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• Aspen andAustrian pinewere subjected to
spikes of gaseous Hg(0); MeHg via the
roots.

• After the spike, aspen moved spiked Hg
(0) into new growth;MeHg had no impact.

• Aspen resorbed foliar Hg in the fall; pine
did not.

• Aspen foliage had Hg concentrated in the
cell wall and not associated with sulfur.

• Results explain why aspen tree rings are
not suitable archives for atmospheric Hg.
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Atmospheric elemental mercury (Hg(0)) enters plant stomata, becomes oxidized, and is then transferred to annual
growth rings providing an archive of air Hg(0) concentrations. To better understand the processes of Hg accumulation
and translocation, the foliage of quaking aspen and Austrian pine were exposed to Hg(0), andmethylmercury (MeHg)
or Me198Hg via roots, in controlled exposures during the summer. Isotopic measurements demonstrated, in a labora-
tory setting, that the natural mass-dependent fractionation observed was the same as that measured in field studies,
with the lighter isotopes being preferentially taken up by the leaves. Hg was measured in plant tissues across seasons.
Aspen trees movedHg into new growth immediately after exposure, resorbedHg in the fall, and then distributed Hg to
new growth tissues in the spring. Austrian pine did not reallocate Hg. Mercurymeasured in aspen leaf fractions of trees
exposed toHg(0) demonstrated that 85%ofHgwas in the cell wall. It was also found that redox-activemolecules, such
as H2O2, could potentiate the release of cell wall-bound Hg from aspen leaves, providing a potential mechanism for
remobilization. Regardless of the mechanism, the ability of aspen to reallocate Hg to new tissues indicates that Hg dis-
tribution in tree rings from aspen do not provide a reliable record of yearly changes in atmospheric Hg(0).
ugust 2022; Accepted 13 August 2
1. Introduction

The role of plants in themercury (Hg) biogeochemical cycle came under
scrutiny in the 1990's with the realization that litterfall was a significant
source of Hg to soils. It was proposed that the source of Hg in litterfall
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could be elemental Hg uptake via the stomata, uptake from soil, or foliage
surface oxidation of elemental Hg to water-soluble forms that were washed
off to the soil with precipitation (Munthe et al., 1995; Iverfeldt, 1991). It is
now known that plants primarily take up gaseous elemental Hg (Hg(0)) via
stomata and Hg is accumulated in foliage. In the leaf, Hg(0) is oxidized and
transported to tree rings where Hg is stored, and some tree species provide
an archive of atmosphere Hg(0) concentrations. It is not yet clear where Hg
(0) gets oxidized inside the foliage. It is possible that Hg is assimilated into
metabolically active cells, or remains outside the cell, and is oxidized via
redox reactions (Dixon and Barros, 2019) that occur in cell walls. Regard-
less, further movement has been proposed to occur as cysteine adducts
(Dennis et al., 2019; Manceau et al., 2019), eventually moving through
the phloem into growth rings (Arnold et al., 2018).

Ericksen et al. (2003) described the use of large mesocosms and
aspen growing in soils amended with Hg-contaminated mill tailings
(12.3 ± 1.3 μg Hg g−1) and those grown in “clean” soil (0.03 ± 0.01 μg
Hg g−1) to understand the exchange of Hg between plants and the atmo-
sphere. Results demonstrated that plant foliage was primarily a sink for at-
mospheric Hg and plants did not move Hg from the soil to the air. MeHg
concentrations represented ~1% of the total Hg (HgT) observed in foliage,
consistent with typical leaf MeHg concentrations of <5% of HgT (Liu et al.,
2021). Arnold et al. (2018) and Peckham et al. (2019a, 2019b), using
Austrian pine and root spikes of HgBr2, also found this did not result
in any significant effect on HgT in foliage or tree rings. A lack of an
effect of Hg addition to roots has also been demonstrated for HgCl2 (c.f.,
Millhollen et al., 2006; Stamenkovic and Gustin, 2009; Ericksen and
Gustin, 2004).

In other controlled experiments using 4 y old aspen and Austrian pine
trees, Arnold et al. (2018) found air Hg(0) concentrations had a significant
effect on foliar concentrations and tree ring concentrations. Peckham et al.
(2019a, 2019b) demonstrated that Austrian pine translocated Hg via the
stomata to the tree rings, and this was affected by local environmental con-
ditions. They concluded that trees are active samplers of Hg and that leaf
area influences observed tree ring concentrations. Peckham et al. (2019a,
2019b) hypothesized, based on limited data, that resorption of Hg from
needles of Austrian pine occurred in the fall.

Hg complexes in foliage are typically thought to be associated with re-
duced sulfur compounds, such as cysteine, glutathione, and phytochelatins,
or as mercury sulfide nanoparticles (Manceau et al., 2019; Carrasco-Gil
et al., 2013). The plant cell wall itself is a site for many redox reactions,
such as in lignin biosynthesis (Dixon and Barros, 2019). It has been pro-
posed that Hg oxidation in foliage occurs through interaction with reactive
oxygen species that are generated during photosynthesis and respiration
(Liu et al., 2021). In foliage, the catalase enzyme catalyzes hydroperoxide
decomposition at a rate constant of 107 M s−1 (Tehrani and Moosavi-
Movahedi, 2018; Vainshtein et al., 1981). Du and Fang (1983) found
through in vivo and in vitro experiments that Hg accumulation in foliar tis-
sue was proportional to catalase activities. Higher catalase activity points
toward tissues with higher rates of hydrogen peroxide (H2O2) oxidation
that could convert Hg(0) into oxygen-bound adducts or make Hg(II) avail-
able so it can bind with sulfur-based and other compounds.

The use of natural abundance Hg isotopes to trace Hg sources and
biochemical processes in organisms and plants provides important informa-
tion; however, data must be interpreted with the knowledge that Hg
isotopes can fractionate during chemical reactions involving Hg or via pho-
tochemical processes. For example, Demers et al. (2013) investigated Hg
cycling in a 10 y old aspen stand at a Free Air Carbon Experiment (FACE)
site in Wisconsin, USA, and found that plants preferentially assimilated
the light isotopes of Hg. Similarly,Wang et al. (2021)measuredHg isotopes
in tree rings of Masson pine (Pinus massoniana) and found mass-dependent
fractionation (MDF) and a slight change in odd numbered isotope mass-
independent fractionation (odd-MIF) due to reductive loss of Hg associated
with foliage. Using Hg isotopes, Yuan et al. (2019) demonstrated that re-
emission of Hg(0) occurred after reductive loss from evergreen foliage sur-
faces and the interior of leaves. Odd-MIF was associated with foliage and
linked to foliar release from Hg-S compounds, with 70 % from the leaf
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interior and 30 % from the leaf surface. Finally, Kurz et al. (2020) demon-
strated that isotope fractionation during foliar uptake resulted in diel vari-
ation in themass-dependent andmass-independent isotopic composition of
gaseous Hg(0) in forests.

Here we investigated how a high dose of Hg(0) was partitioned in aspen
and Austrian pine, and the potential for reallocation after exposure. In
addition, the location where foliar Hg is sequestered was investigated
along with potential mechanisms for remobilization. Experiments were
conducted with the goal of tracking the movement of Hg spikes in the
trees across seasons. Tree tissues were divided by type, age, and growth
(pre-, during, or post-Hg exposure) and quantified for HgT concentrations.
MeHg was quantified in select tissues for both tree types. For aspen, Hg iso-
tope ratios in homogenized foliage were measured, and Hg concentrations
were measured in 3 separate foliage components (i.e., cell wall, mem-
branes, and soluble fractions). Based on the results of the latter, the hypoth-
esis that Hg bound to the foliage cell wall can be readily dissociated by
reactive oxygen compounds generated by enzymes (e.g., superoxide
dismutases, and/or NADPH-dependent oxidases, such as RBOHs) located
in the plant cell plasma membrane and apoplast was tested. If this hypoth-
esis is correct, it provides a potential pathway during senescence by which
cell wall-bound Hg could be remobilized and transported to other tissues
(Mhamdi and Van Breusegem, 2018). Finally, this study also allowed us
to test the hypothesis of Peckham et al. (2019a, 2019b) that Austrian pine
trees resorb Hg during senescence.

2. Methods

2.1. Aspen

2.1.1. Experimental design & exposures
One y old (n = 80) aspen trees were purchased from Rail City Garden

Center (Reno, Nevada, USA) and moved to a greenhouse bay at the
University of Nevada, Reno (UNR) Valley Road Greenhouse Complex
(VR) on May 20, 2019. Trees were randomly divided into one of 4 groups:
1) air exposure to Hg(0); 2) root spike of MeHg; 3) root spike of isotopically
enriched Me198Hg; and 4) control. The control group was exposed to the
same growth conditions as the 3 treatment groups. Five trees were har-
vested before the start of the experiment to determine the initial “pre-expo-
sure” Hg concentration in the tissues and soil.

The exposure of trees to treatments occurred over 17 days in July 2019,
and was accomplished by placing each group of trees into separate growth
chambers. For a detailed description of the handling and preparation of
trees and the construction of the exposure chambers, see the Supplemental
Information (SI). Hg(0) was diffused into one treatment chamber (see SI)
from a bead of elemental Hg held in an air-tight polytetrafluoroethylene
bottle at 25 °C in a refrigerated bath. A polyfluoroalkyl valve was placed
in-line between the Hg source and the chamber inlet. A pulse of Hg
(0) vapor was added to the chamber by opening the valve until the Hg
(0) concentration reached 500 ngm−3, then closing the valve and allowing
the concentration to decay. MeHg and Me198Hg treatments received a total
of 0.3 μg Hg asMeHg. Stock solutions, prepared in Type I water, weremade
using MeHg (Brooks Rand, P/N 06610) for the MeHg treatment and isoto-
pically enriched 198Hg methylmercury (National Research Council of
Canada, P/N EMMS-1) for the Me198Hg treatment. One 10 mL aliquot of
the stock solution was added weekly by pipette to the moist soil 15 cm
deep and 5 cm horizontal distance from the tree bole, with each addition
added to a different location in the pot to avoid overdosing one area of
the root mass.

HgT air concentrations in each treatment chamber, along with the
greenhouse bay, were measured using a Tekran® 2537 Hg analyzer at a
5min resolution; chamberswere sampled in rotation by the single analyzer.
Concentrations in the exposure chamber ranged between ~300 to 1000 ng
Hg m−3 over the course of a day, with concentrations highest after the
spike addition and lowest at night. Hg(0) concentrations were 1.95 ±
1.25 ng Hg m−3 in the greenhouse bay. Temperature (T) and relative
humidity (RH) were recorded every 5 min with a Campbell Scientific
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CR10X datalogger equipped with 2 probes (Campbell Scientific, P/N
HMP45C), one for continuously monitoring the greenhouse bay, and one
rotated between the chambers. Bay and chamber relative humidity ranged
from 20 to 80 %, with the highest values during the night. Temperature for
the bay ranged between 17.5 and 27 °C fromnight to day, respectively, with
the chambers being hotter than the bay by 7 to 10 °C. After the exposure
was completed, the trees were removed from the growth chambers and
randomized in the greenhouse, mixing the different treatments.

A small dot of nail polish was added to each leaf near the petiole to aid
in partitioning foliage into groups and foliage types, using different colors;
theHgmass addedwas negligible, with<0.05 ngHg added per dot.Marked
foliage included: 1) pre-exposure old foliage (Pre-old), that extended from
the bole up to 15.25 cm along each branch, and from the bottom of the
tree to 30.5 cm from the top of the bole; 2) pre-exposure new foliage
(Pre-new), or foliage on each branch that was over 15.25 cm from the
bole and along the top 30.5 cm of the bole; 3) foliage that emerged during
the 17-day exposure (During); and 4) new foliage (Post), that emerged after
the end of the exposure. Pre-old and -new foliage were marked before the
start of the exposures, and During foliage was marked upon removal of
trees from the growth chambers.

2.1.2. Tree harvesting
Six trees from each group (n = 24 total) were harvested 18 days after

the completion of the exposures. The duration between exposure and har-
vest was permitted to provide time for the trees to process the Hg under
more optimal growing conditions (i.e., outside of the growing chambers).
Two aliquots of soil were collected and bulked from each pot using a
2.5 cm diameter soil auger to sample soil from the entire pot depth. The
auger was rinsed with Type I water and dried between each pot. Root
masses were extracted from the soil and separated from the tree bole
using an ethanol-cleaned pruner. The roots were then rinsed with copious
amounts of Type I water until the rinse water was clear and no more soil
could be removed. Branches and foliage were removed from the tree
bole, and the bole segmented into 10 cm segments, starting at the base of
the bole and working toward the top. Denuded branches were collected
separately. Foliage was divided into one of the 4 foliage types (i.e., Pre-
old, Pre-new, During, and Post) based on the color of the paint dot on
each leaf. Once a tissue was removed from the tree, it was placed in a
new, sterile 50 mL conical tube or a new double Ziploc freezer bag and
placed in a 20 °C freezer. An aliquot of each tissue type was placed in sepa-
rate storage containers and immediately frozen with liquid nitrogen and
stored at −80 °C; these samples were used for the foliage fractionation
analyses, described below.

Replicate trees (n = 3–4) from each group were moved outside and
planted in the ground directly adjacent to the bay. The soil at this location
is a fine-loamy, mixed, superactive, mesic Aridic Argixeroll. Once planted,
the trees were watered 2–3 times each week until the first frost. Foliage
was collected from these trees in the autumn as the foliage was senescing
to assess if the trees removed Hg from the foliage in preparation for winter
(e.g., is Hg in foliage mobile?).

2.2. Austrian pine

2.2.1. Experimental design & exposures
Three y old Austrian pine trees (n = 35) were purchased from the

Washoe County Tree Nursery on June 3, 2020, and placed in the UNR
Environmental Research Facility (ERF) greenhouse (c.f., Arnold et al.,
2018); twenty trees were placed in bay 1 and 15 trees in bay 2. After
9 days of acclimation, 5 trees from bay 1 were harvested as initial controls.
Trees in bay 2 were simultaneously dosed with Me198Hg via the roots and
Hg(0) exposure to the aerial tissues. Trees in bay 1 were not exposed to
Hg. Exposures lasted for 3 weeks, and then 5 trees were harvested from
bays 1 and 2. The remaining trees (n=20) were moved to VR and planted
outside. Five control and 5 treated trees were harvested in September 2020
and another set of 5 trees per groupwere harvested in lateMay 2021. Twist
ties of different colors were added to branches to delineate foliage
3

categories, including: “Pre”, bole and needle growth from the third year
growth (2020); “During”, obvious new growth that occurred during the
3-week exposure, if any; and “Post”, bole and needle growth that occurred
after overwintering outside during the 2020–2021 winter season.

Gaseous Hg(0) concentrations, T, and RHof each baywere continuously
monitored for the duration of the exposures. Gaseous Hg(0) concentrations
were measured by a Tekran® 2537A at 2.5 min resolution, switching
between bay 1 and bay 2 every 3 cycles (7.5 min in each bay). Hg(0) was
permeated into bay 2 at a concentration of 100 to 200 ng Hg m−3 for
~60 s. This was achieved by pumping ambient air from the ERF head
house across a Hg(0) permeation tube held at 10 °C in a refrigerated
water bath and into bay 2. Temperature and RH were measured at 5 min
resolution using a Campbell Scientific CR100 equipped with 2 sensors,
one placed in each bay. RH ranged from 10 to 40 %, with nighttime values
being larger; T ranged from10 to 40 °C in bay 1, and for bay 2 temperatures
were the same as bay 1 overnight but 5 °C higher during the day. Trees were
watered every 2–3 days during the exposure and once they were planted
outside (until the first frost).

2.2.2. Tree harvesting
Trees and soil were harvested similarly to the aspen trees above.

Needles were individually removed from the bole and branches and di-
vided into Pre, During, and Post, and 2021 needle groups based on the
twist tie delineations. Denuded branches and boles were cut at the twist
ties and divided into Pre, During, and Post, and 2021 bole groups. Once a
sample was removed from the tree, it was placed in a new, sterile 50 mL
conical tube or a new double Ziploc freezer bag and placed in a −20 °C
freezer.

2.3. Analytical methods

2.3.1. Total Hg analysis
Aliquots of tree tissues for HgT analysis were lyophilized using a Har-

vest Right freeze dryer with a 5.25 h freeze and 16 h dry cycle. Lyophilized
tissues were stored in air-tight containers at −20 °C until analyzed. Dried
tissues were homogenized using an ethanol-cleaned spatula to grind and
powder the material. Triplicate aliquots of each homogenized sample
were analyzed for HgT concentrations using a direct Hg analyzer (EPA
Method 7473; Milestone DMA-80 evo tri-cell). Aqueous standards were
used to calibrate the instrument following standard methods; certified ref-
erence materials (CRMs; NIST) were used to validate instrument accuracy
(±10 %) and precision (RSD < 5 %) at the beginning of each analytical
batch, and ongoing check standards were analyzed within every 10 sam-
ples.

2.3.2. Methylmercury analysis
MeHg concentrations were quantified following EPA Method 1630

(detection limit 0.02 ng g−1). Briefly, small aliquots (0.10 g) of dried,
homogenized tissue were digested in 10 mL 25 % potassium hydroxide in
methanol solution at 90 °C for 6 h, chilled, then diluted to 30mLwith meth-
anol and swirled to homogenize. A 100 μL aliquot of the digestatewas added
to acetate buffer at pH 4.5 and ethylated using sodium tetraethylborate
(Strem Chemicals). Samples were quantified using a Tekran 2700 auto-
mated methylmercury analysis system. Aqueous standards (Brooks Rand)
and CRMs (DORM-4)were used to calibrate and validate the instrument per-
formance and verify the digestion efficiency (±10 %).

2.3.3. Foliage tissue component separation
Foliar tissue from aspen trees harvested after the exposurewere separated

into cell wall, membranes, and soluble fractions (n= 13 trees, 47 samples).
The fractions were analyzed for HgT concentrations following the method
above. For complete tissue separation method details, see the SI.

2.3.4. H2O2 analyses
To test for the potential effect of H2O2 mobilization of Hg from foliage

cell walls during senescence, foliage cell walls were isolated in the presence
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of H2O2 in a tissue homogenization buffer. For details of this experiment,
see the SI.

2.3.5. Sulfur analyses
Foliage tissues were homogenized and the sulfur contents were quanti-

fied in crude homogenates and a purified cell wall fraction using an ICP-MS
(Shimadzu 2030, University of Nevada, Reno Core Analytical Laboratory;
detection limit 0.1 μg L−1). To calculate the concentration, method blanks
were subtracted from the sample concentration in units of μg L−1. The con-
centration was then multiplied by the total extraction volume and then di-
vided by the sample mass (total 0.014 g fresh weight of tissue in digested
sample) to get the concentration in μg g−1.

2.3.6. Isotopic analysis
Hg isotope ratios were measured with high precision so that we could

monitor both natural isotope fractionation of natural abundance Hg
(0) and MeHg, and measure small additions of an enriched Me198Hg tracer
added to soil. Hg was purified for isotopic analysis from plant tissues by
dual-stage combustion and trapping followed by purge-and-trap sample
matrix removal (Biswas et al., 2008). Slow controlled combustion, de-
scribed by Demers et al. (2013), was applied. In-line trapping was done in
an oxidizing solution of 1 % KMnO4 (w/w) in 10 % sulfuric acid. Sample
solutions were analyzed for Hg isotopic composition at the University of
Michigan by cold vapor, multi-collector, inductively coupled plasma mass
spectrometry using a Nu-Plasma instrument. A thallium internal spike
and sample standard bracketing were used for instrumental mass bias cor-
rection (Blum et al., 2014).

MDF is defined as:

δ202Hg ¼ 202Hg=198Hg
� �

sample � 202Hg=198Hg
� �

NIST 3133

h i
−1

n o
ð1Þ

While MIF is as follows:

Δ199Hg ¼ δ199Hgmeasured− δ202Hgmeasured � 0:2520
� � ð2Þ

Δ200Hg ¼ δ200Hgmeasured− δ202Hgmeasured � 0:5024
� � ð3Þ

Δ201Hg ¼ δ201Hgmeasured− δ202Hgmeasured � 0:7520
� � ð4Þ

Δ204Hg ¼ δ204Hgmeasured− δ202Hgmeasured � 1:493
� � ð5Þ

For details on the Hg isotope analyses, see the SI.
Table 1
Mean Hg concentrations (ng g−1 dry weight ± 1σ, n = 3–5 biological replicates) in as
diately after the treatment. Concentrations without 1σ are from n=1–2 biological replic
means the 10 cm section from 1 m above the base of the tree.

Pre-old Pre-new During Post Ro

Pre-exposure
Control 31 ± 4 27 ± 7 21

Harvested after exposures
Control 50 ± 6 44 ± 3 17 ± 5 25 ± 3 13
Hg(0) 1702 ± 237 1774 ± 210 531 ± 115 474 ± 184 93
MeHg 51 ± 4 40 ± 5 28 ± 1 32 ± 9 13
Me198Hg 46 ± 4 39 ± 3 20 ± 3 17 ± 1 15

Senesced foliage
Control 46 ± 3
Hg(0) 61 ± 28
MeHg 57 ± 9 36 ± 4 40 ± 3
Me198Hg 23 ± 3 17 ± 2

Harvested the following October
Control 22 9
Hg(0) 37
MeHg 16 7
Me198Hg 18 10

4

2.4. Data analysis

Statistical analyses, that included t-tests, were performed using
Microsoft Excel.

3. Results & discussion

3.1. Aspen

3.1.1. Distribution of Hg in aspen
Hg concentrations of foliage on the aspen trees that were subjected to

MeHg exposures via the soil were not significantly different from the con-
trol (t-tests with equal and unequal variances, with p values ranging from
0.16 to 0.34 and only one being <0.1 (control vs. Me198Hg Pre-old foliage,
p = 0.08)). Root concentrations of the MeHg exposures were not signifi-
cantly different than for the control or pre-exposure trees. Soil, stem, and
branches HgT concentrations were not significantly different between the
MeHg exposures and the controls.

In contrast, after theHg(0) exposure, foliage thatwas already present on
the trees prior to exposure had very high Hg concentrations (Pre-old:
1702 ± 237 ng Hg g−1 and Pre-new: 1774 ± 210 ng Hg g−1;
Table 1), compared to foliage that grew during the treatment (During:
531 ± 115 ng Hg g−1). Foliage that grew after the treatment (Post) had
mean concentrations of 474 ± 184 ng Hg g−1. This indicates that aspen
trees were reallocating the Hg to new growth. Roots and soil of the
Hg(0)-treated trees were also significantly higher than for control tree or
MeHg exposures (Table 1), suggesting movement of the Hg through the
vascular system to the roots and then secretion to the soil. Alternatively,
the high soil Hg concentration could be attributed to dry deposition of
Hg(0). However, Hg(0) is readily re-emitted with light and watering
(Gustin et al., 2004; Briggs and Gustin, 2013), and this would remove
Hg(0) deposited to the soil. Stem and branch concentrations were also
higher than the controls by ~150 ng Hg g−1 (p < 0.001). Since these
were 1 y old trees, individual rings could not be analyzed. Senesced foliage
from Hg(0) exposures had mean concentrations of 61± 28 ng Hg g−1 and
was not significantly different from the MeHg exposures nor the control
(p > 0.05), indicating resorption of Hg from aspen foliage.

3.1.2. Methylmercury
MeHg concentrations in control aspen foliage ranged from below the

detection limit to 0.68 ng g−1 (Table S1). For aspen that had been treated,
concentrationsmeasuredwere not different from control values except for a
0.89 and 1.7 ng g−1 value that were associated with foliage from the Hg(0)
pen tissues pre-exposure, after exposures, and of senesced foliage for the fall imme-
ates. “Bole (low)”means the 10 cm section at the base of the tree, and “Bole (high)”

ots Soil Bole (low) Bole (high) Branches Buds

± 4 58 ± 35 2 ± 1 2 ± 0.3 3

± 3 79 ± 22 3 ± 0.3 4 ± 1 7 ± 1 9
9 ± 269 107 ± 36 141 ± 21 157 ± 23 147 ± 47 330
± 5 58 ± 28 2 ± 0.4 4 ± 0.2 7 ± 2 8
± 2 62 ± 0.2 2 ± 0.3 3 ± 1 6 8

40 1 1 ± 3
4 46 125 129 ± 109

46 1 1 ± 3
55 2 2 ± 3
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during exposure and the Pre-old foliage, and the Me198Hg spike, respec-
tively. Based on limited data, we observed that ~2 % of the Hg in foliage
was MeHg, similar to observations by others (Liu et al., 2021; Ericksen
et al., 2003).

3.1.3. Foliar tissue component separation
For assimilation from Hg(0) exposure, 85 % of the Hg accumulated

in the cell wall compared to the soluble and membrane fractions (Fig. 1,
p < 0.001). The soluble and membrane fractions were not significantly dif-
ferent from each other. Relative levels of Hg(0) in the cell wall were, in
order of decreasing values: Pre-new > Pre-old > During > Post ⋙ Control.
The high amounts of Hg found in tissues that only grew after a Hg exposure
demonstrate that the Hg(0) assimilated during the spike was remobilized
into new tissue. These results also indicate that Hg was preferentially asso-
ciated with cell walls, regardless of whether it was assimilated directly from
the air, or remobilized and transferred from another part of the tree.

It is not yet clear why Hg preferentially accumulates in cell walls of
aspen leaves. The cell wall is made up of a diversity of polysaccharides,
such a cellulose, hemicellulose, pectin, and lignins, as well as S containing
proteins (i.e., containing cysteine and methionine residues). Because Hg
often reacts with S compounds, we tested whether the relative abundance
of Hg was proportional to the relative abundance of S in the different frac-
tions. However, despite the wall having 85 % of the bound Hg, the relative
amount of S was >17-times less than the soluble/membrane fraction. The
concentration of S in the aspen foliage used here ranged from 49 to
251 μg S g−1 leaf material, while the amount of S that fractionated with
the cell walls in each of 3 independent samples was below the assay's detec-
tion limit of 14.5 μg S g−1 leaf material. This indicates that the Hg is not
simply partitioning to subcellular locations with the highest amounts of S.
This is consistent with an analysis of Spanish moss in which hemicellulose
in the cell was reported as a primary site for binding Hg (Sun et al., 2021).

To investigate how cell wall Hg-adducts could be remobilized during se-
nescence and transported to new tissues, the manner in which potential
changes in the redox environment might release cell wall-bound Hg was
tested. During the preparation of cell wall fractions, the inclusion of
300 mM H2O2 displaced nearly half of the bound Hg (51 ± 14, 50 ± 2,
and 31 ± 7 %, for pre-new, pre-old, and during, respectively, Table S2).
While this H2O2-dependent displacement was less pronounced at 30 mM
H2O2, the effective concentration in this assay remains uncertain given
that H2O2 added to a crude plant extract has an expected half-life between
1 and 10 s (Akter et al., 2021). Although it is difficult to verify the magni-
tude of transient H2O2 concentrations that actually occur in cell wall micro-
environments during senescence, it is possible that much lower H2O2
Fig. 1. Tissue fraction of aspen leaves indicate that Hg accumulates primarily in the
cell wall fraction immediately following Hg(0) exposures as well as after
remobilization to newly developed leaves. The relative abundance of Hg (ng g−1

fresh weight of tissue) is shown for aspen foliage after fractionation into cell
walls, membranes, and soluble components. Background control values were
subtracted. Extractions were done using fresh tissue frozen with liquid nitrogen
immediately after sample collection.
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concentrations could also displace Hg-adducts in situations where smaller
increases in H2O2 concentrations are continuously generated over periods
of days, such as during plant senescence (Mhamdi and Van Breusegem,
2018). Importantly, the cell wall has a variety of redox systems that can pro-
duce different reactive oxygen species (ROS) or reactive nitrogen specific
(RNS) (Del Río, 2015; Sobieszczuk-Nowicka, 2017; Dixon and Barros,
2019; Wang et al., 2019; Akter et al., 2021). While it is not yet clear how
Hg-adducts are remobilized in aspen tissues, evidence here supports a
model in which redox reactions driven by ROS or RNS could provide a
non-enzymatic mechanism to release Hg for relocation. This remobilization
could occur by directly reducing Hg(II) to Hg(0), or indirectly by breaking
down cell wall structures and releasing small fragments containing
Hg-adducts (Müller et al., 2009). It is also possible that some plants have
a yet-to-be-identified enzymatic mechanism to breakdown organomercury
compounds, analogous to the MerAB enzymes in bacteria and archaea that
demethylate methylmecury (Christakis et al., 2021). During senescence,
nutrients are mobilized (Mhamdi and Van Breusegem, 2018), and Hg
could be transported to other tissues through the phloem in association
with thiol containing proteins, iron‑sulfur based proteins, amines, PO4

3−,
or carboxyl group compounds.

3.1.4. Hg isotope ratios
There was a small-magnitude, but significant, odd-MIF (Δ199Hg =

0.20 ± 0.02 ‰ (1σ)) associated with the Hg(0) from the permeated trap
that was used to treat the plants, and this was passed on to the Hg isotopic
composition of the foliage with the same value within measurement uncer-
tainty (Table S7). The averageΔ199Hg/Δ201Hg ratio was 1.68, which is con-
sistent with nuclear volume fractionation (Ghosh et al., 2013), known to
occur during evaporation of liquid Hg(0). The δ202Hg value of −1.78 ‰
for Hg from the permeated trap represents the magnitude of MDF associ-
ated with the gaseous Hg(0) before interaction with plant tissues, and
serves as an initial value. The δ202Hg value of −2.2 ‰ for Hg from the
inlet trap associated with the aspen Hg(0) chamber is evidence that this
trapped Hg was subjected to additional MDF from the initial value, that is
unrelated to Hg(0) interaction with aspen tissues. A small range of −3.82
to−4.13‰ in the δ202Hg values of foliage tissues was observed and indi-
cates a MDF of 2.04 to 2.35 ‰ during oxidation and fixation of Hg in the
foliage tissues. This is experimental confirmation of this fractionation,
that has been observed in field studies of Hg isotope fractionation in foliage
(Demers et al., 2013; Yu et al., 2016; Jiskra et al., 2019; Kurz et al., 2020;
Douglas and Blum, 2019).

Hg spike isotopic measurements and isotope dilution calculations indi-
cated 1.1 and 3.8 % (n = 2 trees) of the Hg in the roots was derived from
the Me198Hg that was added to the soil (Table S4). In general, the propor-
tion of Hg from Me198Hg found in foliage was low, ranging from 0.02 to
0.08 % of the HgT. For additional isotope data, see Tables S5-S8 and
Fig. S1. For these samples, the ability of the isotope dilution calculation to
resolve sample-to-sample differences in Me198Hg content was limited
when the proportion of Me198Hg was lower than 0.1 % of HgT. This reduc-
tion in resolving power is partly attributable to limited availability of sam-
ple material and low HgT content that contributed to greater measurement
uncertainty. Nevertheless, the even-MIF isotope results for these samples
clearly indicate that Hg from the Me198Hg spike is present in the leaf mate-
rial. Values of Δ200Hg determined for leaves from the Me198Hg treatment
range from−0.21 to−0.87‰ and are 3 to 40 times larger than the 2σ un-
certainty determined for the analyses (Tables S3 and S8). In contrast,
Δ200Hg of average Western US TGM (Kurz et al., 2020), which is similar
to that found for leaves exposed to natural isotope abundance Hg, is only
−0.09‰. Moreover, Fig. S1 illustrates that Δ200Hg and Δ204Hg values de-
termined for samples from the Me198Hg treatment plot along a trend that is
very nearly coincident with the trend defined by mixing of NIST SRM3133
(no even-MIF) and the Me198Hg spike. Root to leaf translocation of Hg de-
rived from the Me198Hg spike is one explanation for the observed foliar
even-MIF isotope composition. Another possible explanation is reduction
of Me198Hg in the soil and emission of spike-Hg as Hg(0) that retains the
spike's even-MIF signature, which then mixes with ambient Hg(0) and
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becomes available to the leaves via direct uptake from the atmosphere.
However, the latter explanation is likely not the cause for the observation
of 198Hg in the foliage, for spikes were added well below the soil surface.

3.2. Austrian pine

Pine trees were spiked simultaneously with Me198Hg and Hg(0). MeHg
was detected in the Pre-new and Pre-old control foliage. For the trees
treated with Me198Hg and Hg(0), MeHg was measured in the roots of
one sample (0.9 ng g−1), in the Pre-new bole of both samples (0.16 and
0.19 ng g−1), and in the Pre-old and Pre-new foliage of one sample
(1.57 and 0.47 ng g−1, respectively); tissues from 2 biological replicates
were analyzed for MeHg concentrations. These concentrations were similar
to those for the Pre-old and Pre-new needles for one control tree (0.98 and
0.71 ng g−1, respectively) (Table S1). Because this species did not mobilize
Hg after exposure (discussed below), Hg isotope ratios were not analyzed.

Soil and root Hg concentrations increased after the spike additions
(Fig. 2). Soil Hg concentrations increased in autumn when the trees were
placed outside, and the soil at that location was mixed with the potting
soil, increasing Hg concentrations. Root concentrations were variable
(Fig. 2).

Concentrations in the bole were not affected by the Hg(0) nor Me198Hg
spike addition. Bole Hg concentrations decreased over time in the treated
and control trees, likely due to growth dilution. Hg concentrations in-
creased in the Pre-old and Pre-new foliage after the treatment. Autumn-
and spring-sampled needle Hg concentrations were significantly lower
than that observed after the treatment. No Pre-new needles grew during
the exposure and the Post needles in spring of 2021 had low Hg concentra-
tions (2.8 ng g−1).

These data indicate that Austrian pine trees assimilated Hg(0) when ex-
posed, but did not subsequently translocate it to other tissues, and the Pre-
old and Pre-new needle concentrations decreased over time. Again, a small
amount (0.16 and 0.19 ng g−1) of the 198Hg spike (17± 1 ng) added to the
soil was moved into the bole. The decrease in foliage concentrations could
be due to off gassing from the leaf interior. Yuan et al. (2019) found, using
Hg isotopes associated with evergreen beech trees, that after foliage assim-
ilated Hg(0), leaves became progressively enriched in lighter isotopes and
depleted in odd-mass isotopes. This shift was caused by emission of metab-
olized Hg in the leaf interior and release as Hg(0) from the foliage.

Peckham et al. (2019a, 2019b) hypothesized that resorption of Hg from
the foliage was occurring due to a decrease in concentrations associated
with old foliage from fall to spring, similar to that observed here. However,
Fig. 2. Distribution of Hg (ng g−1) in Austrian pine tissues as a function of season for pla
where concentrations were significantly greater than the control.

6

new foliage concentrations in the spring were not significantly different
than the control suggesting that Austrian pine foliage were not reallocating
Hg. It is likely Hg reduction and loss was occurring as suggested by Yuan
et al. (2019).

4. Implications

This study and others have demonstrated that different tree species take
up Hg via the foliage, but the fate of assimilated Hg has not been fully ex-
plored. Aspen trees resorbed Hg during senescence and translocated Hg
to different tissues during growth. This suggests aspen are not good re-
corders of atmospheric Hg concentrations using tree rings, which is consis-
tent with evidence from field studies (Gustin et al., 2022; Siwik et al.,
2009). In contrast, the 3 y old Austrian pine trees, used in this study, did
not remobilize and redistribute Hg between tree tissues, consistent with ev-
idence from Peckham et al. (2019a, 2019b).

Aspen is a deciduous tree that loses its leaves in the fall and resorbs nu-
trients from the leaves to the bole and branches, while pine species lose
needles gradually over the year and nutrients in old needles are moved
into new needles (Yuan et al., 2018). Deciduous trees resorbmore nutrients
than conifer species (Brant and Chen, 2015). The behavior of these tree spe-
cies may not necessarily be generalized to other tree species. For example,
several studies have shown that radial translocation occurs in different pine
species (Arnold et al., 2018; Chellman et al., 2020; Novakova et al., 2021).
More work needs to be done to understand the potential for radial translo-
cation in tree species being used for tree-ring studies.

Aspen foliage component analyses demonstrated that Hg was primarily
concentrated in the cell wall. The displacement of Hg from the cell wall by
redox active molecules, such as H2O2, suggests a potential non-enzymatic
mechanism by which Hg could be remobilized during senescence. Finally,
experiments verified that light Hg isotopes were preferentially oxidized
within foliage leading to a MDF between Hg(0) and Hg(II) in foliage of
2.04 to 2.35 ‰, similar to that observed in field studies. MeHg concentra-
tions measured in foliage were not statistically different from the control
and a small amount of the Me198Hg spike was found in aspen foliage,
indicating that organic Hg can be transferred from the soil to foliage,
supporting the work of Tabatchnick et al. (2012) who suggested in vivo
MeHg production.

Data availability

All raw data are available from the corresponding author upon request.
nts treated with Hg(0) via the air and Me198Hg spikes to the soil. Asterisks indicate
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