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ABSTRACT: Plant roots are responsible for transporting large
quantities of nutrients in forest ecosystems and yet are frequently
overlooked in global assessments of Hg cycling budgets. In this study, O reenision ,
we systematically determined the distribution of total Hg mass and its ;
stable isotopic signatures in a subtropical evergreen forest to elucidate
sources of Hg in plant root tissues and the associated translocation
mechanisms. Hg stored in roots and its isotopic signatures show
significant correlations to those found in surrounding soil at various DX
soil depths. The odd mass-independent fractionation (MIF) of root Hg
at a shallow soil depth displays a —0.10%0 to —0.50%o0 negative
transition compared to the values in aboveground woody biomass. The
evidence suggests that root Hg is predominantly derived from
surrounding soil, rather than translocation of atmospheric uptake via
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aboveground tissues. The cortex has a more negative mass-dependent

fractionation (MDF) of —0.10%o to —1.20%0 compared to the soil samples, indicating a preferential uptake of lighter isotopes by
roots. The similar MDF and odd-MIF signals found in root components imply limited Hg transport in roots. This work highlights
that Hg stored in plant roots is not a significant sink of atmospheric Hg. The heterogeneous distribution of Hg mass in roots of
various sizes represents a significant uncertainty of current estimates of Hg pool size in forest ecosystems.
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1. INTRODUCTION

Mercury (Hg) is a persistent pollutant that leads to health and
ecological concerns globally. To protect human health and the
environment from global Hg pollution, the Minamata
Convention on Mercury, a legally binding international treaty,
entered into force in August 2017. However, knowledge gaps
of Hg cycling in forest ecosystems limit assessment regarding
the effectiveness of anthropogenic emission reduction on
human and wildlife Hg exposure."” Globally, forest ecosystems
represent a large atmospheric sink (with 2100—3200 Mg yr™")
of total mercury (Hg’), which can remove 40%—65% of the
total burden in the atmosphere (~5000 Mg) annually*, and
which is equivalent to the global anthropogenic Hg emission
(1900-2200 Mg yr~')."” The global sink of atmospheric Hg"
by vegetation foliage is in the range of 1000—1500 Mg yr~'.>~*
The global Hg pool size in aboveground woody tissues
(branch, bole wood, and bark) is estimated to be 1200—1930
Mg, with an assimilation flux at 177 + 61 Mg yr.* However,
the storage pool and source of underground roots is less
understood. Given the unknown contribution of Hg sources in
roots leading to large uncertainties in assessing the
atmospheric Hg" sink in forests, we aim to better understand
how Hg accumulate in roots and the source of Hg in forest
ecosystems.
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The living biomass in global roots is up to 142 + 32 Pgin
dry mass, accounting for ~22% of the total biomass of
aboveground and under(?’round, suggesting the importance of
roots in nutrient cycling.”' The root zone is heterogeneous in
structure and functions and largely depends on the tree species
and environmental conditions. Basically, the fine roots (i.e.,
root diameter less than 2 mm) and their mycorrhizae obtain
nutrients and water, while coarse roots support the root
network and deliver nutrients and water to shoots or
aboveground tissues and the plant structure.'' Fine roots
usually have a shorter lifespan, greater respiration rate, and
higher frequency of mycorrhizal fungi infection, which are all
closely related to root function in regard to water and nutrient
uptake.'' Earlier studies showed much higher Hg concen-
tration in fine roots than in coarse roots and suggested that the
root morphological traits and functions play important roles in
controlling Hg accumulation and uptake in roots.'”"?
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Figure 1. Vertical profiles of investigated variables with soil depth: (a—c) total Hg concentration in roots and (d—f) Hg pool in roots. The

embedded figures in d—f use the lower horizontal axis.

However, data describing the role of roots in controlling Hg
budget and cycling have been largely lacking due to the
difficulty in sampling and in situ measurements.

Currently, the global Hg mass stored in roots is estimated to
be 2100—3200 Mg.® The large uncertainties are due to data
scarcity of root Hg concentrations, specifically those in deep
roots. Although data for shallow roots were reported in earlier
studies,>® the distribution of the Hg concentration in roots of
various sizes has been largely unknown.'”'* There are also
mixed assessments regarding Hg sources in roots. The Hg
concentration in global roots is in the range of 2—70 ng g™" in
the remote forest, up to an order of magnitude lower than the
Hg concentration in surrounding soils.”* Several studies
suggested that Hg in roots is mainly from soils, and up to
70% of root Hg uptake can be translocated into foliage and
then emitted to the atmosphere during the growing
season.'”~** In contrast, other studies reported that a fraction
of Hg in roots could be derived from the translocation of
aboveground tissues after uptake of atmospheric Hg".*' 7** A
recent study estimated that the Hg mass translocated to roots
from foliar uptake of atmospheric Hg® is ~300 Mg yr.*

Signatures of stable Hg isotopes, such as mass-dependent
fractionation (MDF, reported as 5*”Hg) and mass-independ-
ent fractionation (MIF, reported as A'Hg and A**'Hg for

odd-MIF and A**Hg for even-MIF), offer effective insights to
understand Hg sources in roots. Hg® in air and foliage in
remote forests usually displays predominantly negative odd-
MIF and slightly negative even-MIF signatures (around
—0.05%0).3’5’6’14’25_27 However, there is an ~3% negative
fractionation of 5*”Hg in foliage compared to air due to MDF
that occurs during foliage uptake of atmospheric Hg0.5’6 Forest
floor soil shows slightly negative odd-MIF, consistent even-
MIF signatures as the foli;lg(e,26_29 and various MDF signatures
due to the complexity of Hg biogeochemical processes in
soils.”*™>* Hg' in precipitation exhibits negative MDF and
positive odd-MIF and even-MIF signals,s"?’o_32 while Hg" from
bedrock shows negative MDF and negligible odd-MIF and
even-MIF signals.33_36

Given the limited Hg mass translocated from foliage to other
aboveground tissues,'”*” we hypothesize that Hg in plant roots
is predominantly derived from forest soil, rather than from
foliage. In this study, the concentration of Hg, its vertical
distribution, and the isotopic compositions of root Hg were
investigated in a subtropical forest to understand the uptake,
accumulation, and translocation of Hg in roots. The pathway
of root Hg uptake inferred the correlations between Hg and
indicative trace elements in roots and soils. Considering that
broad-leaved evergreen forest has the largest distribution area
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of global tree cover (~29%),” the implications on the global
underground Hg mass budget in forests were discussed.

2. METHODOLOGY

2.1. Site Description. The studied site is located at the
Ailaoshan Station for Subtropical Forest Ecosystem Research
Studies (ASSFERS, 24°32' N, 101°01’ E, 2476 m elevation),
Yunnan Province, Southwest China, which has been described
in detail elsewhere.”*”~*' Briefly, ASSFERS has a subtropical
monsoon climate, with an annual mean temperature of 11.3 °C
and a precipitation depth of ~1800 mm yr ' **** The
dominant tree species are Lichocarpus xylocarpus (LX), Scima
noronhae (SN), Castanopsisi wattii (CW), and Manglietia
insignis with an average canopy height of ~23 m.””*’ The
forest surface soil is mainly alfisols with a pH of 3.5—4.0,
containing ~70% sand, 20%—25% silt, and 5%—10% clay.zg’44
In addition, the bedrock is dominated by slate.

2.2. Sample Collections. We set three 1 m X 1 m
quadrats for the sampling at ASSFERS. Each quadrat was set
on relatively flat forest floor and 0.5 m away from the trunk of
the three dominant tree species (LX, SN, and CW) with the
average diameter at breast height (DHB, 1—1.5 m) at the
ASSFERS. We then dug the quadrat to the depth of the
weathered bedrock and sampled the vertical soil profile for SN
(270 cm deep), CW (430 cm deep), and LX (450 cm deep),
depending on the nature of the sites. For the geogenic Hg
samples, we drilled the hole to the depth of 15-20 m of the
soil profiles nearby to collect the unweathered slate which was
absolutely without any Hg leaching from the upper soils. Based
on the soil color and texture, the soil profiles can be divided
into humified organic soil (horizon O, gray black), upper
eluvial soil (horizon A-upper, gray yellow), lower eluvial soil
(horizon A-lower, golden yellow), upper illuvial soil (horizon
B-upper, yellow), lower illuvial soil (horizon B-lower, light
yellow), highly weathered slate (horizon C-upper), partially
weathered slate (horizon C-middle), and slightly weathered
slate (horizon C-lower), as shown in Figure 1. The detailed
description of the soil profile is provided in the SI, Section 1.

For the root sample collection, we harvested all roots in 1 m
X 1 m quadrats with a 40—50 cm depth interval depending on
the soil horizon, and then divided the roots into three class
orders: fine (diameter < 2 mm), medium (2 mm < diameter <
10 mm), and coarse (diameter > 10 mm). The total root dry
mass is shown in Table S1. We found no roots by visual
inspection below 420 cm for CW, 245 cm for SN, and 430 cm
for LX. We sampled the soil profile with an interval of S cm
with a 100 cm® volume and a 50 mm height cutting ring at
each quadrat. Samples of aboveground woody biomass and
bark were also collected at DHB of the same tree to assess the
potential Hg translocation pathway between aboveground and
underground biomass.

After sample collection, we carefully washed the root
samples to remove the soil using double distilled water. To
measure Hg translocation between the root cortex and stele,
we used a stainless-steel blade to dissect the parts of the
collected roots into root cortex and stele. Earlier studies
showed that oven drying below 50 °C did not lead to distinct
Hg loss (<1%) from soil and woody biomass.'* Hence, all soil
and root samples were dried at 45 °C in an oven for 3—4 days
until there was no observable moisture weight loss. Finally, all
soil samples were ground with an agate mortar and sieved with
a 200-mesh (74 ym) nylon screen. Vegetation samples were

ground to a fine powder by a precleaned grinder and sieved
with a 120-mesh (125 pm) nylon screen.

2.3. Measurements. Mercury concentrations in vegetation
and soil samples were measured using a DMA-80 Hg analyzer,
following the protocol described in our earlier studies."****°
The method recovery was determined to be 100.3 + 3.1%
(mean + SD, n = 37, 95.2%—105.9%) for soil samples using a
certified soil reference material GBW07405 (GSS-S, Hg
concentration: 290 + 30 ng g_l) and 100.2 + 2.6% (mean
+ SD, n = 38, 93.3%—105.4%) for vegetation samples using a
certified plant reference material GBW10020 (GSB-11, Hg
concentration: 150 + 20 ng g~'). The replicated sample was
measured in every nine samples with a bias less than 5%.

The preconcentrations and measurements of Hg isotopes in
soil and vegetation samples have been described earlier.”*> All
samples were processed by double-stage heating pyrolysis in a
tube muffle furnace*® with § mL of oxidizing trapping solution
of a 40% mixture of concentrated nitric and hydrochloric acid
(“reverse aqua regia”, HNO;:HCl = 2:1, v/v). The pure
oxygen gas flows were set as 25 mL min~' for soil
combustion®” and increased to S0 mL min~" for root and
stem samples for complete combustion. In addition, the
temperature programming of the first combustion furnace was
carried out for soil samples with a temperature increase of 10
°C min ™' for temperature ranges of 25—250 and 650—950 °C
and 2.5 °C min~! for 250—650 °C.”® For plant samples, a
temperature increments of 10 °C min™" for temperature ranges
of 25—150 and 650—950 °C, 1 °C min™" for 150—250 °C, and
2.5 °C min™! for 250—650 °C were programmed. The Hg
concentration enriched in the trapping solution was measured
by cold vapor atomic fluorescence spectrometry using U.S.
EPA Method 1631.* The preconcentration recovery was
determined to be 91%—103% by using a soil-certified reference
material (GSS-4 with Hg content 590 + 50 ng g”') and using a
certified vegetative biomass reference (BCR-482 with Hg
content 480 + 20 ng g~') and 90%—105% for soil and root
samples.

The Hg isotope compositions were measured by a
multicollector inductively coupled plasma mass spectrometer
(MC-ICPMS, Neptune II, Thermo Scientific, USA). The
enriched trapping solution was diluted to 0.5 ng mL™" (10%
acidity) and was then reduced by 3% SnCl, to Hg’ in a cold
vapor phase separator, which is consistent with our previous
laboratory system.”** A TI standard (NIST SRM 997) was
coupled into the plasma as aerosol particulate through a
CETAC Ardius II desolvating nebulizer system. From
Bergquist and Blum,”® the Hg MDF is reported as

5202Hg(%o)
= [(*”Hg/""*Hg) pe/ " Hg/'**Hg), ;¢ — 1] X 1000
(1)
MIF is calculated as
Axxng(%o) — 5xxng _ 5202Hg X ﬂxxx (2)

where f,,, is 0.252 for '’Hg, 0.502 for ***Hg, and 0.752 for
0'Hg, respectively. (***Hg/'**Hg),.; represents the isotopic
ratio in the standard sample (i.e., NIST-3133). The NIST-
8610 standard solution was measured every 10—15 samples as
a secondary standard with results of 5**Hg = —0.50 + 0.05%o,
A"Hg = —0.02 + 0.04%0, A**Hg = 0.02 + 0.08%o, and
A*'Hg = —0.03 + 0.05%0 (+20, n = 28) and results for BCR-
482 (5°Hg = —1.49 + 0.03%0, A" Hg = —0.62 + 0.09%o,
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6,41,49

A*Hg = 0.05 + 0.08%o0, and A**'Hg = —0.58 + 0.12%o, +
20, n = 6) and GSS-4 (6°”Hg = —1.60 + 0.05%0, A'Hg =
—0.46 + 0.03%0, A**Hg = 0.00 + 0.06%0, and A*'Hg =
—0.42 & 0.06%o0, + 20, n = 6). These signatures are consistent
with the reported values.””***" The data validate preconcen-
tration by using double-stage offline combustion trapping.
Concentrations of aluminum (Al), iron (Fe), and calcium
(Ca) were measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES). Concentrations of rubi-
dium (Rb), strontium (Sr), and barium (Ba) were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS,
Agilent-7900) using U.S. EPA Method 6020B. Briefly, 0.1 g
of of each soil and vegetation sample was digested in a closed
Teflon vessel by the digestion acid (HNO;:HF = S:1, viv).
Each digested solution was then transferred and diluted with
ultrapure water to a 50 mL Teflon (PTFE) bottle. The soil
standard (GSS-S) and plant standard samples (GSB-11) were
digested and measured for QA/QC (quality assurance and
quality control).”” The mean recovery of GSS-5 was 103.8 +
1.5% for Al, 103.1 & 1.3% for Fe, 110.5 £+ 9.2% for Ca, 102.6 +
1.1% for Rb, 100.8 + 1.4% for Sr, and 98.6 + 0.6% for Ba. The
mean recovery of GSB-11 was 1042 + 8.3% for Al, 93.7 +
1.4% for Fe, 105.8 + 8.5% for Ca, 96.6 + 6.3% for Rb, 90.1 +
1.1% for Sr, and 95.7 + 1.0% for Ba. The signals of the system

14157

and reagent blanks were less than 1% of the sample signal for
all measurements.

The Hg concentration enrichment factor (EF) for the root
tissue and soil is calculated as

EF Hgtissue/soﬂ = Conc. Hgtissue/conc' Hgsoil (3)
where Conc. Hgy,e and Conc. Hg,; represent the Hg
concentrations in root tissue (stele and cortex) and soil,
respectively. The Hg MDEF isotopic enrichment factor
(e*”Hg) of root tissue and soil is estimated as

202

e — 5202H

tissue/soil

202
—0 Hg root

gtissue

(4)

where §*”Hgg. and 6°°Hg,, represent the Hg MDF
isotopic signatures in root tissue and soil, respectively.

3. RESULTS

3.1. Hg Concentration Distribution in Soils and
Roots. The soil Hg concentrations of three soil profiles
displayed consistent decreasing trends from the O to B
horizons (0—250 cm for LX profile and CW profile and 0—150
cm for SN profile, Figure la—c). The soil Hg concentration
decreased from 200 to 250 ng g~ in the O horizon to 1—10 ng
g”! in the B horizon (Table S1). In the C horizon, Hg
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concentration of the LX (0.6—2.8 ng g™, 1.1 + 0.4 ng g~') and
CW (1.7-15.5ng g™', 5.2 + 3.2 ng g ') profiles were close to
the concentration in bedrock (4.2 + 1.4 ng g~') (Table S2).
However, we observed elevated Hg concentrations (68.5—
106.1 ng g™') during the depth of 165—205 cm of the SN
profiles, which were 5—10 times higher than that in other
depths of the C horizon.

The Hg concentrations in roots were nearly 1 order of
magnitude lower than concentrations in O—B horizons (Figure
la—c). The Hg concentrations in roots followed a descending
order of fine roots (2.2—29.2 ng ¢!, median = 8.6 ng g”') >
medium roots (0.9—13.2 ng g_l, median = 5.2 ng g_l) > coarse
roots (0.7—7.4 ng g, median = 2.5 ng g') (p < 0.0S by
paired ¢ test). Across the soil profile at three quadrats, the Hg
concentration throughout the entire root system demonstrated
this decreasing trend. Furthermore, the concentration in fine
roots decreased from 17.2 to 28.8 ng g~' at the surfaces of soils
to 2.2—4.8 ng ¢! at the 420—430 cm soil depth. We found the
medium and coarse roots distributed along the 0—430 cm
depth at the LX site, 50—170 cm at the CW site, and 0—100
cm at the SN site (Table S3). For vertical Hg distribution, the
Hg concentration of medium roots decreased from 7.2 to 12.1
to 1.3—3.5 ng g~ and for coarse roots decreased from 3.7 to
6.5 to 0.7—6.0 ng g~'. Multiplying the Hg concentration and
root dry biomass, we estimated the root Hg pool size shown in
Figure 1d—f. The total root Hg pool sizes were 59.9 ug m™> for
LX, 140.3 ug m~* for CW, and 15.1 ug m~> for SN. The coarse
roots accounted for 50.1%—73.2% of the total root Hg pool
size, followed by fine roots (15.9%—37.7%). The root Hg pool
size mainly clustered at the surface to the 100—150 cm depth
of the soil, accounting for 66%—96% of the root total Hg. It is
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noted that the root Hg storage estimated in this work may not
represent the average root Hg pool size at the ASSFERS due to
the sampling methodology and limited sampling sites. The
reported distribution patterns and relative proportions of fine,
medium, and coarse roots illustrate the relative quantity of Hg
accumulated in roots along the soil depths.

3.2. Characteristics of Hg Stable Isotopes in Soil and
Roots. Figure 2a—f shows the Hg isotopic compositions in
soils and roots along with the soil profiles. The 6***Hg values
in soils at three quadrats all displayed significantly increasing
trends with ranges from —1.92%o to —2.01%o at the forest
floor (0—15 cm) to —1.36%o for LX at 410 cm, —1.07%o for
SN at 270 cm, and 0.72%o for CW at 420 cm, respectively (p <
0.01 except p = 0.24 for the SN profile by two-tailed ¢ test)
(Table S1). The mean 6°°*Hg value for unweathered rock was
—0.12 + 0.31%0 (Table S2). In contrast, the 5***Hg values in
roots are relatively constant (—2.04%0 to —2.76%o). The
5*Hg values of fine roots were comparable for all three
species, with values of —2.76 + 0.31%0 for CW, —2.37 +
0.35%o for SN, and —2.47 + 0.24%¢ for LX (p > 0.05 by one-
way ANOVA test, Table S4). Further comparison of Hg
isotopic compositions in LX roots showed comparable §*”Hg
values between fine and medium roots (—2.47 + 0.24%o versus
—2.35 + 0.15%0, p > 0.05 by paired ¢ test) but significantly
more positive values for coarse roots (—2.04 + 0.58%0) with a
+0.40%o shift compared to fine roots (p < 0.05 by paired t
test). The mean §°’Hg in the atmosphere was 0.24 +
0.24%0,6’49 in the mature foliage was —2.86 + 0.27%o0 to —3.40
+ 0.31%0,° in the stem was —2.36 + 0.65%o, and in the bark
was —2.34 + 0.32%o (Table SS).
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Figure 4. Correlation of (a) Hg concentration in fine roots versus soil, (b) Hg A'®Hg signature in fine roots versus soil, (c) LX root Hg
concentration enrich factor versus soil depth, and (d) LX root §***Hg enrich factor between cortex and soil (€2Hg,oex/soi1) versus soil depth.

The A'Hg values at three profiles showed slightly
decreasing trends in the shallow 50—60 cm soils from
—0.48%0 to —0.74%o¢ and significantly increasing trends from
—0.12%0 to —0.20%0 at the bottom of the soil profiles. The
A" Hg values in LX fine, medium, and coarse roots showed
similar trends (p > 0.05 by paired ¢ test). The mean A'*’Hg
was —0.15 + 0.07%o in air,”"” from —0.28 + 0.05%0 to —0.39
+ 0.06%0 in mature foliage,(’ —0.27 + 0.10%0 in stem, and
—0.45 + 0.08%o in bark, all significantly more positive than the
signatures in shallow roots (p < 0.05 by independent ¢ test).
The three soil profiles and roots showed consistent A199Hg/
AZOng ratios at 1.16 + 0.03%o and 1.15 + 0.03%0 by the
Williamson—York bivariate regression method,>” respectively
(Figure S1). Finally, the A**Hg values were —0.01 + 0.04%o
for soil profiles and —0.01 + 0.05%o for all tree roots.

3.3. Variations of Hg Concentration and Isotopic
Compositions in Root Components. Figure 3a shows the
heterogeneous Hg concentration distribution in root tissues.
The Hg concentration in the cortex is 2.4—3.5 times higher
than that in stele (p < 0.05 by paired t test), suggesting Hg
enrichment in the root cortex. Interestingly, the MDF and odd-
MIF signatures in the cortex and stele were comparable among
LX fine, medium, and coarse roots (Figure 3b and ¢, p > 0.0S
by paired ¢ test). The cortex and stele Hg MDF signatures were
at —2.32 % 0.20%o0 versus —2.60 % 0.36%o0, —2.32 + 0.20%0
versus —2.31 + 0.50%o, and —2.38 + 0.27%o versus —2.57 +
0.56%o (p > 0.0S by paired t test) for fine, medium, and coarse
roots, respectively. The cortex and stele Hg odd-MIF
signatures were —0.50 + 0.17%o versus —0.49 + 0.17%o,
—0.49 + 0.17%o versus —0.49 + 0.17%o, and —0.47 + 0.17%0
versus —0.40 + 0.19%0 (p > 0.05 by paired ¢ test) for fine,
medium, and coarse roots, respectively. The median values in
cortex and stele showed differences for the samples of coarse
roots, with values of —0.57%o for the cortex versus —0.36%o0
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for stele (Figure 3c). Such a positive odd-MIF signal in stele is
distinctive in greater than 50 cm depth root samples (Figure
S2).

The fine whole root Hg concentrations and odd-MIF
signatures display significant correlations to values in
surrounding soil (R* > 0.70, p < 0.01 by two-tailed ¢ test,
except p = 0.37 for odd-MIF in fine root versus soil in SN,
Figure 4a and b). Significant correlations also exist in the Hg
concentrations and A'*’Hg signatures between soils and coarse
roots, except for a few SN coarse roots samples (Figure S3). In
addition, the Hg concentration enrichment factors (EF oex/soil
= Conc. Hg, e/ Conc. Hg,.;) increased with soil depth, from
0.10 in shallow soil to 0.22 in bottom soil for fine roots (Figure
4c). For LX roots, the Hg enrichment factors of Hg MDF
(8202chortex/soil = 5202chortex - 5202Hgsoil) decreased from
—0.20%0 to —1.20 %o along with the soil profile (R* = 0.55—
0.70, Figure 4d).

4. DISCUSSION

4.1. Discerning Hg Sources in Roots. Earlier studies
have documented the pathways of foliage uptake of
atmospheric Hg’ and subsequent translocation into the
aboveground woody biomass.”**® Foliage can take up
atmospheric Hg0 via stomata and nonstomata routes.”*>* A
portion of the incorporated Hg complexed with metal-
lothionein then translocated from foliage to the aboveground
woody biomass via phloem and xylem routes when
accompanied with nutrient translocation in trees.'**”"*
Given the absence of MIF during Hg translocation in
vegetation, MIF signals are utilized for tracing Hg source
apportionment in forest ecosystems.'”*”**°° One earlier study
found that the A"Hg and A**Hg values of the shallow roots
were comparable to signatures of foliage and surface soils,
indicating that Hg in shallow roots is derived from atmospheric
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Hg® depositions,"* but it could not distinguish whether the Hg
direct translocation from foliage to root, or from litterfall Hg
deposition into soils, is then uptaken by roots.

The comparable A'*Hg signatures (—0.30%0 to —0.50%o)
among foliage Hg, stem Hg, and bark Hg (Figure 2d—f)
confirm the earlier finding that vegetation uptake of
atmospheric Hg’ is the dominant Hg source for Hg
accumulation in aboveground biomass. However, the
—0.15%0 to —0.25%o0 negative fractionation between shallow
roots (—0.45%o to —0.59%o) and foliage/stem suggests that
the foliage Hg translocation is not the only source in the
underground root. We offer observational evidence to show
that Hg" bound with lower molecular organic matter (such as
cysteine) in a surrounding soil solution is likely the
predominant source to enter into roots.””*7* First, the Hg
odd-MIF signatures along the soil profiles (Figure 2d —f) and
strong correlations for Hg concentration and A199Hg values
between soils and fine roots (Figure 4a and b) support uptake
of surrounding soil Hg as the predominant source in roots. In
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addition, significant positive correlations for the A'*’Hg values
between soils and cortexes (R? > 0.90) as well as steles (R? =
0.75—0.90) of LX roots further confirm that Hg translocations
from the soils to cortexes and steles of roots occur (Figure S4).
Moreover, the geochemical indicators also support this
hypothesis due to the strongly positive correlations of Hg/Sr
and Hg/(Al+Fe) ratios between soils and fine roots (Figure Sa
and b). Given the element of Rb, Sr, Ba, and Ca in fine roots
mainly from uptake of surrounding soils,””*" these elements
showing significantly positive correlations to Hg in roots
further suggest that root uptake of surrounding soil Hg
dominate Hg sources in roots (Figure S—f).

Our earlier studies explained Hg sources in soil profiles of
ASSFERS.***”¢! Atmospheric Hg" deposition via litter input is
the dominant source in surface soils. The slightly negative
transition in odd-MIF signatures of shallow soils can be shaped
by surface organosulfur photoreduction, and organic matter
induced Hg dark reduction.”® Geological Hg input caused by
bedrock weathering with low Hg concentration and slight odd-
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MIF signatures dominants Hg accumulation in deep soils.”**!

It is noted that the elevated soil Hg concentration in the 165—
200 cm depth SN profile does not cause enhanced Hg in roots,
and this should be attributed to two possible causes. One is
that the Hg concentration in roots is much lower than in soils;
thus, the soil Hg increase would not lead to an obvious
increase of root Hg due to the nonlinear response between
soils and roots. Another is that geogenic Hg contributes the
main sources of soil Hg speciation in deep soils, and the
increase of such Hg concentration does not lead to a significant
increase of bioavailable Hg concentration in deep soils. These
negative A'””Hg values for the surface soils and roots
(—0.44%0 to —0.68%o for surface soils versus —0.45%0 to
—0.59%o for shallow roots) suggest that Hg stored in surface
roots is derived from atmospheric Hg” deposition into soils
and then uptake by roots. The positive odd-MIF signatures
found in deep roots (e.g., root in C horizon soils with —0.34%o
to —0.20%o of A'”Hg) are close to the signals of unweathered
rock (—0.08%o + 0.06%o¢), indicating the geogenic Hg input
into deep roots.

4.2. Processes of Root Uptake of Hg from Surround-
ing Soil. The larger specific surface area of fine roots
contributes to greater Hg concentration, but the greater woody
mass and longer lifespan of coarse roots can lead to a higher
Hg mass (Figures la—c and 3a). The fine roots have a
relatively short lifecycle and release most of the absorbed Hg to
root rhizosphere soil due to the limited Hg transport to other
parts of the tree. Given the reported fine root turnover (~0.83
yr~1) for evergreen forest tree species,”” ** we estimated 4.8—
18.7 ug m~> yr~' (mean: 12.2 + 7.0 ug m~2 yr ') of fine root
Hg returned back to soil, equivalent to 20%—78% of litterfall
deposition at ASSFERS.*” Such quick dynamic Hg exchange
between fine roots and soils might accelerate Hg cycling in
rhizosphere environments.

The soil pore Hg® gas diffusion driven by the gas gradient
during the process of root respiration is one of the potential
routes of root Hg uptake. The diffused Hg" gas could be
quickly oxidized to Hg" in root cells followed by liquid phase
reactions. Similar processes also occur in the foliage.’ Earlier
studies at ASSFERS have depicted that microbial reduction
induces no odd-MIF,*>°® and abiotic dark reduction induced
by nuclear volume effect®” controls the quantity of pore Hg"
gas in shallow soil,*%* resulting in an elevated Hg’ gas
concentration (4.0—15.9 ng m™3) to promote gas diffusion.
However, the total Hg gas volume and concentration in soil
pores are still limited, especially in deep soil profiles (nearly
close to 0 in the C horizon).”*”"® Therefore, soil pore Hg’ gas
may not be the sole source of Hg root uptake. In contrast, the
diffusion of dissolved Hg" driven by the Hg" concentration
gradient between soils and roots and the advection of water in
roots are likely as main pathways for Hg uptake by roots.”’
Given the observed difference among ~0.00%0 of A**Hg in
roots, 0.25 + 0.19%o in precipitation,” ">’ and less than
10% contribution of the soil Hg source,””*® HgII wet
deposition is not the main source of Hg" in soil solutions. A
more likely source is from desorption of soil Hg into the soil
solu%ion, which inherits the same isotopic signatures of soil
Hg.”™

To better understand the Hg uptake from surrounding soil
by roots, we analyzed the gradients of Hg concentration and
isotopic composition between the soil and the cortex of roots.
The comparable odd-MIF signatures observed in soil and the
cortex of fine roots (p > 0.05 paired ¢ test) suggest negligible

odd-MIF occurring during absorption—desorption processes in
soils and Hg uptake by roots.”* Interestingly, the enhancement
factors (i.e., EF Hg  yey/soiy Figure 4c) for fine, medium, and
coarse root cortexes all increase with soil depth, but the
negative transition of 6°’Hg (i.e, £*Hguer/sony Figure 4d)
consistently decreases with the soil profiles (R* = 0.55—0.70, p
< 0.01 by two-tailed ¢ test). The relatively small enhancement
factors at the surface soils might be caused by the shorter
lifetime in surface roots than in deep soil roots,””’® which is
beneficial to Hg detoxification for these tree species via part of
root death.'” The vertical decrease of £Hg_,  .\/so Can be
attributed to several causes. One is that Hg complexed with
organic matter mainly occurs in surface soil that has high
bioavailability, while a relatively inert Hg from the geogenic
sources exists in deep soil.”” The root Hg assimilation from
deep soil is limited, which can induce a more significant
fractionation of *’Hg between the deep soil and cortex. In
addition, Hg uptake by root cortexes is a dynamic process
mediated by the vegetation biological processes (e.g, tree
transpiration);”” thus, the variation of root biological processes
along with the soil profile is a supplemental explanation for
such a MDF trend.

4.3. Processes of Hg Translocation in Roots. After the
soil Hg uptake by the fine root cortex, Hg needs to traverse
layers of plasma membrane, such as the endodermis,” into the
root stele. The average of 2.5—3.5 times higher Hg
concentration in the cortex than in stele (p < 0.001) suggests
that only limited Hg can translocate into the root endodermis
biomass. The EF ratios of Hg, e/ Hggtele are comparable for all
roots. This is consistent with earlier studies reported values in
other subtropical forests, such as 3.0-3.6 for Ardisia
quinquegona and 2.2—4.0 for Cinnamomum camphora."”
These data point to a small fraction of Hg uptake being
translocated into root woody biomass with most Hg tightly
bound to the cell walls and membranes of fine roots.'>

The similar Hg isotopic compositions between the cortex
and stele (p > 0.0S by paired ¢ test, Figure 3b and c) suggest
negligible isotopic fractionations during Hg translocation in
roots. This indicates that the translocated Hg in roots is not in
the form of Hg ions, possibly in complexed Hg to the reduced
sulfur function groups (e.g, metalloprotein) that undergoes
little fractionation.”® The small differences of 5***Hg values in
all root samples and the decreasing Hg concentration from the
fine to coarse roots (Figure 2a) indicate that the effect of Hg
translocation from fine to coarse roots is much weaker than the
effect of mass dilution caused by the growth of woody biomass.
The positive odd-MIF and slightly negative MDF in stele than
signatures in cortexes of coarse roots (Figure 3c and Figure S2)
can be attributed to two reasons. One is by translocation of Hg
with positive odd-MIF and negative values from aboveground
tissues. We estimate a 20% contribution of Hg sources of
surface roots from aboveground tissues by using a two-end
member mass mixing model of odd-MIF (foliage A'*Hg
versus soil A'"Hg) detailed in SI Section 2. Such an
aboveground translocation into deep roots could have
weakened along the soil depth. This is inconsistent with that
more positive odd-MIF signatures in stele are found in the 50—
150 cm depth soil rather than surface soil, and then, this might
be not the sole reason. Another more possible cause is that the
secondary reactions occurred at the rhizosphere soil, such as
organic dark reduction®’” or absorption,29 which induced an
odd-MIF and MDF variation in the cortex and stele of coarse
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roots. However, such processes are not well understood and
require further investigation.

Transpiration induces a potential that moves water and
dissolved inorganic elements from the roots to the above-
ground biomass via the xylem route.'' However, such water
and nutrient transport leads to little Hg translocation, as
indicated by the distinct Hg odd-MIF signatures along with
root profiles to the aboveground stems, as well as similar Hg
odd-MIF signatures between foliage and stems (Figure 1d—f).
The limited Hg translocation may be explained by the small
mobile Hg mass in the cell cytosolic of the xylem, which is too
insignificant to be transported over a long distance in root
woody biomass."”

5. IMPLICATIONS

In this study, we show the heterogeneities of Hg concentration
and pool size distribution in roots of different diameters and in
vertical soil profiles. Because of the highly uneven distribution,
current estimates of Hg mass stored in underground biomasses
have large uncertainties. If we apply the similar methodology of
earlier studies with Hg concentration in fine roots and 0—50
cm depth roots, the estimated root Hg pool size is from 51 to
379 ug m™?, causing 3—6 times higher overestimation (Table
S6). Given the wide range of in-soil Hg concentration
distribution,””” the number of sample collection sites (~60)
of global root Hg data sets obtained from scattered locations in
China and Europe regions (Figure $2)>** is insufficient to
represent the variation of the global Hg spatial distribution.
Moreover, root biomass largely depends on tree species and
climate factors, and therefore, the heterogeneity of root mass
across the globe is another constrain in quantifying Hg pool
size in roots. More studies focus on the root Hg concentration
across the globe, specifically in tropical forest with elevated
root biomass®>** and greater than 45% of the global forest
area.”® The result from the typical subtropical forest provides
an insight in understanding the trend of Hg accumulation in
roots along with the soil depth. The findings were utilized to
imply additional work needed to better understand the global
Hg budget. Meanwhile, we recommend that additional
measurements be made to better understand root Hg
distribution at various depths and root size for a better
estimation on root Hg storage.

The evidence from stable Hg isotopes supports that Hg in
roots is predominantly derived from surrounding soil rather
than atmospheric uptake of Hg’ and that Hg acquired from
root uptake is less mobile than foliage uptake of atmospheric
Hg’. These findings suggest that the Hg stored in roots
originates from underground exchanges and does not
contribute significantly to the source—sink terms of atmos-
pheric Hg. We recommend more studies in obtaining data
from forest ecosystems at global sites to further verify this

hypothesis.
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