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ABSTRACT

Litterfall mercury (Hg) deposition is the dominant source of soil Hg in forests. Identifying reduction
processes and tracking the fate of legacy Hg on forest floor are challenging tasks. Interplays between
isotopes of carbon (C) and nitrogen (N) may shed some lights on Hg biogeochemical processes because
their biogeochemical cycling closely links with organic matters. Isotope measurements at the evergreen
broadleaf forest floor at Mt. Ailao (Mountain Ailao) display that 3?°’Hg and A'%°Hg both significantly
correlate with 5'3C and 3™N in soil profiles. Data analysis results show that microbial reduction is the
dominant process for the distinct 5°Hg shift (up to ~1.0%o) between Oi and 0—10 cm surface mineral
soil, and dark abiotic organic matter reduction is the main cause for the A*?Hg shift (~-0.18%o). Higher N
in foliage leads to greater Hg concentration, and Hg® re-emission via microbial reduction on forest floor is
likely linked to N release and immobilization on forest floor. We thus suggest that the enhanced N
deposition in global forest ecosystems can potentially influence Hg uptake by vegetation and litter Hg
sequestration on forest floor.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Mercury (Hg) is a highly toxic persistent pollutant that poses a
threat to health of human and ecosystems and has been as one of
most concerned pollutants by UN Environment. The distinctly
elevated anthropogenic Hg emissions during the past ~150 years
have caused the current atmospheric Hg deposition being several
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times to one order of magnitude greater than the deposition rates
during the preindustrial period (UN-Environment, 2019). Forest
ecosystems play an important role in global Hg biogeochemical
cycling, and serve as important receptors of atmospheric Hg and as
sources of Hg to aquatic systems in remote regions (Lindberg et al.,
2007; Pokharel and Obrist, 2011). Atmospheric Hg deposition in
forest ecosystems comes from Hg?* deposition via precipitation or
throughfall, and Hg® uptake by vegetation and soil (Lindberg et al.,
2007; Zhang et al., 2016b). Our knowledge on the Hg biogeo-
chemical cycle in forests has been largely improved through
investigating Hg isotopic compositions in each forest compartment.

Mercury mass-dependent fractionation (MDF, reported as
3%2Hg) and mass-independent fractionation (MIF, reported as
A%Hg, A200Hg and A?°'Hg) have been employed to determine the
specific sources for Hg accumulation on forest floor and identify
processes responsible for the Hg fate in forest ecosystems (Jiskra
et al., 2015; Wang et al., 2017, 2020a, 2020b; Zhang et al., 2013;
Zheng et al., 2016). Deposition sources such as those from precip-
itation Hg and vegetation uptake Hg show distinctly different Hg
isotopic compositions, especially in their MIF signatures that pre-
cipitation Hg with positive A®°Hg, A%°°Hg and A%°'Hg values,
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while vegetation uptake Hg with negative A'®’Hg and A?°'Hg, and
near 0 A?°%Hg values (Blum et al., 2014; Chen et al., 2012; Demers
etal, 2013; Wang et al., 2017). The process of Hg photo-reduction is
associated with the magnetic isotope effect (MIE, A1%°Hg:A%01Hg ~
1) (Blum et al., 2014; Sonke, 2011), dark abiotic reduction by organic
matter exhibits MIF caused by nuclear volume effect (NVE,
A'9Hg:A?0'Hg ~ 1.6)(Zheng and Hintelmann, 2010b), and only
MDF is observed during microbial reduction (Kritee et al., 2007,
2008). Using the Hg isotopic signatures, earlier studies have iden-
tified the vegetation uptake Hg as the main source for Hg accu-
mulation on forest floor, and microbial reduction and organic
matters induced dark reduction can contribute the Hg MDF and MIF
shifts during the sequestration processes of deposited Hg on forest
floor (Jiskra et al., 2015; Wang et al., 2017, 2019b, 2020b; Yuan et al.,
2020; Zheng et al., 2016).

Despite substantial efforts in quantifying atmospheric Hg
deposition and pool sizes in forest ecosystems (Grigal, 2002; Obrist
et al,, 2018; Wang et al., 2016a, 2019b), identifying reduction pro-
cesses and tracking the fate of legacy Hg on forest floor have proved
to be more challenging (Demers et al., 2013; Obrist et al., 2018).
Specifically, there is a lack of understanding on the post-
depositional processes of litterfall Hg in regards to Hg re-
emission from forest floor (Agnan et al., 2016; Gustin et al., 2008;
Wang et al., 2020b; Zhang et al., 2017). Global metal-analysis sug-
gested that the largest uncertainties of Hg® flux in terrestrial eco-
systems stem from forests (—513 to 1353 Mg yr—') due to different
landscapes and surface properties as well as methodological limi-
tations (Agnan et al., 2016; Zhu et al., 2016). Quantifying influences
of Hg? direct deposition to soil on Hg pool dynamics, specifically on
Hg isotope shifts is still with significant uncertainties (Demers et al.,
2013; Zheng et al., 2016). Though soils are by far the largest
terrestrial carbon reservoir in terrestrial ecosystems (Whitehead,
2011), Hg dark abiotic reduction by natural organic matter
(NOM), which is greatly highlighted in anoxic sediments and water
(Gu et al., 2011; Zheng et al., 2012), was only observed in several
recent forest studies (Guédron et al., 2018; Jiskra et al., 2015; Yuan
et al., 2020). This is because the relatively small MIF values caused
by NVE (less than 0.2%o) and interference of photo-reduction sig-
nals derived from litterfall largely limit our ability to identify such
processes by a definitive A"*?Hg:A?°"Hg slope. Hg isotope studies
have revealed the importance of Hg re-emission caused by micro-
bial Hg reduction, however it is difficult to differentiate the con-
tributions from dark abiotic and microbial reduction to the Hg® re-
emission from forest floor (Guédron et al., 2018; Kritee et al., 2013).

Given that Hg transport and retention on forest floor are often
closely linked to NOM, the stochiometric relations of Hg with car-
bon (C) and nitrogen (N) have been used as tracers to infer causes
and ultimate fates of Hg sequestration in forest ecosystems (Obrist
et al., 2009, 2011; Wang et al., 2016b). However, few studies have
displayed the relations among isotopes of C, N and Hg. The isotopic
fractionation of C and N can be used as a valuable tool for examining
the processes of NOM mineralization and transformation (Hobbie
and Ouimette, 2009; Natelhoffer and Fry, 1988). These processes
are highly involved in the Hg biogeochemical processes, and in-
fluence the magnitude and dynamics of Hg and re-emission fluxes
from forest floor (Obrist et al., 2018; Wang et al., 2016b). Hence, we
hypothesized that interplays among isotopes of C and N would
provide a new insight in the sequestration and reduction processes
of deposited Hg on forest floor. In this study, we investigated the C,
N and Hg isotopic signatures on evergreen broadleaf (EB) forest
floor to verify such hypothesis.
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2. Methodology
2.1. Study sites

The selected sites are within the Ailaoshan Station for Sub-
tropical Forest Ecosystem Research Studies (ASSFERS, 24°32'N,
101°01’E), which is a pristine EB forest site and has altitudes of
2350 m—2650 m above sea level. Our earlier studies have depicted
this site in more detail (Lu et al., 2016; Wang et al., 2016b, 2019¢;
Yuan et al., 2019a, 2019b, 2020). Briefly, the annual precipitation is
1400 + 700 mm, average temperature is 13.0 + 5.0 °C, and relative
humidity is 84 + 5% (Lu et al., 2016; Wang et al., 2016b). The annual
average atmospheric Hg® concentration is in the range of
1.4—2.0 ng m~>, comparable to the background concentration in
the north hemisphere (Zhang et al., 2016a). The dominant tree
species are Castanopsis wattii, Lithocarpus xylocarpus, Schima nor-
onhae and Manglietia insignis, with canopy heights of 20—30 m and
canopy coverage of >85%. The forest soil is mainly Luvisol (World
Reference Base) with a pH of 3.5—4.8 (Yang and Yang, 2011).

2.2. Sample collections and concentration measurements

As shown in Fig. S1 in Supportive Information (SI), seven EB
forest sites were selected along the altitude of 2350—2650 m at Mt.
Ailao. At each site, five 5 x 5 m subplots were established for
sample collection, following our previous protocol at Mt. Ailao (Lu
et al,, 2016; Wang et al., 2016b). The average thickness of the
organic soil horizon (O horizon) was ~15 cm at the elevation of
2450 and 2550 m, and ~10 cm at the elevation of 2350 m and
2650 m. Within the O horizon, the combined Oi (fresh litterfall and
twigs) and Oe (partially decomposed litter) was 3—5 cm in thick-
ness in each subplot, with the Oa horizon (well decomposed humus
layer) making up the remainder of O horizon. Fresh mature foliage
of dominant tree species, Oi, Oe, Oa and 0—10 cm upper mineral soil
were collected in each subplot in January 2017.

Vegetation samples were dried in frozen and then grounded by
a separate electric grinder. Soil samples were also dried in frozen,
grounded in an agate mortar, and sieved by a 200-mesh sieve
(74 pm). The Hg concentration in vegetation and soil samples was
measured by a DMA80 Hg analyzer. Standard reference materials
were measured in every 10 samples, which yielded a recovery of
95—105%. GBW07405 (GSS-5, Hg = 290 + 40 ng g~ !) was utilized as
the soil Hg  standard, and GBW10020  (GSB-11,
Hg =150 + 25ng g ') and GBW10049 (GSB-27,Hg=12+3ngg )
as the vegetation Hg standards. C and N concentrations were
measured by an Elementar Vario Macro Cube analyzer (limit of
detection < 10 ppm). Similarly, IVA99994 as the soil C and N
standard and AR-2026 as the litter C and N standard were
measured in every 10 samples, which yielded recoveries of
97—-105%. The detailed concentration data can be found in
Tables S1-S2 in SL

2.3. Isotope measurements

The procedures for Hg isotope measurement were described
previously (Wang et al., 2017; 2019a; 2020b). Briefly, all litter and
soil samples were processed by a double-stage tube furnace and
trapping solutions (anti aqua regia, HNO3:HCI = 2:1, v/v) for Hg
preconcentration, and the Hg solutions were diluted to 1 ng mL~!
prior to Hg isotope measurement by the Nu-Plasma Il MC-ICP-MS.
The acid strength of these diluted solution ranges from 8 to 12%.
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The recoveries of preconcentrating were all in the range of 95%—
105% for BCR-482 (as the reference standard for vegetation), GSS-4
(590 + 50 ng g/, as the reference standard for soil) and samples.
SnCl; (3%) solution was used as the reducing agent for Hg and
mixed online with Hg standards or samples to generate Hg’. Hg
concentrations in acid matrices of Hg standard solutions (NIST-
3133) and UM-Almadén secondary standard solution were
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2.4. Calculations of isotopic fractionation on forest floor

To better understand the interplays of isotopic fractionation
among Hg, C and N, we defined shifts of isotopic signatures be-
tween in soil profile samples and in Oi (ie., {?%Hg, ¢13C, {PN,
7'%%Hg and 7?°'Hg) as:

matched to the sample solutions (1 ppb, 10% acid strength in anti- gzoz Hg, — (5202Hg _ 5202y 0, (7)
aqua regia solution). Hg-MDF is reported in d notation using the x x oi
unit of permil (%o) referenced to the neighboring NIST-3133 solu-
tion: (70 = 870~ 07y, (8)
202 202
67%Hg (0/05) =1000 x [(**Hg/"**Hgsampie )/ (~ He/"**Henistsrmsiss) — 1] (1)
{PNx = 6Ny — 6"°Ng; (9)
MIF is reported as A*¥*Hg following the convention suggested
by Blum and Bergquist (2007): 2199ng _ A199ng _ A199Hgoi (10)
A"Hg (0, ) = 6'°Hg — 02520 x §°%Hg (2)
/oo 201Hg — A®'Hg — A20MHg,, 11)
A*%Hg (0/p0) = ?Hg — 0.5024 x §*“Hg (3)  wherex is Oe, Oa, and 0—10 cm mineral soil. The Hg® evasion from
forest floor to atmosphere can be considered as the product lost
reaction in an open system. Hence, we used the Rayleigh Equation
A?THg (9/00) = 6*°'Hg — 0.7520 x 6°%’Hg (4) to describe the isotopic fractionation:

UM-Almadén secondary standard solution was analyzed for
every 10 samples. To assess if the non-unity recoveries resulting
from the double-stage offline combustion-trapping technique
induced discernible isotopic bias, we measured BCR 482 as the
vegetation reference and GSS-4 as the soil reference at the begin-
ning of sample pre-concentration sessions. Results of UM-Almadén
(3%0%2Hg —-0.54 + 0.04%, A'"°Hg —0.00 = 0.04%o,
A%0THg = —0.03 + 0.02%0, Mean=+1SD, Standard deviation, n = 10)
and BCR-482 (3%%?Hg = —1.67 + 0.06%0, A'®*Hg = —0.56 + 0.05%o,
A%0Hg — —0.01 + 0.03%0, A%°'Hg = —0.58 + 0.04%0, Mean=+1SD,
n = 6), and GSS-4 (8*“Hg = —172 + 0.08%, A"°Hg = -
0.34 + 0.03%o, A>°"Hg = -0.34 + 0.03%o, A%°°Hg = —0.00 =+ 0.02%o,
Mean+1SD, n = 6) are consistent with recommended values (Blum
and Bergquist, 2007; Estrade et al., 2010).

313C and 8'°N ratios in litter and soil samples were analyzed
using a Thermo-Fisher MAT 253 (Radke et al., 2012). 33C and 3"°N
were calculated as:

File (%0) —1000 x [(3C/'2Csample)/ (13C/12cp,VDB) - 1]
(5)

6"N (0/05) =1000 x [("*N/"*Nsampie ) / (15N/14Nair> 1]
(6)

Duplicated measurements for each sample were performed.
Standard samples of IEIA—CH—3 and IEIA-NO3 were measured in
every 5 samples. Measured 8'3C for [EIA—CH—3 is 24.716 + 0.035%o
(n =42, SD, recommended value = -24.724 + 0.041%o), and 3"°N for
[EIA-NO3 is 47 + 02% (n = 42, SD, recommended
value = 4.7 + 0.2%o). The detailed data for all samples can be found
in Tables S1 and S2 in SI.

ln(6R+l):ln(5R0+1) + (C(p/Rfl)lnf (12)

where f is the fraction of reactant which remains unutilized (mg/
mgp), and Jdg is the corresponding d value of reactant remained, and
ORo is the corresponding d value in the initial condition of reactant,
and opg is the fractionation factor as Rproduct/Rreactant- Noting that
In(8g+1)- In(dgo+1) = dr- dgo When d values <« 1 (e.g., 3°%?Hg
ranges 1%o—2%0 < 1 in this study), thus equation of 12 can be
simplified as:

{=(ap/r — DInf (13)

C:&‘p/Rlﬂf (14)

where { is isotope shift between dg and 8¢ ({ = dr- dro), and e = apjr-
1. The shift of Hg MIF on forest floor can be calculated using the
following equation:

Z]QQHg _ A199HgR - AlggHgRO
= 0'%Hgg — SF*6*"“Hgy — (6""Hggo — SF*6**Hgro)
(15)

where SF is the mass dependent scaling factor of 0.2520. Combining
equations (13) and (15), we obtain:

Z'%Hg = (e'%9Hgp g — SF*e?92Hgp )Inf (16)

Z'%Hg = E'°Hg*Inf (17)

where E'®°Hg is the Hg MIF enrichment factor. Given the atmo-
spheric Hg® direct deposition, and then oxidation by organic matter
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on forest floor as the product accumulated reaction in an open
system, the corresponding isotopic relationship can be described
as:

0*%Hgp = 5202HgR04P/R + ep/R (18)

as apr = 1 for Hg isotopic fractionation, equation (18) can then
be simplified as:

5202ng _ 6202HgR + 8202ng/R (19)

we also obtain the Hg MIF in product pool during the atmo-
spheric Hg? incorporation into forest floor:

A]QQng =A]99HgR0 +E199Hg (20)

Using Eq.(12)—(17), we analyzed f (mg/mgo) versus {?%*Hg and
Z??Hg with the earlier references reported Hg isotope enrichment
factors.

2.5. Statistical methods

In this study, One-Way ANOVA was used to analyze statistical
differences among the means of Hg, C and N isotopic compositions
in each soil horizon. We also used the bivariate Pearson Correlation
to produce correlation coefficient among Hg, C, N and their isotopes
at 95% or 99% confidence interval by two-tailed T-test. Based on the
correlation analysis, we further used conceptual structural equa-
tion model (SEM) to construct the interplays among isotope frac-
tionations of Hg, C and N on EB forest floors. SEM was developed
from the fully conceptual model using Xz tests with maximum
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likelihood estimation, and more detailed information can be found
in our earlier study(Wang et al., 2019b). Briefly, model fitting was
performed by using SPSS version 17 and the Amos software version
24. We used p-values (at least > 0.05), %2 values and Akaike in-
formation criterion (AIC) as the criteria for evaluation of SEM fit.
From the SEM path network, the standardized path coefficient ()
represents the direct effect of one variable on another, and the in-
direct effect is calculated by multiplying each associated f.

3. Results

Fig. 1 shows variations of C, N, Hg and their isotopic composi-
tions in Oi, Oe, Oa and 0—10 cm mineral soil along the elevation of
2350—2650 between the leeward and windward slopes. The C, N,
Hg and their isotopic compositions exhibit insignificant difference
at the leeward and windward slopes. In addition, the C, N, Hg and
their isotopic compositions also do not show a distinct elevation
gradient, except the Hg concentrations in Oa and 0—10 mineral soil
of 2550 m are higher than values of other elevations.

Fig. 2 displays comparable Hg concentration, Hg/C ratio and
isotopic compositions of Hg, C and N between those in mature fo-
liage and Oi (i.e., no significant differences as all p > 0.05 by one-
Way ANOVA test). There are increasing trends of Hg/C, 5'3C, 5°N
and 5°%?Hg and decreasing ones of A'®?Hg and A?°'Hg signatures in
the sequence of foliage, Oi, Oe, Oa and 0—10 cm surface mineral soil
(Fig. 2). The Hg MIF signatures in soil profiles, foliage and Oi exhibit
distinct negative values (from —0.5 to —0.2%o, Figs. 2 and 3.1), but
distinct positive MIF signatures in precipitation (Fig. 3.1). Fig. 3.2
shows a slope of close to ~1.0 for A1®?Hg:A?%'Hg for all the sam-
ples, while slightly more negative A?Hg than A%°'Hg for surface
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Fig. 1. (1) to (9) Variations of C, N, Hg concentrations (conc.) and their isotopic compositions in Oi, Oe, Oa and 0 to 10 mineral soil (S) along the elevation of 2350—2650 between the
leeward and windward slopes at Mt. Ailao. The detailed data can be found in Table S1 in SL
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in Tables S1—S2 in SI

mineral soil Hg (—0.40 + 0.05%0 versus —0.38 + 0.06%o, 1SD,

= 0.094 by Independent Two Samples T-test). It is noteworthy
that the relatively small MIF shifts on forest floor (less than —0.2%o)
lead to large uncertainties in the slopes of A1°Hg:A%%'Hg (e.g., 12 of
0.18 when A'Hg scatters with A?°"Hg among Oi, Oe, and Oa
samples). Hence, such A®°Hg:A?%'Hg slope herein cannot be used
to identify the occurring of NVE shifts on forest floor.

Significant correlations were identified among Hg, C/N, Hg/C,
313¢, 3N, 329?Hg, A1%°Hg, and A%°"Hg (Fig. 4 and 5), suggesting the
close links of isotopic fractionation among Hg, C and N during litter
decomposition and organic matter mineralization on forest floor.
Furthermore, {?*Hg highly correlates with {'°N and ¢'3C, and
Z'%%Hg with Z?%'Hg and ¢3C in soil profiles (Figs. 4 and 6). The SEM

pathway network in Fig. 7 suggests that 83% of the variance of
7?%2Hg in soil profiles can be explained by variations of {13C, Z'%*Hg
and ¢N, in which {®N has the highest impact (up to 80%). In
addition, Z>°'Hg and ¢3C in soil profiles explain 70% of the variance
of Z9°Hg. The negative direct effect (—0.54) from ¢'>C on Z'*°Hg in
Fig. 7 means the deeper soil organic carbon is with more positive
313C but more negative A'®?Hg signatures.

4. Discussion
Our earlier studies (Wang et al., 2016b; 2019c) demonstrated

that variations in soil Hg were mainly shaped by litterfall de-
positions and climate changes between the leeward and windward
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Fig. 4. (1)—(2) 3'3C versus 3%°?Hg and A'%°Hg; (3)—(4) "N versus 5?°’Hg and A'®°Hg along the soil profiles.

sides at Mt. Ailao. Over the elevation of 2350 m, there is little dif-
ference for the climate parameters and litterfall Hg deposition
fluxes between two sides (Lu et al., 2016; Wang et al., 2016b, 2019c),
hence leading to insignificant difference for soil Hg. The Hg isotopic
signatures in Figs. 2 and 3.1 further verify this hypothesis that lit-
terfall Hg deposition as the main source for Hg accumulation on
forest floor since the negative Hg MIF signatures in soil profiles are
much closer to these in foliage and Oi rather than the positive MIF
signatures in precipitation. This is also consistent with earlier Hg
isotope studies that litterfall Hg is the dominant source for Hg
accumulation on forest floor(Jiskra et al., 2015; Wang et al., 2017,
2019b; Zheng et al., 2016). Hence, the present study focuses on Hg
sequestration and reduction processes on forest floor through
analyzing links among isotopes of C, N and Hg in soil profiles, and
does not discuss the elevation gradient among the leeward and
windward slope sites.

4.1. Mercury biogeochemical processes revealed by isotopes of Hg, C
and N

The process of Hg runoff is not the main cause for Hg isotopic
shifts in soil profiles. There are two sources of Hg transported in

runoff to downstream from upland headwaters. One is precipita-
tion Hg and the other is the upland surface soil Hg. Several studies
have suggested that the Hg runoff mainly as the important Hg post-
depositional process on forest floor, and upland soil Hg as the main
source (Eklof et al., 2014; Jiskra et al., 2017; Woerndle et al., 2018).
Hence, the precipitation Hg isotopic signatures would not signifi-
cantly shape the Hg isotopic shifts in runoff. In addition, it is well
known that NOM plays a governing role in controlling Hg mobility
in runoff and stream water. Several studies suggested negligible
secondary processes inducing Hg isotopic fractionation since Hg
desorbed from soil or decomposing litter as the intact Hg-SOM
complexes (Jiskra et al., 2017; Woerndle et al., 2018). Thus, the
processes of runoff would not lead to significant Hg isotopic frac-
tion in residual Hg on forest floor.

The geological Hg, derived from weathering of bed rocks, has
been shown less negative §*°?Hg (—0.6%o to —1.5%0) than Oi, Oe, Oa
and 0—10 cm mineral soil Hg (Fig. 3.1), and no distinct MIF of *°Hg
and 2OOHg (Blum et al., 2014; Smith et al., 2008). However, the
mixing of geological Hg is not the dominant Hg source in Oi, Oe, Oa
and 0—10 cm mineral soil in the present study. This conclusion is
supported by two evidences. One evidence is that Hg and C con-
centrations in Oi, Oe, Oa and 0—10 cm mineral soil are one order of



Z. Lu, W. Yuan, K. Luo et al.

Environmental Pollution 268 (2021) 115867

(1) Correlations for soil profile Sig. <0.01 Sig. < 0.05
31C 315N &72Hg | A%Hg | AHg | AHg c N Hg CN Hg/C
3¢ 0.96 0.92 -0.78 0.15 -0.61 -0.97 -0.51 0.52 -0.89 0.83
315N 0.88 -0.68 023 -0.56 -0.93 -0.53 041 -0.85 0.75
50°Hg -0.65 0.18 -0.44 -0.94 -0.47 0.49 -0.87 0.73
(2) Correlations for foliage A1%Hg 0.10 0.82 072 0.25 0.57 0.75 -0.74
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Fig. 5. (1) to (2) Correlations among C, N, Hg and their isotopic signatures in soil profiles and in foliage.

magnitude greater than those in deep soil and rocks at Mt. Ailao
(Hg < 10 ng g~ and C < 1%, respectively) (Wang et al., 2016b),
suggesting small proportions of geological Hg mixed in surface
soils. The other one is that decreasing Hg MIF signatures were
observed with the depth of soil, and such trend is not consistent
with the more positive Hg MIF signatures if substantial geological
Hg is mixed into the soil. Similarly, earlier studies have suggested
the contribution of Hg deposition from the precipitation on Hg
accumulation in organic soil profile less than 8% at Mt. Ailao (Wang
et al,, 2019¢; Yuan et al,, 2020). Hence, considering that is not a
major contributor of Hg sources on forest floor at Mt. Ailao (Fig. 3.1),
precipitation Hg input induced Hg isotopic shifts can be ignored.
Photoreduction and volatilization processes also cannot solely
explain the Hg isotopic shifts on forest floor. Hg photoreduction
with reduced sulfur functional groups can lead to the same direc-
tion and magnitude of isotope fractionations in reactants as we
observed the positive shift of $*°?Hg and negative shift of A"®?Hg on
forest floor (Blum et al., 2014). However, forest canopy shading
largely diminishes solar radiation on forest floor (Agnan et al., 2016;
Obrist et al., 2018), leading to negligible impacts from this reaction
on Hg isotopic shifts (Wang et al., 2017). Volatilization of Hg® from
aqueous solutions with and without DOM would also lead to the
reactant enriched with heavier isotopes (Estrade et al., 2009; Zheng
et al.,, 2007). Fig. 8.1 exhibits that such processes induced MDF shift
is quite small (nearly 80—90% Hg loss resulting in ~1.0%o). In
addition, neither pathways of photo-reduction and volatilization
can explain the strong correlations among isotopes of Hg, C and N.
Given that negative Hg® flux is often observed on forest floor
(Agnan et al, 2016; Zhu et al, 2016), atmospheric Hg® direct
deposition is likely an additional Hg input on forest floor. The
porous nature of litter layers and the high level of organic matter on
forest floor can facilitate the sorption of Hg® vapor, followed by
oxidation by the reduced sulfur functional groups in humic sub-
stances (Wang et al., 2016b; Zheng et al., 2016). The Hg isotopic
fractionations regarding Hg® vapor sorption and dark oxidation by
NOM on forest floor are currently with large uncertainties. Under
designed laboratory conditions, Zheng et al. (2019) suggests that
two reactions are involved in the Hg® dark oxidation by NOM. One
is the oxidation of Hg® to Hg?* caused by thiols with the kinetic

isotope effect (KIE), and the other is the equilibrium isotope effect
(EIE) between thiol-bound Hg>* and residual Hg® vapor (Zheng
et al,, 2019). Furthermore, Zheng et al. (2019) highlights that total
Hg isotopic fractionations are predominantly caused by EIE, leading
to enrichment factors for MDF and MIF (szozng/R and E'®°Hg) being
ranged from 1.10%c to 1.56%c and from —0.16%c to —0.18%s,
respectively. The more positive MDF and negative MIF in oxidized
Hg are consistent with our observed Hg isotopic shifts on forest
floor. However, we suggest Hg® vapor dark oxidation by NOM is not
the main cause for the observed Hg isotope fractionation on forest
floor. This can be attributed to several reasons.

First of all, we used Equations (19) and (20) to verify if Hg® vapor
dark oxidation by NOM can explain our observations on forest floor.
Yu et al. (2016) suggests positive 3?°?Hg of 0.52 + 0.30% and
slightly negative A'°Hg of —0.18 + 0.03%0 in atmospheric Hg°
under forest canopy. Thus, the oxidized Hg as reaction product in
NOM should be associated with positive 8°°?Hg of 1.6%0—2.1%0 and
negative A'9Hg of —0.34%0 to —0.36%0. These A'°Hg values of
oxidized Hg are consistent with our observed MIF in mature foliage
and Oi (foliage: —0.29 + 0.06%o, n = 16; Oi: —0.31 + 0.04%o, n = 7),
but significantly more positive than values in Oe, Oa and 0—10 cm
surface mineral soil (all p < 0.05, by One-Sample T Test). This in-
dicates that the dark oxidation of Hg® vapor by thiols is not the
main cause for the Hg MIF shift on forest floor. Secondly, EIE re-
writes the KIE caused MDF during Hg® oxidation by thiols (Zheng
et al.,, 2019). This process would not lead to C and N isotope frac-
tionations, and thus can hardly explain the observed significant
correlations among Hg, C and N isotope shifts on forest floor.
Furthermore, worldwide flux measurements depict that the litter-
fall Hg deposition is always several even tens of times higher than
the atmospheric Hg? direct deposition flux into forest floor (Agnan
etal,, 2016; Wang et al., 2016a; Zhang et al., 2016b; Zhu et al., 2016).
The air-soil flux measurement at Mt. Ailao shows that Hg evasion
during the summertime and deposition during winter, and on the
annual level, forest floor serves as a net atmospheric Hg® source
with emission rate of 6.7 pg m~2 yr—! (Yuan et al., 2019b). This
indicates the Hg® direct deposition flux is not main source for floor
Hg. Therefore, we can predict the Hg shift caused by the dark
oxidation of Hg® vapor would be largely diluted by the litterfall Hg
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input. Finally, one field study showed that the residual Hg® vapor is
with much more positive MDF than the initial atmospheric Hg®
vapor during air-soil flux exchange (Demers et al., 2013), in contrast
to more negative MDF predicted under artificial laboratory condi-
tions (Zheng et al., 2019). Therefore, Hg MDF shift caused by the
dark oxidation of Hg® vapor alone cannot explain the up to 0.8%o—
1.1%o of ?%?Hg between in surface soil and Oi.

The microbial mediated NOM decomposition is the main cause
for the isotope fractionations of C and N on forest floor (Hobbie and
Ouimette, 2009; Natelhoffer and Fry, 1988). Considering the strong
correlations among {3C, >N and {**?Hg, we hypothesize that Hg
loss via microbial reduction is the main cause for the distinct Hg
MDF shift on forest floor. Earlier studies displayed that microbial
reduction would result in typical kinetic MDF with the reactant
becoming enriched in heavier isotopes (¢2°Hgpr ranges —2.0%o
to —1.2%o), but not MIF (Kritee et al., 2007, 2008, 2009). Fig. 8.1
shows the relation between f (mg/mgo) and (?°’Hg using reported
¢292Hgp of —1.2%0 and —2.0%. (Kritee et al., 2007, 2008). We found
that microbial reduction easily resulted in the distinct shift of MDF
in the reactant, and only 25—45% of the reactant loss could lead to
7?92Hg of ~1%, a value observed between those in 0—10 cm surface
soil and Oi. The 25—45% of the Hg loss during long-term litter and
NOM decomposition in EB forest is considered to be reasonable
basing on the 500-year Hg isotope fractionation modeling results at
Mt. Ailao (Yuan et al., 2020).

Significant correlations were found among 3'3C, 8'°N and
A'®°Hg on forest floor (Fig. 4, all p < 0.05). Hence, we propose that
the dark abiotic reduction by NOM is another cause for Hg isotopic
shifts, specifically for MIF shift on forest floor. Bergquist and Blum
(2007) reported a dark organically medicated reduction with
szOZng/R of —1.70% and E199ng/R of 0.03%.. Zheng and
Hintelmann (2010b) further suggested that Hg abiotic non-
photochemical reduction by bulk DOM (dissolved organic matter)
was associated with NVE induced Hg MIF shift (A'%°Hg:A%°'Hg -~
1.6), the e202Hgp g of —1.52%0, and E'9°Hgp g of 0.38%. In the present
study, we observed about —0.18%o shift of A'%°Hg between those in
0—10 cm surface soil and Oi. Figs. 8.1 and 8.2 show that ~35% Hg loss
by DOM dark abiotic reduction would result in —0.18%o shift of
A™Hg and 0.65%0 shift of 3?%?Hg using the Hg MDF and MIF
enrichment factors reported by Zheng and Hintelmann (2010b). In
addition, Fig. 6 shows that the correlation coefficient between £13C
and ®Hg is much larger than that between ¢{!3C and Z'*°Hg.
Furthermore, results of SEM verify that the direct effect from Z'%°Hg
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x*=6.6, P=0.87, df=3, AIC=35.5

Fig. 7. SEM fitted to soil { 2°’Hg and A'°Hg among soil {™>N and ¢ '*C. Numbers
adjacent to arrows represent the standardized path coefficients. R? indicates the
proportion of variance explained. The dot line highlights the path coefficient <0.4.

on {?%?Hg is small (0.11, Fig. 7). Therefore, our study indicates the
Hg dark abiotic reduction by NOM is the main cause for Hg MIF
shifts, but plays a less important role than microbial reduction in
shaping the shift of Hg MDF on forest floor.

Yuan et al. (2020) used a multiprocessing isotope fractionation
model to estimate the contributions of microbial reduction,
photoreduction and dark reduction during post-depositional
decomposition of biomass over five centuries at Mt. Ailao. They
suggested that microbial reductions play a dominant role in the
initial litter decomposition, then dark redox reactions mediated by
organic matter become the predominant process (Yuan et al,
2020), consistent with our results herein.

4.2. Relationship between N and Hg biogeochemical cycling in
forests

Yuan et al. (2020) has discussed the relationship between Hg, C
and their isotopic transitions in soil profile at Mt. Ailao. Briefly, they
highlighted the decomposition of soil organic matters releasing the
absorbed Hg that is subsequently subject to Hg reduction processes
which causing kinetic MDF and odd-MIF in correlation with 8'3C
(Yuan et al., 2020). Herein, we would not discuss the correlation
among Hg, C and their isotopes. Instead, we observed significant

(BC | N | g22Hg | Z19Hg | Z2%Hg | Z201Hg
¢3C | 090 | 083 | -046 | 0.2 | -036
SN | 090 | 038 | 024 | -0.16
(22Hg | 027 | 024 | -0.13
ZHg | 030 | 0.78
Z2Hg | 0.36

Sig. <0.01 Sig. <0.05 | z®Hg

Fig. 6. Correlations among {'°N, ¢ 13C, { 2?Hg, z'%°Hg, z 2°°Hg and Z ?°'Hg in soil profile.
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Bergquist and Blum (2007); 4 is from Zheng and Hintelmann (2009); 5 and 6 are from Zheng and Hintelmann (2010a); 7 is from Zheng and Hintelmann (2010b); 8 is from Bergquist

and Blum (2007); 9 is from Zheng et al. (2007); 10 is from Estrade et al. (2009).

correlations between Hg and N concentrations both in foliage and
soil profiles, consistent with earlier studies (Blackwell and Driscoll,
2015; Obrist et al., 2012). Furthermore, Fig. 6 exhibit that {?°*Hg in
soil profiles is strongly correlated to {!°N, which explains 80% of the
variability of (*°*Hg. These phenomena suggest distinct links be-
tween N and Hg biogeochemical cycling in the EB forests.
Blackwell and Driscoll (2015) suggested that the strong corre-
lation between Hg and N in foliage can be attributed to both N and
Hg derived from long-range transport of industrial atmospheric
pollution. However, we hardly observe a strong correlation be-
tween atmospheric Hg® and N concentrations at Mt. Ailao because
of complicated impacts from different sources, and dilutions during
long-range transports (Wang et al., 2015; Zhang et al., 2016a). In
fact, high energy resolution X-ray absorption near-edge structure
(HR-XANES) spectroscopy exhibits Hg mainly as the species of Hg

[(SR)2 + (N/O);_2] stored in leaf interior (Manceau et al., 2018),
providing new evidence for explaining the strong link between N
and Hg in foliage.

Litter decomposition represents the primary source of nutrients
or energy both for plants and microbes. This is particularly true for
the availability of soil N, which has no notable geological input in
forest ecosystem, and the supply of N has been generally consid-
ered as the essential and growth-limiting factors (Elser et al., 2007).
Thus, the N microbial mineralization on forest floor would increase
the N/O and reduce organic S functional groups associated with
protein production on forest floor (Demers et al., 2007; Wang et al.,
2016b). XANES studies have well documented that soft Group B
metals such as Hg in NOM is associated with reduced organic S and
N/O functional groups (Manceau et al., 2015, 2018; Skyllberg et al.,
2006). Hence, Hg accumulation on forest floor is distinctly related
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to the N/O functional group formation during the microbial
mineralization, consistent with the strong correlation between Hg
and N concentrations in soil profiles observed in this study.

Theoretically, N concentration can be used as an index to
determine net N release and immobilization on forest floor because
N release occurs when there is enough N supply for microbial de-
composers and external N immobilization from environment
typically occurs when N is at low levels. Global-scale long term
litter decomposition data identified that, regardless of climate,
edaphic and biota conditions, initial foliage N concentration is the
dominant factor to drive net N release from decomposing leaf litter
(Parton et al, 2007). Parton et al. (2007) demonstrated that
continuous N release occurs during litter decomposition when fo-
liage N > 1.0% because decomposers meet their N requirements
directly from the litter. In this study, the N concentration in foliage
ranges from 1.0% to 1.6% with the average value of 1.3 + 0.3%,
thereby suggesting a net N release during litter decomposition. The
N release leads to heavier N isotope on forest floor, consistent with
our observed increasing 3'°N with the depth of soil profile. The N
release by microbial decomposition of litter and NOM is also
associated with the mineralization of C and functional groups, such
as N/O and reduced organic S in NOM (Homann and Cole, 1990;
Houle et al.,, 2001; Schroth et al., 2007), thus simultaneously
releasing absorbed Hg from NOM. The absorbed Hg in following is
subject to the Hg® re-emission via microbial and small organic
matter molecules induced reduction (Briggs and Gustin, 2013).
Therefore, we attribute the cause of the strong correlations be-
tween 3?%?Hg and 3'°N, and between ¢>°?Hg and ¢'N in soil pro-
files to the complicated microbial processes induced Hg® and N
release. In addition, the strong correlation between 3'°N and 5'3C
(r =0.96, p < 0.01) is suggestive of C loss during litter and NOM
decomposition on forest floor, and also explains the strong corre-
lation between 3%%?Hg and 3'°C in soil profiles because of the
collinearity of C and N.

The changes of N deposition may influence Hg cycling in forest
ecosystems. The dramatically growth of industrialization and
agricultural intensification have resulted in significant increase of
anthropogenic emissions for active N compounds and associated
enhanced N deposition in terrestrial ecosystems, e.g. with global N
deposition at the level of 60 Tg N yr~! in 1990s and expected to
reach 125 Tg N yr~! by 2050 (Galloway et al., 2004). Enhanced N
deposition has been profoundly changing the nutrient cycling in
forest ecosystems, e.g. up to 175 Pg C taken up by terrestrial eco-
systems as a result of the increased N deposition since the pre-
industrial period (Bala et al.,, 2013; Galloway et al., 2004). Given
an average of ~50 ng g~ C of Hg/C ratio in terrestrial ecosystems
(Jiskra et al., 2018; Obrist et al., 2011), we estimate that Hg depo-
sition has been increased by about ~8750 Mg due to enhanced N
deposition during the same period. In addition, increased N depo-
sition in forests has negative effects on soil microbial abundance
and composition, leading to a reduced microbial respiration and an
enhanced carbon sequestration on forest floor (Maaroufi et al.,
2015; Zhang et al.,, 2018). The enhanced carbon sequestration by
additional N deposition likely influences litter Hg sequestration on
forest floor. However, few studies have reported to date the relation
between Hg re-emission and N deposition in forest ecosystems
except one study in peatland which exhibited that the enhanced N
deposition had no significant effect on air-soil Hg fluxes (Fritsche
et al., 2014). The implications of the strong link between N and
Hg cycling in forest ecosystems requires further studies and the
relationships between Hg, N and C in terrestrial ecosystems need to
be verified by additional research globally.
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5. Conclusions

In this study, we have identified the microbial Hg reduction as
the main cause for the Hg MDF shift and dark abiotic NOM
reduction for the Hg MIF shift on forest floor by analyzing Hg, C, N
and their isotope data. We also have found that higher N in foliage
can lead to greater Hg concentration, and N release and immobility
on forest floor is closely linked to the microbial reduction induced
HgP re-emission. We recommend further studies focus on the close
relationships between Hg and N biogeochemical processes in
terrestrial ecosystems to verify the hypothesis that the elevated
atmospheric N loading likely influence Hg cycling in global forest
ecosystems.
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