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ABSTRACT: Vegetation uptake represents the dominant route of
Hg input to terrestrial ecosystems. However, this plant-directed
sink is poorly constrained due to the challenges in measuring the
net Hg® exchange on the ecosystem scale over a long period.
Particularly important is the contribution in the subtropics/tropics,
where the bulk (~70%) of the Hg’ deposition is considered to
occur. Using the relaxed eddy accumulation technique, this study
presents for the first time a whole ecosystem Hg flux record over
an evergreen hardwood forest. This tower-based micrometeoro-
logical method gauged a cumulated net Hg? flux of —41.1 yg m™> e e
over 16 months, suggesting that tbe subtropical mc?ntane0 forest Net Hgo deposition to forest
acts as a large and continuous sink of atmospheric Hg". The

monthly net fluxes were consistently negative (—=7.3 to —1.0 ug

m ™ month™") throughout the year, with the smallest absolute values occurring during the mild and dry subseason in spring, which
was also the annual lowest in vegetation activity. Colocated measurements of multilevel gradients of Hg" concentration and its stable
isotopic composition support the finding of year-round Hg’ deposition. The stable Hg isotope measurements also show that in-
canopy bi-directional Hg" exchange is prevalent.

KEYWORDS: Hg’ exchange, micrometeorological method, atmospheric Hg’, Hg" isotopes, subtropic forest

1. INTRODUCTION exhibits bidirectional exchange at air—leaf interfaces as the
net flux at any time may represent the combination of
opposing component fluxes.""

By measuring Hg stable isotopic ratios in biomass, flux, and
air through branch-level experiments, we have shown that
maturing foliage progressively assimilates Hg’, while re-
emission derived from previously sequestered Hg occurs
continuously at a weaker intensity (~30% on average) in an
evergreen broadleaf (EB) forest of Southwest China (Mt.
Ailao).”"” Based on the observed extent of Hg" re-emission to
uptake, the gross foliar Hg® uptake flux exceeds previous global
assessments.'”'® Because different forest types display un-
equaled features in Hg input, assimilation, and transformation,
the upscaling of spatially limited data is necessarily crude and
warrants further study. In particular, EB forests of Southwest

Mercury (Hg) is a bioaccumulative global contaminant that is
covered by the UN’s Minamata Convention (UN-MC), which
came into force in 2017 with the goal of reducing Hg use and
its release to the atmosphere. A central biogeochemical feature
of Hg consists of dynamic deposition and re-emission cycles
that atmospheric Hg dominated by gaseous elemental form
(Hg®, >95%) continuously passes through after it is released
into the atmosphere. Poor constraints on the budget and
mechanisms of Hg” exchange between land and atmosphere
limit the possibilities for assessing the efficacy of global
emission reduction measures.'" Among land-atmosphere
exchanges of Hg’, forest ecosystems have the largest
uncertainties (—727 to 707 Mg yr™')” due to a paucity of
whole-ecosystem studies providing seasonal flux information
and uncertain contributions of leaf-atmosphere exchanges."*™>
It has nevertheless been recognized that foliar Hg® uptake may Received: January 30, 2022
dominate Hg input to vegetated ecosystems compared with Revised:  March 28, 2022
dry deposition by gaseous and particle-bound Hg" (GOM and Accepted:  April 5, 2022
PBM, respectively) and wet Hg" deposition.””” The former Published: April 14, 2022
process may sequester ~20% of the global Hg’ atmospheric

pool and explain its seasonal variations.'” However, Hg’
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China with a year-round growing season experience an
elevated Hg input dominated by litterfall that may rival the
quantities observed in temlperate/boreal (T/B) forests by up
to one order of magnitude.”*~"” It is suggested that these large
differences mainly stem from a combined effect of divergent
litter biomass production, leaf lifespan, and stomatal
conductance for Hg® uptake during leaf growth.'” In addition,
the old-growth EB canopies of Mt. Ailao supply substantial
through-fall deposition fluxes that have been proposed to be
linked to the PBM dry deposition onto foliage followed by
partial wash-off.'®'? There is a steady Hg accumulation in
decomposing litter biomass, indicating that the forest floor is a
consistent Hg sink.”” The seasonal series of branch-level flux
measurements su%gest that the EB canopy is a general sink for
atmospheric Hg’.>*!

Nevertheless, there are differences in foliar Hg’ uptake
within the small sample of tree species that were examined.””*’
Hence, the biodiversity and the complex 3D structure of
canopies make it unfeasible to extrapolate net exchange
processes based only on spatially confined branch-level
observations in any representative manner to forest-atmos-
phere net exchange at an ecosystem scale, of which
micrometeorological-based (MM) flux measurement methods
coverin§ a large footprint over the forest canopy are better
suited.”" It is also antici})ated that further Hg" degositions
occur via woody tissues, =7 cryptogamic covers,””** and
throughfall,’®*" which is not accounted for by branch-level
chamber measurements.'>*""** Using eddy covariance (EC, an
MM technique), it has been established that the Mt. Ailao EB
forest acts as a continuously large CO, sink over the full
year.’”>? Worldwide, the few long-term MM Hg® flux
measurements over forests show that the magnitude and
direction of fluxes are seasonally dynamic, with an overall
growing period net deposition observed over rural deciduous
forests in New England®**® and the net emission over
pollution impacting coniferous forests in China.*® For rural
forest sites, significantly low or seasonally near-depleted
ambient air Hg" concentrations have been observed.'®*"*" =’
At the latter site, measured vertical gradients of decreasing Hg’
concentration from above the canopy to in the canopy toward
the forest floor correlate with a more augmented, heavy Hg
isotope composition (positive shift in 5***Hg’) in the canopy
air."*” Required for CO, in forests, such profile measurements
should be considered to constrain the time-resolved net
ecosystem exchange (NEE) of Hg® because on a diel basis, the
contribution from both vertical flux and storage flux may
necessitate quantiﬁcation.41

The primary objective of this study was to quantitatively
constrain whether the EB forest ecosystem is a net source or
sink of atmospheric Hg" with a method that is independent of
traditional bottom-up approaches being implemented as well.**
Using an eddy flux tower platform, we applied the above-
canopy MM-flux technique and vertical Hg" concentration
profile measurements in the air space underneath to quantify
the Hg’ NEE of a pristine old-growth EB forest near the
summit of Mt. Ailao. In addition, isotopic profile measure-
ments of Hg’ were employed as tracers for foliar Hg® uptake
(positive shift in 6*°*Hg") and re-emission (positive shift in
A199Hg0)'

2. MATERIALS AND METHODS

2.1. Experimental Site. Mt. Ailao in the Xujiaba region of
Yunnan Province, Southwest China, is one of the largest tracts
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(504 km®) of native evergreen broadleaved forest in China.”

Hg" flux and vertical concentration profile measurements were
conducted during the period 2016—2018 using a 55 m tall
eddy flux tower in an evergreen broad-leaved forest at 2400 m
a.sl. with canopy heights in the range of 18—26 m and a
biomass of 466 tons ha™" belonging to the Ailaoshan Station
for Subtropical Forest Ecosystem Research Studies (ASSFERS,
24°32'N, and 101°01’E). The local leaf area index (LAI) was
determined to be 3.8 m* m™, with the highest leaf area density
occurring between 8 and 13 m (Figure S1). Vegetation activity,
inferred from the local normalized difference vegetation index
(NVDL, 0.6—0.8), is relatively consistent throughout the
year." The dominant tree species include Lithocarpus
xylocarpus, Castanopsis wattii, Schima noronhae, Fargesia nitida,
and Plagiogyria communis."* The montane site experiences a
subtropical cool and moist climate driven by Indian and East
Asian monsoons and a pronounced dry season during the
period from December to April. The sunshine duration in the
wet season is much shorter than that in the dry season, with a
miniirslum of clear skies during the moist period from June to
July.

2.2. Vertical Hg® Concentration and Isotope Profile
Measurements. During continuous cycles, Hg" concentra-
tions were measured sequentially from six logarithmically
scaled heights within the canopy [0.5 m (z,), 1.7 m (z,), 3.0 m
(z3), 5.0 m (z,), 8.5 m (z5), and 14.6 m (zg)], one level at the
canopy [25 m (z,)] and one level adjacent to Hg® MM flux
measurements [45 m (zg)] using a Tekran model 2537A
analyzer coupled via a Tekran model 1115 synchronized
multiport manifold (Tekran Inc, Canada). The manifold
switching interval was set to 10 min, yielding two samples of
3.75 L from each port during a cycle of 80 min. The manifold
was configured to allow the deactivated ports to be continually
flushed by a bypass pump (model R155-V10-S222TX, Gast
Corp., USA) at 0.8 L min~". This instrumentation was housed
in a sampling hut adjacent to the tower base (cf. Figure S2b).
The testing of the profile system in the field and the QA/QC
measurements are described in the Supporting Information
(Section 1.1).

Data from the Hg’ profile system were collected from
August 2016 to March 2018. Overall, 6151 profiles were
sampled, representing a data coverage of 57.7%. However, due
to interruptions principally by power outages and instrumen-
tation failures, the monthly coverage was unbalanced with
>90% during February and August 2017 and January 2018 and
<25% for November 2016, April 2017, and May 2017. The

Hg" storage flux (FSHgO) is estimated as the difference between
the vertical Hg" profiles C(z,t) at the beginning and those at
the end of the 80 min period T, divided by T following
Finnigan (2006)46

Hg® "1
B = /0 =1Ce, T/2) = Cle, = T/2)lde -~

In addition, samples for Hg° isotopic composition
determination were collected at the three levels z;, z5 and z,
on chlorine-impregnated activated carbon (CIC, 1.0 g) traps at
a volumetric flow rate of 6—8 L min~' maintained by three
lined pumps (model 72R655-V114-D304X, Gast Corp., USA).
Isotopic Hg’ profile samples were collected intermittently
(April, September, October, and December during 2017), each
for a 72—96 h period. The preconcentration procedure and
mercury isotope analysis have been described elsewhere.'”

https://doi.org/10.1021/acs.est.2c00778
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Isotopic ratios were corrected for mass bias by an internal TI
standard (NIST SRM 997), and a standard-sample-standard
bracketing method using NIST SRM 3133 was introduced for
identifying Hg isotopic compositions. Following Blum and
sy 47 XXX -
Bergquist,”” our results were reported as **Hg to describe
mass-dependent fractionation and as A**Hg to describe mass-
independent fractionation.

XXX XXX
Hg Hg
6™ Hg (%o) = 198 /| 758 -1
Hg Hg
sample NIST 3133

X 1000 (2)
Axxng — 5xxng _ 5202Hg X /);xx (3)
where xxx represents 199, 200, and 201, and f,,, is 0.252 for

'“Hg, 0.502 for **°Hg, and 0.752 for **'Hg.

The results from QA/QC in isotope sampling and analysis
are described in the Supporting Information (Section 1.2).

2.3. Above-Canopy Hg° Flux Measurements. A relaxed
eddy accumulation (REA) system of the whole-air type with
the design and operation parameters described elsewhere** ™"
was mounted on an instrumentation platform at 45 m above
ground. Briefly, the REA apparatus (Figure S2a) consists of an
open-path EC (OPEC) and a conditional gas sampling and
analysis system. Tubings and fittings were subjected to dilute
HCI (0.1 M) treatment, rinsed in Milli-Q water, and dried in a
stream of zero air before being assembled. The OPEC part
includes a 3D fast-response sonic anemometer (C-SAT3,
Campbell Scientific) directed toward the prevailing wind
direction and a micrologger with processing and control
capabilities (CRS000, Campbell Scientific). Wind and temper-
ature data collected at 10 Hz by the former were acquired and
processed by the latter, which also control the execution of two
fast-response conditional sampling valves (model 001-0017-
900, Parker Fluidics, USA) following the implemented
dynamic-wind dead-band algorithm (w5 > 0.3-6,, where o,
and wy are the standard deviation and absolute 5 min average
of vertical wind in m s™', respectively) to accurately isolate up-
and downdrafts present in sampled turbulent air parcels. Hg-
free air (<0.1 ng m™>) was supplied from a zero-air generator
(Tekran model 1100) to the valves when sampling is not being
conducted. Temporally synchronous Hg’ concentration
determination of the up- and downdraft channels®"** was
achieved by using a Tekran model 1110 two-port sampling
system synchronized with the 20-min sampling cycle of two
Tekran model 2537X analyzers. Over a 40-min period (cycles I
and II), the analyzers (denoted TK#1 and TK#2 below)
determine the Hg" concentration in one updraft and one

downdraft sample each, and the averaged turbulent flux (FEE%:
is calculated according to

H 0
Frea = ﬁT'Uw'ACRﬁAi
ACREA _ ([CLP]TK#1+[CHP]TK#2)/2 _ ([Czn]TK#l+[an]TK#2)/2

C Can

up

(4)

]TK#” TK#2 s the Hgo concentration (at standard

1/11
where [Cu; Jdn

temperature and pressure) for the up- and downdraft samples,
respectively, corrected for the dilution of zero-air injection®
(ng m™). B is a dimensionless relaxation coefficient that was
calculated for each averaging period (40 min) online from
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kinematic heat flux (w’-T’) measured by EC and synthesized
from the REA algorithm

Pr=wW-T/(0, [Ty - Tgl) (%)

where T_uP — T, is the difference between the sonic temper-

ature in up- and downdrafts. If f; deviated outside a +0.2
interval of the median (most frequently during dawn, dusk, and
night), the overall median value of 0.47 was implemented in eq
4.

Using internal permeation source, the mercury analyzers
were calibrated monthly or often more frequently due to power
outage (calibrations within +5% repeatability). The front filter
of the REA intake line was replaced at the same interval. The
leveling of the sonic anemometer was inspected biweekly. Hg"
flux measurements were conducted during the period
November 2016 to February 2018, with an overall data
coverage of 63.1%. Gaps in the measurements were mainly
attributed to power outages and instrumentation failures. To
indicate periods of limited turbulent mixing that do not satisfy
the requirement of MM theory,54 data associated with a low
friction velocity (u* < 025 m s_l) and/or high atmospheric
stability (z/L > 1) were discarded resembling 11.2% of the
total. Periods when horizontal wind approached outside the
+90° in-flow sector relative to the sonic anemometer head
were also rejected to account for potential disturbances of the
wind field (3.8% of the total). Spikes in flux data exceeding the
range of monthly mean + 3 SD were rejected.”® Owing to the
wind during ~95% of the time derived from the large sector
with uninterrupted forest for 2—3 km around the tower, the
flux footprint of the REA measurement was consistently
rendered to originate from the EB forest. After screening, a
total of 7753 40-min Hg’ flux data were included in the
analyses described in the Results and Discussion section. The
method detection limit (MDL) in ACygs was determined to
be +0.045 ng m™> (the procedure is described in the
Supporting Information, Section 1.3 and Figure S3), and the
proportion of Hg’ flux data above the MDL was 51.2%. For
data integration, however, we choose to apply the complete
data set because average fluxes may otherwise be over-
estimated. Auxiliary equipment and corresponding measure-
ment results important for our study are reported in the
Supporting Information, Section 2.

3. RESULTS AND DISCUSSION

3.1. Concentrations and Isotopic Composition of Hg°
in the Forest Ecosystem. During the 1.5-year sampling
period between 2016 and 2018, the mean and median Hg’
concentrations measured at ~20 m above the EB forest canopy
were 1.58 + 0.65 and 1.37 ng m™> (N = 6151), respectively.
The mean concentration falls within the 1.3—1.6 ng m™
annual mean period reported for background stations in the
Northern Hemisphere.” Nevertheless, the data set displays a
positive skewness driven by intermittent episodic Hg’ peaks
that are also shown in ground-based Hg’ monitoring at
ASSFERS (2 km distance) since 2011, which has been linked
to long-range or transboundary transport of Hg’ derived from,
for example, industrial sources and biomass burning.w’56 In
our Hg’ observations, episodical peaks above 4 ng m™
occurred only from September to December and were
associated with a monthly mean concentration range of
1.69—2.55 ng m™>. Background Hg’ concentrations prevailed
during the period January to June 2017 (mean: 1.30—1.41 ng

https://doi.org/10.1021/acs.est.2c00778
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Figure 1. (a) Overall height segregated Hg® concentration observations. (b) Same data set split into day and night observations.
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Figure 2. (a) Example of diurnal cycles observed in vertical Hg concentrations for a couple of days associated with the lack of Hg’ pollution events
and relatively calm nights. (b) Diurnal variation in Hg® storage fluxes during the period January—March 2017, with a mean Hg° concentration range
of 1.24 + 0.17 ng m>. For exploratory reasons, the data were fitted with robust locally weighted regression (LOWESS) using a local smoothing
width of 0.5.

m~?). Hg’ associated with the predominant wind directions of 45 m between day (06:40—18:30) and night (18:40—06:30)
SSW—SE (70.2%) displays a lower mean concentration of differed insignificantly (1.59 + 0.62 and 1.58 + 0.67 ng m >,

1.39 + 0.37 ng m~>, while a considerably higher (Welch’s ¢- respectively; Student’s t-test, p > 0.10), the mean ACyy (z; —
test, p < 0.01) Hg” mean concentration (2.30 + 1.22 ng m™>) z,) became more extensive during the night (0.14 + 0.08 ng
occurred with infrequent northerlies (NNW—NNE, 7% of the m™*) than during the day (0.10 + 0.06 ng m~?). During the
time, Figure SS). night, the relative contribution of the lower canopy (z < z) to
3.1.1. Vertical Distributions of Hg’ Concentration and the Hg® gradient increased substantially (Table S1 and Figure
Storage Fluxes. The vertical distribution of Hg" concen- 1b), which may stem from occasional nocturnal decoupling of
trations during the study period is summarized in the box-and- airspaces within and above the canopy.”* The typical daily
whiskers plot of Figure 1a and Table S1. On average, the eight- cycle of increased vertical mixing during the daytime will
level Hg" profile system showed a vertical gradient with mitigate in-canopy gradients. However, concerning the lower
significantly (Mann—Whitney U test, p < 0.01) increasing Hg" canopy below the layer of the highest leaf area density (z < 8
concentrations with each consecutive height above the ground m), the measured turbulence profile [6,(z)/u*, Figure S1]
level (a.gl). The mean difference in Hg" concentrations indicates that the vertical mixing of air is limited over the diel

between the highest (45 m agl) and lowest (0.7 m a.gl) cycle.
sampling level was 0.15 + 0.09 ng m™* [ACHgD (zg — zy),n = Figure 2a shows an example of diurnal cycles observed in
6155], accounting for ~10% of the mean Hg’ concentration at vertical Hg" concentrations for a couple of days, which is
45 m a.gl. The mean in-canopy Hg’ concentration difference associated with the lack of Hg® pollution events and relatively
[ACyy (z;, — z;)] was 0.12 + 0.07 ng m™>, which calm nights. A decrease in foremost understory Hg" in the
demonstrates that the forest canopy acts as a net sink for evening followed by partial Hg® depletion at night and rapid
atmospheric Hg’. Moreover, the lowest in-canopy mean Hg’ Hg" buildup after sunrise are clearly shown. Figure 2
concentration (1.43 + 0.59 ng m™>) was observed at the height corresponds to a predominantly negative Hg’ storage flux at
closest to the forest floor, which was on average 0.026 + 0.015 night and a larger magnitude of positive storage occurring
ng m~* lower (Mann—Whitney U test, p < 0.01) than that at during early morning hours. Associated with Hg® pollution
1.7 m a.gl, implying a significant Hg’ removal process at or plumes, the magnitude of the Hg" storage flux calculated by eq
near the forest floor. Although the mean Hg" concentration at 1 becomes large (typically >20 ng m™> h™'). Although the
5953 https://doi.org/10.1021/acs.est.2c00778
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Figure 3. Vertical profiles of A"Hg? (a) and 5**Hg" (b) in and above the forest collected during 72—96 h for each of the indicated months (for

details, cf. Table S2).

mean over such events (and longer periods, such as a month)
theoretically should be near zero,”’ we observe with our 80
min minimum resolution capability that averages for months
characterized by pollution deviated considerably from zero.
Therefore, we assess that the time resolution for the gradient
measurements is too poor to correctly construct the diurnal

variation of Hg-NEE (FII{{SZ + F go) over the seasons during a
year. Figure 2b shows the daily variation in storage fluxes for
limited periods of time with low Hg0 variability (¢ < 0.3 ng
m™*) and daily mean values of storage near zero. Monthly
mean night-time F; fell in the range of —0.4 to —1.1 ng m™>
h™', while for the time interval of 07:00—10:00 surrounding
the morning peak in F;, monthly mean values were in the range
1.8—2.5 ng m~> h™". In future work, a much shorter time
window to resolve a Hg’ profile possible with a shift in
instrumentation is required to properly target periods of
considerable concentration change.

3.1.2. Vertical Profiles of Hg® Isotope Composition in Air.
The isotopic composition of Hg’ observations (Table S2) at
the ASSFERS eddy tower displays moderately negative
A"Hg" (from —0.25 to —0.08%0) and more pronounced
positive §°*Hg’ (from 0.1S to 0.89%o), which is characteristic
of forested”'>***” and other remote vegetated’”*** ecosys-
tems. As shown in Figure 3b, there is a continuous difference
in 5*”Hg" values between level z; and z; (mean: 0.38 +
0.16%o), with a significantly higher (paired t-test, p < 0.01)
5*”Hg® in the air within the canopy compared with above the
canopy. Such enrichment of heavy Hg’ isotopes in the canopy
air is consistent with the preferential uptake of lighter Hg’
isotopes by vegetation.'” The aforementioned trend in 5***Hg"
also occurred in the air near the forest floor (z;) during the
rainy season compared with the air at 45 m (mean difference:
0.38%o), but taking into account observations during the dry
season, the overall difference was insignificant (paired t-test, p
> 0.10). For A" Hg’, the lowest part of the canopy presents a
moderately significant (paired t-test, p < 0.05) difference
compared with above the canopy as well as with the upper
canopy (Figure 3a). More negative A'*Hg’ and §*?Hg" values
measured in the air near the forest floor are consistent with
observations from the adjacent air—soil flux chamber measure-
ments and probing of Hg” in the soil pore air with distinct
negative signatures.”” The largest gradient in both §***Hg’
(0.39%0) and A" Hg° (0.10%0¢) was observed during April,
when the mid-height attained the most positive values. The
5*”Hg’ in modified air (deficit in Hg’ by foliar uptake) was
linearly correlated with the magnitude of the Hg® uptake.'”
Interestingly, there is a positive correlation between A199Hg0
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and the Hg® net uptake flux, highlighting the bidirectional
exchange associated with foliar surfaces.”” The foliage re-
emission flux is isotopically distinct and contributes to a more
positive A'®”Hg? signature in the surrounding air. It should be
clarified that A""Hg’ is shifted overall to more positive values
when ASSFERS receives polluted air.”” In addition to the April
observation, the profile from September shows a local A'*’Hg°
maximum in the upper canopy, suggesting that Hg’ re-
emission competes to a substantial degree with foliar uptake.
Both being temperate months, April represents the end of the
dry season with a high number of sunshine hours, while
September is warmer, with sporadic rain and sunshine.*?

3.2. Air—Forest Hg° Exchange Fluxes. Hg’ flux data at a
40-min temporal resolution and the cumulative Hg’ flux over
the study period are presented in Figure 4 with selected
meteorological parameters. Bidirectional Hg? fluxes displayed a
large temporal variability ranging from —501.3 to 461.9 ng m™>
h™!, which is comparable to previous Hg’ flux measurements
conducted over forests by MM techniques.**™*° A Shapiro—
WilK’s test indicated that the distribution of flux data was not
significantly different from a normal distribution (p > 0.10),
and in the following analysis, mean and standard deviation
were used as data descriptors. The Hg’ flux measurement
above the canopy shows that the EB forest acts as a year-round
sink of atmospheric Hg’ with a cumulative flux of —41.1 ug
m ™2 based on the entire screened raw data set (Figure 4). The
corresponding mean Hg” flux was —7.8 ngm™>h™" (n = 7753),
with most Hg’ dry deposition (86% of total cumulative flux)
occurring at the end of the wet season (September—October)
and during the cold and dry subseason (November—
February). In contrast, a weaker net Hg" deposition was
observed during the mild and dry subseason (March—May),
coinciding with the period of lowest annual NVDL** Altitude-
induced low temperature and cloudiness are two main factors
that contribute to ASSFERS being a major carbon sink.*
Although Hg’ flux data nominally show 63.1% coverage, these
data are unbalanced among months with relatively low
coverage (principally due to power outages) especially from
May to July (25—36% coverage, Table 1). To construct a net
annual Hg’ flux estimate, we computed the monthly averages
and diel courses as tools to fill in data gaps. During the periods
that are mostly characterized by a relatively low light and moist
conditions (October—February), the diel variation shows a
relatively monotonous dry deposition that is greatest in the
afternoon (Figure Sb). In spring, there is a shift in the pattern
that can be explained by stronger light-driven re-emissions that
counterbalance the reverse-directed foliar Hg” uptake during
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Figure 4. Time series of the selected above canopy measurement data
from the ASSFERS eddy tower. Panels from the top downward: (1)
sunshine hours per month, left: global radiation (W m™2, orange line
with mounted circle) and right: event precipitation (mm, blue line);
(2) left: relative humidity (%, blue dots) and right: air temperature
(°C, red dots); (3) Hg’ concentration (ng m~3, golden dots) and (4)
left: Hg” flux (ng m™>, purple dots) and right: cumulative Hg’ flux (ug
m™2, black dots).

the day (Figure Sa), a flux partitioning that is supported by the
isotope measurements. The estimated monthly averages
(Table 1) were summed up to yield an annual Hg" flux in
the range of —53.9 + 19.8 ug m™>. The stated uncertainty was
calculated by standard error propagation of the variances in the
monthly averages, which was derived by a 24 h differencing
approach.”’ Based on overlapping measurements for Decem-
ber and January over two calendar years, the interannual
variation amounts to less than 20%, which is less than the
uncertainty in the annual exchange of atmospheric Hg® with
the evergreen broadleaf forest ecosystem. Further details on
the QA/QC assessment for estimating uncertainties and
systematic errors are given in the Supporting Information,
Section 1.

Although the gradient and REA flux measurements and the
eddy tower instrumentation for meteorological monitoring
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Table 1. Estimated Monthly Hg° Fluxes and Associated
Uncertainties

estimated cumulative Hg® flux ~ uncertainty coéZEde

month (ug m™2)“ (10) (%)
January —6.8 12 75.3
February =50 14 69.2
March -1.4 1.6 61.0
April -1.0 0.8 47.8
May -1.6 1.0 25.4
June -2.8 13 364
July =32 1.1 36.2
August —4.4 1.2 65.7
September —6.3 1.0 87.1
October =73 1.1 86.3
November —6.9 1.3 75.6
December -7.2 1.0 913
total —53.9 19.8 63.1

“Derived by gap filling, where each missing data entry was replaced by
the value predicted by the smoothed diurnal features (depicted in
Figure S) for the current day and month.

were not completely synchronized, branch-level fluxes partially
contemporary with the above canopy observations show
correlations with PAR and air temperature and anticorrelations
with relative humidity and air Hg concentration.'” It should
be noted that REA and chamber techniques are based on
different physical principles. The enclosure method is subject
to microenvironment conditions that are significantly
perturbed from the ambient foremost by solar heating,61
which may underscore any relationship between flux and
controlling parameters. Such an interior greenhouse effect may
explain why the chamber measurements indicate a forest-floor
annual Hg’ net source (6.7 + 20.5 pug m~2 yr ') that is
contradictory to prevailing negative Hg’ concentration profiles
in-canopy toward the ground (Figure S6).

3.3. Discussion. Fluxes measured by micrometeorological
methods estimated the net sum of the Hg’ source and sink
terms in the ecosystem in exchange for the atmosphere. There
are distinct correspondences between the diel features of the
whole-ecosystem Hg’ flux over evergreen canopies and those
previouslz reported over mid-latitudinal deciduous cano-
pies.”*>* For example, the pattern coincides during the
peak vegetation season (Figure 5b)?*#3%636% and during the
spring with the lowest NVDI at ASSFERS and mid-latitudinal
forests in vegetation (Figure 5a).” Based on branch-level
measurements for a selection of the most common tree species
in ASSFERS, we previously attempted a bottom-up quantifi-
cation of annual Hg" air-leaf gas exchange yielding —26.8 +
12.7 ug m™>"> However, data were limited in both time and
space, where these branch-level fluxes represent the lowest part
of the foliage during weekly campaigns distributed among
seasons. Species-specific trends in aboveground foliar Hg’
fluxes have been identified depending on leaf placement, age,
and crown height.”~®" Unaccounted for in our bottom-up
quantification, leaves at the top of the crown (sun leaves)
possess, for beech, Hg0 uptake fluxes that can be more than
twice as large as those for shaded leaves further down.’’”
Disregarding the interaction with fan bryophytes and liana, and
other aboveground woody biomass, in-canopy Hg" sinks
approximated through the bottom-up approach were under-
estimated and should be regarded as a lower limit of the net
sink.”?* Additionally, with the advent of analyses of stable Hg
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isotopes, it is becoming increasingly evident that atmospheri-
cally sourced Hg’ participates not only in dry deposition/
uptake but also considerably in hydrological processes
occurring in the canopy.”®® Interestingly, Hg in throughfall
differs isotopically from that in wet deposition by significant
negative shifts in 5202Hg, A199Hg, and AZOOHg, which is
consistent with mercury previously taken up as Hg’ going into
the solution when the substrate is wetted by precipitation rich
in DOC.” Therefore, caution is warranted when scaling up Hg"
fluxes measured with chambers to be representative of a large
area. Interestingly, the common indirect method involving the
sum of litterfall and throughfall minus bulk wet deposition as a
proxy for total Hg dry deposition® and litterfall deposition as a
proxy for Hg’ dry deposition’® also produces a substantial
underestimation. The indirect approach gives an annual total
Hg dry deposition of 54.9 + 11.2 ug m™ yr™',** which differs
insignificantly from the annual estimate of Hg" deposition by
the REA technique (53.9 ug m™> yr™'). The latter quantity
preliminarily in turn exceeds the litterfall Hg input by 80%,
while diverging results are reported for deciduous hardwood
forests in New England (—55>* and 200%,” respectively).
Consequently, our observations clearly mark what Obrist et
al.’®> previously articulated, namely, that the frequent
application of Hg in litterfall as a proxy’”’" for whole-
ecosystem net deposition of Hg’ is severely flawed.
Considering the forest Hg’ flux database compiled in the
literature,”® our estimate belongs to the lowest (most
negative) quartile of fluxes. The finding that an intact primary
subtropical forest is a strong sink for atmospheric Hg" is not
surprising.” However, the observed sink in this study indicates
that the sink term is significantly greater than what has been
observed elsewhere (Table S3). Similar to mature forests being
an important CO, sink, the undisturbed Fagaceae forest of
ASSFERS displays a large absolute CO, NEE (—0.7 to —0.9 kg
m~2 yr!),**** because CO, and Hg" sequestration is closely
connected through foliar stomatal processes.'”*>° Most foliar
Hg’ uptake occurs in older secondary natural and seminatural
forests and less in plantation and young forest regrowth.””
Nevertheless, species-specific differences exist between foliar
Hg concentrations present in softwood and deciduous
hardwood forests.”> Recently, Wohlgemuth et al. have
quantified substantially higher foliar net Hg’ uptake for
deciduous broadleaf species of the Fagaceae family (up to 26
ug m~2) compared with pine (4 + 1 ug m™2) in a survey of a
latitudinal transect across Europe.’” By sampling along a forest
chronosequence at a deglaciated terrain of SW China, it was
found that atmospheric Hg’ was the predominant source (75—
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90%) of Hg in woody biomass (bole wood and bark) and
cryptogamic covers.” For hardwood, the Hg pool in above-
ground woody biomass may exceed that in foliage per land area
unit.”” However, the size of the Hg pool of moss biomass and
necromass in an old-growth primary forest 6plausibly exceeds
that in both foliage and tree wood.”*® Our Hg’ flux
measurements indicate that plant tissue other than the foliage
makes a significant contribution to the observed Hg°
deposition. Analogous to previous studies,'*" the gradient
measurements below the canopy (Supporting Information,
Section 3) also suggest that the forest floor is an overall net
sink for Hg® (Figure S6).

4. Implications. In the context of previous flux studies in
China’s forest ecosystems (reviewed in Zhou et al,”* cf. Table
S3), our results agree that atmospheric Hg dry deposition is
generally high (>80% of an average total Hg deposition of 73.9
ug m~2 yr~1). %% In terms of the role of atmospheric Hg’ as an
ecosystem source or sink, the results differ from the findings of
other studies that consider air-foliage Hg’ exchange in
subtropical China.**”"”* Investigations by micrometeorolog-
ical techniques show that two reclaimed, relatively young (~30
yr) and atmospherically impacted (mean Hg® concentrations
of 3.6 and 5.9 ng m™>) coniferous plantations act as Hg" net
sources of divergent strength (Masson pine $8.5 and Chinese
fir 2.7 pug m™?). The only other long-term study by a
micrometeorological technique of a vegetated ecosystem under
anthropogenic influence in China, namely, a cereal cropland in
the North China Plain (NCP), also shows that it is a net
source of Hg’ summed over an entire year.48 In this case, the
high dry deposition in NCP propels a general dominance of
soil emissions during daytime in relation to Hg’ uptake by
overlying foliage regardless of canopy cover. Even though the
average value of the reported forest floor net emissions is very
high in the Masson pine stand (47.6 pug m™2 yr™'),”" the
perennial needles give an annual net addition of atmospheric
Hg’.**”® With an estimated Hg" dry deposition of 64—70 ug
m~2 at sites in central southern China, Yu et al.”* argued that
recently falling Hg" inputs and Hg" concentrations promote
subtropical forest Hg” emissions. This far-reaching assumption
is not supported by the present study of a protected
subtropical forest and may, in our opinion, need more
elaboration by the study of a larger and more representative
set of forest ecosystems and by the inclusion of isotope studies
to ascertain Hg’ sinks. We predict that the investigated
ecosystem located in a protected area will remain a large Hg°
sink, but that an increased frequency of extreme weather due to
climate change (e.g., drought, icestorms) introduces damage to

https://doi.org/10.1021/acs.est.2c00778
Environ. Sci. Technol. 2022, 56, 5950—5959


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00778/suppl_file/es2c00778_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00778/suppl_file/es2c00778_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00778/suppl_file/es2c00778_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00778/suppl_file/es2c00778_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00778/suppl_file/es2c00778_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00778?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

the ecosystem that can take several years to recover.”’

Nevertheless, on-going afforestation and vegetation restoration
in degraded ecosystems of mainland China have the long-term
effect that an increasing amount of Hg’ is regionally removed
from the atmosphere.7 However, from a global perspective,
anthropogenic effects through land use and climate change—
induced processes such as permafrost thaw, drought, wildfires
and deforestation in the tropics appear to critically increase the
net supply of Hg to the atmosphere.' Such a scenario in the
Anthropocene entails that more Hg is mobilized into relatively
fast flux cycles through which it becomes more dispersed and
available, for example, various processes yielding organic Hg
with elevated toxicity for humankind.”®
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