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The tree ring has been regarded as an emerging archive to reconstruct historical atmo-
spheric mercury (Hg) trends, but with the large knowledge gaps in the reliability. In this
study, we comprehensively evaluated the Hg source, radial translocation and age effect of
Masson pine (Pinus massoniana) tree ring at Mt. Jinyun in Chongging, to assess the suitability
of such tree ring as the archive of atmospheric Hg. Results showed that distinct variabili-
ties among Masson pine tree-ring Hg concentration profiles. The Hg concentration signif-
icantly increased along with stem height (P < 0.05), indicating the Hg in tree rings mainly
derived from foliage uptake atmospheric Hg. We found a distinct age effect that the tree ring
of young trees had the higher Hg concentration. Besides, we used the advection-diffusion
model to demonstrate how Hg concentration shifted by the advection or/and diffusion in
tree rings. The modeling results showed that the advection induced radial translocation
during the young growth period of tree was a plausible mechanism to result in the tree-ring
Hg record largely different from the trend of anthropogenic Hg emissions in Chongging. We
finally suggest that in further Hg dendrochemistry, better discarding the tree-ring Hg profile

of the young growth period to reduce impacts of the radial translocation and age effect.
© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

spheric residence time which allows for the long-range trans-
port of Hg? to deposit into remote regions (Lehnherr, 2014;
Shah et al., 2021). The deposited Hg can be converted into the

Mercury (Hg) is a global pollutant that is released into
the atmosphere through various natural and anthropogenic
sources. A cumulative total of anthropogenic 470 Gg of Hg has
been emitted directly into the atmosphere since 1850s, 74%
of which as the form of elemental Hg (Streets et al., 2017).
Gaseous elemental mercury (GEM) has a 0.3- to 1.5- year atmo-
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more toxic form, i.e.,, methyl-Hg in the certain environment,
leading to the degradation of the environmental quality and
human health (Chen et al., 2018; Lehnherr, 2014). To protect
environment and human health from the global Hg pollution,
the United Nation’s Minamata Convention on Mercury has en-
tered into force in August 2017 (UNEP, 2019). The Minamata
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Convention identified the need for research, development and
monitoring (Article 19 and 20) of past and recent Hg levels in
the environment.

The current main understanding of historical trends of
Hg concentration and deposition is mainly derived from
the various natural environmental archives, such as ice
cores (Beal et al., 2015; Eyrikh et al, 2017; Kang et al,
2016; Kang et al.,, 2019b; Schuster, 2002), lake sediments
(Drevnick et al., 2016; Engstrom et al., 2014; Sun et al., 2021;
Yang, 2010), and peat bogs (Bao et al., 2016; Enrico et al., 2017;
Zuna et al., 2012). However, these archives have their own lim-
itations caused by their spatial distributions, differing alti-
tude and climate, contrasting geochemical environments and
the mixed information of Hg records (Bandara et al., 2019;
Corella et al., 2017; Engstrom et al., 2014; Enrico et al., 2017;
Navratil et al., 2018; Zdanowicz et al., 2016). Tree rings have
been suggested as an emerging natural archive to reconstruct
the historical atmospheric Hg trends due to their advantages
of precise dating, high resolution, and wide geographical dis-
tribution (Binda et al., 2020; Clackett et al., 2018; Zhang et al.,
2014). Tree-ring records of conifers have been successfully
used to reconstruct historical changes in atmospheric Hg
driven by local and regional emissions (Clackett et al., 2018,
2020; Ghotra et al., 2020; Kang et al., 2019a, 2018; Navratil et al.,
2018; Peckham et al., 2019; Schneider et al., 2019; Wright et al.,
2014).

The lack of long-term of measured atmospheric Hg
concentration data leads impossible to directly validate
the tree-ring reconstructed Hg trends (Arnold et al., 2018;
Clackett et al., 2018; Navratil et al., 2018). Previous studies had
different assessments on the suitability of using tree rings
as the useful bioindicator for atmospheric Hg pollution. This
is because the reliability of tree rings as records of environ-
mental chemistry is species-, climate- and site-dependent
(Arnold et al., 2018; Gustin et al., 2022; Novakova et al., 2021;
Schneider et al., 2019; Wright et al., 2014).

The radial translocation and age effect (e.g., young trees
have different Hg concentration trends in wood tissues) of
tree rings are in debate currently in Hg dendrochemistry.
Navratil et al. (2018) suggested little or no translocation of
Hg within the European larch (Larix decidua) bole, but dis-
tinct radial translocation existed for some other tree species,
like Scottish pine (Pinus sylvestris) (Novakova et al., 2021) and
Whitebark pine (Pinus albicaulis) (Chellman et al., 2020). Re-
sults of Schneider et al. (2019) and Peckham et al. (2019) re-
ported that the uptake atmospheric Hg efficiency by tree
foliage largely differed among tree species and trees ages.
Gustin et al. (2022) suggested that trees of the same age should
be used when comparing tree-ring Hg concentrations across
sites, and more work is needed to better understand the po-
tential of Hg radial translocation in various tree species.

To date, many researchers are trying to explain the mecha-
nism of radial translocation. Radial translocation of Hg is con-
sidered to occur throughout the sapwood rings (Cutter and
Guyette, 1993; Siwik et al., 2010). This is because the active,
live ray cells in the sapwood rings which allow water and
nutrients to move radially could possibly transport Hg in-
wards (Arnold et al., 2018). Earlier studies postulated that ra-
dial translocation of trace metals in the xylem mainly con-
tains two mechanisms: bi-directional diffusion and advection

inwards (Okada et al., 2011; Watmough, 2002). Based on this
hypothesis, Chellman et al. (2020) constructed an advection-
diffusion model to explain discrepancies of elevated Hg events
between co-located ice-core and tree-ring Hg records. Al-
though this method is not based on the mechanism to explain
the migration and transmission of Hg in tree rings, it provides
evidence to test the potential of the radial translocation oc-
curring.

Masson pine (Pinus massoniana) is a common and
widespread tree species in forests of Southern China and
Southeast Asia. The objective of this study was to evaluate
the Hg source, radial translocation, and age effect, which are
the fundamental to understand the suitability of Masson
pine tree ring as a natural archive of atmospheric Hg. We
examined the correlation between Masson pine tree-ring Hg
and atmospheric Hg emission trends in Chongging, and de-
termined the divergence of atmospheric Hg uptake efficiency
within inter and intra tree rings, and assessed the influence
of tree age effect on reconstructing historical atmospheric
Hg levels. Finally, an advection-diffusion model was used to
quantify how the advection or diffusion within tree rings
alters the atmospheric Hg signal preserved in tree rings.

1. Materials and methods
1.1.  Sites description and sample collections

Our studied site locates at Mt. Jinyun, Chongging Province,
Southwestern China (29.84 °N, 106.40 °E). Chongging is the
largest industrial and commercial city in Southwest China,
with a continuous growth of population and industries dur-
ing last several decades. Mt. Jinyun is a national nature re-
serve, and 35 km away from the downtown of Chongqing. The
weather is controlled by the subtropical monsoon humid cli-
mate, with an average annual temperature of 13.6°C and an-
nual precipitation of 1,600 mm. The detailed information of
the sampling site was shown in Appendix A Fig. S1.

In December of 2020, we sampled tree rings from 25 living
Masson pine trees in a mixed broadleaf-conifer forest at Mt.
Jinyun during the elevation of 480—530 m. Dual radii tree-ring
cores of south-facing and west- or east- facing sides of each
tree were collected at ~1 m height with a new 5.1-mm Haglof
increment borer and handled with nitrile gloves. The borer
passed through the pith or through the early juvenile growth
rings. The core samples were then sealed in the clean Teflon™
tubes with a diameter of 6-mm. We also sampled the tree disk
samples to evaluate the Hg concentration variation along with
the height of stem. We harvested 4 wind-fallen trees (WF-Tree)
which still alive, and used the chainsaw to cut 3—-5 disks (~3
cm thickness) at intervals of 2 or 5 meters along with the stem.
The tree-disk samples were then placed in Ziploc bags to pre-
vent the contamination.

1.2 Cross-dating and Hg analysis

In the laboratory, the tree-ring cores were dried in 50°C, oven
for 2~3 days to remove adsorbed and interstitial water. An ear-
lier study has shown that the oven drying at 50°C does not
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lead to the Hg loss from woody biomass (Yang et al., 2017). Af-
ter drying, 180- to 1500-grit sandpapers (Matador, Germany)
were utilized to polish one side of the tree ring until the ring
boundaries and cells clearly visible. The tree-ring widths were
measured by a LINTAB™6 (Germany) with a precision of 0.001
mm. The quality of the cross-dating was checked using the
COFECHA program to examine the absent or false rings in
sampled tree ring cores. Then 28 tree cores (include 21 trees)
without the absent or false rings were selected for subsequent
analyses based on the coherence of the growth signal. The de-
tailed information of the detrending chronology was shown in
Appendix A Table S1.

Subsequently, 12 tree-ring cores from different trees across
a range of calendar years from 1955 to 2020 were selected
from 28 tree cores for Hg concentration analysis. Our proto-
col for choosing tree-ring cores for Hg analysis is that the core
without any physical damage and the similarity in the time-
length. The tree-ring cores were polished again to remove pos-
sible surface contamination from the cross-dating procedures
before Hg measurements. Based on the tree-ring chronology,
a stainless-steel blade was used to dissect the core into 5-
year increments for Hg concentration measurements. The tree
disks were soaked in ultrapure water for half an hour to re-
move possible impurities, and then dried in 50°C oven for 4-
5 days. After drying, one side of the tree disks were polished
by the same treatment of tree ring cores for dating, and then
dissected into 1-year increments for Hg analysis. The detailed
information of the sampled disks was in Appendix A Table S2.

We used the Milestone tri-cell Direct Mercury Analyzer
(DMA-80, Italy) to determine the Hg concentration. Briefly,
samples undergo thermal decomposition to release Hg from
the matrix, and Hg is then preconcentrated using amalgama-
tion, prior to detection by atomic absorption (Ghotra et al.,
2020). Our calibration curve was generated by a 10-point di-
lution series of a certified aqueous Hg standard (High Pu-
rity Standards 1000 pg/mL Hg, 1 mol/L HNO3), bracketing Hg
amounts in both tree-ring samples and standard reference
materials. Empty nickel boats and the certified reference ma-
terial (CRM, GSB-27 of green onion) were determined three
times respectively before daily sample measurements to eval-
uate analytical performance of DMA-80. During the sample
measurement period, the CRM was measured once in ev-
ery ten samples to assess the precision and stability of the
DMA-80. The detection limit (0.01 ng Hg, n = 36 blanks) corre-
sponded to a concentration of ~0.05-0.10 ng/g since all sam-
ples were weighted to ~0.1-0.2 g dry wood. The up to 166 mea-
surements of CRM yielded a Hg concentration of 11.3+1.3 ng/g,
which agreed with the certified value of 12.0+2.3 ng/g.

1.3. Diffusion and advection modeling

We used the advection-diffusion model (Chellman et al., 2020)
to explore how Hg concentration shifted by advection or/and
diffusion in tree rings. This model mainly contains the one-
dimensional advection-diffusion equation:
aC aC
AC=D— — 1
ax ML @
where C (ng/g) is the tree-ring Hg concentration; x (mm) is the
average width of tree rings in each year; L (mm) is the accu-

mulated tree-ring distance from the current simulated year to
the tree-ring in the heartwood; D (mm/year) is diffusion coeffi-
cient; p (mm/year) is advection coefficient; AC (ng/g) is the an-
nual change in Hg concentration after one step of advection-
diffusion simulation. The model was run from 1961 to 2020
in 1-year time step with a fixed concentration at the inner
boundary (1960).

If the Hg in tree rings mainly derived from atmosphere and
without the radial translocation, the Hg concentration pro-
file would be highly correlated to the trend of anthropogenic
Hg emissions. Earlier studies have well documented that the
cement production, steel and aluminum production, electric-
ity and oil consumption, natural gas and coal consumption
were the main sources for anthropogenic Hg emissions in
Chongging (Huangetal., 2017; Wu et al., 2016). Though the un-
known of the detailed quantity of anthropogenic Hg emissions
since 1960 in Chongging, the temporal trends of these indus-
trial activities can reflect the trend of anthropogenic emis-
sions. Therefore, we calculated the integrated score (Appendix
A Fig. S2, grey line) of these industrial activities mentioned
above by principal component analysis (PCA) based on their
annual productions, and selected the temporal score of first
principal component. Subsequently, the score is converted to
a positive value by the softmax conversion as the proxy in-
dex to represent temporal trend of anthropogenic Hg emis-
sions in Chongging. The initial condition of Hg concentration
of advection-diffusion model was assumed to follow the sim-
ilar decreasing gradient of the proposed proxy index for an-
thropogenic Hg emissions (Appendix A Fig. S2, black line).

Although we only had the proxy index of annual an-
thropogenic Hg emissions data between 1980 and 2020 in
Chongging, we assumed the annual anthropogenic Hg emis-
sions during 1961—1980 should be comparable to the emis-
sions of 1980. This is because the anthropogenic Hg emissions
of China remained at a very low level before the reform and
opening-up in 1978, specifically during years of the Great Cul-
tural Revolution of 1966-1976 (Huang et al., 2017; Wu et al.,,
2016).

In Eq. (1), we proposed the bi-directional diffusion and the
advection inwards along with ray parenchyma cells based
on results from previous studies that postulated trace metal
translocation from sapwood to heartwood (Okada et al., 2011;
Watmough, 2002). We set three simulation scenarios: (1) dif-
fusion alone occurs; (2) diffusion and advection occur simul-
taneously; (3) diffusion and advection occur simultaneously,
but the advection coefficient varied with the tree ring age. We
considered an age effect for the advection, but not for the dif-
fusion. This is because the advection is driven by physiological
processes, while the diffusion is driven by the concentration
gradient (Cutter and Guyette, 1993; Hagemeyer, 1995).

We divided the whole simulation process into four periods
(1961-1980, 1981-2000, 2001-2010, 2011-2020) which is based
on the forestry industry standard of LY/T 2908—2017 for age-
group division of natural Masson pine forest to reflect the age
effect in scenario (3). Considering limited knowledge of how
Hg is incorporated and preserved in the tree rings, values of D
and p in our model were randomly chosen in given ranges, and
are not directly related to a physical mechanism. The diffusion
coefficient D mainly ranged from 0 to 1.7 mm/year, and the
range of u from 0 to 3.0 mm/year through the iterative simu-
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lation. This is because the negative Hg concentration occurred
under the other selected ranges.

During the simulation, we used the exhaustive method to
test the radial translocation among tree rings. More in detail,
we evaluated the correlation (r value, Pearson correlation co-
efficient) between simulated temporal Hg concentration pro-
file and the measured profile. Our criterial is that if more than
50% of measured profile can be explained by the model simu-
lated radial translocation (i.e., 1> > 0.5), we suggest a distinct
radial translocation occurring among these tree rings. The fi-
nal D and p were obtained from the simulation which with the
highestr.

1.4. Uncertainties of the model

It is noted that this advection-diffusion model is associated
with distinct uncertainties. One is that D and y in this model
are not directly measured, and their values are determined
by statistical methodology. In addition, the age-group division
should depend on tree species and site location, the stage di-
vision in the model is only as the reference and may not be
applicable to other tree species. Finally, due to the absence of
the temporal trend of anthropogenic Hg emission inventories
in Chongging, we just used the temporal trends of main Hg
emission industrial activities as the proxy to predict the ini-
tial Hg concentration profile in the model. Given the Hg den-
drochemistry emerged recently and without any direct tools,
this model still provides a new insight in understanding the
Hg radial translocation and age effect of tree rings.

1.5.  Meteorological data

Meteorological data were downloaded from the resource and
environment science and data center (https://www.resdc.cn/).
Meteorological variables included air pressure (daily mean),
precipitation, relative humidity (daily mean), temperature
(daily mean), wind speed (daily mean) and sunshine hours

(SSH) during 1961 through 2020 of our studied site. Average
5-year data for each variable corresponding with the 5-year
tree core segments were used for all subsequent analyses.

1.6. Statistical methods

Data were analyzed by using the statistical program R 3.6.3
and SPSS 26.0 with P < 0.05 as the level of statistical signif-
icance. The spline function detrending method in detrendeR
package was used to remove the interference signals inside a
single tree core. The synthesis of chronology which is a tra-
ditional method of dendrochronology to obtain the tree-ring
width index and the simulation of advection-diffusion model
were also performed in R. The principal component analysis
by SPSS was used to reconstruct the potential anthropogenic
Hg emission trend in Chongging. Pearson correlation analysis
was performed to determine the correlation among tree-ring
Hg profiles and the correlation between tree-ring Hg profile
and meteorological data. Paired sample t-test and One-way
ANOVA were used to analyze the statistical difference of Hg
concentration profile among different tree-ring cores. To de-
termine the tree-specific variability of tree-ring Hg profiles, we
assessed the variation of coefficient of variation (CV) for av-
erage tree-ring Hg concentrations along with the increasing
tree-ring cores. The combn function in utils R package was
used to calculate CV.

2. Results
2.1.  Hg records in tree cores

The overall mean (+standard deviation) Hg concentration of
tree-ring cores for 12 Masson pine trees over the period of
1955-2020 was 4.5+1.4 ng/g, with a range of 2.4-7.9 ng/g
(Fig. 1). We observed distinct tree-specific differences in av-
erage tree-ring Hg concentration among Masson pine trees
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Fig. 1 - Comparisons of the individual raw tree-ring Hg records (black line; tree ID is indicated) against the other mean
tree-ring records (red line) calculated from all other tree-ring Hg profiles (gray line). The “diff” refers to the difference for the
mean Hg concentration between the individual record (red line) and the other mean record (black line).
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(Fig. 1). For example, the tree-ring Hg concentration of tree
JY-20-a was on average 0.9 ng/g higher than the other mean
record (i.e., average value except for the selected tree-ring),
and the tree-ring Hg concentration of tree JY-06-a was on av-
erage 0.3 ng/g lower than the record of other average. Mean
differences between individual Hg series and the other aver-
age are large in absolute terms (ranging from 0.09 to 1.44 ng/g).
Fig. 2 shows the decreasing of CV with the increasing tree-ring
numbers. The R value (maximum - minimum) of the CV de-
creased to < 10% for the tree-ring cores >10.

The trend of average Hg concentration of 12 tree cores is
shown in Fig. 3. The average tree-ring Hg concentration in-
creased gradually from 1965, reaching a peak of 5.4 ng/g in
1970. During 1975-1985, the average tree-ring Hg concentra-
tion decreased gradually to 4.4 ng/g. Subsequently, the con-
centration began to rise slowly from 1990 and reached a small

plateau of 4.7 ng/g in 1995, and then declined to a remained
stable value of 4.0 ng/g after 2005. Coal combustion, cement
production, steel and aluminum smelting are as the main
sources of anthropogenic Hg emissions in Chongging, and all
of them increased exponentially since 1980.

Fig. 4 shows correlations between tree-ring Hg concentra-
tion and meteorological data. The tree-ring Hg concentration
displayed the significantly negative correlation to the 5-year
annual mean temperature (r = —0.61, P < 0.05, Fig. 2a), and the
positive correlation to the 5-year annual mean SSH (r = 0.82, P
< 0.01, Fig. 2b), while no significant correlation for other me-
teorological variables.

2.2. Concentration at different trunk heights

The overall mean Hg concentration of 19 Masson pine tree
disks was 4.1+1.6 ng/g. Tree-ring concentrations in individ-
ual disks ranged from 1.8 to 9.2 ng/g, and the average Hg con-
centration of WF-Tree (Wind-fallen tree) 1, 2, 3 and 4 was 5.7,
3.2, 4.2 and 3.6 ng/g, with the significant difference respec-
tively (P < 0.05, by One-Way ANOVA test, Fig. 5). The Hg tem-
poral trends were consistent among tree heights (Fig. 5), and
reached the peak of 5.0-9.0 ng/g during 1970-1990, then grad-
ually decreased to 1.0-3.0 ng/g during 1990-2015 and continu-
ously increased to 4.0-7.0 ng/g between 2015 and 2020.

Results of correlation of Hg concentration among different
disks are displayed in Table 1. For WF-Tree 1 and WF-Tree 2,
the disk along with the stem with 2-meter intervals, and with
5-meter interval for WF-Tree 3 and WF-Tree 4. We found that
the Hg concentration of disk from the WF-Tree 1 (or 2) than
WF-Tree 3 (or 4) showed a better correlation among each other,
since most of correlation coefficients (r values) > 0.5.

The Hg concentrations of different disks from the same
wind fallen tree in common growth period (1988-2020, 1981-
2020, 1995-2020 and 2002-2020 for WF-Tree 1, 2, 3 and 4, re-
spectively) are shown in Fig. 6. The average Hg concentration
of WF-Tree 1, 2, 3 and 4 during the common growth period
(1988-2020) was 5.5, 2.9, 4.0 and 3.8 ng/g, respectively, and
these average values are significantly different among each
other (P < 0.05, by One-Way ANOVA test, Appendix A Fig. S3).
The disk Hg concentration gradually increased along with the
stem height. There was no significant difference in the average
Hg concentration between near two disks (P < 0.05, by paired
sample t-test), such as between 4-1 and 4-2, between 4-4 and
4-5. However, the mean Hg concentration in the top disk was
significantly 1-1.5 times of that in the bottom disk (P < 0.05,
by paired sample t-test), such as between 2-1 and 2-5, between
4-1 and 4-5.

2.3.  Variations of Hg concentration for different tree age
and modeling

We combined the Hg concentration of increment cores and
wind fallen tree disks to display the age effect. During the
common growth period of 1990-2020 (Fig. 7), young trees aged
31-40 years had the highest Hg concentrations (average of 4.7
ng/g, with a range from 3.0 to 7.5 ng/g), followed by trees aged
41-60 years (average of 4.3 ng/g, with a range from 2.4 to 6.7
ng/g), and lowest Hg concentrations for trees aged 61-70 years
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stem.

(average of 3.8 ng/g, with a range from 2.3 to 5.2 ng/g). The dif-
ference of Hg concentrations between young trees aged 31-40
years and mature trees aged 61-70 years reached the signifi-
cant level at the 95% confidence (P < 0.05, by One-Way ANOVA
test).

The advection-diffusion model illustrated that only sce-
nario (3) which with the tree age effect was in agreement with
the measured Hg profile (Fig. 8). The correlation coefficient
(r) between the simulated tree-ring Hg concentration and the
measured tree-ring Hg concentration was up to 0.94 (P < 0.001,
Fig. 8). The modeling results depicted that the diffusion coef-
ficient D was 1.0 mm/year (1961-2020), and the advection co-

efficient u ranged among 1.0-2.5 mm/year during 1961-2010,
and 0.1 mm/year during 2011-2020.

3. Discussion

3.1.  Hg sources in tree rings

Given most of heavy metals in tree rings derived from the
root uptake and translocation via the xylem from root to stem
(Watmough, 1999, 2002; Zayed et al., 1992), the concentration
profile of heavy metals in tree rings cannot directly reflect the
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Table 1 - Correlations of Hg concentrations among different disks from the same tree.

Disk number WF-Tree WF-Tree WF-Tree WF-Tree WF-Tree Disk number WF-Tree WF-Tree WF-Tree WF-Tree WF-Tree
1-1 1-2 1-3 1-4 1-5 2-1 2-2 2-3 2-4 2-5
WEF-Tree 1-1 1.000 WEF-Tree 2-1  1.000
WF-Tree 1-2  0.685** 1.000 WF-Tree 2-2  0.302* 1.000
WF-Tree 1-3 0.736™ 0.690** 1.000 WE-Tree 2-3  0.649" 0.324* 1.000
WFEF-Tree 1-4 0.660* 0.574** 0.658** 1.000 WF-Tree 2-4 0.574* 0.175 0.355* 1.000
WEF-Tree 1-5 0.740* 0.362*¢ 0.529* 0.684** 1.000 WEF-Tree 2-5 0.484" 0.308 0.346* 0.507** 1.000
Disk number WF-Tree WF-Tree WF-Tree WF-Tree Disk number WF-Tree WF-Tree WF-Tree WF-Tree WF-Tree
3-1 3-2 3-3 3-4 4-1 4-2 4-3 4-4 4-5
WEF-Tree 3-1 1.000 WFEF-Tree 4-1 1.000
WEF-Tree 3-2 0.396* 1.000 WEF-Tree 4-2 0.701* 1.000
WF-Tree 3-3  0.200 0.360" 1.000 WF-Tree 4-3  0.536"* 0.739* 1.000
WEF-Tree 3-4 0.429* 0.467* 0.282 1.000 WEF-Tree 4-4 0.309 0.447* 0.380 1.000
WF-Tree 4-5 -0.022 0.190 0.392 0.332 1.000
* Correlation is significant at P < 0.05 level;
** Correlation is significant at P < 0.01 level.
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Fig. 6 - Hg concentrations of different disks among each
sampled wind-fallen tree. Disks 1-5 are numbered from the
bottom of stem to the top stem, and Hg concentrations are
compared in common growth period of each group
respectively. Different letters represent statistical
differences within groups at the 95% confidence level (P <
0.05).

temporal variation of atmospheric concentrations or deposi-
tion fluxes. This is because the depth and chemistry of the soil
and the root structure would influence amounts and sources
(e.g., rock weathering processes and atmospheric depositions)
of heavy metal stored in woods. These factors result in the
mismatch of the environmental changes and records in tree
rings (Watmough, 2002; Zayed et al., 1992).

Unlike most of heavy metals as the particle bounded
form in the atmosphere, more than 95% of Hg in the atmo-
sphere is in the form of gaseous elemental mercury (HgP)
(Sprovieri et al., 2016; Zhang et al., 2019). Atmospheric Hg®
can enter leaves via both stomatal and nonstomatal path-
ways, and subsequently translocated to tree rings through
phloem and xylem (Arnold et al., 2018; Laacouri et al., 2013;
Naharro et al., 2020; Stamenkovic, 2009). Additionally, field

Fig. 7 - Hg concentrations of different age trees during the
common growth period (1990-2020). Different letters
represent statistical differences among groups at the 95%
confidence level (P < 0.05), and the numbers in brackets
represent the number of samples.

and experimental measurements indicated that up to 90%
Hg in the root zone is bound to the cell walls and mem-
branes of fine roots during the uptake process (Cui et al,
2014; Wang et al., 2012), and only a small amount of Hg
in roots (<5%) can be translocated into the aboveground
woody biomass (Arnold et al.,, 2018; Graydon et al., 2006;
Greger et al., 2005; Wang et al., 2021). Moreover, the con-
trolled dose-response experimental results (Arnold et al.,
2018) showed that tree-ring Hg concentrations of Pinus trees
were primarily influenced by air Hg concentrations but not
soil Hg concentrations. The Hg isotopic evidence also further
confirmed atmospheric Hg® as the dominant source in woody
biomass (Wang et al., 2020).

Consistent with previous results, our data also reveal that
Hg in tree rings mainly from atmospheric Hg sources by
canopy foliage uptake. Fig. 6 shows that tree-disk Hg con-
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Fig. 8 - The correlation between measured temporal
tree-ring Hg concentration profile (black) and simulated Hg
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centration significantly increased along with the height of
stem, indicating that the Hg transport from canopy to woody
biomass after foliage uptake of atmospheric Hg. However,
whether the Masson pine tree rings can regard as a useful
archive, we need to further evaluate impacts from other fac-
tors which influencing uptake Hg transport and allocation in
trees.

3.2 Influence of environmental factors on tree-ring Hg
concentration

We observed the distinct tree-specific variations both in Mas-
son pine tree-ring Hg profiles (Fig. 1) and disk Hg records (Fig. 5,
Table 1). Previous studies suggested to reduce tree-specific
variabilities by increasing the tree-ring samples in Hg dendro-
chemistry (Peckham et al.,, 2019; Schneider et al., 2019). We can
obtain a valid and consistent Hg concentration trend when
>10 tree-ring cores since <10% difference of their CV (R value
in Fig. 2).

Causes of tree-specific differences are not well known, but
may be associated with impacts from the local environmen-
tal conditions. The local meteorological factors could result
in the variation of air Hg exposures, such as relative humid-
ity (Choi and Holsen, 2009) and wind speed (Fu, 2010), which
have been shown to be inversely correlated to atmospheric
Hg concentrations in certain environments. Trees located be-
low the prevailing wind direction of pollution sources may
accumulate more Hg due to the higher atmospheric concen-
tration (Schneider et al.,, 2019). Environmental and meteoro-
logical factors also have impact on the tree physiology, espe-
cially the impact on stomatal density and conductance, thus
affecting the uptake of atmospheric Hg by leaves. For exam-
ple, several studies reported that the local variation of atmo-
spheric relative humidity could result in a change of stom-
atal conductance, thus subsequently influencing Hg assimila-
tion into tree tissues (Arnold et al.,, 2018; Gustin et al., 2022;
Stamenkovic, 2009). Gustin et al. (2022) also found that mete-

orological factors, including dew point, temperature and rela-
tive humidity were negatively correlated with ring Hg concen-
trations.

In our study, we also reveal the fact that the local envi-
ronmental conditions influencing the tree-ring Hg variations,
since the tree-ring Hg concentration with the significantly
negative correlation to temperature and positive correlation
to SSH (i.e., sunshine hours, Fig. 4). This is because the higher
temperature leads to the close of foliage stomata, while the
increase of SSH promotes the time of stomata opening, thus
influencing the Hg assimilation into tree tissues (Gustin et al,,
2022).

3.3.  Influence of age effect on tree-ring Hg concentration

Tree physiological factors, that affect the uptake of atmo-
spheric Hg by leaves and Hg translocation via phloem and
xylem, also influence the variation of tree-ring Hg concentra-
tion profiles. These physiological factors include, but are not
limited to stomatal and epidermal properties and composi-
tion, leaf area, tree ages, tree height, and canopy dynamics
(Arnold et al., 2018; Chellman et al., 2020; Clackett et al., 2018;
Laacouri et al., 2013; Schneider et al., 2019). In this study, more
attention is paid to the tree age among these physiological
factors. This is because tree age is a straightforward param-
eter obtained from tree-ring counting, but as a useful indica-
tor to present the comprehensive influence of other factors
which related to the tree growth, e.g., canopy structure and
height, stomatal conductance and epidermal properties, etc.
(England and Attiwill, 2005; Niinemets, 2002; Peckham et al.,
2019; Schneider et al., 2019; Stoffberg et al., 2008).

The Hg concentration in tree rings during common growth
periods decreasing with the increasing tree age (Fig. 7) demon-
strates a distinct tree age effect in Masson pine tree rings.
Several reasons can explain this age effect. One is that young
trees are more sensitive to the variation of atmospheric Hg
concentration. The young trees have higher stomatal conduc-
tance and enzyme activity (Hubbard, 1999), therefore greater
atmospheric Hg assimilation (Peckham et al., 2019) and radial
translocation rates in vegetation (more in detail in the follow-
ing section). In addition, cuticular uptake often decreases with
tissue age since cuticular properties such as the sorption sites
in cuticles is controlled by the tissue age (Schneider et al,,
2019; Schreiber, 2005). Another reason is that the tree age
could reflect the dilution effect (Scanlon et al., 2020) of woody
biomass. The fast rate of wood biomass increment during
the young growth period leads to a more distinct dilution ef-
fect than the mature tree growth period (Gustin et al., 2022;
Wang et al.,, 2021b). Such a dilution effect likely results in the
Hg concentration more variable during the young growth pe-
riod of trees. Finally, the young tree with the lower canopy
height shortens the Hg transportation distance from canopy
to the stem, thus leading to the elevated Hg concentration in
the young tree rings (Wang et al,, 2021a; Yanai et al., 2020).
Ahn et al. (2020) suggested that higher tree-ring Hg concentra-
tion in the young period was influenced by soil Hg concentra-
tion by root. However, this explanation is likely not the cause
for the age effect, since the recent study has provided strong
evidences to show that root uptake of Hg hardly contributes to
Hg sources in stem (Yuan et al., 2022). Several studies have in-
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dicated that trees of similar age should be sampled when com-
paring tree-ring Hg concentrations across sites (Gustin et al.,
2022; Peckham et al., 2019; Watmough, 1999). Herein, we sug-
gest that the tree-ring Hg profile of the young growth period
(generally 3040 years) is doubtable to reflect the trend of at-
mospheric Hg concentration in Hg dendrochemistry.

3.4. Radial translocation

Our results showed that the opposite trend of Hg concentra-
tion in Masson pine tree rings compared to trends of anthro-
pogenic indexes in Chongging (Fig. 3). Besides the influenc-
ing factors discussed above, we also propose that the radial
translocation contribute to such variabilities of Hg concentra-
tions in tree rings. The advection-diffusion model illustrates
that only scenario (3) that the advection-diffusion model with
tree age effect is in agreement with the measured Hg profile
(Fig. 8). Interestingly, more than 10-time higher advection coef-
ficient p during the young growth period (1961—-2010) than the
mature growth period (>2010) is consistent with the Hg iso-
topic data of Masson pine tree rings (about 130 years), which
exhibited that the radial translocation mainly occurred in the
fast-growing period, not mainly in the mature growth period
(Wang et al., 2021b). Hence, our results again support that the
Hg concentration profile of the earlier 30- to 40-year tree rings
cannot reflect the historical atmospheric Hg trends due to
the strongly radial translocation occurring. The distinct radial
translocation existed in tree rings during the young growth pe-
riod can be attributed to the higher nutrient and water translo-
cations by ray-cell incidentally promoting the Hg transloca-
tion (Meerts, 2002; Novakova et al., 2021; Sands and Mulli-
gan, 1990).

Our results also depict that the advection has the higher
impact than diffusion in controlling the variation of Hg con-
centration among tree rings since the simulated Hg showed a
small shift when increasing the D from 0.5 to 1.5 (Appendix A
Fig. S4a), but with a distinct variation when increasing the u
from 0.1 to 2.5 (Appendix A Fig. S4b). Such a similar result is
also displayed in the earlier study (Chellman et al., 2020). Dif-
ferently, Chellman et al. (2020) suggested a 1.0 mm/year ad-
vection coefficient for Whitebark pine tree rings, which much
lower than the values of this study (1.5-2.5 mm/year) during
the young growth period of trees. This indicates that the ad-
vection coefficient varies greatly among tree species, and is
highly related to the tree ring physiological structure.

4, Conclusions

Our results demonstrate that foliar uptake of atmospheric Hg
is the main source of Hg in tree rings, however, environmen-
tal and physiological factors lead to the distinct tree-specific
Hg concentration in Masson pine tree rings. The advection-
diffusion model further elucidates that the advection induced
Hg radial translocation during the young growth period of
trees mainly plays an important role in shaping the Hg vari-
abilities of tree rings. Therefore, our results suggest that the
Hg concentration profile of Masson pine tree ring is not a
promising index to reflect the historical atmospheric Hg con-
centration trend. However, we do not negate the potential of

using tree ring to reflect the historical atmospheric Hg vari-
ation. In fact, our study points out the challenge of Hg den-
drochemistry, that how to address the noise signal caused by
the environmental and tree physiological impacts on Hg up-
take and translocation in vegetation. Hence, we recommend
further studies to focus on issues of understanding Hg translo-
cation processes, specifically the mechanism of radial translo-
cation in the tree rings. This would largely improve the reliable
of Hg dendrochemistry.

Our results also have two methodological recommenda-
tions for Hg dendrochemistry: (1) Increasing the tree-ring
cores (tree numbers > 10) can remarkedly reduce the tree-
specific variabilities of Hg concentration profiles which is
caused by the tree physiological and environmental factors.
(2) The tree-ring Hg concentration profile of the young growth
period (generally 3040 years) of Masson pine tree is likely un-
trusted to reflect the temporal variation of atmospheric Hg
due to the potential radial translocation and the age effect.
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