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Abstract: Mercury is a global pollutant. The mercury exchanges between vegetation and the atmo-
sphere are important for the global mercury cycle. Grassland ecosystems occupy more than 25% of
the global land area and have different succession processes and ecological functions. The current
research regarding mercury exchanges between forests and the atmosphere have attracted much
attention, but the research regarding grasslands tends to be rare. To reveal the characteristics of mer-
cury exchanges in grasslands, this study conducted field in-situ monitoring experiments in a Leymus
meadow grassland regions of the Songnen Plains in northeastern China. The exchange flux values of
the GEM (gaseous element mercury) between the plants and the atmosphere were measured using
a dynamic flux bag method (DFB). The experiments were conducted for the purpose of assessing
the mercury flux levels between the vegetation and the atmosphere in a typical Leymus chinensis
meadow. The goal was to further the understanding of the change characteristics and influential
factors and to describe the source and sink actions and dynamics between the grassland vegetation
and the atmosphere. The diurnal variation characteristics were as follows: High during the day and
low at night, with peaks generally appearing at noon. The growing period was characterized by
absorption peaks of atmospheric mercury by the plants. The breeding period was characterized by
the peak release of atmospheric mercury by the plants. The change characteristics were as follows:
During the growing period, the duration of the plants in a mercury absorption state exceeded 96.5%,
which was represented as the net sink of the atmospheric mercury. During the breeding period, the
time of mercury release ranged between 46.4% and 66.8%, making the breeding period the net source
of atmospheric mercury. The results of this study’s analysis indicated that each environmental factor
was correlated with the mercury flux, and the environmental factors had different effects on the mer-
cury flux during the different stages of plant growth. The atmospheric mercury concentration levels
were the main factor during the growing period. Atmospheric humidity was the main factor during
the breeding period. Solar radiation was the decisive factor during the entire experimental period.

Keywords: mercury; flux; Leymus chinensis; Setaria viridis; vegetation; Songnen Grasslands

1. Introduction

Mercury is considered to be a global pollutant [1]. Mercury entering the atmosphere
can remain for between 0.5 and 2 a [2]. It may also accumulate to form atmospheric
mercury reservoirs, be transmitted over long-distances through the atmosphere, and then
sink in remote areas [3,4]. Mercury has become one of the most toxic heavy metals in the
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Earth’s environment [5]. The Minamata disease incident in the 1950s revealed mercury
accumulation along the food chain and the process and mechanism of its toxic effects
on humans and animals [6], thereby opening a prelude to today’s research on the health
risks of mercury pollution. At the present time, the academic community is committed to
establishing a global mercury cycle mass balance model [7]. Although the biogeochemical
processes of mercury and methylmercury in aquatic ecosystems are now clearly understood,
the research regarding the ecological environmental behavior of mercury in terrestrial
ecosystems is currently in still advancing [8].

During the past several decades, academic circles have continuously deepened their
understanding of the sources and sinks of atmospheric mercury [7,9]. For example, the
atmospheric mercury consumption phenomena observed in the polar and sub-polar regions
have indicated that gaseous element mercury (GEM) can be easily removed from the
atmosphere through the oxidation induced by reactive halogens, resulting in 300 Mg·yr−1

atmospheric mercury sinks in the Arctic region [10,11]. Meanwhile, similar phenomena
have been found to occur to lesser extents at mid-latitude oceanic interfaces [12]. The
oxidation of GEM by ozone, active halogens, and hydroxyl radicals has also been observed
in the free troposphere [13–15]. These findings have indicated that the residence time of
GEM in the atmosphere may be shortened under certain environmental conditions [7],
thereby sinking from the atmosphere to the land and sea. The dry subsidence rate (Vd) of
GEM is mainly affected by such factors as surface characteristics, meteorological factors,
soil, and water biochemical conditions. However, the Vd of bare soil and water surfaces is
usually very small (less than 0.03 cm·s−1) and lower than the emission and re-emission of
GEM from those surfaces [16]. Therefore, soil and water bodies are considered to be the
net sources of atmospheric mercury [17]. In contrast, a large amount of dry deposition of
GEM often occurs on vegetation-covered surfaces and wetlands and is often as high as
2 cm·s−1 [16]. Therefore, it has also been indicated that areas covered by vegetation may
be important net sinks of atmospheric mercury.

Obrist [18] previously proposed that plants play a role in enriching atmospheric
mercury and estimated that the annual absorption of atmospheric mercury global by
vegetation may be as high as approximately 1024.2 t. Among the various vegetation types,
the absorption of forest vegetation is estimated at 376.2 t, and the absorption of grassland
vegetation is estimated at 648 t. Wang et al. [19] also estimated that the current global
terrestrial ecosystem is a net mercury sink of approximately 8.5 Mg·yr−1. In recent years,
seasonal field studies on GEM fluxes in forests, grasslands, and the tundra have also shown
that those terrestrial ecosystems form a large number of annual net sinks of GEM in the
atmosphere (2 to 20 µg·m−2·yr−1) [20–22]. At the present time, it is widely believed that in
the mercury input of vegetation ecosystems, the absorption of atmospheric mercury by
plant leaves is more dominant than that of dry and wet deposition [23,24]. GEM can enter
plant leaves through stomata. However, due to its mild lipophilic properties, mercury may
also enter plant leaves through the epidermis under certain conditions [25]. Many factors
can affect the absorption processes of atmospheric mercury by plants. For example, as
the plant tissue ages, the absorption through the epidermis decreases. Therefore, due to
the nature of epidermal changes, the epidermal absorption sites become saturated over
time [26]. Similarly, the exchanges of plant bodies at the epidermal level are also more
sensitive to environmental factors. As a result, temperature, moisture, and light conditions
can all potentially affect the mercury exchange fluxes between plants and the atmosphere
by affecting stomatal conductance [27,28]. For example, it has been observed that during
the years with low precipitation and high temperature levels, the concentration levels
of mercury in the litter of the broad-leaved and coniferous forests of Huntington Forest
tended to be low. This may be caused by the closure of stomata and the decreases in
water vapor pressure [29]. In the month of June, the net precipitation in the Huntington
Forest and the total mercury flux in the soil runoff were both at high levels [30]. However,
in the artificially warmed and humidified permafrost soil on the Qinghai-Tibet Plateau
of China [31], as well as that of Michigan and Minnesota in the United States, high Hg0
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release levels have been observed. Furthermore, similar observations have been made in
artificially warmed peatland soil [32], forested soil with canopies opened after logging
activities [33,34], and forested areas following wildfires [35].

Although the global vegetation as a whole acts a net sink of atmospheric mercury,
recent studies have found that under certain conditions, vegetation may also be a source of
atmospheric mercury. For example, the examination of two subtropical coniferous forests
in southern China [36,37] and a mature hardwood forest in Tennessee, United States [38],
based on their annual flux calculations, showed that they were also net sources of GEM.
Similarly, tree canopies and grasslands undergoing senescence or drought stress conditions
have been observed to intermittently behave as GEM sources [39,40]. In the New England
region (US), various types of reed vegetation that thrive in the freshwater environments
of the coastlines were found to emit large amounts of mercury in their sediment during
the summer seasons [41]. The aquatic vascular plants of the Florida Everglades have been
confirmed to both absorb and release large amounts of atmospheric mercury. In addition,
part of the release pulse has been found to be consistent with CH4, which may originate
from the fibrous rhizosphere pool [42].

Recent studies regarding mercury fluxes of cattails and sawgrass [43,44] found that
the daily release fluxes of those two types of plants were an order of magnitude higher than
those of the lower water surfaces. The mercury flux measurements of marsh plants have
revealed that in moderate mercury polluted wetlands [45] and primitive wetlands [46],
the daily GEM flux was bidirectional. In other words, characterized by both deposition
and release.

However, in the current research regarding the balance between atmospheric mercury
reservoirs and the global mercury biogeochemical cycle, less attention has been paid to
the mercury exchange processes between the surface vegetation and the atmosphere. The
relevant research was observed to mainly focus on forest ecosystems, with the aspects of
grassland vegetation and atmospheric mercury fluxes investigated in only a few reports to
date. However, due to the differences in mercury absorption sites, as well as the different
life histories and growth rhythms between grassland plants and forest plants, there are
also obvious differences in the characteristics of mercury exchange fluxes between the two
ecosystems and the atmosphere. Therefore, such factors should be studied and character-
ized separately. For example, the aforementioned two types of plants are characterized by
different organs that absorb atmospheric mercury. Obrist [18] summarized the mercury
pools of terrestrial vegetation and found that mercury concentrations could be detected
in the leaves and branches of trees. Meanwhile, in regard to the mercury concentrations
between grassland plants and the atmosphere, the exchanges almost entirely involved the
leaves. In addition, the litter states of the two types of plants were different. For example,
the leaves of tree canopies absorb atmospheric mercury during the growth period, and
the litter formed becomes an important part of the atmospheric mercury dry deposition
processes [47]. However, when grassland plants wither, the entire above-ground parts
often form dead plant bodies and all return to the soil [48]. In addition, in terms of hu-
man factors, forest ecosystems are mainly affected by logging activities [49], while the
grassland ecosystems tend to be mainly affected by grazing. Therefore, the impacts of
human mowing and farming activities may have different influential effects. In order to
clarify the process of mercury cycling in grassland ecosystems, in-depth research will be
required from the following aspects: 1. Attention should be paid to the effects of grassland
vegetation as a sink of atmospheric mercury on the reductions in regional atmospheric
mercury concentration levels and 2. The effects of changes in the types of land usage and
community succession on mercury fluxes in grassland vegetation and the atmosphere.

Grasslands are one of the main types of ecosystems in the world. Broadly speaking,
grasslands include all types of herbaceous vegetation. The four main types of grassland
belts in the world are the Steppe grasslands, Prairie grasslands, Pampas grasslands, Sa-
vana grasslands. According to the current definition, the global grassland area measures
5.25 × 107 km2, which accounts for 40.5% of the total land area on Earth [50]. The experi-
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mental focus of this study was located in the center of China’s Songnen Grassland region.
The Songnen Grassland region is situated on the eastern edge of the steppe vegetation
continuous belt of Eurasia. The region is characterized by a mid-temperate continental
semi-humid and semi-arid climate, with an area of 1.7 × 105 km2. The vegetation type is
mainly Leymus chinensis (Dian) [5]. This study’s experimental subjects included Leymus
chinensis (Trinius ex Bunge) Tzvelev and Setaria viridis (Linnaeus) P. Beauvois. It has been
determined that L. chinensis is a constructive species in the study area. It was found to
be widely distributed in the study area and had a strong representativeness. In addition,
Setaria chinensis is also a common species in the study area and was previously used as a
typical experimental plant in the existing research regarding carbon and nitrogen fluxes
of the aforementioned ecosystem. Therefore, due to its widely reported findings [51],
this study considered that it would be an appropriate representative of the weed vari-
eties in the focus area. This study collected data regarding the plant and atmospheric
mercury fluxes and related environmental factors in the field. The goals of this study
were as follows: (1) To determine the atmospheric mercury concentration levels in the L.
chinensis meadow area of the Songnen Grassland region; (2) To analyze and understand
the typical and common plants and atmospheric conditions of the L. chinensis grasslands,
including the characteristics of the day and night changes in the mercury exchange flux
and clarification of its influential factors; and (3) To discuss the dynamics of vegetation as
a mercury reservoir between the sources and sinks during different growth periods and
atmospheric conditions.

2. Materials and Methods
2.1. Overview of the Study Area

This study’s experimental site was located in Changling County of western Jilin
Province, China (Figure 1), in which the Northeast Normal University Songnen Grassland
Ecological Research Station is situated (44◦45′ N, 123◦45′ E). The regional climate type is a
semi-arid temperate continental climate, with average annual rainfall levels lower than the
evaporation levels. Due to long-term human disturbances (for example, overgrazing and
reclamation) and changes in natural factors, the grasslands of the research site were in the
process of community retrograde succession, which was characterized by soil bulk density
and pH increases and moisture and organic matter decreases. The dominant population
of L. chinensis was observed to exhibit a decreasing trend. Therefore, the dominance of
the dominant population of L. chinensis was essentially in decline. However, the relative
coverage of the halophyte population was observed to be significantly increased. Three
types of communities with different degrees of degradation were formed in the region as
follows: Pure L. chinensis communities; L. chinensis plus weeds communities; and weed
grass communities.

The region in which the study area was located has the characteristics of a semi-arid
temperate continental climate. The winter seasons are cold and long, with little snowfall,
summer seasons are warm and rainy, and springtime features windy and dry conditions.
The extreme minimum temperature is −40.3 ◦C, and the extreme maximum temperature
is 38.9 ◦C. The annual average temperatures range between 1.5 and 4.2 ◦C. The sunshine
duration averages approximately 2880 h. The annual average windy days generally exceed
100 days, and the annual average wind speed is approximately 5.7 m/s. The average annual
rainfall is 430 mm, with the majority of the rainfall concentrated from June to September.
The precipitation during those months can reach 60 to 80% of the annual rainfall. The
average annual evaporation is approximately 1600 mm, which is three to four times that of
the rainfall.
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The terrain in the study area was observed to be flat and low, and the soil structure
was intricately inlaid. This study found that the region was dominated by chernozem,
alkaline, meadow, and aeolian sandy type soil. The remainder was determined to be saline
and swamp soil. The groundwater resources were observed to be highly mineralized. Since
the terrain was low, the drainage was not smooth. Therefore, it was considered that the
area was semi-arid, with the evaporation rate greater than the precipitation. Due to the
aforementioned factors, the salt could not be smoothly discharged and collected in the
soil. At the same time, the long-term agricultural grazing behaviors have affected the soil
structures of the vegetation in the area, resulting in serious destruction. Therefore, the soil
salinization in the Songnen Grassland area is becoming increasingly more serious and the
affected areas are expanding. The pH values of the soil in the study area in this research
investigation were determined to range between 7.5 and 10.5.

The type of grassland examined in this study was meadow grassland. The area
of that type of grassland measured 1.2 × 106 hm2, which is 55.8% of the total area of
the Songnen Grassland region. Meadow grass is the main grassland type of Songnen
Grasslands. Among the types of meadow grass, L. chinensis + forb has been determined to
be the largest community type, reaching 8.4 × 105 hm2, accounting for 70.3% of this type of
grassland. The plant compositions of meadow grasslands are mainly xerophytic perennial
rhizome grasses and clump grasses, among which there are a variety of plant species.
The dominant and most common species include L. chinensis (Trinius ex Bunge) Tzvelev;
Filifolium sibiricum (Linnaeus) Kitamura; Chloris virgata Swartz; Setaria viridis (Linnaeus) P.
Beauvois, and so on.

Among the aforementioned species, L. chinensis and S. viridis were the experimental
subjects selected for the current investigation.

Leymus of the Gramineae family is a perennial C3-positive plant with high vegetative
reproduction and low seed yield. It is characterized by a fast growth rate; high drought
resistance; cold resistance; and alkali resistance. The plants of this species generally grow
between 40 and 90 cm in height, with 4 to 5 internodes. The leaves range between 7 and
18 cm in length and 3 to 6 mm in width. The leaves are flat or involute, rough on the
top and edges, and smooth on the bottom. On the Songnen Plain, this variety begins to
sprout and turn green in early April; heading occurs in late May; flowering in June; and
fruiting in July and August. As the top community, its coverage on the Songnen Grassland
region may reach 65%. L. chinensis reproduces mainly by asexual reproduction that relies
on adventitious buds. In the case of asexual reproduction, it has been found that plants
tend to more sensitive to environmental factors.

Setaria of the Gramineae family is characterized by a high protein content. It has been
found to adapt well to complex environmental conditions, with high resistance to cold,
heat, pests, and diseases. The Stetaria variety tends to grow quickly and displays strong
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reproductive abilities. The culms are upright or geniculate at the base, ranging between
10 and 100 cm in height. It has been observed to have flat blades and long acuminate or
acuminate apexes with obtusely rounded bases, which are almost truncated or narrow
(4 to 30 cm long; 2 to 18 mm wide). The plants are usually glabrous or covered with sparse
wart-like hairs with rough edges. The flowering and fruit periods range from May to
October. Generally speaking, Stetaria has low requirements for soil conditions and can
easily compete with other species.

2.2. Research Methods
2.2.1. Sample Plot Layout

The experimental sample plot in the study area was located in the Beidianzi Grasslands
(Figure 2), which is a low-lying area of the Songnen Grassland region. The study area
was determined to be composed of flat land, swamp areas, water surfaces, and sand
dunes. It was observed to have a microwave-like flat terrain. A flat and vast meadow
grassland was located between the dunes. It was determined that the vegetation type
had the characteristics of a meadow grassland, and the vegetation division belonged to
the category of a forest grassland area. In addition, the agriculture belonged to that of an
interlaced zone of agriculture and animal husbandry. The zonal vegetation was found to
be mainly the L. chinensis community.
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This study’s sample point layout is detailed in Figure 2. A 50 m × 50 m sample plot
was randomly selected in the study area. The sample plot was divided into one hundred
5 m × 5 m plots using a grid method. Then, a random vegetation survey was carried
out in the sample plots. The surveyed sample plots were first divided into three groups
according to the community type as follows: L. chinensis community (L. chinensis coverage
> 80%); L. chinensis (40% < L. chinensis coverage < 60%) + weeds (40% < miscellaneous grass
coverage < 60%) community; weeds community (weed coverage > 80%). In the L. chinensis +
weed community, one of the samples was selected for this study’s subsequent experiments
using a simple random sampling method. In addition, one of the L. chinensis and S. sylvestris
plants in the sample was randomly selected for this study’s in-situ experiments.

The field experiments and sampling completed in 2019 were divided into two periods:
as follows: 1. Vegetative reproduction period (June and July); and 2. Reproduction period
(August) [52,53]. A total of six data collection processes were carried out. The plant
samples were subjected to three measurements of mercury flux under different growth
period conditions. Each measurement duration was a continuous 24-h period, and the
required field positioning experimental time was 144 h. Previous research has indicated
that foliar mercury (Hg) flux is bi-directional, with influence from both atmospheric and
soil Hg.
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2.2.2. Sampling and Measurement Methods
Sampling Method

Within the study plots, the selected soil was covered by a flux bag under the plant. A
drill was used to sample 0 to 2.5 cm of surface soil. The samples were immediately bagged
and labeled and then transported to this study’s laboratory facilities. The samples were air
dried for seven days and then filtered using an 80-mesh nylon sieve. Following the in-situ
experiments, the above-ground parts of the samples were harvested and taken back to the
laboratory for weighing (dry weight) and the measurements of plant height. The Blackman
Formula was used to calculate the relative growth rates of the two plants. The formula was
as follows:

RGB =
ln(Wi+1) − ln(Wi)

Ti+1 − Ti
(1)

In the formula, Wi represents the dry weight at Ti; Wi+1 indicates the dry weight at
Ti+1; and the formula represents the relative growth rates of the plants from Ti to Ti+1.

Testing Methods

In the current study, a Lumex RA-915+ mercury analyzer (originating from Russia;
detection limit of air samples: 2 ng/m3) combined with a flux bag method was used
to determine the mercury exchange fluxes between the plants of the study area and the
surrounding air. A Tedlar dynamic flux bag (length × width = 600 mm × 450 mm;
minimum volume 20 L) was selected as the flux bag. Tedlar dynamic flux bags are often
used in atmospheric mercury exchange research due to their high durability, flexibility,
and radiant transparency in the photosynthesis spectrum [45,54,55]. The aforementioned
mercury analyzer was equipped with a built-in air pump. During the sampling processes,
the air entered the flux bags via air inlets and then flowed out through air outlets under
the action of an air pump in order to form a gas flow. The gas flow rate was determined as
the minimum flow rate when the mercury concentration differences between the inlet and
outlet were stable [56]. The differences between the mercury concentrations at the inlets
and outlets of the empty bags were measured and compared in order to determine the
blank.

During the measurement process, the flux bags were used to cover the outsides of
the plant bodies and were sealed at the lowest end. The air inlets of the flux bags were
connected to the air outlet of the RA-915+ mercury analyzer. Monitoring was conducted
once every 10 s, with 30 data points recorded every 5 min. The average values were then
calculated and recorded as Cin. The unit was ng/m3. After 5 min, the flux was changed to
the outlets of the bags, which were connected to the inlet of the RA-915+ mercury analyzer.
The gaseous mercury concentrations in the outlet gas were monitored every 10 s, with
30 data points recorded every 5 min. The average value was calculated and recorded as
Cout in ng/m3. Alternating data measurements were continuously collected over a 24-h
period. A modified standard flux box equation was used for the flux bags in order to
calculate the leaf surface exchange flux. The calculation formula was as follows:

F = (Cout − Cin) × Q ÷ A (2)

In the formula, F represents the calculated mercury exchange flux per unit of leaf sur-
face from the atmosphere to the plant (ng/(m2·h); Cin is the gaseous mercury concentration
in the air at the inlet of the flux bag (ng/m3); Cout indicates the concentration of gaseous
mercury in the air at the outlet of the flux bag (ng/m3); Q denotes the gas flow rate through
the flux bag (m3/h); and A is the total leaf area of plants in the flux bag (m2).

In order to reduce the chance of error, the differences between the average value of
two consecutive Cout measurements and the average value of four Cin (before and after)
were taken. Therefore, if the calculated flux value was positive, the mercury exchange
process indicated that the plants had released mercury into the atmosphere. However, if
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the flux value was negative, the mercury exchange process indicated that the plants had
absorbed mercury from the atmosphere.

This study utilized a LUMEX RA-915+ coupled with a UMA (solid–liquid mercury
analysis unit; detection limit: 1 ng/kg) mercury analyzer for the purpose of determining
the concentration levels of soil mercury. The detection range was between 0.5 mkg/kg
and 0.5 mg/kg. The measurement time for one sample was between 50 and 70 s. The
sample sizes ranged from 10 to 300 mg, and the standard deviation of the baseline signal
measurement value was 2 ng/m3. Each soil sample was subjected to three parallel tests,
and the data were recorded.

A leaf area meter was used to measure the leaf areas of the samples in the field. In
addition, a portable weather monitor (ZX-SCQ4, Beijing, China) was used to record the
hourly solar radiation, air temperature, air humidity, soil temperature, humidity, and other
data.

2.2.3. Data Analysis Method

SPSS Statistics 23 (Armonk, NY, USA) was used for the data analysis, and Origin
Pro 8 (OriginLab, Guangzhou, China) was used for the graphing processes in this study.
The Pearson correlation coefficient was used to statistically test the correlations between
relevant environmental factors and the plant/atmospheric mercury fluxes. In addition,
a path analysis method [57] was used to examine the importance levels of the various
environmental factors.

3. Results
3.1. Soil Surface and Atmospheric Mercury Content Levels

This study’s field in-situ experiments involving the L. chinensis and S. sylvestris sam-
ples were carried out on two adjacent days (48-h period) each month. Table 1 shows that
the near-ground atmospheric mercury concentration levels measured with L. chinensis as
the sample experiment ranged among 6, 7, and 8. The daily average value and range in
August were 16.6± 6.9 ng·m−3 (4.0 to 28.0 ng·m−3); 16.6± 6.6 ng·m−3 (7.0 to 28.0 ng·m−3);
and 16.7 ± 6.5 ng· m−3 (8.0 to 28.0 ng· m−3), (n = 289), respectively. The daily average
values and ranges of the mercury concentrations in the near-surface atmosphere measured
in the months of June, July, and August when using Setaria as the sample experiment
were 16.4 ± 6.0 ng·m−3 (7.0 to 26.0 ng·m−3); 16.4 ± 6.0 ng·m−3 (7.0 to 26.0 ng·m−3); and
13.8 ± 4.2 ng·m−3 (8.0 to 21.0 ng·m−3), (n = 289), respectively. During the experiments,
the near-surface atmospheric mercury concentration levels remained stable, were signif-
icantly higher than the global background value (1.5 to 2.0 ng·m−3) [58], the relevant
reported value of the Neustift temperate plain grassland ecosystem in Central Europe
(1.7 ± 0.5 ng·m−3) [59], and the reported value of an Australian alpine grassland (0.54
to 0.63 ng·m−3) [39]. The levels were also higher than those of the alpine forest of the
Changbai Mountain area at the same latitude (3.22 ± 1.78 ng·m−3).

Table 1. Day and night concentrations of total gaseous mercury (ng·m−3).

Handle Period Scope Daily Average

L. chinensis
6/26 4.0~28.0 16.6 ± 6.9
7/21 7.0~28.0 16.6 ± 6.6
8/22 8.0~28.0 16.7 ± 6.5

S. sylvestris
6/27 7.0~26.0 16.4 ± 6.0
7/22 7.0~26.0 16.4 ± 6.0
8/23 8.0~21.0 13.8 ± 4.2

As detailed in Table 2, the average surface soil mercury concentration levels in the sample
plots during the months of June, July, and August were 16.3 ± 1.5 ng·g−1, 6.6 ± 0.7 ng·g−1,
and 8.9± 1.0 ng·g−1, respectively. Those values were determined to be lower than the back-
ground value of the soil mercury in the Songnen Grasslands (19.56 ng·g−1). However, when
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compared with the relevant reported value (14.9 ± 10.4 ng·g−1) in the Steppe Grassland
region of Inner Mongolia, the concentration levels were determined to be higher in June,
but lower in July and August.

Table 2. Total soil mercury concentrations (ng·g−1).

Handle
Month

June July August

L. chinensis + weeds 16.3 ± 1.5 6.6 ± 0.7 8.9 ± 1.0

3.2. Mercury Exchange Flux at the Plant/Atmosphere Interface

The mercury exchange flux levels of the two types of plants were observed to be
basically the same between June and July, as shown in Table 3. The main mercury ex-
change processes of the two types of plants were all manifested as the plants absorbing
mercury from the atmosphere. In the 24-h measurement results, it was determined that
the time of mercury absorption by L. chinensis exceeded 99.6%, the time in which S. viridis
absorbed mercury was greater than 96.5%, and the mercury emitted from plants into the
atmosphere was minimal (n ≤ 10). The net absorption levels of the two types of plants
in June were slightly higher than those observed in July. The net values and ranges of
the daily average exchange fluxes were as follows: L. chinensis in June: −1.58 ng·m−2·h−1

(−5.76 to 0.52 ng·m−2·h−1); Setaria in June: −1.54 ng·m−2·h−1 (−5.42 to 1.67 ng·m−2·h−1);
L. chinensis is in July: −1.19 ng·m−2·h−1 (−4.97 to 0 ng·m−2·h−1); and Setaria in July:
−1.37 ng·m−2·h−1 (−5.31 to 1.01 ng·m−2·h−1).

Table 3. Independent processing results of the plant and atmosphere 24-h mercury exchange and deposition release fluxes
(ng·m−2·h−1).

Species Period Mean Mercury
Flux (Scope) SD Release

Value SD n1
Sedimentation

Value SD n2

L. chinensis
6/26 −1.58 (−5.76~0.52) 1.3 0.52 0.0 1 −1.59 1.3 288
7/21 −1.19 (−4.97~0.00) 1.1 0 0.0 0 −1.19 1.1 289
8/22 0.34 (−1.94~4.84) 1.5 1.63 1.4 134 −0.77 1.5 155

S. vulgaris
6/27 −1.54 (−5.42~1.67) 1.4 1.37 0.5 7 −1.65 1.3 282
7/22 −1.37 (−5.31~1.01) 1.2 0.71 0.3 10 −1.46 1.2 279
8/23 1.18 (−0.91~4.55) 1.4 1.99 1.0 193 −0.46 0.4 96

In the month of August, both species displayed a net release process from the plants
to the atmosphere. The release rates of S. vulgaris were greater than those of L. chinensis.
The net values and ranges of the daily average exchange fluxes were as follows: L. chinen-
sis: 0.34 ng·m−2·h−1 (−1.94 to 4.84 ng·m−2·h−1) and Setaria: 1.18 ng·m−2·h−1 (−0.91 to
4.55 ng·m−2·h−1). In addition, in the 24-h measurement results, it was observed that the
time in which L. chinensis released mercury accounted for 46.4%, and the time in which
S. vulgaris released mercury accounted for 66.8%.

3.3. Plant Indicators

The measured biomass, plant height, and leaf area of the experimental plant samples,
along with the recorded monthly fluxes, were used as the plant indicators in this study,
as detailed in Table 4. The three indicators of the two types of plants were observed to
increase significantly during the months of June and July. There were no increases in the
biomass and plant heights during the month of August. However, the leaf areas increased
slightly during that period. Therefore, it was determined that the two examined plant
types in the study area were in a vegetative reproductive stage during the months of June
and July and then entered a reproductive stage in August.
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Table 4. Plant indicators.

Species Month Biomass (g/m2) Height (cm) Leaf Area (m2)

L. chinensis
June 359.660 25.5 0.43
July 412.356 26.8 0.86

August 405.214 25.6 0.93

S. vulgaris
June 466.358 26.9 0.54
July 529.936 37.6 0.89

August 509.812 35.9 0.99

The RGB calculation results are shown in Table 5. It can be seen in the table that the
relative growth rate of L. chinensis from June to July was 0.0055, and the relative growth
rate from July to August was −0.0005. The relative growth rate of Setaria from June to
July was 0.0051, and the relative growth rate from July to August was 0.0051. Overall,
the relative growth was approximately −0.0012. Therefore, it was indicated that the two
examined plant types experienced obvious growth between June and July, and the growth
become less obvious or stopped in August.

Table 5. Relative growth rates.

Species Time Period

June to July July to August

L. chinensis 0.0055 −0.0005
S. vulgaris 0.0051 −0.0012

4. Discussion
4.1. Variation Characteristics of the Plant and Atmospheric Mercury Fluxes
4.1.1. Changes in the L. chinensis Plant and Atmospheric Mercury Fluxes

Two-way mercury exchange fluxes were observed during the study period. The daily
average value was −0.81 ± 1.55 ng·m−2·h−1, and the mercury flux range was between
−5.76 ng·m−2·h−1 and 4.84 ng·m−2·h−1. This study found that the flux values during the
day were higher than those at night, and there were major differences between the two
time periods. The observed mercury flux exchange processes between the plants and the
atmosphere are detailed in Figure 3. It was found that during the vegetative reproduction
phase (June and July), the valley value (maximum value of atmospheric mercury absorption
by the plants) appeared at noon (12:00). From 8:00 to 9:00. the mercury fluxes began to
decrease significantly. Then, the lowest values were reached between 12:00 and 13:00
before rising again. The rising of the mercury fluxes stopped between 16:00 and 17:00, at
which point they were observed to fluctuate at approximately 0 to −2.62 ng·m−2·h−1. The
reproductive stage (August) followed the diurnal variations of the peak (maximum value
of the mercury released by the plants into the atmosphere) at noon (12:00), and then the
mercury flux began to rise significantly between 6:00 and 7:00 in the morning. At 13:00,
the peak was reached, after which the flux began to drop, stopped after 18:00, and then
oscillated between 0 and −1.94 ng·m−2·h−1. It was worth noting that during the month of
August, this was observed after 6:00 in the morning and 19:00 in the evening. At the point of
mercury compensation, there were large differences observed in the atmospheric mercury
concentrations at those two time points, as well as major differences in the atmospheric
temperature and humidity. These findings indicated that multiple environmental factors
had obvious comprehensive effects on the mercury flux during the reproductive stage.
During this study’s experimental period, the mercury fluxes in the vegetative reproductive
stages of L. chinensis were determined to be net deposition, and only one mercury flux
release moment was observed during the flux monitoring for a total of 48 h in June and
July. Meanwhile, during the reproductive stage of L. chinensis, it was determined that the
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mercury fluxes in August were net releases at low concentration levels since the release
values during the day were slightly higher than the deposition values at night.
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The flux levels of this study were found to be consistent with the values deter-
mined in previous related studies. For example, Fritsche et al. [60] observed a value
of −4.3 ng·m−2·h−1 (−27 to 14 ng·m−2·h−1), and the observed value of the grassland on
the Neustift Plain in Austria was −2.1 ng·m−2·h−1 (−41 to 26 ng·m−2·h−1). In addition,
Converse et al. [61] observed a value of 2.5 ng·m−2·h−1 (−124.8 to 82.4 ng·m−2·h−1) in the
Big Meadows prairie region (United States) during the summer, and Howard et al. [39]
observed a grassland value of 0.2 ng·m−2·h−1 (−52.9 to 54.7 ng·m−2·h−1) in the Australian
high mountains in the Southern Hemisphere. Therefore, it could be seen that in terms of
the net exchange values of mercury flux, this study’s findings were basically at the same
level as those of related grassland studies, while the variation ranges of the mercury flux
were smaller than those of other similar studies.

The observed phenomena of large amounts of mercury deposits during the vegetative
reproduction stage of the examined plants during the months of June and July were
basically consistent with the conclusions reached in other related studies, such as the
seasonal studies conducted by Fritsche et al. [59] and Converse et al. [61], and the modeling
studies conducted by Hartman et al. [62]. Generally speaking, researchers in the field all
believe that during the growing season of plants, the deposition of GEM on vegetation
will increase. Howard et al. [39] proposed that mercury deposition will also increase with
the increases in plant biological activities throughout the year. The slight difference was
that in this study, there was almost no mercury flux released by the examined plants to the
atmosphere during the plant vegetative reproduction stage (June and July). However, the
results of many related studies [39,60,61] indicated that the diurnal variations in mercury
flux were composed of a net release during the day and net deposition at night. This was
consistent with the variations in the mercury fluxes during the month of August in this
study. The differences in this study’s results may have been caused by a number of factors.
For example, the atmospheric mercury concentration levels reported by Howard et al. [39]
ranged between 0.54 and 0.63 ng·m−3, and the atmospheric mercury concentration levels
reported by Fritsche et al. [54] ranged from 1.2 to 1.7 ng·m−3, which were significantly
lower than the atmospheric mercury concentration measured in this study. Therefore, a
higher concentration of atmospheric mercury (Table 1) may have caused large amounts
of mercury to be deposited from the atmosphere on the plants [63]. Howard et al. [39]
pointed out in their study that the grassland plants in the study area were in a state of
senescence. However, the plants used in this study were in a rapid vegetative reproduction
stage in June and July, with higher biological activities, and at the same time, under
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relatively high atmospheric conditions. High mercury concentration levels may cause
plants to absorb atmospheric mercury more strongly. Although the study conducted by
Fritsche et al. [60] did not mention whether the examined plants entered the breeding
period, the daily variations in atmospheric mercury concentration levels were reported
to be higher in the morning and evening, reaching the lowest value at noon. This was
contrary to the observations made in this study. It also showed that the atmospheric
mercury concentrations may be a dominant factor influencing mercury flux during plant
vegetative reproduction.

4.1.2. Variation Characteristics of S. sylvestris Plants and Atmospheric Mercury Fluxes

During the study period, two-way mercury exchange fluxes between Setaria and the
atmosphere were observed. An average value of−0.57± 1.83 ng·m−2·h−1 was determined,
and the mercury flux ranged between −5.42 ng·m−2·h−1 and 4.55 ng·m−2·h−1. The flux
values during the day were greater than those at night, and there were major differences
observed between the two. The mercury flux exchange processes between the plants and
the atmosphere are shown in Figure 4. During the vegetative reproduction phase (June and
July), following the diurnal variations of the valley at noon (Figure 4), the mercury flux
began to become significant after 9:00. A decline followed, in which the mercury flux was
observed to drop to the lowest point from 12:00 to 13:00 (noon) and then increase again
before stopping at approximately 17:30. At that point, the mercury flux was observed to
oscillate between 0 and−2.08 ng·m−2·h−1. The vegetative and reproductive stage (August)
followed the characteristics of the diurnal variations with peaks observed at noon. It was
found that the mercury flux began to rise significantly at approximately 5:00 in the morning;
reached a peak after 13:00; then decreased and stopped after 21:00. The mercury flux then
oscillated between 0 and −0.91 ng·m−2·h−1. Similar to L. chinensis, mercury compensation
points were observed in the morning and evening during the month of August, but they
appeared earlier in the morning (approximately 5:00) and later at night (approximately
22:00). The atmospheric mercury concentration levels were also observed during these
two periods. The differences indicated that during the reproductive stage of Setaria, there
were also important influential factors other than the atmospheric mercury concentrations.
This study found that throughout the research process, the mercury flux values during
the vegetative reproduction stage of S. viridis were net deposition. It was determined that
during the total 48-h flux monitoring period (n = 289) in June and July, only ten periods
of mercury flux from S. viridis to the atmosphere were observed. In addition, during the
reproductive stage of Setaria, the mercury flux values in August were slightly different
from those of L. chinensis, and the mercury emission flux was at the same level as that in
the absorption stage.
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During the vegetative reproductive stage, the mercury flux changes of Setaria and
L. chinensis were roughly the same. During the reproductive stage, both L. chinensis and
Setaria showed a change pattern of net release during the day and net deposition at night.
Many previous studies have considered that the aforementioned change pattern appeared
to be related to changes in humidity levels [21,38,63], with the higher solar radiation and
temperature levels during the day causing the humidity to decrease. However, during the
night, as the humidity increases, atmospheric mercury is deposited on the surfaces of the
leaves with moisture and then evaporates with the moisture after dawn to be released back
into the atmosphere. That statement effectively explains the observed changing trends of
L. chinensis and S. chinensis during the vegetative and reproductive stages of the present
study. However, the mercury fluxes of S. chinensis and L. chinensis during the vegetative and
reproductive stages were found to be slightly different, and the specific performance was
that the net flux of S. sylvestris was higher than that of L. chinensis, which was determined to
be caused by a longer mercury release time and higher levels of release flux in the morning
and afternoon. Among the environmental factors (atmospheric humidity, atmospheric
temperature, solar radiation, soil humidity, and soil temperature) monitored in this study,
no significant differences were found between L. chinensis and S. viridis during the month
of August. There were two plant stomatal density values in the studies regarding the water
use efficiency and stomata density of L. chinensis and the leaf morphology of S. chinensis
in the neighboring areas of the study area: S. chinensis: 935.41/mm−2 and L. chinensis:
100.5/mm−2. Therefore, it was considered that the differences in the stomata densities
may have been the reason for the higher mercury release levels and longer mercury release
times of S. viridis when compared with L. chinensis. At the same time, the stomatal densities
of L. chinensis displayed a phenomenon of plant domestication dominated by water. The
sample plot selected in this study was composed of saline–alkali soil, and there was no
water stress observed. In that case, the differences in the mercury flux between the two
plant types may have been the result of different stomatal densities.

This study compared the obtained results with those of other studies regarding grass-
land ecosystems [39,59–61] and found that the mercury fluxes observed in this study varied
within a small range and that there was often an order of magnitude difference when
compared with other related studies. However, in the mercury flux studies conducted by
Marsik et al. [44] and Lee et al. [64], mercury flux variation ranges similar to those of this
study were found. This may also have been caused by the saline–alkali stress conditions in
the study area, which are known to often affect the water content and various physiological
activities of plants, thereby affecting the deposition of atmospheric mercury on plants and
the release of mercury from plants.

4.1.3. Comparison of Mercury Flux Characteristics between the Two Plants and
Atmosphere

In the current research investigation, the two types of plants did not show significant
differences in the characteristics of their mercury flux changes. During the vegetative
reproduction stage, both plant types showed net atmospheric mercury deposition within
24 h and very little plant mercury release. During the reproductive stage, both plant types
displayed net release during the daytime and a pattern of net deposition at night. In terms
of the mercury flux levels, the two plant types displayed subtle differences (Table 3). By
separating the daily mercury deposition and release statistics, it was determined that the
average daily mercury deposition and mercury release values of S. viridis were usually
higher than those of L. chinensis. This may have been due to the fact that the mercury flux
of L. chinensis tended to increase and decrease rapidly at approximately noon, while S.
chinensis tended to maintain a more active mercury exchange state in the morning and
afternoon, in addition to peaking at approximately noon (12:00).

The coverage of L. chinensis in the study area was considered to be relatively large at
approximately 40 to 60%, thereby occupying a dominant position in the community. A vari-
ety of weeds represented by Setaria occupied the remaining space. It has been observed that
mosaic communities will often form between L. chinensis and weed populations, resulting
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in clearly visible staggered population distribution areas in natural grasslands. Plant distri-
bution patterns are affected by the interactions between plants and environmental factors.
In the cases of high intensity levels of inter-species competition (middle stage of grassland
degradation, or the current level), weed species tend to invade L. chinensis populations in
agglomeration distribution patterns. In addition, the L. chinensis populations will resist
invasions of other grass species in agglomeration distribution patterns [65]. At the present
time, the overall plant density levels of the grasslands are relatively high, and their roles as
mercury sinks are relatively strong. During the later stages of competition (late grassland
degradation), the invasion of the L. chinensis population by weed populations is basically
completed, and large-scaled coexistence can be observed. The subsequent interactions
will lead to the transformation of the spatial distribution patterns of the plants from an
agglomeration distribution to a random distribution pattern and then from a random
distribution to a diffusion distribution pattern [66]. As a result, the overall plant density of
the grassland will become lower, and its role as a mercury sink in the atmosphere will be
reduced.

During this study’s experimental period, both L. chinensis and S. chinensis acted as
net sinks of atmospheric mercury. However, due to the higher mercury release flux of
S. chinensis during the reproductive stage, its role as a net sink was lower than that of
L. chinensis. In the future, as the dominance of the L. chinensis population continues to
decrease and the dominance of weeds (represented by S. vulgaris) continues to increase, as
estimated from the changes in the population coverage, the overall role of grasslands as
atmospheric sinks may decrease by 14.4 to 20.2%.

4.2. Correlation Analysis between the Mercury Flux and the Influential Factors

The influential factors identified as the controlling factors of the mercury exchange
fluxes from the previous related research include humidity [67,68]; solar radiation [69,70];
temperature [70,71]; and atmospheric mercury concentrations [72]. In this study, the
plant and atmospheric mercury fluxes and the measured environmental factors displayed
significant linear correlations (Table 6), and the impact of each environmental factor on the
two types of plants showed high consistency. The correlations were calculated by Pearson’s
correlation coefficient, and the significance level was 1%. The level of the correlation
coefficient was between −1 and 1 (1 means the variable is completely positively correlated,
0 means irrelevant, and −1 means completely negatively correlated).

Many previous studies have shown that the plant and atmospheric mercury exchange
fluxes are affected by the atmospheric mercury concentration levels [73–75]. It is considered
that the deposition of mercury on plants occurs at higher atmospheric mercury concentra-
tions, as well as at lower atmospheric mercury concentrations when mercury is released
from plants. In this study, at the plant vegetative reproduction stage, the atmospheric
mercury concentration and mercury flux values were found to be significantly negatively
correlated, which was manifested in the fact that as the atmospheric mercury concentration
increased, the atmospheric mercury deposition on plants increased. These findings are
in line with the conclusions obtained in other related studies. During the reproductive
stage of plants, there is a significant positive correlation between the atmospheric mercury
concentrations and the mercury flux values. The specific manifestation is that when the
atmospheric mercury concentration increases, the mercury release flux from plants to the
atmosphere also increases. That type of situation occurs due to the interactions of various
environmental factors. For example, under the influential effects of solar radiation and
temperature, the release of mercury in the soil will lead to increases in the concentration
levels of mercury in the atmosphere near the ground. At the same time, the release of
mercury on the surfaces of plants due to solar radiation and temperature will also have
promoting effects, resulting in invisible impacts of atmospheric mercury concentrations
on plant/atmospheric mercury fluxes. In addition, there is a possibility that the higher
concentrations of mercury in plants will increase the mercury compensation point.
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Table 6. Analysis results of linear correlations between the impact factors and the mercury flux.

Impact Factor Species Growth Stage r p

Atmospheric mercury
concentrations

L. chinensis
Vegetative reproduction −0.517 0.000 **

Reproduction 0.758 0.000 **

Setaria
Vegetative reproduction −0.598 0.000 **

Reproduction 0.651 0.000 **

Temperature
L. chinensis

Vegetative reproduction −0.523 0.000 **
Reproduction 0.832 0.000 **

Setaria
Vegetative reproduction −0.579 0.000 **

Reproduction 0.795 0.000 **

Humidity
L. chinensis

Vegetative reproduction 0.351 0.000 **
Reproduction −0.773 0.000 **

Setaria
Vegetative reproduction 0.409 0.000 **

Reproduction −0.843 0.000 **

Sun radiation
L. chinensis

Vegetative reproduction −0.559 0.000 **
Reproduction 0.865 0.000 **

Setaria
Vegetative reproduction −0.670 0.000 **

Reproduction 0.623 0.000 **

Soil temperature
L. chinensis

Vegetative reproduction −0.391 0.000 **
Reproduction 0.821 0.000 **

Setaria
Vegetative reproduction −0.504 0.000 **

Reproduction 0.674 0.000 **

Soil humidity
L. chinensis

Vegetative reproduction 0.445 0.000 **
Reproduction −0.741 0.000 **

Setaria
Vegetative reproduction 0.342 0.000 **

Reproduction −0.801 0.000 **

** p < 0.01.

In mercury flux studies, solar radiation and temperature have been proven to each
have their own independent effects. For example, solar radiation can cause the reduction of
HgII, and increases in temperature can potentially volatilize the previously stored mercury.
However, it has been observed in field experiments that due to the inherent connection
between these two factors, it is difficult to resolve the mutual influences between them. In
the current investigation, the effects of solar radiation and temperature (air temperature
and soil temperature) on the mercury fluxes of plants and the atmosphere displayed the
characteristics of consistency. For example, during the plant vegetative reproduction stage,
it was significantly negatively correlated with the mercury flux. However, during the plant
reproduction stage, it was found to have a significant negative correlation with the mercury
flux. Therefore, the mercury flux was significantly positively correlated. The correlation
between the three environmental factors and the mercury flux during the reproductive
stage was stronger than that observed during the vegetative reproductive stage. At the
same time, the results of the reproductive stage were also more consistent with the results of
other studies. The increases in solar radiation and temperature resulted in increases in HgII
on the surfaces of the plants. This resulted in reductions, and at the same time volatilization,
of the mercury left by the previous deposits. Therefore, under those influential effects,
the plants released mercury into the atmosphere. It was found that during the vegetative
reproduction stage, with the increases in solar radiation and temperature, the deposition of
the atmospheric mercury on the plant surfaces continued to strengthen. This may have
been due to the large amounts of mercury released from the surface soil under the action
of solar radiation and temperature, which caused higher levels of atmospheric mercury
near the ground. Consequently, when the concentration levels rose, the photosynthesis,
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respiration, and other biological activities of the plants during the vegetative reproduction
period were stronger, which caused plants to absorb more mercury from the atmosphere.

Humidity levels can affect mercury flux from multiple levels. For example, atmo-
spheric mercury will be deposited on the surfaces of plants through moisture when hu-
midity levels are high and evaporate from the surfaces of the plants under dry conditions,
resulting in the differences between night dew and non-night dew [39]. The mercury in the
soil will also rise to the surface along with the transpiration of water and then be released
into the atmosphere [76]. This will lead to increases in atmospheric mercury concentrations
and will affect the plant/atmospheric mercury flux values. Humidity is also an important
factor affecting plant stomatal conductance [63]. In this study, the effects of soil moisture
and atmospheric humidity on the two types of plants were found to be consistent, showing
a significant positive correlation during the plant vegetative reproduction stage and a
significant negative correlation during the reproduction stage. The negative correlation in
the reproductive stage indicated that as the humidity increased, the release of mercury from
the plants decreased. In addition, the increased deposition of atmospheric mercury on the
plants was determined to be caused by the deposition of atmospheric mercury with water.
In the vegetative reproduction stage, with the increases in humidity, it was found that the
deposition of atmospheric mercury on the plants had decreased. This was caused by the
negative correlations between the humidity levels and the solar radiation and temperature.
The correlation coefficients are detailed in Table 6. As can be seen in the table, for the solar
radiation, the correlation coefficients between the temperatures during the plant vegetative
reproduction stage were higher than those of the humidity. This affected the correlation
analysis results between the humidity and the mercury flux.

4.3. Path Analysis between the Mercury Flux and the Influential Factors
4.3.1. Influencing Factors and Exchange Dynamics of the Mercury Flux in L. chinensis

As detailed in Table 7, this study’s path analysis results showed that during the
vegetative reproduction stage of L. chinensis (June and July), the direct effects of vari-
ous environmental factors in descending order were as follows: Atmospheric mercury
concentrations; soil temperature; atmospheric humidity; solar radiation; and soil humid-
ity. It was found that the addition of other variables did not significantly improve the
regression model. Among the main factors, it was found that the direct influence of atmo-
spheric mercury concentrations on the mercury flux was obviously dominant, which had
strong negative effects (higher atmospheric mercury concentration led to higher mercury
deposition flux). Among the other environmental factors, atmospheric humidity, solar
radiation, and soil temperature were observed to have higher direct impacts. Meanwhile,
the atmospheric humidity and solar radiation had negative effects, and the effects of soil
temperature were positive.

Table 7. Path analysis of the mercury flux and environmental factors during the vegetative reproduction stage of Leymus chinensis.

Environmental Factors
Direct

Influence
Coefficient

Indirect Influence Coefficient
Atmospheric

Mercury
Concentration

Humidity Sun
Radiation

Soil
Temperature

Soil
Humidity Total

Atmospheric mercury concentration −0.979 - 0.510 −0.396 0.503 −0.155 0.462
Humidity −0.558 0.895 - 0.354 −0.497 0.158 0.91

Sun radiation −0.496 −0.781 0.398 - 0.471 −0.152 −0.064
Soil temperature 0.564 −0.873 0.492 −0.414 - −0.159 −0.954

Soil humidity 0.206 0.738 −0.428 0.366 −0.436 - 0.24

The results of the path analysis also verified part of the predictions of the Pearson
correlation analysis results and complementary to a certain extent. Higher atmospheric
humidity often occurs at night when atmospheric mercury is deposited with water on
plant bodies. Solar radiation indirectly affects the mercury concentration levels in the
atmosphere and thereby the mercury flux. The direct influence coefficients of the solar
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radiation confirmed that it was a negative effect. Therefore, it was indicated that the solar
radiation itself could potentially promote atmospheric mercury deposition on plants and
may be related to stomatal conductance caused by the impacts.

During the reproductive stage of L. chinensis (Table 8), the direct effects of various
environmental factors from high to low were as follows: Atmospheric humidity; solar
radiation; soil humidity; and atmospheric mercury concentrations. The addition of other
variables did not significantly improve the regression model. Among the aforementioned
factors, the influential effects of atmospheric humidity on the mercury flux were the most
dominant, which were strong negative effects. Among the other environmental factors, the
direct influence coefficients of the solar radiation were also relatively high, which were
strong positive effects.

Table 8. Path analysis of the mercury flux and environmental factors during the reproductive stage of L. chinensis.

Environmental
Factors

Direct Influence
Coefficient

Indirect Influence Coefficient

Sun Radiation Humidity Soil Humidity Atmospheric Mercury
Concentration Total

Sun radiation 0.737 - 0.616374 −0.234 −0.253843 0.129
Humidity −0.849 −0.535062 - 0.313625 0.297037 0.076

Soil humidity 0.325 −0.53064 −0.819285 - 0.283265 −1.067
Atmospheric

mercury
concentration

−0.313 0.597707 0.297037 0.283265 - 1.178

The results of the path analysis during the reproductive stage were found to be
in line with the previous conjecture. In other words, the appearance of changes in the
plant/atmospheric mercury flux values during the month of August were dominated by
humidity. The higher humidity levels weakened the mercury release and increased the mer-
cury deposition. Moreover, it is worth noting that the conversion of solar radiation from a
negative effect to a positive effect may also indicate that the mercury exchanges through the
stomatal pathways weakened at that time, and the mercury release phenomenon caused by
the reduction in HgII due to solar radiation was relatively increased. Furthermore, in regard
to the influential effects of the stomatal and non-stomatal pathways on the mercury flux,
there continues to be some controversy among researchers [63]. The results of this study
revealed that the degrees of influence of those two pathways on the plant/atmospheric
mercury flux values were not static. For example, during the vegetative reproduction stage,
the stomatal pathways had more obvious effects, while during the plant reproduction stage,
the non-stomata pathways had greater impacts. Those differences are related to the aging
of the plant tissues and the increases in mercury concentration levels within the plants.

4.3.2. Environmental Factors and Exchange Dynamics of the Mercury Flux in Setaria

In the vegetative reproduction stage of S. viridis (Table 9), the direct effects of various
environmental factors from high to low were: atmospheric mercury concentration, atmo-
spheric humidity, solar radiation, atmospheric temperature, and soil temperature. The
addition of other variables did not significantly improve the regression model. Among
them, the influence of the atmospheric mercury concentration on mercury flux had a dom-
inant position, which was a strong negative effect. Among other environmental factors,
the direct influence coefficient of atmospheric humidity and solar radiation was relatively
high, which was a negative effect.

The correlation between S. chinensis and L. chinensis in the vegetative reproductive
stage and environmental factors showed a high consistency, and both were dominated
by atmospheric mercury concentration. Solar radiation and atmospheric humidity also
showed negative effects. However, it can be seen from the direct coefficient of the at-
mospheric mercury concentration that the direct influence coefficient of the atmospheric
mercury concentration on the mercury flux of Setaria was lower than the direct influence
coefficient on the mercury flux of L. chinensis, which indicates that the sensitivity of Se-
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taria to atmospheric mercury concentration may be low. Compared with L. chinensis, it
is not easy to rapidly increase mercury deposition flux when the atmospheric mercury
concentration increases.

Table 9. Path analysis of the mercury flux and environmental factors during the vegetative reproductive stage of Setaria.

Environmental Factors
Direct

Influence
Coefficient

Indirect Influence Coefficient
Atmospheric
Mercury Con-

centration
Temperature Humidity Sun Radiation Soil

Temperature Total

Atmospheric mercury concentration −0.66 - −0.27323 0.521853 −0.369005 0.182655 0.062
Temperature −0.307 −0.5874 - 0.524808 −0.38493 0.17548 −0.272

Humidity −0.591 0.58278 0.272616 - 0.32032 −0.175275 1
Sun radiation −0.455 −0.53526 −0.259722 0.416064 - 0.164 −0.215

Soil temperature 0.205 −0.58806 −0.262792 0.505305 −0.364 - −0.71

In the reproduction stage of S. viridis (Table 10), the direct effects of various envi-
ronmental factors from high to low were: atmospheric humidity, soil temperature, solar
radiation, and the addition of other variables did not significantly improve the regression
model. Among them, the influence of atmospheric humidity on the mercury flux was dom-
inant, which was a strong negative effect. Among other influential factors, soil temperature
had a strong negative effect, and solar radiation had a positive effect.

Table 10. Path analysis of the mercury flux and environmental factors during the reproductive stages of Setaria.

Environmental Factors Direct Influence Coefficient
Indirect Influence Coefficient

Humidity Sun Radiation Soil Temperature Total

Humidity −1.245 - −0.286832 0.69732 0.41
Sun radiation 0.394 0.90636 - −0.67626 0.23

Soil temperature −0.78 1.11303 0.341598 - 1.45

It can be seen that in the reproductive stage, the effect of humidity on the mercury
flux of S. chinensis was consistent with the effect on the mercury flux of L. chinensis, and it
showed a very strong negative effect, which was higher than that of any other influential
factors on mercury in any period of time. This phenomenon shows that, in addition to
mercury deposition, moisture is also an important limiting factor in the reproductive stage
of Setaria in the study area. At the same time, it was found that the solar radiation and
atmospheric humidity were not eliminated in the linear model fitting of the two plants
during the two growth periods. This indicates that the solar radiation and atmospheric
humidity had an effect on the mercury flux between the two plants and the atmosphere
during the entire experimental period. The impacts were more important.

4.3.3. Comparison of the Results of the Correlation Analysis between the two Plant Types
and the Environmental Factors

From the results of the Pearson correlation analysis, it could be seen that the rela-
tionships between the environmental factors and the two plant types displayed the same
trends. The results of the path analyses of the mercury flux for the two plant types during
the vegetative and reproductive stages showed that the environmental factors that had the
most effective influences were the solar radiation and atmospheric humidity. As can be
seen in Tables 7–10, the direct influence coefficients of the solar radiation on the mercury
flux of L. chinensis were higher than those of S. vulgaris during the growth stages of the two
types of plants. Meanwhile, the direct influence coefficients of the atmospheric humidity
on the mercury flux of L. chinensis were higher than those of the sheep grass.

It was determined that solar radiation promotes atmospheric mercury deposition
on plants during vegetative reproductive periods and promotes mercury release from
plants to the atmosphere during the reproductive periods. It was also concluded that
atmospheric humidity promotes atmospheric mercury deposition on plants during both
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growth stages. At the same time, the two types of plants had different effects on the
atmospheric humidity. The sensitivity to humidity was observed to be higher than the
sensitivity to solar radiation. Therefore, the influential effects of atmospheric humidity
were considered to be more likely to change the source and sink abilities of the plants.
The direct influence coefficients of the atmospheric humidity on the mercury flux of the
two types of plants during the reproductive period were higher than the direct influence
coefficients of the atmospheric humidity on the mercury flux of the two types of plants
during the vegetative reproductive period. These findings indicated that atmospheric
humidity promoted atmospheric mercury deposition on plants to a lesser extent during
the months of June and July and inhibited mercury emissions from the plants to the
atmosphere to a higher degree during the month of August. Therefore, the direct influence
coefficients of the atmospheric humidity on Setaria in August were observed to be extremely
high, higher than those of L. chinensis. As a result, it was indicated that during the
mercury release stage of the plants, Setaria had a stronger dependence on the inhibitory
effects of atmospheric humidity for the release of mercury. Howard et al. [39] pointed
out that grassland vegetation is a source of atmospheric mercury when grassland plants
age. Schonherr [26] also believed that as plant tissue ages, the absorption of atmospheric
substances by the leaves will be reduced. Therefore, it can be considered that the vegetation
of the L. chinensis grassland in this study changed from an atmospheric mercury sink to an
atmospheric mercury source during the reproductive period and could potentially remain
as an atmospheric mercury source until the end of the plant life cycle and the decomposition
of the plant litter. Furthermore, since the annual precipitation in the experimental area is
low and is concentrated during the months of June to September, the atmospheric humidity
during the later period of the plant life history can be expected to decrease. This will
cause the humidity levels to greatly reduce the inhibitory effects of the humidity on the
mercury release processes of S. viridis and make S. viridis a source of atmospheric mercury.
The role of the source will then be improved. In addition, due to the fact that the direct
influence coefficients of the atmospheric humidity on L. chinensis were lower than those of
S. chinensis, the influential effects of the humidity changes on L. chinensis were lower than
those observed for S. chinensis.

Since the role of S. chinensis as a source of atmospheric mercury was greater in this
study than that of L. chinensis during the mercury release stages, its role was considered to
have a strong growth trend. Therefore, it can be expected that as the vegetation in the area
degrades, the coverage of Setaria and other weed species will increase. As a result, the role
of the grassland area as a sink of atmospheric mercury will be reduced.

5. Conclusions

In this study, L. chinensis and S. serrata were identified as the experimental plants. Plant
and soil samples from the vegetative reproductive period to the reproductive period were
collected over a three-month period. The characteristics of the plant and atmospheric mer-
cury fluxes and related environmental factors were determined. The following conclusions
were reached based on this study’s analysis results:

1. During the mercury absorption periods, the mercury flux levels of L. chinensis and
S. chinensis were observed to be basically the same. However, during the mercury
release periods, the mercury flux levels of S. chinensis were found to be higher than
those of L. chinensis.

2. The day and night changes in the mercury flux values for the two plant types were
high during the day and low at night, with the peaks occurring at approximately
noon.

3. S. chinensis was more inclined to participate in plant/atmospheric mercury exchanges
than L. chinensis. It was speculated that during the community succession process in
the grasslands, as the biomass ratio of Setaria and other weeds increases, the roles of
the regional grasslands as atmospheric mercury sinks may weaken.
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4. The results of Pearson’s correlation and path analyses showed that the atmospheric
mercury concentration levels were the main influential factors of the mercury fluxes
during the vegetative reproductive periods of both examined plant types.

5. The results of Pearson’s correlation and path analyses showed that the atmospheric
humidity factor was the main influential factor during the reproductive periods of
the two types of plants.

Author Contributions: Conceptualization, Z.W. and G.Z.; methodology, X.L.; software, X.L., W.Q.,
Z.F., T.X. and M.Y.; validation, G.Z., Z.W. and X.L.; formal analysis, X.L.; investigation, X.L.; resources,
G.Z.; data curation, X.L.; writing—original draft preparation, Z.W. and X.L.; writing—review and
editing, Z.W. and L.W.; visualization, G.Z. and D.W.; supervision, Z.W.; project administration, Z.W.;
funding acquisition, Z.W. and G.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Chinese National Natural Science Foundation of China,
grant numbers 31230012 and 31770520, and the Key Social Development Project of Jilin Science and
Technology Department of China, grant number 20190303068SF.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We are grateful to the Key Laboratory of Vegetation Ecology of the Ministry of
Education for its help and support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lindqvist, O.; Johansson, K.; Bringmark, L.; Timm, B.; Aastrup, M.; Andersson, A.; Hovsenius, G.; Meili, M. Mercury in the

Swedish environment ? Recent research on causes, consequences and corrective methods. Water Air Soil Pollut. 1991, 55.
[CrossRef]

2. Schroeder, W.H.; Munthe, J. Atmospheric mercury—An overview. Atmos. Environ. 1998, 32, 809–822. [CrossRef]
3. Meili, M. Fluxes, pools, and turnover of mercury in Swedish forest lakes. Water Air Soil Pollut. 1991, 56, 719–727. [CrossRef]
4. Beckers, F.; Rinklebe, J. Cycling of mercury in the environment: Sources, fate, and human health implications: A review. Crit. Rev.

Environ. Sci. Technol. 2017, 47, 693–794. [CrossRef]
5. Li, Y.H.; Wang, W.Y.; Yang, L.; Li, H. A Review of Mercury in Environmental Biogeochemistry. Prog. Geogr. 2004, 23, 33–40.
6. Stein, E.D.; Cohen, Y.; Winer, A.M. Environmental distribution and transformation of mercury compounds. Environ. Sci. Technol.

1996, 26, 1–43. [CrossRef]
7. Holmes, C.D.; Jacob, D.J.; Corbitt, E.S.; Mao, J.; Yang, X.; Talbot, R.; Slemr, F. Global atmospheric model for mercury including

oxidation by bromine atoms. Atmos. Chem. Phys. Discuss. 2010, 10, 12037–12057. [CrossRef]
8. Si, L.; Ariya, P.A. Recent Advances in Atmospheric Chemistry of Mercury. Atmosphere 2018, 9, 76. [CrossRef]
9. Amos, H.M.; Jacob, D.J.; Streets, D.G.; Sunderland, E.M. Legacy impacts of all-time anthropogenic emissions on the global

mercury cycle. Glob. Biogeochem. Cycles 2013, 27, 410–421. [CrossRef]
10. Lindberg, S.E.; Brooks, S.; Lin, C.-J.; Scott, K.J.; Landis, M.; Stevens, R.K.; Goodsite, M.; Richter, A. Dynamic Oxidation of Gaseous

Mercury in the Arctic Troposphere at Polar Sunrise. Environ. Sci. Technol. 2002, 36, 1245–1256. [CrossRef]
11. Steffen, A.; Douglas, T.; Amyot, M.; Ariya, P.; Aspmo, K.; Berg, T.; Bottenheim, J.; Brooks, S.; Cobbett, F.; Dastoor, A.; et al. A

synthesis of atmospheric mercury depletion event chemistry in the atmosphere and snow. Atmos. Chem. Phys. Discuss. 2008, 8,
1445–1482. [CrossRef]

12. Timonen, H.; Ambrose, J.L.; Jaffe, D.A. Oxidation of elemental Hg in anthropogenic and marine airmasses. Atmos. Chem. Phys.
Discuss. 2013, 13, 2827–2836. [CrossRef]

13. Swartzendruber, P.; Jaffe, D.; Finley, B. Development and First Results of an Aircraft-Based, High Time Resolution Technique for
Gaseous Elemental and Reactive (Oxidized) Gaseous Mercury. Environ. Sci. Technol. 2009, 43, 7484–7489. [CrossRef] [PubMed]

14. Swartzendruber, P.C.; Jaffe, D.A.; Prestbo, E.M.; Weiss-Penzias, P.; Selin, N.; Park, R.; Jacob, D.J.; Strode, S.; Jaegle, L. Observations
of reactive gaseous mercury in the free troposphere at the Mount Bachelor Observatory. J. Geophys. Res. Space Phys. 2006, 111.
[CrossRef]

15. Shah, V.; Jaeglé, L.; Gratz, L.E.; Ambrose, J.L.; Jaffe, D.A.; Selin, N.E.; Song, S.; Campos, T.L.; Flocke, F.M.; Reeves, M.; et al.
Origin of oxidized mercury in the summertime free troposphere over the southeastern US. Atmos. Chem. Phys. Discuss. 2016, 16,
1511–1530. [CrossRef]

16. Zhang, L.; Wright, L.P.; Blanchard, P. A review of current knowledge concerning dry deposition of atmospheric mercury. Atmos.
Environ. 2009, 43, 5853–5864. [CrossRef]

http://doi.org/10.1007/BF00542429
http://doi.org/10.1016/S1352-2310(97)00293-8
http://doi.org/10.1007/BF00342312
http://doi.org/10.1080/10643389.2017.1326277
http://doi.org/10.1080/10643389609388485
http://doi.org/10.5194/acp-10-12037-2010
http://doi.org/10.3390/atmos9020076
http://doi.org/10.1002/gbc.20040
http://doi.org/10.1021/es0111941
http://doi.org/10.5194/acp-8-1445-2008
http://doi.org/10.5194/acp-13-2827-2013
http://doi.org/10.1021/es901390t
http://www.ncbi.nlm.nih.gov/pubmed/19848165
http://doi.org/10.1029/2006JD007415
http://doi.org/10.5194/acp-16-1511-2016
http://doi.org/10.1016/j.atmosenv.2009.08.019


Int. J. Environ. Res. Public Health 2021, 18, 10115 21 of 23

17. Selin, N.; Jacob, D.J.; Park, R.; Yantosca, R.; Strode, S.; Jaegle, L.; Jaffe, D. Chemical cycling and deposition of atmospheric mercury:
Global constraints from observations. J. Geophys. Res. Space Phys. 2007, 112. [CrossRef]

18. Obrist, D. Atmospheric mercury pollution due to losses of terrestrial carbon pools? Biogeochemistry 2007, 85, 119–123. [CrossRef]
19. Wang, X.; Yuan, W.; Lin, C.-J.; Zhang, L.; Zhang, H.; Feng, X. Climate and Vegetation as Primary Drivers for Global Mercury

Storage in Surface Soil. Environ. Sci. Technol. 2019, 53, 10665–10675. [CrossRef]
20. Mark, C.; Christopher, M. Importance of Gaseous Elemental Mercury Fluxes in Western Maryland. Atmosphere 2016, 7, 1–13.
21. Fu, X.; Zhu, W.; Zhang, H.; Sommar, J.; Yu, B.; Yang, X.; Wang, X.; Lin, C.-J.; Feng, X. Depletion of atmospheric gaseous elemental

mercury by plant uptake at Mt. Changbai, Northeast China. Atmos. Chem. Phys. Discuss. 2016, 16, 12861–12873. [CrossRef]
22. Obrist, D.; Agnan, Y.; Jiskra, M.; Olson, C.L.; Colegrove, D.P.; Hueber, J.; Moore, C.W.; Sonke, J.; Helmig, D. Tundra uptake of

atmospheric elemental mercury drives Arctic mercury pollution. Nat. Cell Biol. 2017, 547, 201–204. [CrossRef] [PubMed]
23. Obrist, D.; Kirk, J.L.; Zhang, L.; Sunderland, E.M.; Jiskra, M.; Selin, N.E. A review of global environmental mercury processes in

response to human and natural perturbations: Changes of emissions, climate, and land use. Ambio 2018, 47, 116–140. [CrossRef]
24. Zheng, W.; Obrist, D.; Weis, D.; Bergquist, B.A. Mercury isotope compositions across North American forests. Glob. Biogeochem.

Cycles 2016, 30, 1475–1492. [CrossRef]
25. Gustin, M.S.; Stamenkovic, J. Effect of Watering and Soil Moisture on Mercury Emissions from Soils. Biogeochemistry 2005, 76,

215–232. [CrossRef]
26. Schönherr, J. Characterization of aqueous pores in plant cuticles and permeation of ionic solutes. J. Exp. Bot. 2006, 57, 2471–2491.

[CrossRef] [PubMed]
27. Schlegel, T.K.; Schönherr, J.; Schreiber, L. Size selectivity of aqueous pores in stomatous cuticles of Vicia faba leaves. Planta 2005,

221, 648–655. [CrossRef]
28. Schreiber, L. Polar Paths of Diffusion across Plant Cuticles: New Evidence for an Old Hypothesis. Ann. Bot. 2005, 95, 1069–1073.

[CrossRef]
29. Blackwell, B.D.; Driscoll, C.T.; Maxwell, J.A.; Holsen, T.M. Changing climate alters inputs and pathways of mercury deposition to

forested ecosystems. Biogeochemistry 2014, 119, 215–228. [CrossRef]
30. Choi, H.-D.; Sharac, T.J.; Holsen, T.M. Mercury deposition in the Adirondacks: A comparison between precipitation and

throughfall. Atmos. Environ. 2008, 42, 1818–1827. [CrossRef]
31. Ci, Z.; Peng, F.; Xue, X.; Zhang, X. Air–surface exchange of gaseous mercury over permafrost soil: An investigation at a high-

altitude (4700 m a.s.l.) and remote site in the central Qinghai–Tibet Plateau. Atmos. Chem. Phys. Discuss. 2016, 16, 14741–14754.
[CrossRef]

32. Haynes, K.M.; Kane, E.S.; Potvin, L.; Lilleskov, E.A.; Kolka, R.K.; Mitchell, C.P. Gaseous mercury fluxes in peatlands and the
potential influence of climate change. Atmos. Environ. 2017, 154, 247–259. [CrossRef]

33. Carpi, A.; Fostier, A.H.; Orta, O.R.; dos Santos, J.C.; Gittings, M. Gaseous mercury emissions from soil following forest loss and
land use changes: Field experiments in the United States and Brazil. Atmos. Environ. 2014, 96, 423–429. [CrossRef]

34. Mazur, M.; Mitchell, C.; Eckley, C.; Eggert, S.; Kolka, R.; Sebestyen, S.; Swain, E. Gaseous mercury fluxes from forest soils in
response to forest harvesting intensity: A field manipulation experiment. Sci. Total Environ. 2014, 496, 678–687. [CrossRef]
[PubMed]

35. Melendez-Perez, J.J.; Fostier, A.H.; Carvalho, J.A.; Windmöller, C.C.; Santos, J.C.; Carpi, A. Soil and biomass mercury emissions
during a prescribed fire in the Amazonian rain forest. Atmos. Environ. 2014, 96, 415–422. [CrossRef]

36. Yu, Q.; Luo, Y.; Wang, S.; Wang, Z.; Hao, J.; Duan, L. Gaseous elemental mercury (GEM) fluxes over canopy of two typical
subtropical forests in south China. Atmos. Chem. Phys. Discuss. 2018, 18, 495–509. [CrossRef]

37. Luo, Y.; Duan, L.; Driscoll, C.T.; Xu, G.; Shao, M.; Taylor, M.; Wang, S.; Hao, J. Foliage/atmosphere exchange of mercury in a
subtropical coniferous forest in south China. J. Geophys. Res. Biogeosci. 2016, 121, 2006–2016. [CrossRef]

38. Lindberg, S.; Hanson, P.J.; Meyers, T.; Kim, K.-H. Air/surface exchange of mercury vapor over forests—the need for a reassessment
of continental biogenic emissions. Atmos. Environ. 1998, 32, 895–908. [CrossRef]

39. Howard, D.; Edwards, G.C. Mercury fluxes over an Australian alpine grassland and observation of nocturnal atmospheric
mercury depletion events. Atmos. Chem. Phys. Discuss. 2018, 18, 129–142. [CrossRef]

40. Bash, J.O.; Miller, D.R. Growing season total gaseous mercury (TGM) flux measurements over an Acer rubrum L. stand. Atmos.
Environ. 2009, 43, 5953–5961. [CrossRef]

41. Kozuchowski, J.; Johnson, D.L. Gaseous emissions of mercury from an aquatic vascular plant. Nat. Cell Biol. 1978, 274, 468–469.
[CrossRef]

42. Lindberg, S.E.; Dong, W.; Meyers, T. Transpiration of gaseous elemental mercury through vegetation in a subtropical wetland in
Florida. Atmos. Environ. 2002, 36, 5207–5219. [CrossRef]

43. Lindberg, S.; Dong, W.; Chanton, J.; Qualls, R.; Meyers, T. A mechanism for bimodal emission of gaseous mercury from aquatic
macrophytes. Atmos. Environ. 2005, 39, 1289–1301. [CrossRef]

44. Marsik, F.J.; Keeler, G.J.; Lindberg, S.E.; Zhang, H. Air−Surface Exchange of Gaseous Mercury over A Mixed Sawgrass−Cattail
Stand within the Florida Everglades. Environ. Sci. Technol. 2005, 39, 4739–4746. [CrossRef]

45. Canário, J.; Poissant, L.; Pilote, M.; Caetano, M.; Hintelmann, H.; O’Driscoll, N. Salt-marsh plants as potential sources of Hg0 into
the atmosphere. Atmos. Environ. 2017, 152, 458–464. [CrossRef]

http://doi.org/10.1029/2006JD007450
http://doi.org/10.1007/s10533-007-9108-0
http://doi.org/10.1021/acs.est.9b02386
http://doi.org/10.5194/acp-16-12861-2016
http://doi.org/10.1038/nature22997
http://www.ncbi.nlm.nih.gov/pubmed/28703199
http://doi.org/10.1007/s13280-017-1004-9
http://doi.org/10.1002/2015GB005323
http://doi.org/10.1007/s10533-005-4566-8
http://doi.org/10.1093/jxb/erj217
http://www.ncbi.nlm.nih.gov/pubmed/16825315
http://doi.org/10.1007/s00425-005-1480-1
http://doi.org/10.1093/aob/mci122
http://doi.org/10.1007/s10533-014-9961-6
http://doi.org/10.1016/j.atmosenv.2007.11.036
http://doi.org/10.5194/acp-16-14741-2016
http://doi.org/10.1016/j.atmosenv.2017.01.049
http://doi.org/10.1016/j.atmosenv.2014.08.004
http://doi.org/10.1016/j.scitotenv.2014.06.058
http://www.ncbi.nlm.nih.gov/pubmed/24993512
http://doi.org/10.1016/j.atmosenv.2014.06.032
http://doi.org/10.5194/acp-18-495-2018
http://doi.org/10.1002/2016JG003388
http://doi.org/10.1016/S1352-2310(97)00173-8
http://doi.org/10.5194/acp-18-129-2018
http://doi.org/10.1016/j.atmosenv.2009.08.008
http://doi.org/10.1038/274468a0
http://doi.org/10.1016/S1352-2310(02)00586-1
http://doi.org/10.1016/j.atmosenv.2004.11.006
http://doi.org/10.1021/es0404015
http://doi.org/10.1016/j.atmosenv.2017.01.011


Int. J. Environ. Res. Public Health 2021, 18, 10115 22 of 23

46. Zhang, H.; Poissant, L.; Xu, X.; Pilote, M. Explorative and innovative dynamic flux bag method development and testing for
mercury air–vegetation gas exchange fluxes. Atmos. Environ. 2005, 39, 7481–7493. [CrossRef]

47. Millhollen, A.G.; Gustin, M.S.; Obrist, D. Foliar Mercury Accumulation and Exchange for Three Tree Species. Environ. Sci. Technol.
2006, 40, 6001–6006. [CrossRef]

48. Aerts, R. Climate, Leaf Litter Chemistry and Leaf Litter Decomposition in Terrestrial Ecosystems: A Triangular Relationship.
Oikos 1997, 79, 439. [CrossRef]

49. Skyllberg, U.; Westin, M.B.; Meili, M.; Björn, E. Elevated Concentrations of Methyl Mercury in Streams after Forest Clear-Cut: A
Consequence of Mobilization from Soil or New Methylation? Environ. Sci. Technol. 2009, 43, 8535–8541. [CrossRef] [PubMed]

50. White, R.P.; Murray, S.; Rohweder, M. Pilot analysis of global ecosystems: Grassland ecosystems. World Resour. Inst. 2000, 4, 275.
[CrossRef]

51. Ma, L.; Yuan, S.; Guo, C.; Wang, R. Carbon and nitrogen dynamics of native Leymus chinensis grasslands along a 1000 km
longitudinal precipitation gradient in northeastern China. Biogeosciences 2014, 11, 7097–7106. [CrossRef]

52. Xu, Z.Z.; Zhou, G.S. Combined effects of water stress and high temperature on photosynthesis, nitrogen metabolism and lipid
peroxidation of a perennial grass Leymus chinensis. Planta 2006, 224, 1080–1090. [CrossRef] [PubMed]

53. Martins, P.K.; Mafra, V.; de Souza, W.; Ribeiro, A.P.; Vinecky, F.; Basso, M.F.; Da Cunha, B.A.D.B.; Kobayashi, A.K.; Molinari,
H.B.C. Selection of reliable reference genes for RT-qPCR analysis during developmental stages and abiotic stress in Setaria viridis.
Sci. Rep. 2016, 6, 28348. [CrossRef]

54. Yuan, W.; Sommar, J.; Lin, C.-J.; Wang, X.; Li, K.; Liu, Y.; Zhang, H.; Lu, Z.; Wu, C.; Feng, X. Stable Isotope Evidence Shows
Re-emission of Elemental Mercury Vapor Occurring after Reductive Loss from Foliage. Environ. Sci. Technol. 2019, 53, 651–660.
[CrossRef]

55. Lu, P.; Wu, J.; Pan, W.-P. Multi-method mercury specification from lignite-fired power plants. Korean J. Chem. Eng. 2009, 26,
542–547. [CrossRef]

56. Eckley, C.; Gustin, M.; Lin, C.-J.; Li, X.; Miller, M. The influence of dynamic chamber design and operating parameters on
calculated surface-to-air mercury fluxes. Atmos. Environ. 2010, 44, 194–203. [CrossRef]

57. Huxman, T.E.; Turnipseed, A.A.; Sparks, J.P.; Harley, P.C.; Monson, R.K. Temperature as a control over ecosystem CO2 fluxes in a
high-elevation, subalpine forest. Oecologia 2003, 134, 537–546. [CrossRef]

58. Mason, R.; Fitzgerald, W.; Morel, F. The biogeochemical cycling of elemental mercury: Anthropogenic influences. Geochim.
Cosmochim. Acta 1994, 58, 3191–3198. [CrossRef]

59. Fritsche, J.; Obrist, D.; Zeeman, M.; Conen, F.; Eugster, W.; Alewell, C. Elemental mercury fluxes over a sub-alpine grassland
determined with two micrometeorological methods. Atmos. Environ. 2008, 42, 2922–2933. [CrossRef]

60. Fritsche, J.; Wohlfahrt, G.; Ammann, C.; Zeeman, M.; Hammerle, A.; Obrist, D.; Alewell, C. Summertime elemental mercury
exchange of temperate grasslands on an ecosystem-scale. Atmos. Chem. Phys. Discuss. 2008, 8, 7709–7722. [CrossRef] [PubMed]

61. Converse, A.D.; Riscassi, A.L.; Scanlon, T.M. Seasonal contribution of dewfall to mercury deposition determined using a
micrometeorological technique and dew chemistry. J. Geophys. Res. Atmos. 2014, 119, 284–292. [CrossRef]

62. Hartman, J.S.; Weisberg, P.J.; Pillai, R.; Ericksen, J.A.; Kuiken, T.; Lindberg, S.E.; Zhang, H.; Rytuba, J.J.; Gustin, M.S. Application
of a Rule-Based Model to Estimate Mercury Exchange for Three Background Biomes in the Continental United States. Environ.
Sci. Technol. 2009, 43, 4989–4994. [CrossRef] [PubMed]

63. Stamenkovic, J.; Gustin, M.S. Nonstomatal versus Stomatal Uptake of Atmospheric Mercury. Environ. Sci. Technol. 2009, 43,
1367–1372. [CrossRef] [PubMed]

64. Lee, X.; Benoit, G.; Hu, X. Total gaseous mercury concentration and flux over a coastal saltmarsh vegetation in Connecticut, USA.
Atmos. Environ. 2000, 34, 4205–4213. [CrossRef]

65. Rejmánek, M. Intraspecific aggregation and species coexistence. Trends Ecol. Evol. 2002, 17, 209–210. [CrossRef]
66. Bengtsson, J.; Fagerström, T.; Rydin, H. Competition and coexistence in plant communities. Trends Ecol. Evol. 1994, 9, 246–250.

[CrossRef]
67. Gustin, M.S.; Engle, M.; Ericksen, J.; Lyman, S.; Stamenkovic, J.; Xin, M. Mercury exchange between the atmosphere and low

mercury containing substrates. Appl. Geochem. 2006, 21, 1913–1923. [CrossRef]
68. Song, X.; Vanheyst, B. Volatilization of mercury from soils in response to simulated precipitation. Atmos. Environ. 2005, 39,

7494–7505. [CrossRef]
69. Carpi, A.A.; Lindberg, S.E. Sunlight-Mediated Emission of Elemental Mercury from Soil Amended with Municipal Sewage

Sludge. Environ. Sci. Technol. 1997, 31, 2085–2091. [CrossRef]
70. Choi, H.-D.; Holsen, T.M. Gaseous mercury emissions from unsterilized and sterilized soils: The effect of temperature and UV

radiation. Environ. Pollut. 2009, 157, 1673–1678. [CrossRef]
71. Gustin, M.S.; Taylor, G.E.; Maxey, R.A. Effect of temperature and air movement on the flux of elemental mercury from substrate

to the atmosphere. J. Geophys. Res. Space Phys. 1997, 102, 3891–3898. [CrossRef]
72. Zhang, H.; Lindberg, S.E.; Kuiken, T. Mysterious diel cycles of mercury emission from soils held in the dark at constant

temperature. Atmos. Environ. 2008, 42, 5424–5433. [CrossRef]
73. Graydon, J.A.; Louis, V.L.S.; Lindberg, S.E.; Hintelmann, H.; Krabbenhoft, D.P. Investigation of Mercury Exchange between Forest

Canopy Vegetation and the Atmosphere Using a New Dynamic Chamber. Environ. Sci. Technol. 2006, 40, 4680–4688. [CrossRef]

http://doi.org/10.1016/j.atmosenv.2005.07.068
http://doi.org/10.1021/es0609194
http://doi.org/10.2307/3546886
http://doi.org/10.1021/es900996z
http://www.ncbi.nlm.nih.gov/pubmed/20028048
http://doi.org/10.1038/nclimate1223
http://doi.org/10.5194/bg-11-7097-2014
http://doi.org/10.1007/s00425-006-0281-5
http://www.ncbi.nlm.nih.gov/pubmed/16685524
http://doi.org/10.1038/srep28348
http://doi.org/10.1021/acs.est.8b04865
http://doi.org/10.1007/s11814-009-0092-z
http://doi.org/10.1016/j.atmosenv.2009.10.013
http://doi.org/10.1007/s00442-002-1131-1
http://doi.org/10.1016/0016-7037(94)90046-9
http://doi.org/10.1016/j.atmosenv.2007.12.055
http://doi.org/10.5194/acp-8-7709-2008
http://www.ncbi.nlm.nih.gov/pubmed/24348525
http://doi.org/10.1002/2013JD020491
http://doi.org/10.1021/es900075q
http://www.ncbi.nlm.nih.gov/pubmed/19673296
http://doi.org/10.1021/es801583a
http://www.ncbi.nlm.nih.gov/pubmed/19350905
http://doi.org/10.1016/S1352-2310(99)00487-2
http://doi.org/10.1016/S0169-5347(02)02494-1
http://doi.org/10.1016/0169-5347(94)90289-5
http://doi.org/10.1016/j.apgeochem.2006.08.007
http://doi.org/10.1016/j.atmosenv.2005.07.064
http://doi.org/10.1021/es960910+
http://doi.org/10.1016/j.envpol.2008.12.014
http://doi.org/10.1029/96JD02742
http://doi.org/10.1016/j.atmosenv.2008.02.037
http://doi.org/10.1021/es0604616


Int. J. Environ. Res. Public Health 2021, 18, 10115 23 of 23

74. Hanson, P.J.; Lindberg, S.E.; Tabberer, T.A.; Owens, J.G.; Kim, K.-H. Foliar exchange of mercury vapor: Evidence for a compensa-
tion point. Water Air Soil Pollut. 1995, 80, 373–382. [CrossRef]

75. Ericksen, J.A.; Gustin, M.S. Foliar exchange of mercury as a function of soil and air mercury concentrations. Sci. Total. Environ.
2004, 324, 271–279. [CrossRef]

76. Lindberg, S.; Bullock, R.; Ebinghaus, R.; Engstrom, D.; Feng, X.; Fitzgerald, W.; Pirrone, N.; Prestbo, E.; Seigneur, C. Panel on
Source Attribution of Atmospheric Mercury. A Synthesis of Progress and Uncertainties in Attributing the Sources of Mercury in
Deposition. Ambio 2007, 36, 19–32. [CrossRef]

http://doi.org/10.1007/BF01189687
http://doi.org/10.1016/j.scitotenv.2003.10.034
http://doi.org/10.1579/0044-7447(2007)36[19:ASOPAU]2.0.CO;2

	Introduction 
	Materials and Methods 
	Overview of the Study Area 
	Research Methods 
	Sample Plot Layout 
	Sampling and Measurement Methods 
	Data Analysis Method 


	Results 
	Soil Surface and Atmospheric Mercury Content Levels 
	Mercury Exchange Flux at the Plant/Atmosphere Interface 
	Plant Indicators 

	Discussion 
	Variation Characteristics of the Plant and Atmospheric Mercury Fluxes 
	Changes in the L. chinensis Plant and Atmospheric Mercury Fluxes 
	Variation Characteristics of S. sylvestris Plants and Atmospheric Mercury Fluxes 
	Comparison of Mercury Flux Characteristics between the Two Plants and Atmosphere 

	Correlation Analysis between the Mercury Flux and the Influential Factors 
	Path Analysis between the Mercury Flux and the Influential Factors 
	Influencing Factors and Exchange Dynamics of the Mercury Flux in L. chinensis 
	Environmental Factors and Exchange Dynamics of the Mercury Flux in Setaria 
	Comparison of the Results of the Correlation Analysis between the two Plant Types and the Environmental Factors 


	Conclusions 
	References

