www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Tree foliage as a net accumulator
of highly toxic methylmercury

Idus Stinson', Han-Han Li?**, Martin Tsz-Ki Tsui'**, Peijia Ku'*, Yener Ulus™¢,
Zhang Cheng’ & Hon-Ming Lam3*

Tree canopies are known to elevate atmospheric inputs of both mercury (Hg) and methylmercury
(MeHg). While foliar uptake of gaseous Hg is well documented, little is known regarding the temporal
dynamics and origins of MeHg in tree foliage, which represents typically less than 1% of total Hg in
foliage. In this work, we examined the foliar total Hg and MeHg content by following the growth of
five individual trees of American Beech (Fagus grandifolia) for one growing season (April-November,
2017) in North Carolina, USA. We show that similar to other studies foliar Hg content increased almost
linearly over time, with daily accumulation rates ranging from 0.123 to 0.161 ng/g/day. However,

not all trees showed linear increases of foliar MeHg content along the growing season; we found

that 2 out of 5 trees showed elevated foliar MeHg content at the initial phase of the growing season
but their MeHg content declined through early summer. However, foliar MeHg content among all 5
trees showed eventual increases through the end of the growing season, proving that foliage is a net
accumulator of MeHg while foliar gain of biomass did not “dilute” MeHg content.

Mercury (Hg) is a global pollutant that can essentially contaminate all natural and polluted environments, due
mainly to its widespread sources, and long-range atmospheric transport and deposition'. Forested and vegetated
landscapes are particularly prone to atmospheric Hg contamination® because plant foliage can accumulate gase-
ous elemental Hg [abbreviated as Hg(0)] through the stomatal uptake®, and gaseous Hg(0) can be oxidized inside
the foliar tissues to become inorganic Hg [abbreviated as Hg(I1)] through binding to thiol groups®.

During the growing season, both the concentrations and total foliar mass of Hg(II) (as reflected by total
Hg (THg) measurements) increase in the foliage, and its concentrations peak approximately when the foliage
senesces”’. Upon litterfall, foliar Hg(II) can be incorporated into the forest floor which can represent an input
of atmospheric Hg to the forest floors, typically referred to dry deposition’. Subsequently, some of Hg(II) in
the decomposing litter is released with dissolved organic matter (DOM) into water, and aqueous Hg(II) may
be exported from the watershed through streamflow in the form of Hg-DOM complexes®. Once in the aquatic
environment, litter-derived Hg(II) can be methylated in surface sediments in downstream streams, lakes, and
wetlands by a range of anaerobic microbes possessing hgcAB two-gene clusters to produce highly toxic methyl-
mercury [abbreviated as MeHg]®. In the aquatic environments, MeHg can extensively bioaccumulate and biomag-
nify in the natural food webs, leading to dangerously high levels in top aquatic predators and humans through
fish consumption'.

In addition to the above “conventional” microbial pathways for the production of MeHg in the forested water-
sheds, MeHg production can potentially occur through different, but much less understood pathways. Indeed,
MeHg can be widely detected, often in trace quantities, in different seemingly oxic environmental compartments
in forests including air, precipitation, soils, and foliage. In the atmosphere, a few studies have reported low but
measurable MeHg in precipitation''™**. Interestingly, fogwater may contain considerably more MeHg than rain-
water (e.g., 3.4 ng/L in fogwater vs. 0.1 ng/L in rainwater, in coastal California, USA)'>. However, there was some
evidence of the existence of low-level MeHg in the gaseous phase’® in the range between 1 and 7 pg/m?, thus
both gaseous and precipitation-derived MeHg may represent atmospheric sources to growing foliage. On the
ground, tree foliage and litter also contain trace amounts of MeHg (e.g., <0.2 ng/g dry wt) in forests distant from
point sources®'”"*°, and similar levels were observed in surface organic horizons of soil'”!*. However, the exact
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sources of MeHg observed in growing foliage are poorly understood and constrained. Further, to our knowledge
the temporal patterns of MeHg in growing foliage have not been examined; thus little is known about if and how
MeHg changes in foliage over time during growing phase. Thus, both external sources (e.g., atmospheric uptake,
or root uptake of soil solution) and internal sources (e.g., in-vivo methylation) are plausible pathways for MeHg
accumulation in foliage®'®. Alternatively, microbial methylation of Hg(II) on the foliar surface is indeed feasible
because a small amount of wet-deposited Hg(II) would be often present on foliar surfaces’” while microbial
endophytic communities (regardless of anaerobes or not) may be often associated with leaf surface?, but it is
unknown if these microbes can methylate Hg(II).

On the other hand, MeHg can be degraded (or demethylated) by both abiotic pathways (e.g., ultraviolet
radiation in sunlight)?! and biotic pathways (e.g., microbes with merB gene)??, with both pathways relatively well
studied in aquatic, but not in the terrestrial, ecosystems. Through measuring the stable Hg isotope signatures in
the terrestrial food web components, empirical evidence of photodemethylation of MeHg has been demonstrated
in upland forest ecosystems through the identification of positive mass-independent fractionation in MeHg?.
However, the precise locations where the photodemethylation process in forests happens are not known.

In this study, given the paucity of information on MeHg dynamics in growing foliage, we aimed to fill this
knowledge gap through examining the temporal changes of THg and MeHg in growing foliage, and attempted to
relate their variations with other environmental factors (e.g., air temperature, rainfall, and evapotranspiration)
as well as tree physicochemical parameters (e.g., leaf mass and area, stomatal density, and chlorophyll content).
We regularly collected the foliar samples from five designated trees of American Beech in a forest of an urban
campus in Greensboro, North Carolina, USA, and soil samples in the forest were collected at the beginning of
the study to determine if soil Hg is elevated®*. We predicted that foliar THg concentrations would increase with
the growing season as demonstrated previously®~’, while we also predicted that foliar MeHg concentrations
would increase over time since foliar THg has been shown to be positively correlated with that of MeHg among
different tree species in a previous study*®.

Results and discussion

Growing season and physicochemical characteristics

The bud break began around early to mid-April 2017 and litterfall started around mid-November 2017, resulting
in a growing season of ~ 7 months. In comparison, the length of growing season in our study location (Greens-
boro, NC, USA) is considerably much longer than those of more northern environments in upstate New York,
USA, in which two previous studies reported there were only ~ 4-5 months>®, which indeed provided us a wider
time window in observing the temporal changes of both THg and MeHg concentrations in foliar tissues.

During the ~ 7 months of growing season, the ambient weather changed temporally, and below is a summary
of the overall changes of some key parameters as related to tree growth. First, the daily temperature increased
from April through July from the monthly median value of 18.4 to 25.7 °C, but then it declined from August
through November rapidly from the monthly median value of 25.7 to 9.1 °C (Supplemental Information (SI)
Fig. S1A). Similarly, the monthly median value of daily solar radiation peaked around June and July (265.6 and
262.0 W/m?, respectively) (SI Fig. S1A) and then declined afterwards, which would be strongly correlated with
the trend of monthly median daily temperature (r*=0.749; graph not shown).

The growing season started with increasing monthly rainfall from April to June (from 158.0 to 351.5 mm) and
then declined through the summer until October (from 351.5 to 71.6 mm). In the autumn, there was a slightly wet
period as evidenced from the increasing rainfall from October to November (from 71.6 to 173.7 mm) (SI Fig. S1B,
SI Table S1). As related to temperature, the estimated evapotranspiration in general declined from August through
November, with the monthly median daily evapotranspiration decreased from 5.42 to 1.57 mm (SI Fig. S1C).

Regarding the foliar samples, there were both temporal and tree-to-tree variations in physicochemical char-
acteristics. Among the five trees studied, the individual leaf area appeared to be the smallest in the first sampling
time point on 21 April (at 38.6 + 5.8 cm?) but afterward the individual leaf area increased slightly and fluctuated
between 40 and 50 cm? (SI Fig. S2A, SI Table S2). Unlike individual leaf area, the individual leaf mass varied
quite a bit over time among these five studied trees (SI Fig. S2B, SI Table S3). The averaged individual leaf mass
increased from 0.22+0.02 g on 21 April to a maximum of 0.43 £0.20 g on 16 June, but then the individual leaf
mass gradually declined afterwards to 0.34+0.05 g on 17 November (SI Fig. S2B, SI Table S3), which likely
reflected some biochemical changes during the same period even though leaf size remained relatively constant
throughout. By accounting for both individual leaf area and leaf mass, we calculated the foliar density (or leaf
mass per unit area) and found that the foliar density was obviously low early on until mid-June, and afterwards
the foliar density remained more or less stable until the litterfall (SI Fig. S2C, SI Table S4). We interpreted that
the temporal changes in foliar density would reflect the development of epidermal cell walls and cuticle?, as well
as other biochemical changes such as synthesis of chlorophyll (see below).

As related to gaseous uptake of Hg(0), we found that stomatal density remained quite similar throughout the
growing season (note that we did not analyze this parameter for the first sampling on 21 April) (SI Fig. S3A, SI
Table S5). Still, we found that the averaged stomatal density peaked in August (64,278 +12,888/cm?) but it was
20% higher than the average value found on 19 May (52,590 + 6454/cm?). Lastly, the critical photosynthetic pig-
ments, represented by total chlorophyll content (i.e., summation of Chl-a and Chl-b) appeared to increase from
21 April (mean: 0.80+0.16 mg/g) through mid-June (between 2.85 and 3.19 mg/g), but after mid-September
total chlorophyll content declined to the lowest right before litterfall at 0.50 +0.57 mg/g (SI Fig. S3B, SI Table S6).
These total chlorophyll values were comparable but slightly lower than those reported for tree foliage along a
large geographic gradient in China®. However, the averaged ratio of Chl-a/Chl-b remained quite constant (over
3.0) throughout the growing season, but the ratio in the fresh litter significantly dropped to 2.2 (data not shown).
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Overall, we did not find an apparent influence of the tree size (or age) imposed on these foliar physicochemical
properties (i.e., Tree 2 vs. Tree 1, 3, 4, and 5).

Foliar accumulation of total mercury

In the urban campus forest, analysis of soil samples showed a relatively low THg content (i.e., 73.6 +5.5 ng/g
dry wt; n=2) and the values are comparable to forests without point sources in the east coast of USA (e.g.,
31-145 ng/g dry wt)*, indicating that there is no significant point source of Hg pollution in our study site and
the majority of foliar Hg should be derived from non-soil pathway®.

At the beginning of the growing season, the foliar tissues of the 5 trees started at very low THg content
(mean+S.D.: 5.8+ 1.5 ng/g; range 3.4-6.7 ng/g) on 21 April (Fig. 1A-E, SI Table S7), which are similar to
the beech trees reported in two previous studies in upstate New York at 4.9+ 0.8 ng/g® and 5.6 + 3.6 ng/g°.
Throughout the growing season, there was clearly a net accumulation of THg in foliar tissues over time, reach-
ing 27.4+ 4.6 ng/g by the end of the summer (25 August), and further reaching a maximum THg content in
foliage on 17 November (46.0+7.5 ng/g), and fresh litter collected on 28 November (41.8 +7.3 ng/g). The THg
content in the fresh litter samples were similar to those observed in different temperate forests without point
sources across the USA.,

The daily THg accumulation rates (i.e., the slopes in Fig. 1A-E) ranged from 0.123 (Tree 4) to 0.161 ng/g/day
(Tree 3) in this study, which would be considerably lower than that of beech trees in upstate New York. Specifi-
cally, Bushey et al.® reported an average daily THg accumulation rate of 0.47 ng/g/day (understory foliage), and in
their study averaged THg content of foliage could reach a maximum of 68 ng/g from bud break in only 4 months,
as opposed to a growing season of ~7 months in our study. The much lower daily accumulation rate of THg
in our study trees would probably be attributed to various factors, but we speculated that lower gaseous Hg(0)
concentrations® as well as a higher rate of photoreduction of Hg(II)?” may be responsible for these discrepancies.

Temporal dynamics of foliar methylmercury content

From our five selected American Beech trees, the averaged MeHg content showed some temporal variations
but did not show a continuous linear increase over the growing season as in the case of THg observed above
for all five trees (Fig. 2A-E, SI Table S8). For the averaged values, MeHg content ranged from the lowest of
20.7+5.7 pg/g on 25 August to the highest of 41.3+7.6 pg/g on 17 November. However, there were apparent
temporal fluctuations during the 6-7 months and there were also large tree-to-tree differences in MeHg content
and thus reporting the averaged values would inadvertently mask these individual differences. Also, the per-
centage of THg as MeHg (i.e., %MeHg) averaged ~ 0.17%, which is lower than other forest studies'®'* and the
underlying explanation is not known at the moment. It is interesting to note due to the lowest THg content for
the initial foliar samples while their MeHg content was not necessarily the lowest, %MeHg changed over time in
foliage. Apparently, we found that %MeHg was the highest for 21 April samples (0.96%) but %MeHg declined
steadily afterward (SI Table S9).
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Figure 1. Temporal variations of total mercury (THg) concentrations in foliage and fresh litter in five American
Beech trees over the growing season in the year of 2017. Linear regression analysis was performed for all foliar
data (except the fresh litter data, shown in red color).
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Figure 2. Temporal variations of methylmercury (MeHg) concentrations in foliage and fresh litter in five
American Beech trees over the growing season in the year of 2017. Linear regression analysis was performed for
all foliar data (except the fresh litter data, shown in red color).

By examining the MeHg data among individual trees (SI Table S8), it is noted that both Tree 2 and Tree 5
showed relatively high initial MeHg content (69.9 pg/g for Tree 2 and 72.7 pg/g for Tree 5 on 21 April, 2017) but
both trees showed apparent declines of MeHg content. For Tree 2, the decline seemed to cease around mid-June
but for Tree 5 the decline continued until late July (Fig. 2B,E). Interestingly, both Tree 2 and 5 showed upward
trend of MeHg after the initial declines until litterfall, and with MeHg content reaching 29.2 pg/g for Tree 2 and
40.2 pg/g for Tree 5. In contrast, the trends appeared to be more straightforward for Tree 1, 3, and 4, in which
MeHg content began with a slight small decline initially but their MeHg content all climbed steadily toward the
highest levels before litterfall (Fig. 2A,C,D). If we only focused on the increasing trend of MeHg for all individual
trees, the daily accumulation rate varied widely, ranging from 0.085 pg/g/day (Tree 1) to 0.209 pg/g/day (Tree
5). This analysis clearly showed the differences from the more consistent daily accumulation rate of THg for
the five trees, showing the challenge in understanding the processes regulating MeHg accumulation in foliage.

Potential factors influencing foliar methylmercury content

It appeared that both THg and MeHg content are very dynamic inside foliage as it grows. We attempted to
evaluate if the weather and physicochemical parameters can explain their influences on THg and MeHg content
but most of these parameters did not show any significant, direct influences. We found that if these parameters
showing any statistically significant effects (p <0.05) would be likely caused by their concurrent variations with
seasonality or time (SI Tables S10, S11). For THg, we believe that the continuous uptake of gaseous Hg(0) would
represent the best explanation of temporal increases of THg in foliage as revealed by previous studies®*~”.

In contrast, the potential explanations for the variations of MeHg can be numerous and here we provided
a few potential mechanisms. First, the observations of strong association of THg and MeHg in foliage among
different tree species prompted Tabatchnick et al.'® to hypothesize the in-vivo production of MeHg inside foli-
age, and the authors speculated the presence of common chemicals including vitamin B,,, coniferol, acetate,
and parahydroxybenzaldehyde would mediate and promote Hg(II) methylation abiotically***. Until now there
has not been any direct empirical evidence to support or reject this hypothesis. From our study, while we also
observed statistically significant relationships (p <0.05) between THg and MeHg in foliar samples in Tree 1, 3, and
4, Tree 2 and 5 showed no statistically significant relationship due to the prolonged initial declines of MeHg (i.e.,
opposite trends of THg and MeHg during their respective initial stages) (Fig. 3). Thus, our data potentially sup-
ported more than one source(s) of MeHg in foliage, including the direct uptake of MeHg from precipitation!!-!4
and/or air'® in addition to potential in-vivo production'®.

Second, the rapid initial declines of MeHg in Tree 2 and 5 suggested common mechanism(s) in reducing
MeHg content. Since leaf mass and foliar density (SI Fig. S3) both increased steadily during the first 2 months of
growth, we hypothesized that the development of epidermal cell walls and cuticle during early stages® may actu-
ally allow more penetration of ultraviolet radiation (e.g., UV-B) that can mediate MeHg photodemethylation in
foliar tissues?'. Further, different foliar structures (e.g., anticlinal cell wall region) would also allow the penetration
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Figure 3. Relationship between THg and MeHg concentrations in foliage and fresh litter over the growing
season. Linear regression was conducted only for understory foliage for each tree, and NS =no significant
relationship was found.

of UV-B in foliage even epidermal cell walls and cuticle are fully developed®’. Recent studies using stable Hg
isotopes demonstrated the photo-reductive loss of Hg(II) from living foliage and this represents a re-emission
of Hg(0) from the trees?’, which support the possibility of photodemethylation of MeHg inside living foliage.

Third, the mass biodilution pathway, which has been found to explain phytoplankton and animal’s declines
of MeHg content upon rapid growth through processes such as eutrophication in lakes®', may seem to explain
the initial declines of MeHg in Tree 2 and 5. However, while the leaf mass almost doubled in the first two months
(SI Fig. S3), the total MeHg mass per individual leaf (not concentration) still declined strongly for both Tree
2 and 5. The increasing trend of MeHg mass per individual leaf persisted for Tree 1, 3, and 4, showing that the
actual changes of MeHg (regardless of decrease or increase) is independent of the biomass gain (SI Fig. S$4), thus
rejecting the possibility of merely biomass dilution.

Implications to methylmercury sources in forested ecosystems

It has long been known that foliage represents an important source of Hg(II) in forested landscapes, elevating
the atmospheric deposition of Hg to these terrestrial ecosystems**. Also, the majority of previous studies focused
on the subsequent transformation of Hg(II) to MeHg in the reducing environments especially aquatic habitats®.
However, the often-overlooked pool of MeHg in growing foliage actually represents new inputs of MeHg to the
forested environments’. This study, along with a few others'®, showed that there must be complex yet not fully
understood processes regulating the content of neurotoxic MeHg in foliage, and subsequently in fresh litter and
the surface soils upon litterfall”. Our findings helped clarify that in growing tree foliage while THg concentra-
tions increase linearly, MeHg concentrations and MeHg mass can change in different directions potentially due
to production and demethylation occurring concurrently. Nevertheless, our data showed clearly that MeHg
concentrations and MeHg mass per leaf increased overall during the growing season, pointing that the in-vivo
production and/or external accumulation (e.g., from rainfall) should exceed the demethylation, if any.

Methods

Study site and sampling approach

This study was conducted by following the institutional guidelines of the University of North Carolina at
Greensboro (UNCG), and the field sampling was conducted at the campus of UNCG (Greensboro, Guilford
County, North Carolina, USA) (coordinates: 36°04'20.1"N 79°48’31.9"W) during a growing season from April
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to November, 2017. Our study did not involve species at the risk of extinction or trade of endangered species as
identified by International Union for Conservation of Nature. Briefly, we selected five individual trees of Ameri-
can Beech (Fagus grandifolia) as the subjects of this study, and they were labeled as Tree 1, Tree 2, Tree 3. Tree 4,
and Tree 5 (Fig. 4). It should be noted that the tree sizes were quite similar for all except Tree 2. For example, the
tree height (H) ranged from 6.0 to 9.4 m for Tree 1, 3, 4, and 5 while that for Tree 2 was 18.7 m, similar differ-
ences were also observed for the tree trunk diameter (Fig. 4). American Beech was chosen because it is native to
North Carolina and is common throughout the eastern USA, and has been examined for THg accumulation in
at least two previous studies at upstate New York, USA>S, allowing a comparison of our results with other studies.

After the foliage emerged in mid-April 2017, we conducted biweekly sampling until the litterfall in Novem-
ber 2017 (except missing one sampling point in mid-October). In brief, we used a pole pruner to collect 10-20
individual foliage on each side of four sides of the under canopy at each tree (i.e., a total of 40-80 foliage per
tree was collected during each sampling) with personnel wearing powder-free vinyl gloves. Samples were care-
fully transferred into a new ziplock bag, and each of the five trees were sampled for a total of 15 times during
the growing season in 2017, across the spring, summer, and autumn (i.e., 21 April, 5 May, 19 May, 2 June, 16
June, 30 June, 14 July, 28 July, 11 August, 25 August, 8 September, 22 September, 6 October, 3 November, and
17 November). It should be noted that on 28 November we collected freshly fallen, intact, litter on the ground,
which can be derived from different heights of the tree (i.e., not restricted to understory). Also, we collected
surface soil using a clean stainless-steel trowel at the beginning of the study to measure THg values. We retrieved
the weather data (from March to December 2017) from a nearby (~ 7 km) weather station at the North Carolina
A&T State University Research Farm (36°03’40.6"N 79°44°10.3"W; Greensboro, NC, USA).

Measurements of physicochemical parameters and mercury content

We randomly picked foliage samples from each tree to measure for the physicochemical parameters. Specifically,
we quantified individual foliage for leaf area (in cm?), leaf dry mass (in g), stomatal density (in stoma/cm?), and
we used cold 80% methanol for extraction of foliar samples, followed by measurement by a spectrophotometer
(following SERAS/USEPA SOP 2030) for quantifying chlorophyll-a and chlorophyll-b content (in mg/g; reported
as total chlorophyll). In the laboratory, all remaining samples were used for Hg analysis, and they were frozen
at—20 °C and later lyophilized by a bench-top freeze-dryer (SP Scientific), and each sample was composited from
foliage/litter at four directions of the tree and homogenized by a clean stainless-steel blender™.

D=18.8cm
Treel H=68m

T

Y

IMENDENKA
=

Figure 4. Map showing the positions of the five study Beech trees within the Peabody Park on the urban
campus of the University of North Carolina at Greensboro (UNCG) at the city of Greensboro, North Carolina,
USA. Also shown are the estimated tree height (H) in meters and tree trunk diameter (D) in centimeters. Source
of map: www.uncg.edu.
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For THg analysis, each homogenized sample was weighed into an acid-cleaned 40 mL borosilicate glass vial
with PTFE-faced septum (Thermo Fisher Scientific), and completely digested with an aliquot of trace-metal grade
concentrated HNO; and H,0, (4:1 v/v) (both from Thermo Fisher Scientific) at 80 °C overnight, reagent blank,
and replicates of standard reference material (SRM) NIST-1515 (Apple Leaves) were included with each batch of
sample digestion (QA/QC)*. To analyze for THg, an aliquot of acid digest was added to 100 mL ultrapure water
in a glass bubbler, in which we added 200 pL of 30% NH,OH and then 200 uL of 20% SnCl, to completely reduce
Hg(II). We then purged the solution under a stream of Hg-free N, gas for 15 min, and Hg(0) passed through a
soda-lime trap and was collected by a gold trap downstream. Sample Hg was quantified by the double amalga-
mation technique with a cold vapor atomic fluorescence spectrometer (CVAFS, Brooks Rand Model I11)*. Two
certified reference standards at 1.00 ng/mL (SRM NIST-3133 and NIST-1641d) were used for developing the
calibration curve, as described elsewhere®. We also included NIST-1515 (Apple Leaves) as the reference mate-
rial to be included along the sample digestion and THg analysis, and the recovery averaged 97.9+0.99% (n=7).

For MeHg analysis, each homogenized sample was weighed into a new polypropylene centrifuge vial and
added with 4.6 M trace-metal grade HNO; (Thermo Fisher Scientific), and heated at 60 °C in a water bath for 12 h
to release MeHg into the acid solution®. It should be noted that plant reference material certified for MeHg was
not available during the time of this study, and our repeated analyses of SRM NIST-1515 Apple Leaves yielded
amean (£S.D.) of 54.01+£9.71 pg/g dry wt (n=7). In brief, aliquot of the acid digest was added into 100 mL
ultrapure water in a glass bubbler, in which we first neutralized the acidity with 4.6 M KOH, and MeHg was ethyl-
ated by the addition of 50 uL of ice-cold 1% NaBEt, for 25 min. The solution was purged by a stream of Hg-free
N, gas for 12 min and ethylated Hg species was collected by a Tenax TA Trap (Supelco) downstream. The sample
trap was dried by Hg-free N, gas for 7 min before being heat-desorbed, and alkyl Hg species were separated by a
gas chromatography and pyrolyzed at 700-800 °C*. MeHg was quantified by CVAFS (Brooks Rand Model III)
and a standard solution at 1.00 ng/mL (supplied by CEBAM Analytical Laboratory; Bothell, Washington, USA)
was used for developing the calibration curve. The actual MeHg concentration in the calibration standard was
checked against our in-house THg standard (NIST-3133; 1 ng/mL) following a method outlined by USEPA.

Statistical analyses
We performed regression analyses by SigmaPlot 12.5 (Systat Software, Inc). The significance level for all statisti-
cal analyses was a=0.05.

Data availability
All data generated or analysed during this study are included in this published article [and its Supplementary
Information files].

Received: 26 July 2023; Accepted: 5 January 2024
Published online: 19 January 2024

References
1. Fitzgerald, W. E, Engstrom, D. R., Mason, R. P. & Nater, E. A. The case for atmospheric mercury contamination in remote areas.
Environ. Sci. Technol. 32, 1-7 (1998).
2. St. Louis, V. L. et al. Importance of the forest canopy to fluxes of methyl mercury and total mercury to boreal ecosystems. Environ.
Sci. Technol. 35, 3089-3098 (2001).
. Ericksen, J. A. et al. Accumulation of atmospheric mercury in forest foliage. Atmos. Environ. 37, 1613-1622 (2003).
4. Zhou, J., Obrist, D., Dastoor, A., Jiskra, M. & Ryjkov, A. Vegetation uptake of mercury and impacts on global cycling. Nat. Rev.
Earth Environ. 2, 269-284 (2021).
5. Rea, A. W, Lindberg, S. E., Scherbatskoy, T. & Keeler, G. ]. Mercury accumulation in foliage over time in two northern mixed-
hardwood forests. Water Air Soil Pollut. 133, 49-67 (2002).
6. Bushey, J. T., Nallana, A. G., Montesdeoca, M. R. & Driscoll, C. T. Mercury dynamics of a northern hardwood canopy. Atmos.
Environ. 42, 6905-6914 (2008).
7. Laacouri, A., Nater, E. A. & Kolka, R. K. Distribution and uptake dynamics of mercury in leaves of common deciduous tree species
in Minnesota, USA. Environ. Sci. Technol. 47, 10462-10470 (2013).
8. Woerndle, G. E. et al. New insights on ecosystem mercury cycling revealed by stable isotopes of mercury in water flowing from a
headwater peatland catchment. Environ. Sci. Technol. 42, 1854-1861 (2018).
9. Gilmour, C. C. et al. Mercury methylation by novel microorganisms from new environments. Environ. Sci. Technol. 47,11810-11820
(2013).
10. Mergler, D. et al. Methylmercury exposure and health effects in humans: A worldwide concern. Ambio 36, 3-11 (2007).
11. Hall, B. D. et al. Methyl and total mercury in precipitation in the Great Lakes region. Atmos. Environ. 39, 7557-7569 (2005).
12. Hammerschmidt, C. R., Lamborg, C. H. & Fitzgerald, W. E Aqueous phase methylation as a potential source of methylmercury
in wet deposition. Atmos. Environ. 41, 1663-1668 (2007).
13. Graydon, J. A. et al. Long-term wet and dry deposition of total and methyl mercury in the remote boreal ecoregion of Canada.
Environ. Sci. Technol. 42, 8345-8351 (2008).
14. Wang, Y., Peng, Y., Wang, D. & Zhang, C. Wet deposition fluxes of total mercury and methylmercury in core urban areas, Chong-
qing, China. Atmos. Environ. 92, 87-96 (2014).
15. Weiss-Penzias, P. S. et al. Total and monomethyl mercury in fog water from the central California coast. Geophys. Res. Lett. 39,
050324 (2012).
16. Baya, P. A, Gosselin, M., Lehnherr, L, St Louis, V. L. & Hintelmann, H. Determination of monomethylmercury and dimethylmer-
cury in the Arctic marine boundary layer. Environ. Sci. Technol. 49, 223-232 (2015).
17. Obrist, D. Mercury distribution across 14 US forests. Part II: Patterns of methyl mercury concentrations and areal mass of total
and methyl mercury. Environ. Sci. Technol. 46, 5921-5930 (2012).
18. Tabatchnick, M. D., Nogaro, G. & Hammerschmidt, C. R. Potential sources of methylmercury in tree foliage. Environ. Pollut. 160,
82-87 (2012).
19. Tsui, M. T. K. et al. Controls of methylmercury bioaccumulation in forest floor food webs. Environ. Sci. Technol. 53, 2434-2440
(2019).

w

Scientific Reports |

(2024) 14:1757 | https://doi.org/10.1038/s41598-024-51469-x nature portfolio



www.nature.com/scientificreports/

20. Carrell, A. A. & Frank, A. C. Bacterial endophyte communities in the foliage of coast redwood and giant sequoia. Front. Microbiol.
6, 1008 (2015).

21. Lehnherr, I. & St. Louis, V. L. Importance of ultraviolet radiation in the photodemethylation of methylmercury in freshwater
ecosystems. Environ. Sci. Technol. 43, 5692-5698 (2009).

22. Melnick, J. G. & Parkin, G. Cleaving mercury-alkyl bonds: A functional model for mercury detoxification by MerB. Science 317,
225-227 (2007).

23. Tsui, M. T. K. et al. Sources and transfers of methylmercury in adjacent river and forest food webs. Environ. Sci. Technol. 46,
10957-10964 (2012).

24. Obrist, D. et al. Mercury distribution across 14 U.S. forests. Part I: Spatial patterns of concentrations in biomass, litter, and soils.
Environ. Sci. Technol. 45, 3974-3981 (2011).

25. DeLucia, E. H., Day, T. A. & Vogelman, T. C. Ultraviolet-B and visible light penetration into needles of two species of subalpine
conifers during foliar development. Plant Cell Environ. 15, 921-929 (1992).

26. Li, Y. et al. Factors influencing leaf chlorophyll content in natural forests at the biome scale. Front. Ecol. Evol. 6, 64 (2018).

27. Yuan, W. et al. Stable isotope evidence shows re-emission of elemental mercury vapor occurring after reductive loss from foliage.
Environ. Sci. Technol. 53, 651-660 (2019).

28. Falter, R. Experimental study on the unintentional abiotic methylation of inorganic mercury during analysis: Part 1: Localization
of the compounds effecting the abiotic mercury methylation. Chemosphere 39, 1051-1073 (1999).

29. Gardfeldt, K., Munthe, J., Stromberg, D. & Lindqvist, O. A kinetic study on the abiotic methylation of divalent mercury in the
aqueous phase. Sci. Total Environ. 304, 127-136 (2003).

30. Day, T. A., Martin, G. & Vogelman, T. C. Penetration of UV-B radiation in foliage: Evidence that the epidermis behaves as a non-
uniform filter. Plant Cell Environ. 16, 735-741 (1993).

31. Pickhardt, P. C, Folt, C. L., Chen, C. Y., Klaue, B. & Blum, J. D. Algal blooms reduce the uptake of toxic methylmercury in freshwater
food webs. Proc. Natl. Acad. Sci. U.S.A. 99, 4419-4423 (2002).

32. Regnell, O. & Watras, C. J. Microbial mercury methylation in aquatic environments: A critical review of published field and labora-
tory studies. Environ. Sci. Technol. 53, 4-19 (2019).

33. Ulus, Y. et al. Declines of methylmercury along a salinity gradient in a low-lying coastal wetland ecosystem at South Carolina,
USA. Chemosphere 308, 136310 (2022).

34. Ku, P. et al. Origin, reactivity, and bioavailability of mercury in wildfire ash. Environ. Sci. Technol. 52, 14149-14157 (2018).

35. USEPA. Method 1631, Revision E: Mercury in Water by Oxidation, Purge and Trap, and Cold Vapor Atomic Fluorescence Spectrometry
(Office of Water, U.S. Environmental Protection Agency, 2002).

36. Tsui, M. T. K. et al. Concentration and isotopic composition of mercury in a blackwater river affected by extreme flooding events.
Limnol. Oceanogr. 65, 2158-2169 (2020).

37. Hammerschmidt, C. R. & Fitzgerald, W. F Methylmercury in mosquitoes related to atmospheric mercury deposition and con-
tamination. Environ. Sci. Technol. 39, 3034-3039 (2005).

38. Liang, L., Horvat, M. & Bloom, N. S. An improved speciation method for mercury by GC/CVAFS after aqueous phase ethylation
and room temperature precollection. Talanta 41, 371-379 (1994).

39. USEPA. Method 1630: Methyl Mercury in Water by Distillation, Aqueous Ethylation, Purge and Trap, and Cold Vapor Atomic Fluo-
rescence Spectrometry (Office of Water, U.S. Environmental Protection Agency, 1998).

Acknowledgements
This study was supported by National Science Foundation (USA) awards (DEB-1354811, EAR-1711642, EAR-
1851683, and EAR-1852020), National Institute of Food and Agriculture (USA) award (2018-67019-27795),
and State Key Laboratory of Agrobiotechnology and Faculty of Science Direct Grant (4053555), The Chinese
University of Hong Kong.

Author contributions
LS. and M.T. initiated the project; I.S., H.L., PK,, Y.U. conducted experiments, and collected and analyzed data;
H.L, M.T,, Z.C., H.M.L. wrote the manuscript; H.L. and M.T. approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-51469-x.

Correspondence and requests for materials should be addressed to H.-H.L. or M.T.-K.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:1757 | https://doi.org/10.1038/s41598-024-51469-x nature portfolio


https://doi.org/10.1038/s41598-024-51469-x
https://doi.org/10.1038/s41598-024-51469-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tree foliage as a net accumulator of highly toxic methylmercury
	Results and discussion
	Growing season and physicochemical characteristics
	Foliar accumulation of total mercury
	Temporal dynamics of foliar methylmercury content
	Potential factors influencing foliar methylmercury content
	Implications to methylmercury sources in forested ecosystems

	Methods
	Study site and sampling approach
	Measurements of physicochemical parameters and mercury content
	Statistical analyses

	References
	Acknowledgements


