b).

3.4.  Soil Hg Variations Versus Litter Hg Inputs

Based on the isotopic evidence in our earlier study(Z. Lu et al., 2021; Wang, 
Yuan, Lu, et  al.,  2019; W. Yuan et  al.,  2020), >90% Hg in humus soil at 
ASSFERS is derived from the atmospheric Hg0 deposition. Litterfall Hg 
deposition is the primary pathway of atmospheric Hg0 deposition in for-
est ecosystems (Bishop et al., 2020; Wang, Bao, et al., 2016; Wang, Yuan, 
et al., 2020), and the variation of litterfall deposition can explain Hg concen-
tration changes. However, the Hg concentrations in humus soils of MEB and 
SMD forests show insignificant correlation to current year litterfall Hg dep-
osition. This is caused by the time lag between Hg release from litterfall to 
the soil. Our earlier studies suggest that, after 2-year decomposition, the Hg 
concentration in decomposing litter reach a level at 190 ng g−1, comparable 
to the Hg concentration in humus soils (Wang, Lin, Lu, et al., 2016; W. Yuan 
et al., 2020). Figures 5a and 5b show the humus Hg concentration increases 
with increasing total litterfall Hg deposition that occurred 24–36 months ear-
lier, consistent with the results of decomposition experiments. The 3–5 cm 
depth humus soil layer is formed in a 20-year period at ASSFERS (W. Yuan 
et al., 2020), which indicates that Hg in humus soil is derived from impacts 
of multiple-year litterfall Hg inputs and decomposition processes. The 24- 
to 36-month earlier litterfall Hg deposition only explains 23% variability of 
Hg concentration in the humas soil of MEB forest (Figure 5a), and shows a 
nonlinear relationship with humus soil Hg in SMD forest (Figure 5b). The 
humus soil Hg levels show a weak correlation to organic matter in the MEB 
forest, but a significant correlation in the SMD forest (Figures 4a and 4b). 
The correlation at the SMD site reflects Hg complexation with organic mat-
ters (Demers et  al., 2013; Skyllberg et  al.,  2006). The weak correlation at 
the MEB site can be explained by the more complicated reactions among 
new Hg inputs, previous Hg accumulation, and carbon quick loss during the 
undergoing litter decomposition in this layer than in the SMD forest (Obrist 
et al., 2011; Wang, Lin, Lu, et al., 2016).

Given the timescale (in hundreds of years) needed for the formation of mineral soils (W. Yuan et al., 2020), the 
Hg concentration in the 0–20 cm mineral soil of MEB forest represents the result of combined effects from de-
composition (Wang, Lin, Lu, et al., 2016; Wang, Yuan, Lu, et al., 2019) , Hg0 re-emission via the organic matter 
induced, microbial reductions (Yuan, Wang, et al., 2019; W. Yuan et al., 2020), and Hg leaching in soil profiles 
and runoff with DOC (Ma et al., 2015; Wang, Yuan, Lu, et al., 2019). These effects can explain the correlations 
between organic matters and Hg concentrations (Figure 4a), and between humus soil Hg and 0–20 cm top mineral 
soil Hg (Figure 5a) in MEB forest. However, we did not observe a significant correlation between Hg and organic 
matter in 0–20 cm top mineral soils of SMD (Figure 4b), possibly because of the mixing of 0–20 cm top mineral 
soils with disintegrated rock materials that contain low Hg and organic matter (Zhou et al., 2013). This is support-
ed by the evidence that 38% lower organic matter in 0–20 cm top mineral soils of SMD forest than the values in 
0–20 cm top mineral soils at the MEB site. The correlation between Hg in humus soil and in 0–20 cm top mineral 
soil is caused by the snowstorm induced humus layer Hg leaching into mineral soils (Figures 4b and 5b).

Figure 5.  Hg concentration in humus soil (ng g−1) versus in 0–20 cm 
top mineral soil (ng g−1) and litterfall Hg deposition (μg g−1 yr−1) over a 
24–36 months period before soil sampling. (a) at the MEB forest site, and 
(b) at the SMD forest site. Linear regression (a) and third-order polynomial 
regression (b) were applied to fit the data. The litterfall Hg concentration of 
MEB was applied to represent the missing value of SMD in the estimation of 
litter Hg flux. This could induce uncertainties for the temporal trend.
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4.  Conclusion
In this study, we found that droughts and snowstorms lead to a potential fluctuation of Hg storage in subtropi-
cal forest ecosystems. The snowstorm would immediately increase the Hg burden since substantial canopy Hg 
mixed into the forest floor, thus possibly increasing the soil Hg runoff and downstream Hg loading. In addition, 
a nearly 50% decrease in atmospheric Hg0 was found in 2011–2014, in contrast to the increase in litterfall Hg 
concentration and deposition caused by the sustained droughts. This is different from the observation at the Ad-
irondack Mountains of New York State that 67% litterfall Hg flux decrease during 2004–2014 was attributed to 
the decrease of atmospheric Hg0 concentrations (Gerson et al., 2017). St Louis et al. (2019) also reported atmos-
pheric Hg0 concentration decreased from 1.6 ng m−3 in 2005 to 1.2 ng m−3 in 2009, but Hg deposition in litterfall 
remained relatively constant at the remote experimental lake area, Northwestern Ontario. The different observa-
tions reflect the complex response of litterfall Hg to the atmospheric Hg0 decrease in forest ecosystems globally 
because of different climate impacts on Hg biogeochemical cycling (Jiskra et al., 2018; Obrist et al., 2018; Wang, 
Lin, Lu et al., 2016; Wang, Luo, et al., 2017; Wang, Yuan, Lin, et al., 2019).

The accelerated climate change could distinctly increase the unpredictability in assessing the effectiveness of Mi-
namata Convention. Although extensive works have been carried out in quantifying Hg transport, accumulation 
and transformation in forest watershed (Grigal, 2003; Wang, Yuan & Feng, 2017; Wright et al., 2016), the large 
knowledge gaps limit our understanding on Hg biogeochemical processes and mass flow in response to climate 
change at the global scale. We recommend more observation and modeling studies on the ecological risk resulted 
from the climate events induced by the forced Hg input to terrestrial biomes.
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