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Abstract

To evaluate the pollution and ecological risk of trace metals in the forest parks of highly
industrialized manufacturing Cities, soil from three different depths and plant root samples were
collected in December 2020 from six major forests of Dongguan, China. The level of pollution in seven
metals is decreasing in the following order: Zn>Cr >As>Pb>Cu>Ni>Cd. Elemental spatial and vertical
distribution show that the degree of urbanization influences the extent of pollution. Moreover, the trace
metals were intercepted at the soil's surface or sediment layer, becoming absorbed by roots of pines,
trees, and ferns. The potential ecological risk of the metals was moderate-to-high ecological risk rank
and followed the order: Cd>As>Cu>Ni>Pb>Cr>Zn. Source apportionment indicated that the Cd, As, Cu,
Pb, and Zn might have originated from industrial activities, while Ni and Cr from natural sources. The
amount of total metals in soils from forest were significantly associated with the accumulated twenty
years’ gross industrial product (GDP) for secondary industries values and also the history of rapid
industrialization. This paper reported for the first time the correlation between heavy metal pollution in

forest soils and gross industrial product.
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Introduction

Urban forests, often regarded as “the lungs of the
city”, are essential natural filters for air pollution,
thereby refreshing the air [1]. It can also reduce noise
pollution, alleviate urban thermal pollution, and improve
the microclimate [2]. Therefore, as part of green
infrastructure in the city, urban forests are significant
for sustainable urban environments. However, due
to their location in the human-gathering area, urban
forest ecosystems are more vulnerable than natural
forest systems [3]. Recently, soils in urban forests are
deteriorating due to the increasing assimilation of
potentially harmful substances from urban development
[4]. The rising urban population also burdens the urban
forests with potentially toxic elements. Among different
pollutants, trace (toxic) metals are more harmful to
human health, either directly or indirectly [5], because
of their high toxicity, non-biodegradability, persistence,
and bioaccumulation in the food chain [6]. Therefore,
the environmental risk evaluation of trace metal-
contaminated soils is of substantial public concern in
recent decades. However, most previous studies focused
on large industrial areas, rural cultivated land areas, and
urban soils [7-8], while limited information is available
on trace metal pollution of soils in urban forests.

Trace metals in forests originate from both natural
and anthropogenic sources. The major natural source
is rock weathering. Others include active volcanoes,
earthquakes, forest fires, and other processes that suspend
the metals in the air and later enter the soils by wet or
dry precipitation. However, trace metals consistently
enter the environment through anthropogenic activities,
such as agricultural and industrial processes, electronic
wastes, wastewater irrigation, and indiscriminate waste
disposal, leading to the deterioration of soil quality [9-
10]. For example, electroplating wastewater usually
contains various metals, including Cr, Ni, Cd, Cu, and
Zn [7]. Besides, boiler combustion can emit Pb, Cr,
and Cu attached to particles [11]. Elsewhere, mining is
a primary anthropogenic source for metal pollution of
soils [12]. Cd and Zn concentrations near mining sites
are much higher than those in the control area [13].

Trace metal pollution of forest soil can pose severe
threats to cultivated soils, plants, vegetables, and food
chains, causing human health-related hazards [14]. Trace
metals in soil can bioaccumulate in plants and different
organs of the human body through ingestion, causing
acute or chronic poisoning [5, 15]. Long-term exposure
to Cd can cause health issues, such as lung cancer,
hypertension, kidney dysfunction, and bone fractures
[16]. For instance, Cr with different valency is highly
toxic in the human body [17]. Moreover, trace metals
alter the circulation of nutrients and change the soil
ecosystem by potentially changing the metabolic activity
of soil organisms [18], thereby reducing their diversity.
Several trace metals negatively impact the genome of
organisms, causing chromosome aberration and DNA
strand breaks. Excessive Cu in soils retards plant growth

and causes leaf chlorosis [19]. Moreover, different
forms of trace metals have different migration rates and
bioavailability in soil, which determines their complex
behaviors and ecological effects in the environment [20].
Therefore, it is of great significance to understand the
spatial distribution pattern of trace metals in soil and
carry out ecological risk assessment of trace metals in
soil and living organisms in forest areas for the control
and treatment of metal pollution.

Dongguan, known as “the world’s factory”, is one
of the most crucial industrial cities in the Guangdong-
Hong Kong-Marco Greater Bay Area. In recent three
decades, manufacturing industries, including clothing,
electronic, electrical machinery, furniture, toys,
hardware, and other industries, have been prosperously
developed. These industries have been integrated into
the international market [21]. However, the exponential
industrialization and urbanization of Dongguan have
resulted in widespread soil contamination by trace
metals from different anthropogenic sources [22]. For
instance, As and Cr have been found in their topsoils
and have exhibited potential health risks [22]. With
the continuous emission of trace metals from these
factories, the soils are susceptible to higher ecological
risk [22]. Dongguan has 15 forest parks, and the
environmental problems caused by trace metal pollution
require diligent investigation. Therefore, the present
study aims to (1) determine the content, distribution,
and bioaccumulation of trace metals in Dongguan urban
forest parks, (2) assess the pollution status and ecological
risk of forest soils using various pollution indexes, (3)
carry out source apportionment for the metals in the
soil using multivariate statistical techniques, (4) metal
content with the degree of industrialization.

Materials and Methods
Study Area and Sample Collection

The Dongguan City (22°39’-23°09°N, 113°31-
114°15’E), located in the center of Guangdong-Hong
Kong-Macao Greater Bay Area, is an internationally
renowned manufacturing base. Dongguan has a
subtropical monsoon climate with average annual
temperature of 23.3°C and annual rainfall of 1820 mm.
Dongguan has experienced rapid economic and social
development in these decades. However, the exponential
industrialization and urbanization of Dongguan have
resulted in widespread soil contamination by trace
metals from different anthropogenic sources, and the
soils are vulnerable to higher ecological risk. Dongguan
has 15 forest parks, and the environmental problems
caused by trace metal pollution require diligent
investigation.

The soil and plant (pines, arbors, ferns) root samples
were collected in the urban forest park of Dongguan
City. The sampling was designed to compare the
distribution of trace metals in the forest soils with
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distinct urbanization and industrialization gradients.
Based on the population density and the division
of active areas, the forests were divided into three
sampling areas: the urban central area (Huangqishan
City Park (HQS) and Tongsha Ecological Park (TS)),
urban peripheries (Shuilianshan Forest Park (SLS) and
Dalingshan Forest Park (DLS)), and suburban areca
(Dapingzhang Forest Park (DPZ) and YinpingshanForest
Park (YPS)). Furthermore, the number of sampling
points was determined by the sampling area size
(Fig. 1). Two, three, and four sampling points were
selected for small-size (HQS City Park, TS Ecological
Park, SLS Forest Park, and DPZ Forest Park), medium-
size (DLS Forest Park), and large-size (YPS Forest Park)
sampling areas, respectively.

The surface soil samples were collected using
a hand-driven stainless-steel soil auger. Five soil
samples from each sampling site were homogenized into
a composite (100 g). In addition, stratified sampling on
the vertical section of each plane was done. Stratified
soil samples at 0-20, 20-40, 40-60 cm depths were
collected with a spatula (Fig. S1). Composite samples
from the same layer were also homogenized (100 g).
Meanwhile, plant roots (50 g) of tall arbors (above 2 m),
pines, and ferns were also collected at each sampling
site [23].

Sample Pretreatment and Trace Metal Analysis

The collected roots were copiously rinsed with
deionized water before air-dried under drafty conditions.

Legend

® Sample site

u Forest area
Town boundaries
Municipal boundaries

Fig. 1. Map of the study area showing sampling locations.

Meanwhile, stones and organism debris were removed
from the soil samples and turned at regular intervals.
After drying, the soil samples were filtered through
0.15 mm mesh, whereas the roots were cut into =10 mm
by clean ceramic scissors.

Respectively, 0.10 and 0.20 g of the soil and root
samples were digested by 8 mL aqua regia (HNO,/HCI,
1:3, v/v). Afterward, the mixture was placed in a
Teflon-sealed tank, which enables microwave digestion.
After cooling, the digested mixture was diluted with
deionized water to 50 mL. A sample blank (control) was
also prepared.

Furthermore, the concentrations of Cu, Zn, Ni, Cr,
Cd, Pd, and As in soil were determined by inductively-
coupled plasma mass spectrometer (ICP-MS, Agilent
7500cs, USA). We used the soil environment quality risk
control standard for soil contamination of agricultural
land (GBI15618-2018) to characterize the metals.
The background value was that of Guangdong Province
[24].

Pollution and Risk Assessment

To comprehensively evaluate the trace metal
contamination of the soils, we applied pollution indices
(ie., geo-accumulation index (Igeo), enrichment
factor (Ef), Nemerow’s pollution index (PI), biological
enrichment factor (BAF), biogeochemical Index (BGI),
potential ecological risk index (RI), and Modified
pollution index (MPI)) for environmental and ecological
risk assessment [25]. Moreover, we related the Igeo
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and correlations between the trace metals and the
indicators of co-existing trace metals being of the same
source. Pearson’s correlation coefficient investigated the
relationship between the two variables; the larger the
coefficient, the stronger the correlation. Additionally,
principal component analysis (PCA) linearly converted
multiple variables into fewer essential ones (i.e.,
principal components). These new variables could
replace and reflect the original information through
dimension reduction. Moreover, linear regression
analysis were also adopted to test the correlation
between metal content in soil and the gross domestic
product for secondary industries of regional area.

Results and Discussion

Soil Characteristics and Statistical Analysis
of Trace Metal Distribution

The physico-chemical characteristics of the soils
were summarized in Table 1. The pH of the soils ranged
from 5.66 to 6.10, with a slight pH rise with increasing
soil depth. The moisture content of the soil ranged from
23.53 to 28.19. The moisture content also raised slightly
with increasing soil depth. In addition, the content of
organic carbon, total nitrogen and total phosphorus
were in the range of 13.60-17.16, 0.64-1.14 and 1.16-1.19,
respectively.

The coefficient of variation (CV) reflects the average
degrees of variation between samples. Generally,
CV<0.1, 0.1<CV<lI, and CV>I1 indicate weak, moderate,
and strong variabilities, respectively. A large CV
indicates external interference [S]. For the soil samples,
the CV range for Cr, As, Ni, and Zn in each soil layer
0.19-0.68, inferring the influence of geological factors
(Fig. 2). However, with respective CVs of 0.63-1.03,
Cd and Pb were influenced by both geological and

Table 1. Physico-chemical characteristics of forest soil samples.

T T
Cu Zn Ni Cr Cd Pb As

Element

Fig. 2. Trace metal concentrations in the surface layer of the
forest soil samples.

anthropogenic factors, whereas Cu with the CV of
0.81-1.5 indicates anthropogenic-driven pollution.

The CV values of trace metals in the root samples
were >0.1, suggesting moderate-to-strong degrees of
variation. Apart from the strong variability of Cd and
Pb, others in the fern roots were moderate. Cu, Zn,
and Cd demonstrated strong variation regarding the
pine roots, while Ni, Cr, Pb, and As were moderately
varied. Except for Pb's strong variability (CV = 1.12)
in the arbors, other metals evinced CV of 0.70-0.96
(Table S2), indicating moderate variations. Generally, the
concentration and distribution of the trace metals in the
plant roots suggest that human activities predominantly
caused pollution.

Distribution of the Trace Metals in the Soils

The median concentration ranges of the trace metals
in soil (mg/kg) follow the order: 0.25-3.64 Cd<2.67-
11.6 Ni<11.2-140 Cu<7.68-107 Pb<11.2-66.3 As<14.0-
49.0 Cr<19.0-110 Zn (Fig. 2). Compared with the soil
standard (GB15618-2018), the Cd content exceeded the
risk screening value, indicating that the soil ecological
environment might be in danger. In addition, the Cd
content of the soils was 5.88 times than that of New
Zealand’s forests, which is considered “green” [26]. The
influence of nearby industrial activities was suspected
for the high Cd concentrations.

The median concentrations of Cu, Zn, Ni, Cr, Cd,
Pb, and As in the study area’s surface soil were 13.4,

Depth Moisture content Organic carbon Total nitrogen Total phosphorus
(cm) prt %) (g/ke) (g/ke) (g/ke)
0-20 5.73+£0.07 25.04+1.51 17.16£2.13 0.91+0.08 1.19+0.17
20-40 5.86+0.06 25.85+1.70 14.52+1.59 0.64+0.03 1.16+0.09
40-60 6.02+0.08 26.44+1.75 13.60+1.51 1.14+0.09 1.74+0.11
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25.5, 6.02, 21.3, 0.75, 13.6, and 15.7 mg/kg, respectively.
Therefore, Cu, Cd, and As were 1.85, 15.16, and 1.89
folds of the Guangdong Province’s background values
[27]. Additionally, S4 had the highest content of Zn
and Pb, attributable to the numerous tourists often
encountered at the Tongsha Ecological Park and the
automobile exhaust in the vicinity. Nevertheless, the
highest contents of Cu, Cd, and As were observed
at S11 of the Dapingzhang Forest Park, likely originated
from the excessive use of chemical fertilizers and
pesticides containing heavy metals, such as fosfomycin,
manganese zinc, zinc difenacoum, etc. Furthermore,
Cu (CV = 1.46) and Pb (CV = 1.07) both have strong
variability, indicating the influence of the external
environment.

To further analyze the degrees of pollution, we
compared our current results with those of previous
studies. The higher median levels of Cu, Zn, Ni, Cr,
Pb, and As in the forest around Dexing copper mine (in
Jiangxi province) were higher than those in the present
study area [28], likely due to the mining activities. Also,
Zn, Ni, and Cr concentrations in our study were lower
than those in Shanghai, while Cu was mildly higher
[29]. Compared with soil samples in an industrial region
of Auckland, New Zealand, the levels of Zn, Ni, and
Pb in our soil samples were lower, whereas those of Cr
and Cd were higher [26]. Moreover, aside from Cd and
As, the concentrations of other trace metals in the urban
topsoil of Dongguan were excessively higher than those
in the study area [30]. Generally, we found Cu and Cd at
moderate-to-severe pollution levels.

Usually, trace metals adsorbed onto the surface layer
of soils. Their vertical distribution in the soil is driven
primarily by the soil’s physicochemical properties and
human activities [31]. As expected, the concentrations
of Cd, Pb, and As decrease with depth, indicating that
the metals, with low percolation power, concentrate
on the topsoil. However, Cu, Zn, and Cr were most

concentrated in the sediment layer (depth of 20-40 cm)
(Fig. S1). Moreover, the total trace metal concentration
was highest in the surface layer, attributable to human
activities and natural sources. By comparison, the total
concentrations of Zn, Ni, Cr, and Pb in the surface soil
samples were lower than the background values [32].
Therefore, the vertical distribution of these metals might
be driven by the soil’s physicochemical properties or the
elements’ migrational ability. Contrarily, the contents of
Cu, Cd, and As in the surface layer were higher than
the background value, probably due to human activities
including industrial metal processing, machinery
manufacturing, and use of metal-containing pesticides
and fertilizers.

Metal Concentration in the Root Samples

The concentration ranges of Cu, Zn, Ni, Cr, Cd, Pb,
and As (mg/kg) in roots were respectively 19.3-1440,
40.4-3120, 2.28-76.9, 22.6-250, 0.09-4.21, 84.1-1045,
5.32-157 (pine); 32.5-479, 60.2-1141, 3.03-53.3, 2.94-
252, 0.09-1.84, 84.8-2380, 13.1-135 (arbor); 2.84-352,
7.25-721, 0.46-63.6, 2.95-410; 0.04-3.83, 15.2-2380,
3.17-16.1 (fern) (Fig. 3).

Generally, plants require appropriate amounts of
trace elements to thrive. However, when in excess,
these elements are toxic to plants. For instance, Zn and
Cu are components of photosynthesis enzymes. They
are generally required by plants at<50 and 30 mg/kg,
respectively. However, in this study, Zn and Cu
concentrations in the root samples were 1.64 and
4.04 times those standards for normal plant growth [33].

Meanwhile, S8, located in the Dalingshan forest
park, evidenced the highest total concentration of
trace metals in the pine roots, primarily because of the
high contents of Cu, Zn, Cd, Pb, and As. However, the
high total concentrations of trace metals in arbor roots
of S2 (Huanggishan Forest Park) and S8 (Dapingzhang

.
. %ﬁ' $

Concentration (mg/kg)

T T T T T T T
Cu Zn Ni Cr Cd Pb As

T T T T T T T
Cu Zn Ni Cr Cd Pb As

T T T T T T T
Cu Zn Ni Cr Cd Pb As

pine anabor fern

Fig. 3. Trace metal concentrations in plant roots (pines, arbors, ferns).
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Forest Park) are attributed to Pb in S2, Cu, Zn, and Cd
in S8. Furthermore, the sum trace metal concentration
in the fern roots at S14 (in Yinpingshan Forest Park)
was the highest (3260 mg/kg), dominated by As,
Cu, and Pb. Thence, the parks and metals mentioned
in this section require adequate environmental
monitoring.

Characterization of Soil Pollution

The geological accumulation index (Igeo) is an
indicator of trace metal pollution in soils by considering
the metals’ background values [25]. After calculating
the Igeo of the trace metals in the six forest parks, we
observed the following: the Igeo for Cu, Zn, Ni, Cr, and
Pb belonged to class zero, i.e., unpolluted. Whereas, for
As, Igeo<2, suggesting a fluctuation between unpolluted
and moderately polluted soil. Cd evinced Igeo
of 1.34-5.20, indicating moderate pollution to extreme
pollution. The highest Igeo value of Cd in S4 soil
(in Dapingzhang Forest Park) was 5.20 (Fig. 4a).

The Ef values for soil samples ranged from non-
enriched to significant enrichment [25]. In the study,
Mn was the chosen reference metal. The Ef ranges
of Cr, Ni, and Zn were 0.42-4.62, 0.47-3.63, and
0.66-3.08, respectively, meaning depletion-to-minimum-
to-moderate enrichment ensued. However, depletion-to-
minimum-to-extremely high enrichment was noted for
Cd and As, with corresponding Ef ranges of 9.94-129
and 1.65-15.9 (Fig. 4b). Approximately 53% of the soil
samples showed excessively high Cd enrichment, while
60% showed significant As enrichment. High As level
was consistently observed in the forest soil as previous
studies showed that As pollution had intensified in
Dongguan soil. As mainly originated from mining and
smelting slags, industrial wastewater from metallurgy,
chemical industry, pesticide, dyestuff and tannery, etc.
Moreover, use of arsenic-containing pesticides and
coal combustion could also resulted in the release of
arsenic into the environment. Further, Cd concentration
has increased in recent years, thereby becoming
highly enriched in the soil [30]. The presence of Cd in
phosphate fertilizers has been opined as responsible for
its enrichment of Cd in the surface layer [34].

The pollution coefficients (Cf) of Ni and Cr in the six
forests were <1, indicating mild Ni and Cr pollutions. The
Cf values in Tongsha Ecological Park indicated moderate
polluted by Zn and Pb (Cf 1-3) (Fig. 4c). However, the
other five parks evidenced low pollution by Zn and Pb
(Cf<1). All the forests were moderately polluted by As
(Cf = 1.31-1.88). Except for the Shuilianshan forest
park with mild Cu pollution, the other parks showed
moderate Cu pollution. Cd pollution was too high
(Cf=4.98-19.7) in all the sites. So far, the Cf values are
similar to those of Ef. Therefore, severe Cd pollution,
and various degrees of As pollution, were mainly caused
by human activities such as electroplating, producing of
pigments, plastic stabilizers, nickel-cadmium batteries
and electronics in the study area.
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Fig. 4. The geological accumulation index, contamination
factor and enrichment factor of trace metals in the surface soil.
a) geological accumulation index and b) contamination factor;
¢) enrichment factor.

The multi-element pollution index is preferred to the
single-element indexes, such as Ef and Cf [25, 34]. For
example, the Modified Pollution Index (MPI) integrates
the cumulative effects of multiple pollutants in the
environment for assessment. The MPI values of the six
forest parks ranged from 7.34 to 92.6, exhibiting heavy-
to-severe pollution. Only a sampling site in Dapingzhang
Forest Park with an MPI of 8.18 was not heavily polluted
(Table S3). The highest MPI (92.6) was observed in
Yinpingshan Forest Park, attributed to the elevated EF
of Cd and As. Almost all the high MPI values could be
ascribed to the high Ef values of Cd and As.

Modified degree of contamination (mCd), based on
all the contamination factors (Cf), is used to analyze
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the degree of pollution [25, 35]. In this study, the mCd
values of each forest park were derived from calculating
the contamination degree of seven trace metals. The
mCd of all the forest parks ranged from 1.15 to 11.01,
suggesting  unpolluted-to-severely-polluted  degrees
(Table S3). Specifically, for the Shuilianshan Forest
Park, the mCd was <1.5, which indicates the park was
unpolluted, whereas those of Huangqishan City Park and
Dapingzhang Forest Park were moderately and severely
polluted, respectively. Overall, S11 recorded the highest
mCd, inferring Cd as the main pollutant. Further, we
carried out the ecological risk assessment of the trace
metals in Dongguan forest soil.

To comprehensively estimate the soils’ trace metal
pollution, we applied the Nemerow’s pollution index
(PI), which accounts for the pollution of all trace
metals studied into account [28]. The PI values of the
six forests, except that of S10, were within the range of
2.8-39.8. This range indicates that the study area was
heavily polluted with toxic metals. Individually, the PI
of Tongsha Ecological Park (18.3) and Dapingzhang
Forest Park (39.8) were the highest. Furthermore, the
higher Cf of Cu and Cd (in Dapingzhang Forest Park)
and that of Cd (in Tongsha Ecological Park) led to the
largest MPI in S11 and S4, respectively (Table S3).

Moreover, the BGI describes O horizon’s adsorption
capacity to pollutants, calculated based on the metal
contents at various horizons [36]. The total BGI for
the metals ranged from 0.16 to 9.98, demonstrating
that O horizon’s adsorption was low-to-moderate
(Fig. S2). The most BGI values were <5, which proved
that the adsorption of the trace metals was low-to-
apparent. Overall, SI11 (in Dapingzhang Forest Park)
had high adsorption for Cu (BGI = 7.65) and Cd
(BGI = 6.63), suggesting that Cu and Cd polluted the
forest more than other metals. Furthermore, S4 (in
Tongsha Ecological Park) had the highest BGI. Our
results showed that the O horizon adsorbs Pb moderately,
depending on the soil’s physicochemical properties and
metal concentrations.

Ecological Risk Assessment

Based on the soil background value in Guangdong,
Er, is calculated by the biotoxicity coefficient and
ecological effects of trace metals [37]. The Er, is
determined for each trace metal toward evaluating its
potential ecological risk. In general, the Er, in the urban
forest soils of Dongguan ranged from 0.31 to 1657.
Generally, Zn, Ni, Cr, and Pb showed low ecological
risk in all the sites (Er<40), with respective values of
0.31-1.81, 0.93-4.04, 0.51-1.79, and 1.02-14.31. However,
Cu (Er, = 57.89) and (As Er, = 64.32) exhibited moderate
ecological risk at SI1 (in Dapingzhang Forest Park),
while the Cu and As showed low ecological risk at
other sampling sites. Additionally, Cd (Er, = 114-1660)
had high-to-very high risk in all the sites, indicating a
severe potential ecological risk in Dongguan. Moreover,
S11 (in the Dapingzhang Forest Park) evidenced

the most serious ecological risk by Cu (Er, = 57.6),
As (Er, = 64.3), and Cd (Er, = 1660), 6.25, 3.39, and
3.64 times their respective averages (Table S4).
Furthermore, the ecological risks of Cu, As, and Cd was
related to the nearby electronic, plastic, and precision
equipment industries.

Another hazard index of interest is the Hakanson
potential ecological hazard index (RI), which evaluates
trace metals’ ecological risk in forest soils [38].
It integrates the potential ecological risks of multiple
trace metals. The study area showed moderate-to-high
ecological risk, with the RI value ranging from 139 to
1790. Due to the Er, of Cu, the highest RI appeared
in S11 (in Dapingzhang Forest Park). However, S4 (in
Tongsha Ecological Park) and S8 (in Dalingshan Forest
Park) also exhibited high ecological risk. The nearby
industrial zone might contribute to their pollution of
the Dalingshan Forest Park and Tongsha Ecological
Park. The MRI values of all sampling sites were >300,
ranging from 364 to 4160. These values indicate that
the Dongguan urban forest soils are at ecological risk.
Among the six forests, the Yinpingshan Forest Park
showed high ecological risk in S12 (in Dongguan and
Huizhou border, with some factories), having the highest
MRI of 4160 (Table S5). Moreover, the Eri (114-1660)
and MEri (299-3860) values for Cd in the sampling sites
contributed the highest to the Rl and MRI. In addition,
S11, with a high MRI of 3670, also corroborated the RI
deductions.

Sources Apportionment

Literature suggest that if a significant correlation
exists among different trace metals, then they may
possibly have the same source of contamination [39-40].
Pearson’s correlation analysis (Table S6) indicated that
no significant correlation exists between Cr and other
metals except Ni. Zn and As, Ni and Cr, and Pb and As
exhibited significant positive correlations (p<0.05). Yet
observed were extremely strong positive correlations
(p<0.01) between several pairs: Cu—Cd (0.864), Cu—As
(0.955), Cd—As (0.911), Zn—Pb (0.829), Zn-Cd (0.702)
and Cd-Pb (0.645). Therefore, we inferred that Cu, Zn,
Cd, As, and Pb perhaps originated from the same source,
while Cr and Ni might have come from another source.

Elsewhere, two principal components (PC) were
extracted. The characteristic root values were >1, i.e.,
394 and 1.66. The first two principal components
reflected 79.91% of all the information of trace metal
elements in the soils, indicating that the bulk of the data
was obtained from the first two principal component
analyses, whose proportions were 70.42% and 29.58%,
respectively. The variation diagram in the rotated space
is shown in Fig. S3. The 56.67% rate of variance for
PC 1 was superior to PC 2 in analyzing the source of
trace metals in Dongguan Forest soil. Cu, Zn, Cd, Pb,
and As in PC 1 had higher positive load coefficients
of 0.844, 0.843, 0.919, 0.789, and 0.899, respectively,
whereas Ni and Cr in PC 2 evinced load factors of
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Fig. 5. Correlation of total metals in forest soil with cumulative
twenty-year GDP. a) secondary GDP, b) total GDP.
GDP2: secondary GDP, GDP: total GDP.

0.755 and 0.875, respectively. By combining with the
correlation analyses, Cu, Zn, Cd, Pb, and As might
share the same source, while Ni and Cr might also be
from the same source. These observations indicate that
the trace metals in Dongguan urban forest soils mainly
originated from two sources. Further, Cu, Zn, Pb, and
As exhibited low potential ecological risks, while
that of Cd was high, which might be from the nearby
industrial activities such as electroplating, producing of
pigments, plastic stabilizers, nickel-cadmium batteries
and electronics, as well as agricultural use of metal-
containing pesticides and insecticides. Besides, Cr and
Ni showed low ecological risks, which perhaps came
from natural sources.

Correlations of Metal Content with Accumulated
Gross Domestic Product

The indices from geochemical accumulation and
other pollution indices shown that the soils in forest were
accumulated with a high amount of metal. The source
apportionment suggested that the metals such as Cu,
Zn, Pb, Cd, and As were mainly originated from human
activities. Considering the rapid industrialization of the

Dongguan area in the past 20 years, the relationship
between the content of heavy metals in the soil and the
regional GDP was analyzed. Results show that there
is a significant correlation between the total amount
of metals in forest soil and accumulated twenty years’
gross domestic product for secondary industries for each
local area (p = 0.0021) (Fig. 5a), while there is obvious
correlation of metal content in soils with accumulated
twenty years’ total gross domestic product (p = 0.2254)
(Fig. 5b). These results indicated that the industrial
degree and development could be responsible for the
content of all the metals in forest soils. To the best of
our knowledge, this is the first time that a correlation
between heavy metal contamination of forest soils and
total industrial development has been reported.

Conclusions

We investigated the pollution characteristics of
Zn, Cu, Cd, Cr, Ni, Pb, and As in the soils and roots
of pines, arbors, and ferns in Dongguan’s urban
forests. We observed that Cd had gradually increased
in recent years, whereas As and Cd had become the
primary pollutants. The metals were mostly intercepted
at the soil surface due to wet or dry deposition from
atmospheric fallout. The plants in Dongguan forests
were severely polluted with Pb, Cu, and As, with the
ferns most metal-laden plant. Through the various
pollution indexes, we observed that the urbanization
gradients impact the Dongguan forest pollution. The
concentrations and ecological risk assessment showed
that Cd had a high potential risk on the Dongguan
urban forest soils. Whereas, PCA indicated that Cr and
Ni mainly originated from natural resources, while Cd,
Pb, As, Cu, and Zn were from anthropogenic activities.
Thence, the various forests require adequate monitoring
of toxic metal concentrations, while an exigent approach
to lower scenarios above permissible limits should be
implemented immediately. Moreover, The level of total
metals in soils from forest were significantly correlated
with the accumulated twenty years’ gross domestic
product for secondary industries values and also the
history of rapid industrialization.
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S1-S5.

10.

11.

12.

References

XING Y., BRIMBLECOMBE P. Trees and parks as “the
lungs of cities”. Urban Forestry & Urban Greening, 48,
126552, 2020.

ZHANG B., BRACK C.L. Urban forest responses to
climate change: A case study in Canberra. Urban Forestry
& Urban Greening, 57, 126910, 2021.

HAN X., SUN T., CAO T. Study on landscape quality
assessment of urban forest parks: Take Nanjing Zijinshan
National forest Park as an example. Ecological Indicators,
120, 106902, 2021.

BARGAGLI R., ANCORA S., BIANCHI N., ROTA E.
Deposition, abatement and environmental fate of pollutants
in urban green ecosystems: Suggestions from long—term
studies in Siena (central Italy). Urban Forestry & Urban
Greening, 46, 126483, 2019.

LIN W, WU K., LAO Z, HU W, LIN B, LI Y.
Assessment of trace metal contamination and ecological
risk in the forest ecosystem of dexing mining area in
northeast Jiangxi Province, China. Ecotoxicology and
Environmental Safety, 167, 76, 2018.

HE M.J, SHEN H.R, LI Z.T., WANG L., WANG F,
ZHAO K.L., LIU X.M., WENDROTH O., XU J.M. Ten-
year regional monitoring of soil-rice grain contamination
by heavy metals with implications for target remediation
and food safety. Environmental Pollution, 244, 431, 2019.
CAI X.C., ZHENG X., ZHANG D.N.,, LQBAL W.H., LIU
C.K., YANG B., ZHAO X., LU X.Y., MAO Y.P. Microbial
characterization of trace metal resistant bacterial strains
isolated from an electroplating wastewater treatment
plant. Ecotoxicology and Environmental Safety, 181, 472,
2019.

SUN L., GUO DK., LIU K., MENG H., ZHENG W.J.,
YUAN FQ., ZHU G.H. Levels, sources, and spatial
distribution of heavy metals in soils from a typical coal
industrial city of Tangshan, China. Catena, 175, 101, 2019.
LIF., CAIY.,ZHANG J. Spatial characteristics, health risk
assessment and sustainable management of heavy metals
and metalloids in soils from Central China. Sustainability,
10, 91, 2018.

LIU C, LU L., HUANG T., HUANG Y., DING L., ZHAO
W. The distribution and health risk assessment of metals
in soils in the vicinity of industrial sites in Dongguan,
China. International Journal of Environmental Research
and Public Health, 13, 832, 2016.

WEN J, LI B.,, ZHANG X., TIAN Y., HUANG B., ZHU
H., FENG Y. PM2.5 profiles of typical industrial emissions
in Yantai City, China. Research of Environmental
Sciences, 32, 1333, 2019 [In Chinese].

HUANG Y., CHEN Q.Q., DENG M.H., JAPENGA J., LI
T.Q. Heavy metal pollution and health risk assessment of
agricultural soils in a typical peri-urban area in southeast

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

China. Journal of Environmental Management, 207, 159,
2018.

KHELIFI F., MELKI A., HAMED Y., ADAMO P,
CAPORALE A.G. Environmental and human health
risk assessment of potentially toxic elements in soil,
sediments, and ore-processing wastes from a mining area
of southwestern Tunisia. Environmental Geochemistry
Health, 42, 4125, 2020.

YANG J,, LV E, ZHOU J., SONG Y., LI F. Health risk
assessment of vegetables grown on the contaminated soils
in daye city of Hubei Province, China. Sustainability, 9,
2141, 2017.

STANKOVIC S., KALABA P., STANKOVIC A.R. Biota
as toxic metal indicators. Environmental Chemistry
Letters, 12, 63, 2014.

LI Y.F, HU S.D., CHEN JH., MULLER K., LI Y.C., FU
W.J., LIN ZW., WANG H.L. Effects of biochar application
in forest ecosystems on soil properties and greenhouse gas
emissions: a review. Journal of Soils and Sediments, 18,
546, 2018b.

KIRMAN C.R., SUH M., HAYS S.M., GURLEYUK
H., GERADS R., DE FLORA S., PARKER W., LIN S.,
HAWS L.C., HARRIS M.A. Reduction of hexavalent
chromium by fasted and fed human gastric fluid. II. Ex
vivo gastric reduction modeling. Toxicology and Applied
Pharmacology, 306, 120, 2016.

RICHARDSON J.B., GORRES J.H., SIZMUR T. Synthesis
of earthworm trace metal uptake and bioaccumulation
data: role of soil concentration, earthworm ecophysiology,
and experimental design. Environmental Pollution, 262,
114126, 2020.

LEWIS S., DONKIN M.E., DEPLEDGE M.H. Hsp70
expression in Enteromorpha intestinalis (Chlorophyta)
exposed to environmental stressors. Aquatic Toxicology,
51, 277, 2001.

CUI X., GENG Y., SUN R, XIE M., FENG X, LI X., CUI
Z. Distribution, speciation and ecological risk assessment
of heavy metals in Jinan Iron & Steel Group soils from
China. Journal of Cleaner Production, 295, 126504, 2021.
LI H., YANG Z., DAI M., DIAO X., DAI S., FANG
T., DONG X. Input of Cd from agriculture phosphate
fertilizer application in China during 2006-2016. Science
of the Total Environment, 698, 134149, 2020.

LIU C,, LU L., HUANG T., HUANG Y., DING L., ZHAO
W. The distribution and health risk assessment of metals
in soils in the vicinity of industrial sites in Dongguan,
China. International Journal of Environmental Research
and Public Health, 13, 832, 2016.

PIETRZYKOWSKI M., SOCHA J.A., VAN DOORN N.S.
Linking heavy metal bioavailability (Cd, Cu, Zn and Pb)
in Scots pine needles to soil properties in reclaimed mine
areas. Science of the Total Environment, 470, 501, 2014.
ZHANG S., YANG G., LUO W., GUO S. Study on the
change trend of the background value of soil inorganic
elements in Guangdong Province. Soils (in Chinese), 44,
1009, 2012.

TUNDE O.L., OLUWAGBENGA A.P. Assessment of
heavy metals contamination and sediment quality in Ondo
coastal marine area, Nigeria. Journal of African Earth
Sciences, 170, 103903, 2020.

CURRAN-COURNANE F., LEAR G,
SCHWENDENMANN L., KHIN J. Heavy metal soil
pollution is influenced by the location of green spaces
within urban settings. Soil Research, 53, 306, 2015.
JIANG H., CAI L., WEN H., LUO J. Characterizing
pollution and source identification of heavy metals in soils



4122

Lan S., et al.

28.

29.

30.

31.

32.

33.

34.

using geochemical baseline and PMF approach. Scientific
Reports, 10, 6460, 2020.

HU J., LIN B, YUAN M., LAO Z.,, WU K., ZENG
Y., LIANG Z., L1 H,, L1 Y., ZHU D., LIU J., FAN H.
Trace metal pollution and ecological risk assessment in
agricultural soil in Dexing Pb/Zn mining area, China.
Environmental Geochemistry and Health, 41 (2), 967,
2019.

ZHENG R., ZHAO J., ZHOU X., CHAO M.A., WANG L.,
GAO X. Land use effects on the distribution and speciation
of heavy metals and arsenic in coastal soils on Chongming
Island in the Yangtze River Estuary, China. Pedosphere,
26(1), 74, 2016.

WU S., PENG S., ZHANG X., WU D,, LUO W., ZHANG
T., ZHOU S., YANG G., WAN H., WU L. Levels and
health risk assessments of trace metals in urban soils in
Dongguan, China. Journal of Geochemistry Exploration,
148, 71, 2015.

ZHANG J., YANG J,, YU F, LIU X,, YU Y. Polycyclic
aromatic hydrocarbons in urban Greenland soils of
Nanjing, China: concentration, distribution, sources and
potential risks. Environmental Geochemistry and Health,
42,4327, 2020.

GPEMC. Handbook of Data for Environmental
Background Values of Guangdong. China Environmental
Science Press, Beijing, 1990.

ALVAREZAYUSO E., OTONES V., MURCIEGO
A., GARCIASANCHEZ A. Evaluation of different
amendments to stabilize antimony in mining polluted
soils. Chemosphere, 90 (8), 2233, 2013.

LI X., HUI E., LANG W., ZHENG S., QIN X. Transition
from factor-driven to innovation-driven urbanization in

35.

36.

37.

38.

30.

40.

China: A study of manufacturing industry automation
in Dongguan City. China Economic Review, 59, 101382,
2020b.

ABRAHIM G., PARKER R. Assessment of trace metal
enrichment factors and the degree of contamination in
marine sediments from Tamaki Estuary, Auckland, New
Zealand. Environmental Monitoring Assessment, 136, 227,
2008.

KOWALSKA J.B.,, MAZUREK R., GASIOREK M.,
ZALESKI T. Pollution indices as useful tools for
the comprehensive evaluation of the degree of soil
contamination-A review. Environmental Geochemistry
Health, 40 (6), 2395, 2018.

MANOIJ K., PADHY PK. Distribution, enrichment and
ecological risk assessment of six elements in bed sediments
of a tropical river, chottanagpur plateau: a spatial and
temporal appraisal. Journal of Environmental Protection,
5, 1419, 2014 [In Chinese].

HAKANSON L. An ecological risk index for aquatic
pollution control: A sediment ecological approach. Water
Research, 14, 975, 1980.

ElI-SOROGY A.S., YOUSSEF M. Pollution assessment
of the Red Sea-Gulf of Aqaba seawater, northwest Saudi
Arabia. Environmental Monitoring and Assessment, 193
(), 141, 2021.

YAN Y., CHEN R., JIN H.,, RUKH G., WANG Y., CUI S.,
LIU D. Pollution characteristics, sources, and health risk
assessments of potentially toxic elements in community
garden soil of Lin'an, Zhejiang, China. Bulletin of
Environmental Contamination and Toxicology, 109 (6),
1106, 2022.



Trace Metal Content, Ecological Risk Assessment... 4123

Supplementary Materials

—eo— HQS - TS —A— SLS — DLS —— DPZ —-o- YPS
0 0
~ =20 - =204
8 8
8 0] A 0]
-60 . . - -60 . -
2} 2% 25 26 27 24 25 26 27
Cu (mg/kg) Zn (mg/kg)
0 0
~ 201 ~ -204
§ §
= =
a
E' -40 8 -40.
-60 ; -60 T
22 23 A 24 25 26
Ni (mg/kg) Cr (mg/kg)
0 0
o~ =201 ~ =201
g §
£ £
7] )
8 0] 8 0.
-60. ' : ; . -60 . . .
23 22 2 2" 2! 2 22 23 2 25 26
Cd (mg/kg) Pd (mg/kg)
0
~ =20
g
8.
8
o,
= -40
—60 T
23 24 25
As (mg/kg)

Fig. S1. Vertical distribution of Cu, Zn, Ni, Cr, Cd, Pb, and As in the soils.



4124 Lan S., et al.

Cu . 9

/n

Cr 5

ca 0
P B
As ll 1
SI S2 S3 S4 S5 S6 S7 S8 S9 S10S11S12S13 S14 S15

Sample sites

BGI index

Fig. S2. BGI index of the trace metals in the soil samples.

1.0

0.5

0.0

Component 2

-1.0

-1.0 -0.5 0.0 0.5 1.0
Component 1

Fig. S3. The principal component (PC) analysis of trace metals in the surface soils of Dongguan forest.



Trace Metal Content, Ecological Risk Assessment...

4125

Table S1. Indices in this study used to evaluate pollution of the study area.

Indices

Classification

Reference

SLO

I _=lo
geo gz(1.51}2,,

l,<0: unpolluted
0<l,, <1 unpolluted to moderately polluted
1<7,<2 moderately polluted
2<1l,,<3: moderately to heavily polluted
3<1l,, <4 heavily polluted
4<l,,<5: heavily to extremely polluted
Ige_g > 5: extremely polluted

Mazurek et al., 2016

tal | F
£ _ (metal | Fe)

sample

 (metal 1 Fe)yee

Ef <2: depletion to minimum enrichment
2 < Ef < 5: moderate enrichment
5 < Ef < 20: significant enrichment
20 < Ef <40: very high enrichment
Ef> 40: extremely high enrichment

Mazurek et al., 2016

MH:$&mﬁ@mmﬂ

MPI <1: Unpolluted
1 <MPI < 2: Slightly polluted
2 <MPI < 3: Moderately polluted
3 <MPI < 5: Moderately-heavily polluted
5 <MPI < 10: Heavily polluted
MPI > 10: Severely y polluted

Brady et al., 2015

Cf<1:low; 1< Cf < 3: moderate
3 < Cf<6: considerable; Cf> 6: very high

Hakanson et al., 1980

2
. Ci
C 2
f Cyl,
e
mC, = Z’=' !
n

mCd < 1.5: nil to very low
1.5 <mCd<2: low
2 <mCd < 4: moderate
4 <mCd < 8: high
8 <mCd < 16: very high
16 <mCd < 32: extremely high
mCd > 32: ultra high

Abrahim and Parker, 2008

H:$0mﬁ«mmm

PI <0.7: Unpolluted
0.7 <PI < 1: Slightly polluted
1 <PI <2: Moderately polluted
2 <PI < 3: Severely polluted
PI > 3: Heavily polluted

Liu et al., 2015

Lietal., 2010

BGI < 1: low;

1 <BGI <5: apparent;
5 <BGI < 10: moderate;
10 < BGI < 20: high
BGI > 20: very high

Kowalska et al., 2018

Er' <40: low potential ecological risk;

40 < Er' < 80: moderate potential ecological risk;
80 <Er' < 160: considerable potential ecological risk;
160 <Er' < 320: high potential ecological risk;

Er > 320: very high ecological risk

Hakanson et al., 1980

2

BAF =—=

C

BGI = 22

nA
. ) . -
E =T'xC} =T x—
G,
RI=YE/=)T'xC,

RI < 150: low ecological risk;
150 <RI < 300: moderate ecological risk;
300 <RI < 600: considerable ecological risk;
RI > 600: very high ecological risk.

Hakanson et al., 1980

MRI=Y E =Y T'xE!

i=1 i=1

Zhu et al., 2012

sample

Where C_ represents the concentration of metal measured in soil samples; B, represents the geochemical background value of the
corresponding metal; (metal/Fe)

represents the ratio of the metal concentration to the reference metal (Fe) concentration of the
represents the ratio of the geochemical background value of the corresponding metal and the reference metal

samples; (metal/Fe) ..
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(Fe); (BN, (Ef)avmge, (Cf),,, and (Cf)Zwemge represent the maximum of enrichment factor, average of enrichment factor, the maximum
of contamination factor, average of contamination factor, respectively, C ' represents the concentration of a metal at a site and C is the

geochemical background value of the corresponding metal, i = i® element; C  and C , represent the concentration of metal in the O

horizon and A horizon, respectively. T, represents the toxic-response factor of trace metal and the T value for Cu, Zn, Ni, Cr, Cd, Pb, As
were 5, 1,5, 2, 30, 5 and 10, respectively. E 'represents the enrichment factor for each single element.

Table S2. Descriptive statistics for trace metals in roots of plants (pines, arbors, ferns) of the study area.

Species of plant Cu Zn Ni Cr Cd Pb As
Minimum (mg/kg) 19.34 40.43 228 22.59 0.09 84.09 5.32
Maximum (mg/kg) 1439.14 | 3122.93 76.94 250.09 4.21 1045.31 157.31
Pines (n = 15) Medium (mg/kg) 97.85 203.29 19.55 128.56 0.53 410.38 65.17
Mean (mg/kg) 179.01 390.09 24.36 132.02 0.72 426.60 70.45
CV (%) 1.97 1.95 0.79 0.48 1.40 0.63 0.65
Minimum (mg/kg) 32.54 60.20 3.03 2.94 0.09 84.79 13.12
Maximum (mg/kg) 479.41 1140.99 53.26 252.36 1.84 2257.77 135.33
Arbors (n = 15) Medium (mg/kg) 98.74 203.52 11.29 75.72 0.36 341.51 37.26
Mean (mg/kg) 132.25 296.75 15.04 97.18 0.55 486.38 52.46
CV (%) 0.88 0.96 0.90 0.80 0.95 1.12 0.70
Minimum (mg/kg) 2.84 7.25 0.46 2.95 0.04 15.21 3.17
Maximum (mg/kg) 351.52 720.61 63.58 409.80 3.83 2378.77 116.06
Ferns (n = 15) Medium (mg/kg) 169.93 333.10 11.36 126.65 0.49 230.56 58.71
Mean (mg/kg) 152.98 352.79 18.43 128.46 0.69 518.08 57.66
CV (%) 0.58 0.59 0.91 0.83 1.32 1.21 0.64
Table S3. The results of multi-element pollution index for the surface soil.
PI MPI RI MRI
HQS (n=2) 10.27+4.44 47.034+46.1 455.56+184.26 2067.93+1993.54
TS(n=2) 13.234£7.13 28.63+25.43 588.15+314.51 1271.63+£1125.57
SLS (n=2) 3.59+0.38 24.87+11.43 172.82+15.81 1192.80+534.09
DLS (n=2) 14.17+1.83 60.31+1.98 622.04+78.61 2648.01+£95.27
DPZ (n=3) 16.39+20.37 36.49+39.5 741.29+£912.94 1651.52+1766.23
YPS (n=4) 8.08+3.98 38.15+38.1 364.03+175.27 1715.05+£1704.63

All data are presented as Mean+SD.
*HQS: Huanggishan city park; TS: Tongsha ecological park; SLS: Shuilianshan forest park; DLS: Dapingzhang forest park;
DPZ: Dalingshan forest park; YPS: Yinpingshan forest park
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