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• Lead concentrations and pools were
elevated in soils and vegetation of the
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deepened on TOM pools and altitude.

• Atmospheric deposition was the major
source of lead in forest.

• Lead in dung beetle would potentially
pose negative influence to predators
along food chains.
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There is growing interest in how heavy metals in remote ecosystems are elevated and affect environmental health.
However, no studies have investigated atmospheric lead (Pb) deposition influences on the Pb bioaccumulation in
insects in forests. Here we measure Pb concentrations and pools in forest vegetation, litterfall, organic soil, mineral
soil, as well as litterfall deposition fluxes in a region severely affected by atmospheric deposition. We also analyzed
Pb in insects which feed in the polluted forest vegetation and litter. Assessment of high Pb loads causing potential
ecological risk to insects was also studied. Total Pb pool in the vegetationwas 0.12 gm−2 and annual litterfall depo-
sition flux of Pb was 13.42 mg m−2, which was much higher than those in the background areas. Pools of Pb from
litter to mineral topsoil averaged 4.3 g m−2, which accounted for 97.3% of total pools (biomass + soil) in the forest
ecosystem. Pools of Pb in surface soils were correlated significantly with the pools of total organic matter and
elevation. Atmospheric deposition was inferred the major source of Pb in the forest ecosystem, which can be
supported by the highest Pb concentrations in the moss and overstory foliage. The maximum Pb concentration
was showed in the dung beetle (12.1 mg kg−1) residing in the soils compared that in the longicorn and of cicada,
which would potentially pose negatively influence to predators along food chains.
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1. Introduction

Lead (Pb) in terrestrial environments is the result of both natural
and anthropogenic activities and high Pb concentrations can affect the
environment and ecological functioning. Human activities, including
the production and use of Pb batteries, motor vehicle gasoline combus-
tions, coal combustions, sintering and smelting of minerals are the prin-
cipal source of Pb emissions (Csavina et al., 2014; Duan and Tan, 2013).
Previous research indicated that anthropogenic emissions of Pb to the
environment have caused regional contamination around the world
(Huang et al., 2008; Klaminder et al., 2005, 2006; Miller and Friedland,
1994). The Pb is easily transported to remote ecosystems by emissions
from the transportation and industrial sectors (Gross et al., 2012; Li
et al., 2017). A large proportion of heavy metal in atmospheric particu-
lates is deposited on foliage and conveyed to the soil by rain wash off
and shedding of the foliage (Bringmark et al., 2013; Richardson and
Friedland, 2016), because the forest canopy acts as a receptor for differ-
ent atmospheric contaminants (Richardson et al., 2015b; Zhou et al.,
2015a, 2016). In particular, this phenomenon is important in mountain
forests, as highmountains can act as orographic barriers against coming
air masses (Szopka et al., 2013). Steinnes et al. (2005) suggested that
N90% of O horizon Pb was polluted from atmospheric deposition in
Norway, even at remote sites in the far north, and their work suggested
that similar studies should be done in other parts of the world to objec-
tively assess the anthropogenic contribution of Pb to surface soil. Since
the precise information of Pb concentrations in forest components is
lacking, our understanding of the impact of anthropogenic activities
on the environment is uncertain.

Investigations in terrestrial systems have identified the forest as
large sinks of atmospheric Pb, so organisms inhabiting the forest ecosys-
tem are usually exposed to high Pb concentrations (Šerić et al., 2007).
Organisms have a demonstrated ability to effectively bio-accumulate
Pb from environmental exposure (Aissaoui et al., 2017; Conti et al.,
2017; Ernst et al., 2008; Lindqvist and Block, 1997; Mensens et al.,
2017). Knowledge of the Pb concentrations in the different species of in-
sects is very useful for ecological risk assessment because Pb in insects
pose serious risks of secondary poisoning of vertebrate predators
(Conti et al., 2017; Šerić et al., 2007). Insects are important components
of food chain in the forest ecosystem and have been proposed as
bioindicators of heavy metal contaminations (Conti et al., 2017). More-
over, these insects are situated at the lower trophic levels of food chains
and preyed upon by several vertebrate animals, resulting in a migratory
route for the bioaccumulation of pollutants in food chains (Andre et al.,
2010; Conti et al., 2017; Dai et al., 2004; Ernst et al., 2008; Hsu et al.,
2006; Pižl and Josens, 1995). Previous studies showed that several in-
vertebrates accumulated large amounts of Pb and resulted in ecological
poisoning (Conti et al., 2017; Šerić et al., 2007), although the synthesis
of metallothioneins in some animal tissues was usually induced to
achieve Pb homeostasis under Pb stress due to the detoxification of Pb
(Zhou et al., 2015b).

China is the largest developing country worldwide. With the rapid
development of economy during the past four decades, large amounts
of Pb has emitted to the atmosphere (Duan and Tan, 2013). According
to the study by Tian et al. (2015), the proportion of Pb in leaded gasoline
emitted to the air is estimated at about 76% of total atmospheric Pb
emissions for the period before 2000. Based on the Pb concentration
in the gasoline, the 64 years between 1949 (the founding of PR China)
to 2012 can be divided into two phases: the leaded gasoline period
(1949 to 1990: gasoline with high Pb concentration (0.64 g L−1);
1991–2000: gasoline with low Pb concentration (0.35 g L−1)), and the
unleaded gasoline period (2001 to 2012, 0.005 g L−1). Therefore, the
anthropogenic emission of Pb experienced two fluctuations from 1949
to 2012, which occurred in 1991with the decreasing rate of 26% and oc-
curred in 2001 with the decreasing rate of 61.6% in 2001. However,
along with the rapid increase of vehicle volume and oil consumption
as well as the rapid industrial development, a substantial increase was
once again experienced from 7747.2 t in 2001 to 14,397.6 t in 2012, at
an annual average growth rate of about 5.8% (Tian et al., 2015).

In this study, the Pb concentrations in the litterfall, litter, soils, vege-
tation tissues and insects were investigated at Tieshanping Forest Park,
southwestern China. Our previous studies showed that the forest has re-
ceived elevated atmospheric mercury deposition (Zhou et al., 2015a,
2016), but no studies attempt to study other pollutants in this area. To
the best of our knowledge, the current study is the first to investigate
atmospheric Pb in foliage and soil compartments in combination with
measurements of Pb in insects. The objectives are (1) to characterize
the possible source of forest Pb distribution in the litter, organic soil
and mineral topsoil horizons; (2) to explore the Pb of litterfall deposi-
tions and stocks in the vegetation; (3) to assess the potential ecological
risk to insects. We hypothesized that the atmospheric Pb depositions
were the main source of Pb contamination in the forest catchment
and higher Pb depositions has resulted in ecological risks to local
animals.

2. Materials and methods

2.1. Study area

Our study was carried out in an experimental forest catchment
(44 ha)within Tieshanping Forest Park (29°38′N, 104°41′E), a protected
area situated at about 20 km to the northeast of the Chongqing City cen-
ter (Fig. S1). The catchment is one of Sino-Norwegian multidisciplinary
Integrated Monitoring Program on Acidification of Chinese Terrestrial
Systems (IMPACTS) project study sites. The rainy season extends from
May to October (75% of the rainfall) and mainly controled by the
Indian monsoon. The mean annual temperature is 18.2 °C and the an-
nual rainfall is 1028 mm (Zhou et al., 2017). The primary soil type in
the catchment is Haplic Acrisol according to FAO. The catchment is
mainly dominated by the tree species ofMasson pine (Pinusmassoniana
Lamb.) and China fir (Cunninghamia lanceolata Lamb.), camphor
(Cinnamomum camphora (L.) Presl) and Schima (Schima superba
Gardn. et Champ.) were the non-dominant tree species. Chongqing is
an important industrial region in southwest China and consumes large
amounts of fossil fuels. The mean concentration of Pb in atmosphere
was 149 ng m−3 in 2012 (Tan, 2013) and Pb contaminations were
regarded as serious environmental bur dens (Duan and Tan, 2013; Tao
et al., 2003; Wu et al., 2011).

2.2. Vegetation

To characterize the Pb distribution in the vegetation (overstory,
shrub and herb layer), three sample plots of 10 × 10 m2 were
established in January 2015. The plots were located on the top of the
mountain with the elevation of 500 m a.s.l. and located at a flat terrain
with slope b 10°. Samples of overstory stand were collected from Mas-
son pine, and samples of shrub were collected from Schima. Samples
from the two species included root, bole wood, branch, bark and foliage
in each subplot. Briefly, foliage and branch were collected in the middle
canopy, 5–7 m and 2–3 m above the ground for overstory and shrub,
respectively, using a stainless steel pole saw. Bole wood and bark
were sampled at breast height using a 4 mm increment corer and
clean knife blade, respectively. Roots were collected by spade at the
30–50 cm of soil profile. All the vegetation samples were collected in
triplicate per plot.

In January, biomass of understory including those of herbs, shrubs
and saplings (diameter at breast height b 3 cm), were completely
harvested using 1 m2 quadrates in triplicate at each of the three plots
and then weighed, when the biomass of the understory were the
maximum in the year. The representative understory species of Old
World forkedfern (Dicranopteris dichotoma Bernh.) and chain fern
(Woodwardia japonica Lectin.) were sampled to determine the Pb
pools, which were the most abundant in the study area. Additionally,
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mosses (Hylocomium splendens (Hedw.) Schimp) on the rocks were also
collected. Disposable plastic, polyethylene gloves were usedwhen pick-
ing up the moss and during the sample handling for analysis. The green
or green–brown parts were used for further analysis without washing
or other treatment. The coarse contamination of moss samples such as
plant debris, soil or animals were carefully removed.

2.3. Litterfall

Litterfall samples were collected in five 1.0 m2 baskets supported
approximately 1.5 m height above the forest floor, constructed of fiber-
glass nets (1 mm nylon mesh) (Zhou et al., 2013). The position of
litterfall traps was placed randomly in about 1.0 ha dominated by the
Masson pine stand. Litterfall was collected at one-month intervals
from April 2014 to March 2015 and 60 litterfall samples were collected
totally. It should be noted that traps deployed in theMasson pine forest
did not only collect Masson pine litterfall, but also collected other
litterfall of understory. The litterfall samples were stored in brown
paper bags and then shipped to the laboratory.

2.4. Litter and soils

To investigate the Pb distributions, litter and corresponding under-
neath soil samples were collected from 65 sites inside the experimental
forested catchment. Sampling sites were possibly evenly spaced within
the whole forest covered area (12 km2) with the various elevations of
200–600 m a.s.l. and were considered as representative for the whole
array of study sites. Representative litter and soil in each site were
collected the litter (ectohumus, 1–4 cm) and from the correspondingly
organic horizons (unequal depth, 2–4 cm) and mineral topsoil layers
(4 cm). Each sampling site was randomly selected but located over
100 m away from roads and buildings. Detailed description of sampling
procedure was presented in the previous study (Tian et al., 2015).

2.5. Insects

In the above sample plots, three species of insects were directly
hand-caught, including longicorn (Anoplophora chinensis), dung beetle
(Onitis falcatus) and three species of cicada that were Platypleura
kaempferi, Chremistica ochracea and Oncotympana maculaticollis. The
three species of insects have different living habits: dung beetle lives
in the soil; cicada larvae have lived underground for 4 to 5 years before
their last molting and survival on the plants; longicorn lives on the
plant. The reason for collecting the three insects are that different habits
may result in different Pb bioaccumulations; additionally, compared to
other beetles in the studied forest, the three species are most abundant.
Therefore, the three species were selected.

2.6. Sample preparation and analysis

In total, 65 sets of litter, organic soil, and mineral topsoil samples,
45 vegetation samples for each tree species of Masson pine samples,
Schima, Old World forkedfern and chain fern, 4 mosses samples,
60 litterfall samples and 73 insect samples (five species) were sampled.
Soil samples were air-dried in the laboratory temperature. The insect
were frozen to death at −20 °C and then cleaned with tap water by a
paintbrush and deionized water, in which Pb concentrations were
under the detection limit of 0.8 ng mL−1. Previous studies were treated
the insects in different ways. For instance, Aydogan et al. (2017) stored
the samples in 70% alcohol and then carefully cleaned with a small
paintbrush before digestions, while the insect was cleaned of sand and
then stored at −18 °C (Conti et al., 2017). Although the sample pre-
preparations were different from the previous studies, the tap water
and deionized water can also remove the soil on the body of insect in
the current study. However, the aerosols and other particles inside the
insect skin and cuticle cannot be washed by the paintbrush with tap
water and deionizedwater,whichmayoverestimated the Pb concentra-
tions in the insect. All the plant and insect samples were dried at the
oven with the temperature of 60 °C to constant weight. Subsequently,
litterfall and insect samples were weighed. Finally, all samples (soil,
vegetation, litter and insect) were completely crushed in a stainless
steel food blender, ground to powder and sieved through a 40-mesh
screen to be prepared for chemical analysis.

Soil samples were digested with nitric acid (HNO3), hydrofluoric
acid (HF), and perchloric acid (HClO4) (v:v:v = 5:10:5) on an electric
hot plate with the temperature 120–240 °C (Xu et al., 2017). The use
of HF could effectively desiliconize in soils and accelerate its digestion.
Plant and insect samples were digested with mixed HNO3 and HClO4

(v:v = 5:1). All the acid mixture was dried on the hot plate. After
cooling, 10 ml of HCl 0.2 M was added to the crucible and filtered
through 0.45 μm filtermembrane. Subsequently, the solutionwas trans-
ferred quantitatively to a 15-ml volumetric flask by adding deionized
water, and was finally stored at 4 °C until analysis. Then the Pb in
digested solutions were determined by inductively coupled plasma
with atomic emission spectrometry (ICP − OES) using a Perkin
Elmer® Optima 7300DV. Quality assurance and quality control were
detailed in the Supplementary information (SI, Text S1 and Table S1).
Soil pH and total organic matter (TOM) in soils were reported in the
previous study (Zhou et al., 2015a).

2.7. Statistical analysis

The concentrations of all the samples refer to drymatter at 60 °C. The
calculation of litterfall Pb deposition and Pb pools in soil and vegetation
can be found in the Supplementary Information (Text S2). Bioaccumula-
tion factor (BAF) was calculated by dividing the Pb concentrations in in-
sects by Pb concentrations in organic horizons for dung beetle and in
barks for longicorn and cicada due to their different living habits. The
BAFs may be overestimated, as the particles inside the insect skin and
cuticle cannot be washed by the paintbrush with tap water and deion-
ized water, which may overestimated the Pb concentrations in the
insect. The Pb concentrations in soils, vegetation, insects, and pool in
soils and vegetation were compared among the species. Separate one-
way ANOVAs with Tukey's post hoc test were used to determine if dif-
ferences in concentrations and pools existed among the species or soil
horizons. All differences in means were significant at the p = 0.05
level and all means are reported with ±1 standard deviation from the
mean. The correlations between soil parameters and Pb concentrations
and pools, litterfall biomass and Pb depositions were analyzed by
Pearson's Correlation Tests using SPSS software (SPSS Inc. 16.0) and
correlation coefficient and p values are presented and significantly
correlated at the level of 0.05.

3. Results

3.1. Pb in vegetation

In the overstory (Masson pine) and shrub (Schima), the orders of
Pb concentration distributed in the plant tissues were the same, which
was foliage N root N bark N branch/twig N bole wood (Fig. 1). The Pb
concentration in the foliage of overstory was 33.0 ± 6.0 mg kg−1 that
was much higher than that in the hardwood species of understory
(19.0 ± 4.2 mg kg−1). The second highest Pb concentrations were in
the roots and the lowest Pb concentrations were observed in the bole
wood (2.2 ± 0.3 mg kg−1 in Masson pine and 7.3 ± 3.3 mg kg−1 in
Schima). For herbaceous plants (Old World forkedfern and chain fern),
the Pb concentrations in the tissues showed different patterns. The Pb
concentration in the foliage of Old World forkedfern was the highest
compared to roots and stems but not significant (Fig. 1, p N 0.05),whereas
that was lowest in the foliage of chain fern (Fig. 1, p b 0.01). Generally,
Pb concentrations in chain fern were obviously higher than that in most
other species.
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The Pb pools in vegetation were calculated by multiplying the aver-
age biomass and Pb concentration of the corresponding plant tissue and
were estimated separately for overstory, shrub and herb. The Pb pool
was 119.9 mg m−2 in the overstory, and was 3.4 mg m−2 and
0.6 mg m−2 in the shrub and herb, respectively (Fig. 2). The proportion
of Pb pool in overstory accounted for 97% of the total vegetation Pb
pools due to the largest biomass ration of 94% (Fig. 2). The total Pb in
vegetation, including Pb pool in the overstory, shrub, and herb, was
0.12 g m−2 (Fig. 2). In the overstory, the biomass of bole wood was
the largest and comprised 73.7%; however, the proportion of Pb pool
in the other tissues was only accounted for about 28.8%. The largest
pool was located in the root, which accounted for 46.1% of the total
overstory Pb pool due to the higher soil Pb concentration caused the
elevated root concentration. Subsequently, the second largest Pb pool
was in bole wood due to the largest biomass pool, and then followed
by foliage, branch and bark.

3.2. Pb in litterfall

The average monthly concentration of Pb in Masson pine litterfall
ranged from 20.1 to 45.2 mg kg−1, with annual mass-weighted mean
concentration of 29.2 mg kg−1. The annual litterfall deposition flux
of Pb was 13.4 mg m−2, with monthly variations of 0.213 to
1.91 mg m−2. Monthly production of litterfall biomass was an
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important and influential factor raising the Pb depositions at the sub-
tropical forests, which showed a significant correlation between the
monthly deposition and litterfall biomass (Fig. 3, r = 0.85, p b 0.01).

3.3. Pb in litter and soils

The highest Pb concentrations were observed in the organic hori-
zons, which ranged from 23.1 to 132.4 mg kg−1, with mean concentra-
tion: 70.3 ± 26.7 mg kg−1. The Pb concentrations in the litter horizons
and mineral topsoil horizons ranged from 23.8 to 84.4 mg kg−1 and
from 6.7 to 62.3 mg kg−1, with the mean concentrations: 49.3 ± 14.3
and 35.5 ± 15.1 mg kg−1, respectively (Table 1). High standard devia-
tions suggested a high heterogeneity of Pb concentrations, especially
for the organic and mineral topsoil horizons. The Pb concentrations in
the organic and mineral topsoil horizons were significantly correlated
to TOM concentrations, and significantly negatively correlated to pH
values in the organic horizon (Fig. 4).

The analysis of contour plots illustrating sampling elevation and Pb
concentrations in the horizons: litter, organic soil and mineral topsoil
horizons (Fig. S2) indicated soils in several locations were highly
enriched in Pb, which were very distinct for all the soil horizons. The
contour plots indicate that those areas were situated at the high
elevations, with relatively flat slopes. The statistical analysis of Pb con-
centrations in the three horizons under different elevation was shown
in Table 2. Generally, the litter was basically similar and composed of
Masson pine litter. Litter Pb concentrations showed no significant
difference and no significant correlation with elevations. The relatively
homogenous Pb distributions in the litter suggested litterfall Pb input
was similar in the forest.

Pb pools (litter+ organic soil +mineral topsoil horizon) varied in a
broad range, between 1.89 and 8.01 g m−2 and with the average
concentration of 4.3 ± 1.3 g m−2 (Table 1). Fig. 6a shows the organic
soil horizons stored the largest pool of Pb, which accounted for up to
64.2% of the total pools, due to the highest Pb concentrations in this ho-
rizon. The contributions of Pb followed by mineral topsoil horizon,
which accounted for 32.8%; the lowest Pb pool presented in forest litter,
averaging 2.9% (Fig. 5). As stated above, the average total pool in the
vegetation was 0.12 g m−2 (Fig. 2), therefore, compared to the total
Pb pool in the ecosystem (soil pool + vegetation pool), the vegetation
pool only accounted for 2.7% and N97% of the Pb pool stored from the
litter down to the mineral topsoil horizon.

The contour plots showing a spatial distribution of Pb pools confirms
great altitudinal variability (Fig. S3). The tendency of increasing Pb con-
centrations in surface soils with increasing elevations was also resulted
in the increase of Pb pools stored in all the three horizons (Fig. 5b). The
mean values of Pb pools were 3.73, 4.13 and 5.08 g m−2, respectively,
with the increasing elevations of 200–400 m, 400–500 m and
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Table 1
The effect of altitudinal zone on the mean concentrations of Pb and soil parameters in various horizons, and on the mean pools of Pb and TOM.

Horizon (depth) Elevation (m) pH TOM (%) Pb (mg kg−1) TOM pool (kg m−2) Pb pool (g m−2)

Range Mean ± SDa Range Mean ± SD

Litter horizon 200–400 87 ± 2.7a 27–63 46 ± 12a 2.3 ± 0.14a 0.071–0.17 0.12 ± 0.033a
400–500 86 ± 5.1a 24–74 48 ± 14a 2.3 ± 0.25a 0.062–0.19 0.12 ± 0.031a
500–600 85 ± 5.8a 27–84 53 ± 14a 2.2 ± 0.29a 0.073–0.22 0.13 ± 0.033a
Avg. 86 ± 5.0a 49 ± 14 ac 2.3 ± 0.22a 0.13 ± 0.032a

Organic horizon 200–400 4.0 ± 0.11a 4.1 ± 1.0b 13–119 52 ± 28ab 3.2 ± 0.54b 1.4–4.2 2.5 ± 0.93b
400–500 3.9 ± 0.090ab 4.7 ± 0.72b 25–125 66 ± 24ab 3.6 ± 0.36b 1.5–5.1 2.7 ± 0.74b
500–600 3.9 ± 0.10ab 5.4 ± 1.2b 56–132 77 ± 21b 3.9 ± 0.53b 2.4–4.4 3.0 ± 0.68b
Avg. 3.9 ± 0.11ab 4.8 ± 1.0b 70 ± 27b 3.6 ± 0.50b 2.8 ± 0.82b

Mineral topsoil 200–400 3.9 ± 0.21ab 1.1 ± 0.28 9.4–60 24 ± 17c 5.1 ± 0.34c 0.42–2.7 1.2 ± 0.73c
400–500 3.8 ± 0.12b 1.3 ± 0.42 6.7–53 29 ± 12c 5.2 ± 0.35c 0.44–2.3 1.3 ± 0.58c
500–600 3.8 ± 0.17ab 1.4 ± 0.47 27.9–62 39 ± 14 ac 5.4 ± 0.19c 1.0–3.5 1.6 ± 0.67c
Avg. 3.8 ± 0.16ab 1.3 ± 0.43 36 ± 5.1 ac 5.3 ± 0.31c 1.5 ± 0.68c

All Avg. 9.4 ± 0.32 4.3 ± 1.3

a SD means standard deviations.
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Table 2
Correlation coefficients of elevation (m a.s.l.) with soil Pb and parameters.

pH TOM Pb TOM pool Pb pool

Litter horizon −0.067 0.11 −0.067 0.093
Organic horizon −0.32⁎⁎ 0.29⁎ 0.35⁎⁎ 0.30⁎ 0.28⁎

Mineral topsoil horizon −0.38⁎⁎ 0.45⁎⁎ 0.47⁎⁎ 0.15 0.32⁎⁎

Total horizons 0.32⁎⁎ 0.35⁎⁎

⁎⁎ Correlation is significant at the 0.01 level (two–tailed).
⁎ Correlation is significant at the 0.05 level (two–tailed).
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500–600 m. The significant correlation between the average Pb pools
and elevationwas testified statistically at p b 0.01 (Fig. 5b). A significant
correlation also referred to the pools of TOM, which were significantly
increased with the elevation (Table 2).

3.4. Pb in insects

The Pb concentrations andmass in cicada, longicorn and dung beetle
were investigated and the results are shown in Fig. 6 and Table S2. The
highest Pb concentrations was shown in the dung beetle and averaged
12.1 ± 2.6 mg kg−1, which showed higher Pb concentrations in the fe-
males than that in the males, but did not differ significantly (p N 0.05).
The lowest Pb concentrations were observed in the longicorn with the
mean value of 5.6±0.8mg kg−1. For cicada, themean Pb concentration
was 6.2 ± 1.7 mg kg−1, which were similar to dung beetles as higher
concentrations in the female than that in the male.

The BAF are shown by species in Fig. 6. BAFs exhibited low variance
across all the species with 13–39%. The insects of longicorn and cicada
that lived on the plants had higher BAFs than that of dung beetle
that lived in the soils. BAF values b1 indicate that soil or bark concentra-
tions exceed insect Pb concentrations, suggesting dilution or non-
accumulation; BAF values N1 suggest active bioaccumulation by insect.
The average BAFs of longicorn and cicada was N1 and these of dung
beetle was b1.

4. Discussion

4.1. Atmospheric deposition effects on Pb in forest

A likely reason for higher Pb in the foliage of overstory was that
forest canopy of overstory can intercept larger amount of Pb from atmo-
spheric deposition than that of understory (Sun et al., 2016). Therefore,
the higher Pb concentrations in the foliage of overstory could result
from the high atmospheric wet and dry Pb depositions. At remote
areas, studies showed that the Pb concentrations in the tissues of
coniferous trees were in the order: roots N bole wood N foliage,
and the differences were significant (p b 0.05) (Luo et al., 2015;
0 1 2 3 4 5
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Richardson and Friedland, 2016), as heavymetal in the aerial vegetation
was limitedly transferred from the roots to the aerial parts (stems,
branches and leaves) due to the root barriers. However, the significantly
higher Pb concentration was observed in the foliage compare to other
aerial tissues of overstory and shrubs in our study area (p b 0.01),
strongly suggesting the contribution of atmospheric deposition. Addi-
tionally, the Pb concentrations in foliage or needle were 2–30 times
higher compared to that at background sites, such as Gongga Mountain
in southwestern China (usually under 10 mg kg−1) (Luo et al., 2015),
and the Eastern of Tibetan Plateau (0.92 mg kg−1) (Tang et al., 2014).

Pb in needles via root uptake only accounted for about 26% of the
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Sweden, the remain 74% was originated from atmospheric depositions
(Klaminder et al., 2005). Furthermore, a study on the interceptive
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bole wood, the atmospheric deposition constituted for about 75% of
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Additionally, the Pb concentration of moss collected at the sampling
plot located at 550 m a.s.l was 113.2 ± 34.4 mg kg−1, which was an
order of magnitude higher than that in the remote forests in southwest-
ern China and Europe (Table 3). Mosses have been recommended as
good bio-indicators of atmospheric metal pollution since the 1960s
(Rühling and Tyler, 1968). Nutrients and elements in the mosses are
usually accumulated from atmospheric deposition, which results
much higher metal concentrations compared to other vascular plants
(Markert et al., 2008; Sun et al., 2011). Therefore, mosses are widely
used as bio-indicators of metal contamination of atmosphere around
the world (Mazzoni et al., 2012; Onianwa, 2001). If the main source of
Pb was from contamination of atmosphere in the study area, the
metal concentrations in forest foliage should be lower compared to
the concentration in moss (Sun et al., 2011). Expectantly, average Pb
concentrations in the foliage of overstory, shrub and herb were 33.2,
16.4 and 34.9 mg kg−1, which only accounted for about 14% to 31% of
the Pb in mosses, respectively. Thus, we deduced that external Pb
sources went through atmospheric transport and deposited to the sub-
tropical forest catchment. The highest Pb concentrations in the foliage of
overstory compared to other tissues and the highest Pb concentrations
inmoss compared to the foliage verified our hypothesis, as atmospheric
Pb deposition was the main pathway into the forest catchment.
4.2. Pb captured by vegetation and concentrate in soils

The Pb concentrations in foliage were generally higher compared to
that reported in the literature: Reimann et al. (2001) studied eight plant
species and showed the foliage concentrations between 0.13 and
0.35mgkg−1 inNorthern Europe; and Luo et al. (2015) listed the foliage
concentrations of various tree species at different elevations under
10mgkg−1 at GonggaMountain in southwestern China. The Pb concen-
trations in bole wood were higher than that in background area of
Gongga mountain in China (below 3.0 mg kg−1) (Luo et al., 2015) and
much higher than that in northern New England, USA (below
1.0 mg kg−1) (Richardson and Friedland, 2016). The Pb in the root
and bolewoodwas supposed from soils (Hovmand et al., 2009), so higher
soil Pb concentrations in the current study resulted in higher root and
bole wood Pb concentrations compared to these in background areas
(Luo et al., 2015; Richardson and Friedland, 2016). Previous study sug-
gested that barks can also accumulated other pollutants (e.g. mercury)
from atmospheric deposition (Zhou et al., 2016), so the Pb in the barks
showed higher concentration than that in the twigs and bole wood.

The higher Pb concentrations in chain fern may result from species-
specific difference, such as foliage roughness, foliage area index,
stomatal conductance, and cuticle material and toleration of high
concentrations of heavy metals, which may affect atmospheric
deposition accumulation on foliage surfaces, stomatal uptake and
(Nagy, 2013; Weathers et al., 2006), although they were not measured
in this study. Chain fernwas likely to have a characteristic of Pb bioaccu-
mulation. Liu et al. (2009) investigated heavy metal accumulation in
plants of mining areas, and found that chain fern had strong Pb
Table 3
Comparison of moss Pb concentrations (mg kg−1) in Tieshanping Forest Park with literature d

Site Location type

Southern and north-eastern Poland
Arvidsjaur, Northern Sweden Remote
Municipality of Ljubljana, Slovenia Urban and peri-urban
Ardennes, Massif Central, and Pyrenees in France Remote
273 sites in Czech Remote & urban
Praded and Glacensis Euroregions (Poland and Czech) Remote
Forests across Germany Remote
Gongga Mountain, China Remote
Tieshanping Forest Park, China Suburban

a Estimated from the figures.
tolerance and bioaccumulation compared to other plants, which was
consistent with our study.

Richardson and Friedland (2016) investigated 16 coniferous and de-
ciduous forests in New England of USA and they observed that the Pb
pools in the above ground biomass were 2.93 mgm−2 at the coniferous
forests and 1.64 mg m−2 at the deciduous forests, which were one to
two orders of magnitude lower compared to the pool at our study
area. For instance, the Pb concentrations in foliage and bold wood of
overstory in our study area were about one hundred and three times
higher than that reported in New England of USA, respectively. It should
be also noted that Pb emissions greatly decreased 20 years ago in China
(Tian et al., 2015), while Pb emissions are still comparably high in this
region of China, as illustrated in Fig. 3.

The litterfall Pb concentrations varied seasonally (Fig. 3). The Pb con-
centration was higher at the refoliation period in spring (April to June)
and the old leaves fell down in this period, which contained higher Pb
concentrations due to continual exposure to atmospheric deposition
and the element is a relatively immobile metal in plant tissues due to
it combined with stable protein complex (Landre et al., 2010). The
measured Pb concentrations in the study area were comparable to
those observed at the remote area of Gongga, southwestern China,
which ranged from 12 to 48 mg kg−1 (Luo et al., 2015). However, the
litterfall Pb concentrations in our study areawere anorder ofmagnitude
higher than the values observed in the North America and Europe, such
as Plastic Lake catchment (average 1.1 mg kg−1) in Ontario, Canada
(Landre et al., 2010) and at 14 sites of 8 countries in Europe
(Bringmark et al., 2013). Meanwhile, the elevated Pb concentrations
had resulted in an order of magnitude higher Pb input by litterfall
than that in Plastic Lake catchment (0.4 mg m−2 yr−1) and at 14 sites
of 8 countries in Europe (range of 0.36–1.96 mg m−2 yr−1).

The higher atmospheric deposition of Pb has resulted in elevated Pb
concentrations in soils. Pb concentrations in the litter horizon and soil
horizons of our study area were much higher than those observed in
background areas of China, where they were basically lower to
60 mg kg−1 for organic horizons (Kuang et al., 2013; Tang et al.,
2015). Our measured Pb concentrations were also much higher than
those in the surface soils in five forest soils in Swiss (ranges of
23–60 mg kg−1) (Rieder et al., 2014). The higher Pb concentrations in
litter and soils were attributed to the high atmospheric Pb depositions,
which originated from regional anthropogenic emissions and led to
high loading of Pb to the catchment (Sun et al., 2009). However, the
Pb concentrations in the soils of our study area were slightly lower
than the values at contaminated sites in Eastern Europe, where the
median values were generally N100 mg kg−1 for forest litter and
60 mg kg−1 for surface soils, primarily due to the anthropogenic pollu-
tion (Szopka et al., 2013).

Soil physical and chemical properties play a critical role in determin-
ing soil Pb migration and transformation, like soil TOM and pH. The Pb
concentrations followed in the order: mineral topsoil b litterfall b litter
b organic horizon, which would result from the natural processes of
foliage accumulation, litterfall decomposition and soil transportation.
Our results agree well with previous research who have stressed the
ata at other forests worldwide.

Study period Pb concentration References

2014–2016 6.5–8.2 Kłos et al. (2018)
May 2016 7–55a Scott et al. (2018)
August 2013 1.54–13.12 Berisha et al. (2017)
2007–2008 0.83–3.67 Gandois et al. (2014)
2010–2011 2.85 Sucharová et al. (2014)

6.14–35.7 Kłos et al. (2011)
2005 4.11 Schröder and Pesch (2010)
May 2006 0.68–2.86 Liang et al. (2008)
2015 113.2 ± 34.4 This study
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affinity of Pb to enrich in the surface horizons of soils, where organic
matter with high humic acid binding Pb compounds was usually stabi-
lized by complexing and chelating to clay minerals and iron oxides
(Richardson et al., 2015a). Organic horizons showed much higher Pb
concentrations compared that in the litter and mineral topsoil horizon,
undoubtedly illustrating that the significant role of TOM in the stabiliza-
tion of Pb. Additionally, the Pb concentrations were significantly corre-
lated with the TOM concentrations in the organic horizon and mineral
topsoil (Fig. 4), which indicated the dependence of Pb on the concentra-
tions of TOM in soils. The organic matter-Pb compounds could greatly
affect the transportation, transformation and mobility of the metal
(Szopka et al., 2013). The Pb in the organic horizons significantly corre-
lated to that in themineral topsoil horizons (r= 0.56, p b 0.01), indicat-
ing that the Pb in organic soil horizons was an important source of that
in mineral topsoil. Our result was consistent with the study of Kaste
et al. (2011), which showed that the transportation of metal colloids
from the decomposition of fresh forest detritus to the mineral soil
took about 60–630 years, and the timescale was dependent on decom-
position rates.

Soil pH can change the fraction and speciation of Pb in soils (Yang
et al., 2004) and lower pH promotes the mobility of metals in soils
(Dauer et al., 2007; Richardson and Friedland, 2016). However, on the
contrary, the pH values were significantly negatively correlated to the
Pb concentrations in the organic soil horizons. The reason may be that
much higher acid deposition and accumulated in the organic horizons
in our study area (Duan et al., 2016), which also can be evidenced
by the significantly negative correlation between the pH and TOM
(r = 0.33, p b 0.01). The relationships had similar trends to Pb concen-
trationswith TOM (Fig. 4). Therefore, we supposed that pollutants, such
as acid rain and Pb, deposited to the forest floor and both combined
with TOM tightly, resulting in the significant correlation in the organic
horizons. In the mineral topsoil, because the declining TOM concentra-
tions decreased the accumulation of acidic materials and Pb (Wheeler
and Proctor, 2000), the correlation between the pH and Pb concentra-
tions were not significant (Fig. 4).

Interestingly, contrary to Pb concentrations in litter, organic
and mineral topsoil Pb concentrations were significantly correlated to
the increasing of elevation (r = 0.23 and 0.47, p b 0.05 for both)
(Table 2). Previous studies suggested that upland forests in higher
elevation could receive higher annual precipitation and cloud water,
so wet and cloud water depositions of pollutants also increased in
higher elevation (Stankwitz et al., 2012; Zechmeister, 1995). However,
the increasing of elevation also increased the TOM concentration in
soils due to reducing the decomposing rate of TOMwith lower temper-
ature, which also could significantly bound the Pb accumulation at high
elevation. Therefore, the increase of Pb concentrations in soils with
increasing elevation not only originated from higher atmospheric wet
depositions of Pb, but also from higher potentials of soil TOM to accu-
mulate Pb, which showed significant correlations (Fig. 4).

It should be noted that the attempts to compare the soil Pb pools
from other studies were difficult, as these studies either studied the in-
ventory of Pb stored in different horizons or estimated the Pb pools
stored in soil profiles of different depths, which were inconsistent
with each other. Previous studies showed that acidic forest soils pro-
mote the mobility of Pb because of the resolution of soil bounded Pb
to soil solutions and strong binding of Pb to dissolved organic matter
(Szopka et al., 2013). Asmuch lower pH valueswere observed in surface
organic horizons, it can promote the Pbmobility and leaching. However,
much higher Pb pools in surface organic horizons, we could speculate
that the high pools of Pb accumulated in organic horizon demonstrate
a sustained high atmospheric Pb deposition for long periods.

The dependence of the pools of TOM with elevations was expected
to most studies, as environmental conditions at higher elevations
were supposed to reduce turnover rates of soil TOM and prompt TOM
enrichment in the organic horizons (Feudis et al., 2017; Shedayi et al.,
2016; Szopka et al., 2013). Expectedly, the Pb pools in the soils were
strongly depended on the TOM pools (Fig. 7), while the dependence
of elevation and Pb pools seemed a little weak, illustrating that the
TOM pool played a key role dominating the pools of Pb accumulation
in soils of our study area. Such correlationwas consistentwith our spec-
ulation, because higher elevations were supposed to receive higher Pb
wet deposition and accumulate high TOM.

4.3. Pb in insects

Insects are an important component of forest ecosystem and are
widely considered as useful ecological indicators of heavy metal
contamination (Conti et al., 2017; Hsu et al., 2006). In turn, high Pb
concentrations in the ecosystem may pose detrimental effects
on biological processes and cause risk on ecosystem (Andre et al.,
2010). Additionally, the Pb in soils combined with acidic pH
(pH: 3.8 and 3.9 in organic and mineral topsoil, respectively) may
enhance the risk of ecological ecotoxicity (Sauvé et al., 2000; Sauvé
et al., 2003).

BAFs are useful metrics to compare the concentrations of heavy
metals in insects to the food material they consume (Ernst et al.,
2008). One possible mechanism controlling BAFs is body mass dilution,
where larger insect have more body mass to dilute Pb concentrations
(Richardson et al., 2015b). Much higher biomass of dung beetle
would dilute the Pb concentrations and resulted the BAF b 1. The
result was consistent with other invertebrates residing in the soils; for
example, numerous studies showed that BAF of earthworm were
generally lower than 1 (Dai et al., 2004; Ernst et al., 2008; Pižl and
Josens, 1995).

Different Pb concentrations in insects were attributed to the special
inhabited environment and food intake. Pb concentrations in dung bee-
tlewere significantly higher, because theywere permanently inhabiting
surface soils and feeding on excrement of animals and regarded as
detritivorous arthropods (Zhou et al., 2016), and excrement usually
contained high heavy metals (Costa et al., 2013). Therefore, they were
exposed to greater Pb concentrations in their diet. Furthermore, in this
study, Pb in surface soils was much higher than that in the aerial parts
of plant, which resulted higher Pb concentrations in the dung beetles.
Moreover, dung beetles had life expectancy of 3 to 5 years, so they
could bioaccumulate Pb for a relative long time. The Pb concentrations
in cicada and longicornwere not significantly different. Although cicada
larvae had lived underground for 4 to 5 years before their last molting
and survival on the plants, suitable mechanisms for detoxification
were found in the carabids, such as the removal of degenerated cells,
exocytosis, and extrusion of metal-containing vesicles into the lumen
of the digestive tract (Conti et al., 2017). The living environment and
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food intake of cicada and longicorn were similar for the two insects in
the later life, resulting in insignificantly different Pb concentrations.

Previous study shown that eating food with Pb concentrations
N10 mg kg−1 could negatively influence small mammals and birds as
described by the Committee on Minerals and Toxic Substances in
Diets and Water for Animals from the National Research Council
(Richardson et al., 2015b). The average Pb concentrations of cicada
and longicorn did not exceed concentration known to beharmful to ver-
tebrates; however, Pb concentrations of dung beetle exceeded
10mgkg−1, which suggests that dung beetles could be an unrecognized
source of potentially hazardous concentrations of Pb to predators such
as birds or mammalian predators and potentially higher trophic levels.
It should be note that our study may underestimate the risks, as the
adherent soils on the insects were washed out; however, the insects
would not be washed before the birds eat them. Hence, further detailed
researches are required to investigate the Pb in food webs at forest
catchment with highly elevated atmospheric Pb depositions. Addition-
ally, the result was consistent with our hypothesis that higher Pb
depositions has resulted in ecological risks to local animals.

Pb contaminationwere investigated in the insects of aquatic ecosys-
tem by numerous studies (Aissaoui et al., 2017), but limited studies
were conducted in the terrestrial ecosystems. A previous study ranked
taxonomic groups of forest invertebrates based on the metal accumula-
tion (Heikens et al., 2001); the results showed Pb concentrations
in insects increased with soil concentrations and Pb had the highest
accumulation than other metals. Additionally, although the low
contaminant concentrations were usually in invertebrates, they are im-
portant pray for other animals and transfer Pb to high trophic levels
(Conti et al., 2017). Šerić et al. (2007) investigated Pb concentrations
in ground beetles at four locations in the Medvednica Nature Park of
Croatia; interestingly, Pb in soil and litter was similar to our study area
and the Pb concentrations in the ground beetles ranged from 0.13 to
2.31 mg kg−1 among the nine species, which were an order of
magnitude lower than those observed in the beetles of our study area.
Additionally, even lower Pb concentrations (0.17–0.63 mg kg−1) in
adult beetles of Parallelomorphus laevigatus in the eastern coast of Sicily
(Conti et al., 2017). The elevated Pb concentrations in the insectsmay be
attributed to the lower pH and TOM in our study area, which increased
the risk of Pb ecotoxicity. Although existing studies are scant for insects
in terrestrial ecosystem, Pb generally enhancedwith the increase of suc-
cessive trophic levels. Additionally, the concentrations of Pb were
higher in females than inmales, but the differences were not significant
(p N 0.05 for all, Fig. 6). Similar patterns of Pb and othermetalswere also
found in other studies and the reason may be that male insect usually
had larger body mass that diluted metal concentrations (Lindqvist and
Block, 1997).

5. Conclusions

Pb accumulated mainly in the organic horizons and Pb concentra-
tions and pools in the organic andmineral soil horizonswere depended
significantly on TOM concentration. The mean value of Pb pool was
assessed as 4.3 g m−2 from litter to mineral topsoil horizons; however,
the Pb in vegetation was much lower and averaged 0.12 g m−2.
Atmospheric depositions were the major source of Pb in the forest
ecosystem, which elevated the Pb pools in biomass and soils. The
consequences of elevated Pb depositions and pools posed an ecological
stress to insects in the acidic subtropical forest. Inhabited environment
and eating habits of the insects had significant impacts on Pb
concentrations.

The outcomes of the current study contribute to a comprehensive
understanding of Pb storage and ecological risk in an acidic forest with
high Pb depositions. In the future study, the Pb mass balance and
retention time is urgently needed and fully detailed studies should be
conducted to investigate the Pb bioaccumulation of food web in the
acidic forest ecosystems.
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