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ABSTRACT

Understanding heavy metals (HMs) accumulation and transportation is the foundation to assess the ecological
risks caused by the pollution of HMs in terrestrial ecosystems. There are large knowledge gaps regarding impacts
of vegetation succession on shaping the HMs accumulation, transportation and allocation in the remote alpine
regions. Herein, we comprehensively investigated the distribution and source contribution of mercury (Hg),
cadmium (Cd) and chromium (Cr) along with vegetation succession in a deglaciated forest chronosequence of
Qinghai-Tibet Plateau. Results showed that Hg and Cd were highly enriched in organic soils, while Cr concen-
trations and pool sizes decreased significantly with the vegetation succession. Atmospheric Hg deposition
contributed to the dominant Hg sources in topsoil (74 — 87%), whereas moraine weathering was the main source
of Cr (73 — 76%). Both moraine (18 — 48%) and atmospheric deposition inputs (52 — 82%) affected Cd accu-
mulation in topsoil. Over the last century, the accumulation rate of Hg and Cd showed the distinctly decreasing
trends due to the vegetation leading to the elevated atmospheric depositions at the earlier deglacial sites. The
negative accumulation rate of Cr along with the vegetation succession reflected the formation of organic soil
diluting the geogenic inputs of Cr.
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P. Chen et al.
1. Introduction

Mercury (Hg), cadmium (Cd) and chromium (Cr) are well-known
toxic elements and threat to human health because of their high
toxicity and biomagnification [19,31]. Currently, Hg, Cd and Cr have
been listed as priority pollutants for monitoring and controlling in many
countries and regions [20,51]. The increasing anthropogenic emissions
since the Industrial Revolution have greatly increased the amount of Hg,
Cd and Cr in the environment, thus distinctly having disturbed their
naturally biogeochemical cycles in the alpine ecosystems [91,59,61,88].
More than 95% of Hg in the atmosphere is as the elemental Hg vapor
(Hg®), which has a residence time of approximately 0.3 — 1.5 years [52,
66,76,92]. Cd and Cr tend to transport in the form of fine particulates in
the air, and remain in the atmosphere for several days to weeks [81,83].
The atmospheric wet and dry depositions of Hg, Cd and Cr in the remote
alpine regions lead to the remarked increase of their concentrations
compared to previously existed only in much smaller quantities of nat-
ural origins [9,26,44,86,99].

Substantial studies have demonstrated the distribution, sources and
ecological risk of heavy metals (HMs) accumulation in alpine ecosys-
tems [100,119,16,27,29,42,56,7,8]. HMs accumulation in the alpine
ecosystem is affected by various input sources (e.g., atmospheric de-
positions, mineral weathering), environmental conditions (e.g., precip-
itation, temperature and vegetation), soil chemical properties (e.g., soil
organic matter and pH) and microorganisms [32,35,41,60]. Specifically,
vegetation plays an important role in shaping the spatial distribution of
HMs, by influencing the rate of HMs depositions, enhancing the rock
weathering processes due to complicated impacts of root, and improving
soil organic matter complexion with HMs [96,21]. Nevertheless, the
field sampling and observations mainly focused on the spatial distribu-
tion and depositions of HMs, yet the temporal trends of HMs accumu-
lation, transportation and allocation among the interface of
air-vegetation-soil are not well understood.

Global warming accelerates the shrinking of alpine glaciers since the
Little Ice Age [10,108]. The glacial retreated region with 1 — 2 km
distance basically has the almost similar climatic and geographical
conditions. The intensive ice-layer blocks the atmospheric deposition
into the underlayer soil, while after the glacier retreated, the underlayer
soil begins to accumulate the atmospheric depositions [97,98]. Recent
studies highlight that glacier-to-vegetation succession in the deglaciated
region provides a unique opportunity to study the sources and seques-
tration of HMs over time in alpine ecosystems [109,94,98,93].

Therefore, we aimed to comprehensively understand the accumula-
tion, transportation and different source contribution of Hg, Cd and Cr
along with vegetation succession in a deglaciated forest chronosequence
of Qinghai-Tibet Plateau. In this study, we applied the data describing
variations of HMs in a deglaciated forest chronosequence to illustrate
the effects of vegetation change on the biogeochemical processes of
HMs. Correlation analysis, enrichment factors, and Positive Matrix
Factorization (PMF) model were applied to quantify source contribu-
tions and to assess impacts of the important factors on affecting the
allocation of Hg, Cd and Cr among the interface of air-soil-vegetation.
Finally, the accumulation rates were further estimated to understand
the transport and accumulation of HMs along with vegetation succession
over last century.

2. Materials and methods
2.1. Study area and sampling sites

Mingyong Glacier is located in the southeastern Qinghai-Tibet
Plateau, and as one of the major glacier systems on the eastern slope
of Meri Snow Mountain (98°45'E, 28°27' N, peak elevation: 6740 m a. s.
L.). The global warming since the 1930 s has accelerated the retreat of
Mingyong Glacier (Yuanging et al., 2008; [118]). The local geomor-
phological environment has changed rapidly due to the glacial retreat,
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and a complete primary forest chronosequence covering a distance of ~
2 km has established at the elevation of 2518 — 2779 m. The vegetation
in the deglaciated forest chronosequence varies from the pioneer species
of sea-buckthorn (Hippophae rhamnoides Linn.) and aspen (Populus
rotundifolia var. bonati (Levl.) C. Wang et Tung) to the climax community
of fir (Abies fabri (Mast.) Craib). The climate over the deglaciated forest
chronosequence is characterized as the relatively low temperature with
an annual average ranging from — 2-2 °C. The annual mean precipita-
tion is 600 — 700 mm [113,114].

We set six sampling sites along with the deglaciated forest chro-
nosequence (Fig. 1). The glacier retreated time at each site has been well
documented in our earlier study [98]. Briefly, the glacier retreated time
was determined by the time interval between the settlement of pioneer
species in the bare land (i.e., the time between glacial retreat and sapling
germination) and the maximum age of trees at each site in the glacial
retreat area. The glacier retreated time at our selected six sampling sites
is the year of 2010, 2005, 1995, 1963, 1955 and 1926. The
sea-buckthorn and aspen are the dominant tree species at sites glacier
retreated of 1995-2010. The mixed forests dominated by sea-buckthorn,
aspen and fir developed at sites representing the retreat between 1955
and 1963. The stable and mature climax community of fir forest has
developed at sites of retreat before 1926.

2.2. Sample collection

During autumn of 2019 — 2022, we comprehensively collected soil
and vegetation samples at six sites in the deglaciated forest chronose-
quence. Three 0.5 m x 0.5 m subplots at each site were established to
collect soil profile samples. Due to the difference in plant productivity,
the thickness of the organic soil layer ranges from 1 to 10 cm depending
on the glacial treated time. At all sites, the soil profile is divided into Oi
(slightly decomposed litter), Oe (mo the derately decomposed litter),0-
to 5-, 5- to 10- cm and deep C (soil parent horizon) soil horizons. It is
noted that the Oe horizon has been not well formed at the
1995-2005 sites due to the short time of vegetation succession. The soil
below the Oe horizon was collected by a steel auger drill (5 cm diam-
eter). To avoid the influence of surface soil, we collected soil samples at
the 40 cm depth of soil profile as the deep C soil.

For vegetation sampling, 5 — 7 tree cores were drilled at the breast
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Fig. 1. Sampling sites in a forest chronosequence zone at deglaciated terrain of
Mingyong. (a) the location of Mingyong Glacier in China; (b) satellite imagery
of Mingyong Glacier; (c) land cover types in Mingyong Glacier. G indicates the
glacier, D is the deciduous forest, M is the mixed forest and C is the conif-
erous forest.
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height (1.3 m) of trees at each site by using an increment borer (Haglof,
diameter 5 mm). Meanwhile, we sampled 200 — 500 g biomass of fo-
liage, branch, bark and root from each drilled tree. In total, 243 vege-
tation and 156 soil samples were collected. Samples were transported to
the laboratory and oven-dried (at 45 °C) to a constant mass (the mass
difference between two 8- hour heating < 0.03%). The dried samples
were ground by an agate grinder and sieved with a 200-mesh (74 pym)
sieve, and the fraction passed through the sieve was placed in metal-free
plastic bags for chemical analysis.

2.3. Chemical analysis

The Hg concentrations in vegetation and soil samples were measured
on a DMAS8O Hg analyzer, following the protocol described in our earlier
studies [97,95]. Soil organic matter (SOM) content was determined by
the Walkley-Back method which involves oxidation of SOM by Cr,0%
followed by the addition of FeSO4 to reduce the excess Crzog' [89]. The
Cd and Cr concentrations were analyzed by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS, Agilent - 7900) following the procedures of
USA EPA Method 6020B. Briefly, about 0.1 g soil samples were digested
in a closed Teflon vessel by an acid mixture (HNO3:HF = 5:1, v/v) at 150
°C for 48 h. The digested solution was transferred quantitatively with
ultra-pure water to a 50 mL Teflon bottle and analyzed by ICP-MS.
Additionally, we also measured arsenic (As), lead (Pb), lithium (Li),
beryllium (Be), vanadium (V), manganese (Mn), cobalt (Co), nickel (Ni),
zinc (Zn), gallium (Ga), rubidium (Rb), silver (Ag), strontium (Cs),
barium (Ba), thallium (T1) and uranium (U) concentrations in vegetation
and soil samples by ICP-MS. These trace metals were used to build the
Positive Matrix Factorization (PMF) model to estimate source contri-
bution. The aluminum (Al) concentration was analyzed by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES).

2.4. Quality assurance and quality control (QA/QC)

The National Standard Reference Materials (SRM) of China
GBWO07405 (GSS-5, soil), GBW10020 (GSB-11, vegetation) and
GBW10049 (GSB-27, vegetation) were used for quality assurance/
quality control (QA/QC). For Hg measurement, the SRM were measured
after every 9 samples with a recovery of 95 — 105%. For measuring
other trace metals, the SRM, blank and replicated samples were
analyzed in every 10 treatments (7 samples + 1 SRM + 1 blank + 1
replicated sample). The average percentages of measured trace element
in the SRM yielded a recovery of 91 — 104%. The deviation of HM
concentrations in replicated samples was less than 5%.

2.5. Estimation of enrichment factor and pool size

The enrichment factor (EF) for HMs was calculated to assess the
accumulation of HMs in the soil [17,40]:

(C/R).y
(C/R) W

C layer

EF =

where C is the trace element concentration, and R is the reference
element concentration of Al (Aluminum) in this study. This is because
the Al in soil mainly deriving from the rock weathering processes, and
the Al concentration in C soil shows no significant difference during the
succession (Fig. S1; p > 0.05). To evaluate the degree of accumulation
for Hg, Cd and Cr, the following accumulation gradations are proposed
[1]: EF< 1, no / low accumulation; 1 < EF < 3, moderate; 3 < EF < 6,
considerable; 6 < EF, very high accumulation. The bioconcentration
factor (BCF) and the translocation factor (TF) are defined as the trans-
ferability of HMs from soil to plant [30]:

Crool

BCF =
Cmi]

(2)
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Cahove round
TF = —270s 3
Croot ( )

where Croot and Caboveground are the concentration of HMs in the root and
aboveground biomass of plants, respectively. Csoj represents the corre-
sponding value in the soil. BCF> 1 indicates that heavy metal enhanced
accumulation in roots [67]. TF> 1 means the aboveground biomass has
a stronger ability to accumulate HMs than the root [112]. It is noted that
BCF and TF are mainly applicable to HMs which uptake by root then
translocation into the aboveground biomass.

Species-specific allometric equations (Table S1) were applied to es-
timate the variation of vegetation biomass density (Table S2) across the
deglaciated forest chronosequence. The Hg, Cd and Cr pool sizes were
estimated based on the measured soil bulk density (Table S3) and
vegetation biomass density:

Pooly,; = Z[Consuil x BulkDensity,; x Depth x (1 —£)] (C))
Pool,e, = Z(Conveg x Biomassc) 5)

where f is the soil coarse fragments (> 2 mm) volume ratio in surface
soil.

2.6. Data analysis

The IBM SPSS Statistics v26.0 was used for statistical analysis at 95%
confidence level. We used One-Way ANOVA to conduct the significant
difference analysis when data were normally distributed. Otherwise, the
Kruskal-Wallis test was applied. Pearson correlation analysis was
applied to evaluate the relation between different variables. We also
used EPA (Environmental Protection Agency) PMF (Positive Matrix
Factorization) 5.0 to estimate the source contributions of atmospheric
depositions and geogenic inputs for Hg, Cd and Cr. Table S4 showed the
final results of model predictions by PMF. After 300-iteration, we ob-
tained 3 factors, with the smallest Q value and residual ranging between
— 3 and 3 in PMF. The coefficient between the observed value and
predicted value (R?) were greater than 0.66 for most HMs.

3. Results
3.1. Distribution of Hg, Cd and Cr in soil profiles

Fig. 2 (a—c) demonstrates variations of Hg, Cd and Cr concentrations
along with deglaciated forest chronosequence. The soil Hg concentra-
tions were comparable at sites of 1995 — 2005 (p > 0.05, one-way
ANOVA), and so do Cd and Cr concentrations. The topsoil Hg concen-
trations (Oi, Oe and 0-10 cm depth) increased with the vegetation
succession (2005 site: 33.90 + 8.20 ug kg'l; 1926 site: 94.99
+ 47.13 pg kg'!). The mean Cd concentrations in topsoil showed the
lowest value (0.27 + 0.04 mg kg'!) at 1963 site while the highest value
(0.33 £0.17 mgkg!) at 1926 site. The mean Cr concentrations in
topsoil decreased with glacial retreat time (2005 site: 71.46
+29.97 mg kg'l; 1926 site: 42.13 + 24.87 mg kg™!). The mean Cd and
Cr concentrations in C soil had the value of 0.35 + 0.07 mg kg™ and
91.15 + 7.34 mg kg! across the forest chronosequence, respectively.
The average Hg concentrations in topsoil were significantly higher than
in C soil across the deglacial forest chronosequence, while Cr concen-
trations increased along with the increasing soil depth except for the
1963 site (p < 0.05).

Fig. 2 (d—f) exhibits correlations between soil Hg, Cd and Cr con-
centrations and SOM contents and Fig. 2 (g—i) shows correlations be-
tween soil Hg, Cd and Cr concentrations and pH. The soil Hg
concentration showed a significantly positive correlation with SOM
content (R? = 0.84, p < 0.01) and a significantly negative correlation
with pH R?%= 0.26, p < 0.01). However, the soil Cr concentration had a
significantly negative correlation with SOM content (R> = 0.81,
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Fig. 2. Variations of Hg, Cd and Cr concentration (conc.) across the deglaciated forest chronosequence. (a-c) variations of Hg, Cd and Cr concentrations in soil in the
deglaciated forest chronosequence; (d-i) correlations among soil Hg, Cd and Cr concentrations, SOM content and pH value; (j-1) variations of Hg, Cd and Cr

enrichment factor (EF) in forest chronosequence zone.

p < 0.01) and a positive correlation with pH (R = 0.61, p < 0.01).
Insignificant correlations were observed between Cd and SOM (R? =
0.07, p < 0.05), and between Cd and pH [R? = 0.02, p > 0.05).

Fig. 2 (j — D) shows variations of EF for Hg, Cd and Cr across the
deglaciated forest chronosequence. All EF values in Oe and 0-5cm
depth soils increased along with the vegetation succession. The short
time (less than 60-year) of soil development leads to the similar soil
properties and comparable Hg, Cd and Cr concentrations between in
0-10 cm depth soils and C layer, which resulted in the close to 1.0 values
of EF. At the oldest deglacial forest site, Cd and Cr exhibited a moderate
accumulation in Oe (EF of Cd: 5.12 + 0.38; EF of Cr: 1.73 + 0.36) and
0-5 cm depth soils (EF of Cd: 4.55 + 0.86, EF of Cr: 2.05 + 0.17), and
Hg showed an extreme accumulation with an EF value of 13 in 0-5 cm
depth soils.

3.2. Distribution of Hg, Cd and Cr in vegetation

Fig. 3 depicts variations of concentration, bioconcentration factor
(BCF) and translocation factor (TF) for Hg, Cd and Cr in plants. The
foliage of all tree species had the highest Hg concentration, specifically
up to 17 times higher than in stem (foliage: 16.12 + 7.59 pg kg™'; stem:
0.97 + 0.76 pg kg!). The Hg concentrations in foliage of the three tree
species ranked as fir (26.19 &+ 3.94 ug kg’l) > sea-buckthorn (15.09
+2.42 ugkg!) > aspen (10.80 +7.71 pgkgl) (p < 0.05). For sea-
buckthorn and aspen, roots had the second highest Hg concentration
with values 1 — 15 times higher than those of bark, branches and stems.
For fir, the Hg concentration of branches are 1 — 11 times higher than
values in roots, bark and stems. For sea-buckthorn and fir, roots had the
highest Cd concentrations with values 2 — 33 times higher than those of
bark, branches and stems. However, Cd concentrations in bark, leaves
and branches of aspen were 2 — 3 times higher than those in roots. Cr
concentrations in roots of the three tree species were 3 — 31 times
higher than in aboveground biomass.

The BCF values of Hg, Cd and Cr ranged 0.11 - 0.24, 0.13 - 0.68 and

0.10 - 0.37 for all tree species, respectively. The TF of Hg in foliage had
the highest values for all three tree species, up to 4 — 20 times than TF
values of other vegetation components (branches: 0.45 — 1.04; bark:
0.51 - 0.67; stem: 0.08 — 0.19). For Cd and Cr, the bark of sea buckthorn
and aspen had the highest TF values (Cd: 0.27 + 0.11 and 3.68 + 1.67;
Cr: 0.19 + 0.17 and 0.24 + 0.16, respectively), while branches of fir had
the highest TF values (Cd: 0.50 + 0.33; Cr: 0.60 =+ 0. 46). Cd and Cr in
stem of all three tree species had the lowest TF than other vegetation
components (Cd: 0.03 — 0.79; Cr: 0.04 - 0.19).

3.3. Variations of Hg, Cd and Cr pool size along the glacier retreated area

Fig. 4 shows Hg, Cd and Cr pool sizes in vegetation and soil profiles.
The Hg, Cd and Cr pool in stem, root, foliage and branch all increased
along with the vegetation succession. The total vegetation pool sizes of
Hg, Cd and Cr at 1926 site (Hg: 0.05+ 0.0l mgm? Cd: 0.57
+ 0.21 mg m'z; Cr: 27.23 £ 3.47 mg m'z) were 10, 11 and 5 times
higher than values at 2010 site (Hg: 4.91 x10> 4+ 1.26 x10” mg m?;
Cd: 0.05 + 0.01 mg m?; Cr: 5.76 + 1.31 mg m'2), respectively. The Hg
and Cr pool size in sea-buckthorn accounted for 84-100% and 81-100%
of the total vegetation pool from the site 2010 to site 1995, respectively;
while in fir accounted for 66-100% and 69-100% of the total vegetation
pool from the 1963 site to 1926 site, respectively (Fig. S2). The Cd pool
size in aspen accounted for 55-57% among the sites 1995-1963, and in
fir accounted for 60-100% among the sites 1955-1926. The total Hg, Cd
and Cr pool size in vegetation only accounted for 0.8%, 1.3% and 0.5%
of total pool size (i.e., the sum of vegetation, Oi, Oe and 0-10 cm depth
soils) across the whole deglacial forest chronosequence, respectively.

It is noted that we did not estimate soil pool sizes at 2010 site due to
the soil mainly as the glacial moraine. The Hg pool sizes in Oi, Oe and
0-10 cm depth soils significantly increased with the glacial retreat time
(p < 0.05), from 1.75 mg m2 at 2005 site to 4.09 mg m2 at 1926 site.
The pool size of Cd in Oi, Oe and 0-10 cm depth soils showed the
decreasing trends from 18.86 mg m2 at 2005 site to 12.47 mg m™? at
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Fig. 3. (a-c) the concentration (conc.) of Hg, Cd and Cr; (d-f) the bioconcentration factor (BCF) of sea buckthorn, aspen and fir; (g-i) the translocation factor (TF) of
sea buckthorn, aspen and fir in the forest chronosequence zone. IQR is the abbreviation of inter quartile range.

1955 site but then increased to 18.22 + 1.50 mg m™2 at 1926 site. The Cr
pool sizes in Oi, Oe and 0-10 cm depth soils decreased significantly with
the glacier retreat from 5084.33 + 410.27 mg m2 at 2005 site to
2303.52 + 365.92 mg m? at 1955 site, but then increased to 2538.53
+ 338.30 mg m2 in the climax community of fir at 1926 site. Specially,
Cr pool size of Oe decreased rapidly from 95.03 + 1.04 mg m™? at 1963
site to 25.62 + 10.06 mg m? at 1955 site.

4. Discussion
4.1. Source estimation in soils

The almost constant values of Cd (0.29-0.38 mg kg'l) and Cr con-
centrations (83.57-99.23 mg kg™) in C soil across the whole forest
chronosequence (Fig. 2b-c) suggests that vegetation succession could
pose a negligible effect on Cd and Cr concentration in deep soil horizons.
The highest abundance of Cr in C soil and the low EF values of Cr
(Fig. 21) in topsoil indicate that weathering of moraine might be the
main source of Cr [7]. Given the SOM is derived from the litter
decomposition, the significantly negative correlation of Cr and SOM and
positive correlation between pH and Cr (Fig. 2f and i) further support the
importance of geogenic Cr inputs. The strong correlations among pH,
SOM and Hg in topsoil (Fig. 2d and g) and the high EF values of Hg in
topsoil (Fig. 2j) likely suggest the atmospheric Hg depositions as the
main cause for topsoil Hg accumulation [93]. There are insignificant

correlations of Cd to SOM and pH (Fig. 2e and h), possibly attributed to
the mixing effects of geogenic sources (i.e., moraine weathering) and
atmospheric depositions. Since the increase in soil organic matter leads
to an increase in humic acids, which in turn leads to a decrease in pH.
Therefore, the correlation between heavy metals and pH reflects the
effect of vegetation succession on accumulation of heavy metals.
Furthermore, we used the PMF model to quantify contributions of
atmospheric deposition and geogenic sources for Hg, Cd and Cr accu-
mulation in topsoil. Modeling results of Oi-Oe (Fig. 5a) showed that
Factor 1 had relatively high loading values for Cr, Be, Co and Ni (>
50%). Modeling results of 0-10 cm depth soils (Fig. 5b) also showed that
Factor 1 had relatively high loading values for Cr, As, Pb, Li, Be, V, Mn,
Co, Ni, Ga, Rb, Ag, Cs, Ba, Tl and U (> 70%). Since previous studies have
well documented that Li, Be, V, Co, Ni, Ga, Cs and Ba are primarily
derived from the crust of earth [33,46,81], Factor 1 in Oi-Oe and
0-10 cm depth soil mainly represents contribution of the geological
sources. Modeling results showed that Factor 2 in Oi-Oe had relatively
high loading values for Hg, As and Pb (> 46%), and 0-10 cm depth soils
had the high loading of Hg (74%). The source contributions of Zn and Cd
in Factor 3 of Oi-Oe were 65% and 56%, and source contribution of Zn in
Factor 3 of 0-10 cm depth soils was 84%. Noteworthily, Hg, Zn, Cd, As
and Pb are all susceptible to human activities [47,58,81,85] and atmo-
spheric depositions are the dominant cause for their elevated accumu-
lation in remote topsoil [115,18,22]. Atmospheric transportation and
deposition of Zn and Cd are dominated by aerosol physiological
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HgCd Cr As Pb Li Be V MnCo Ni Zn GaRb Sr AgCs Ba Tl U

Factor1 mFactor2 mFactor3

Fig. 5. Contributions of heavy metal sources by PMF model. (a) is for Oi and
Oe; (b) is for 0-10 cm depth soils of the deglaciated forest chronosequence.

chemistry [107,12,63,93], while gaseous Hg0 dry deposition as the main
source of Hg in topsoil [91,36,52,92]. Therefore, both Factor 2 and
Factor 3 represent impacts of anthropogenic emissions of HMs and the
following atmospheric depositions.

From the summary of the PMF modeling results (Table S5), the
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Fig. 4. Variations of pool sizes of Hg, Cd and Cr in vegetation biomass and soil profiles across the deglaciated forest chronosequence.
atmospheric Hg deposition dominantly contributed to the Hg sources in
(a) 100% topsoil (atmospheric Hg input in Oi-Oe: 87%; in 0-10 cm depth soils:
0% I 74%), whereas moraine weathering mostly contributed to the Cr sources
S 80% b in topsoil (Oi-Oe: 76%; 0-10 cm depth soils: 73%). Both moraine erosion
g _— (0i-Oe: 18%; 0-10 cm depth soils: 48%) and atmospheric deposition
o) ) (0i-Oe: 82%; 0-10 cm depth soils: 52%) affected the Cd accumulation in
5 0% topsoil.
g 50%
g 4.2 Is I I
.2. Heavy metals accumulation in plants
O 30% t 4 P
>
8 20% Earlier studies have well documented that more than 90% of foliar

Hg derived from the atmospheric Hg® [14,43]. Foliage takes up atmo-
spheric Hg® mainly through the pathway of stomatal and non-stomatal
(i.e., the adsorption of cuticle) [91,3,75]. After uptake, Hg is stored in
foliage as complexes formed with reduced sulfur functional groups
(Hg-SR), bis-thiolate complex (Hg(SR)2) and Hg sulfide nanoparticles
(B-HgS), and then migrates to other plant components through the sieve
tube and xylem ray cells [97,95,3]. Therefore, the atmospheric Hg®
uptake by foliage contributes to the main Hg sources in aboveground
biomass ([91,37,52]; Zhou et al., 2021a; [117]). This is the reason for
the elevated Hg concentration in foliage in contrast to Hg concentration
in other tree components. Coniferous tree species have higher leaf Hg
concentrations than deciduous tree species (Fig. 3). This is because
much higher lifespan (3- to 5- year) of coniferous foliage leads to
long-term of its foliage exposure into atmospheric Hg’, when compared
to 4 — 6 months of lifespan for deciduous foliage [91,116,117,39].
Additionally, the relatively high Hg concentration in root is attributed to
the uptake of Hg (II) in soil solution by fine root [111,84]. The Hg iso-
topic signatures have suggested that the root uptake Hg was mainly fixed
in epiblem, and hardly translocated into aboveground biomass [111].
Cd in vegetation mainly comes from soil Cd*" uptake by roots [74].
Therefore, roots of sea buckthorn and fir have the elevated Cd concen-
trations. Cd%* can be adsorbed on the surface of root epidermal cells and
enter the root epidermal layer through the apoplast pathway [103,23,
801, and also enter into plant cells through the ion channels of Fe?",
Zn?" and Ca®* due to Cd?* properties similar to these essential elements
[2,45,65]. In addition, Cd%>" can form the metal-ligand complexes which
with low molecular compounds secreted by roots, and enters the root
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epidermis in the form of chelates [15]. Interestingly, the aboveground
biomass of aspen has 1 — 2 times of Cd concentration than in roots
(Fig. 3). This is because substantial Cd in root can be transported to
aboveground biomass of aspen through ion channels with the assistance
of translocators [106,73]. Specifically, the aspen foliage and bark are
rich in terpenoids, suberin, fatty acid esters and amino acids which
distinctly enhancing Cd translocation from roots to aboveground
biomass [38,64].

Similarly, Cr in plants mainly derived from soil Cr uptake by roots. Cr
in root can migrate into the aboveground biomass through the xylem
vessel [28,87]. Compared to Hg and Cd, Cr is the least mobile in roots
[69,711, due to the distinct root barrier against the Cr mobilization [62,
70,72]. Therefore, we mainly observed the distinct Cr concentrations in
roots of three tree species (Fig. 3).

The BCF values of Hg, Cd and Cr were less than 1 in the three tree
species, implying the low accumulation of soil Hg, Cd and Cr in roots.
Since Hg in plants mainly derived from the uptake of atmospheric Hg®
by foliage, we would not discuss its TF values in vegetation. It is noted
that the high TF values of Cd and Cr in bark of deciduous tree species
cannot solely be explained by the root translocation. This is because the
rough and porous structure of bark is beneficial to directly capture HMs
from the atmosphere, thus also contributing to the elevated TF of Cd and
Cr in the bark [54,55,5,79]. The smallest concentrations and TF values
of Cd and Cr in most stem of tree species can be attribute to that the stem
does not absorb metals directly due to stem mainly composed of cellu-
lose, hemicellulose and lignin, and with the distinct biomass dilution
caused by rapid xylem growth [25,34].

4.3. Accumulation variations during vegetation succession

The vegetation biomass production rapidly increased 1-2 times from
1955 site to 1926 site (Fig. S3) because of the competitive strategy of
tree species that the greater woody mass competing more favorably
[104]. At the site of 1926, the elevated pool sizes of Hg, Cd and Cr in
vegetation were caused by the high vegetation biomass. The relatively
high Cd pool size in vegetation at 1995 site was due to the elevated Cd
accumulation in the aspen, which as the dominant tree species at this
site.

As previously discussed, the atmospheric Hg? depositions are the
main source for Hg accumulation in deglaciated forest soils [91,36,52,
92]. Along with the vegetation succession, the increasing forest litter
and SOM in topsoil would strongly promote the Hg accumulation in
topsoil. At 2005 — 1963 sites, the litter and coarse woody debris with
low Cd concentrations reduced the geologic Cd contribution. Thus, we
observed a decreasing Cd pool of topsoil (Fig. 4). From 1955-1926 site,
the litter decomposition of aspen with high Cd concentration (Fig. 3b)
and the increasing atmospheric Cd depositions hereby lead to the
elevated Cd pool sizes at these sites (Fig. 4). The geological inputs were
as the major source of Cr in the deglaciated forest chronosequence, and
the organic matters and woody biomass both have the relatively low Cr
concentrations (Fig. 3). Therefore, the formation of organic matters in
topsoil would decrease its Cr pool size [105].

To better understand accumulation variations of Hg, Cd and Cr along
with the vegetation succession, we estimated the relative accumulation
rates for Hg, Cd and Cr over the deglacial forest chronosequence by
combining the pool sizes of vegetation, Oi, Oe and 0-10 cm depth soil
profile. The relative heavy metal accumulation rate (Q;, mg m™2 yr'!) was
estimated as following:

Qi=(Si-S¢i-1)) / time ®)

where S is the total elemental pool size in topsoil (mg m™), and i
denotes the pool size over a specified chronosequence, and time is the
interval of glacial retreat time between two sites (year).

If atmospheric depositions are comparable among the deglaciated
forest chronosequence, Q; in the Eq. (6) would reflect changes of

Journal of Hazardous Materials 459 (2023) 132162

atmospheric heavy metal depositions over the past century. The his-
torical trends of atmospheric Hg, Cd and Cr depositions have been well
documented that the continuingly increasing depositions since 1850 s
[6,13,48-50,57,68,77,90,101]. However, the accumulation rate of Hg
showed a decreasing trend from 0.05 + 0.01 mg m™ yr! in 1920 s to
0.02 & 0.00 mg m yr'! in 2000 s (Fig. 6). The accumulation rate of Cd
also decreased from 0.21 +0.02mgm? yr! in 1920s to —0.17
+0.09 mg m? yr! in 2000 s. The accumulation rate of Cr was 8.17
+0.95 mg m2 yr'! in 1920 s, and then showed the negative values from
1950 s to 2000 s, up to — 193.66 & 13.20 mg m2 yr'! in 1960 s.

The discrepancy between accumulation rates and proposed atmo-
spheric depositions can be attributed to impacts of increasing vegetation
cover in the deglaciated forest chronosequence. As discussed, the
vegetation succession would increase Hg and Cd accumulation in
topsoil, while buffer the high Cr concentration of geogenic sources.
Substantial glacial moraine mixed into the soil samples at 1963 site
results in the elevated Cr pool size in Oe and 0-10 cm depth soils and as
well as the lowest accumulation rates of Hg and Cr in 1960 s. The canopy
of coniferous tree species could induce elevated atmospheric Hg, Cd and
Cr depositions than of deciduous tree species because of larger inter-
ception of coniferous canopy [104,78]. Therefore, the accumulation
rates of Hg, Cd and Cr were highest in coniferous forest. It is noted that
the runoff and soil leaching processes in the forest floor would also lead
to the Hg, Cd and Cr loss across the deglaciated forest chronosequence,
specifically soil pH gradually changing from alkaline to acidic along
with the vegetation succession (Fig. S4). The Hg, Cd and Cr loss rates in
the coniferous forest could be slower than rates in the deciduous forests
due to the coniferous hard-degraded substances (e.g., humin and lignin
of needles) increasing the residence time of Hg, Cd and Cr in surface soil
[11,4].

5. Conclusion

Our study shows that the vegetation succession in the deglaciated
region significantly shapes the distribution, accumulation and allocation
of Hg, Cd and Cr in the topsoil and vegetation. The atmospheric Hg°
deposition is the main sources for Hg accumulation in topsoil, and the
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Hg accumulation rate increases along with the pioneer deciduous forest
to the climax coniferous forest stands. On the contrary, Cr is primarily
derived from geological processes, the decreasing of geogenic Cr
contribution in topsoil due to the increasing organic matter contents. Cd
is enriched in topsoil and the main source of Cd shifts from the moraine
weathering processes to atmospheric depositions along with the vege-
tation succession. Absorption and translocation of Hg, Cd and Cr in
plants are distinctly different. Hg in plants is mainly from the uptake of
atmospheric Hg® by foliage, while Cd and Cr in plants are predominantly
from uptake by root. Our study indicates that vegetation succession
contributes to the different biogeochemical processes of Hg, Cd and Cr
among deglaciated forest chronosequence.

In this study, we used the statistical models to identify source con-
tributions for each heavy metals. These statistical models are associated
with uncertainties and cannot solely provide strongly direct evidence for
quantification of source contributions. We recommend further studies to
use the more direct and useful tools, such as isotopic signatures which
have been identified to provide a new sight in source quantification [91,
96,110,111].

Furthermore, reforestation such as China’s ecological restoration
projects has significantly changed land covers across the globe [102,24,
53]. Our study provides an interesting sight in understanding the
accumulation and transportation of HMs after the reforestation. Finally,
identifying the potential threats to environment is critical, specifically
under the contest of combined effects from anthropogenic influence and
vegetation changes [82]. Thus, we recommend further studies focusing
on the difference of their ecological risks of Hg, Cd and Cr in various
vegetation successions.
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