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Abstract: Heavy metal (HM) pollution nowadays is a hot issue concerning global ecological and
food safety. As one of the most important woody bamboos for edible shoots in Southeast Asia
and southwest China, Dendrocalamus brandisii usually occurs in red soil with a high HM geological
background. However, the bioaccumulation process and possible risks of HMs in their cultivation
area remain unclear. In this study, a comprehensive risk assessment of HM pollution was conducted in
the main cultivation area of D. brandisii under two cultivation patterns in Yunnan, China. The results
revealed that moderate to heavy HM pollution existed in the soil of the study area, while bamboo
shoots displayed either no pollution or weak contamination. The “large-area intensive afforestation”
cultivation pattern can better control HM pollution in soil and shoots than the “small-scale farmer
management” pattern. Strong and complex correlations among HMs were unveiled in both soil and
shoot samples. The Cr content of 39% of the shoot samples exceeded China’s national standards.
Cu and Zn were the two most easily accumulated HMs in shoots, with BCF of 0.1235 and 0.1101,
respectively. Bioaccumulations of As and Cd were positively correlated with their concentrations in
soil. Furthermore, the positive matrix factorization model (PMF) identified three main sources of
soil HMs, i.e., Pb and Zn from traffic emissions accounting for 30%; Ni, Mn, and Cr from pedogenic
parent material making up 35.4%; and As from mining and metallurgical activities accounting for
34.6%. Monte Carlo simulations suggested the probability of total noncarcinogenic risk for children
from bamboo shoots was 24.82% and that As in the soil was the primary element of health risk to
children (HQ. = 13.94%). These findings emphasize the urgent need to control and mitigate HM
pollution from the identified sources and may contribute to the sustainable cultivation of D. brandisii
and food safety in Yunnan and similar tropical areas with high HM contents.

Keywords: heavy metals; Dendrocalamus brandisii; source apportionment; positive matrix factorization
model; Monte Carlo simulation

1. Introduction

Heavy metal (HM) pollution is a current focal issue worldwide because of its detrimen-
tal impacts on the ecological environment and human health [1,2]. The bioaccumulation of
HMs in the natural environment increases serious risks to ecosystems and raises concerns
about food safety and human health [3,4]. Among the regions known for high background
levels of HMs, Yunnan Province of China has gained particular attention [5-9] and faces
potential risks in both human health and the natural environment due to the unique geolog-
ical features and long history of mining [10]. Therefore, understanding the accumulation
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and source of HM contamination in the soil of Yunnan is crucial for assessing the potential
risks and implementing effective mitigation strategies.

So far, multiple detection and analysis methods have been developed for the as-
sessment of environmental HM pollution. HMs in soil originate from natural litho-
spheric weathering and human activities [11,12] and can be detected using soil profile
differentiation [13,14]. Meanwhile, the positive matrix factorization model (PMF), pollu-
tion indices (P;), edge analysis, geoaccumulation indices (Igeo), enrichment factors (EF),
and GeogDetector model [15-18], and chemical mass balance are commonly employed to
quantify the sources, contributions, and pollution status of HM pollutants [19,20]. Taken
together, these methods can provide a more accurate analysis of pollution characteristics
and source identification associated with HMs.

More importantly, the probabilistic impact of environmental pollutants on human
health has attracted increasing attention. Extensive studies have investigated the poten-
tial health risks posed by HM contaminants to exposed populations using health risk
assessment models and put forward suggestions to mitigate the risks [21-23]. Among
current health risk assessment models, Monte Carlo simulation has been widely adopted
to implement probabilistic risk assessment due to its high credibility [24-26].

Bamboo shoot is a kind of delicious and highly nutritious vegetable and is popular
among people in Asia, and China is the world’s largest producer of bamboo shoots [27].
Dendrocalamus brandisii (Munro) Kurz, a large-scale tropical bamboo species 10-20 m in
height and 10-18 cm in culm diameter, is of high economic value for its sweet and nutritious
bamboo shoots. This species occurs in China, Myanmar, Laos, Vietnam, and Thailand and
has been introduced into East and South China since 1995 [28,29]. Currently, the cultivation
and management of D. brandisii in Yunnan can be classified into two main patterns: small-
scale farmer management (SF) and large-area intensive afforestation (LA). In the SF mode,
bamboo clumps are typically cultivated in small-scale areas near houses, villages, roads,
water sources, or other limited spaces (often <1 ha). Practices such as fertilization are
commonly employed in SF cultivation to obtain high yields. On the other hand, the LA
pattern adopts intensive cultivation of bamboo clumps in the planned mountainous areas
on a larger scale (often >10 ha). This pattern aims to mimic or closely resemble natural
conditions, ensuring a balance between forestry production and the conservation of forest
ecosystems, with an emphasis on close-to-nature management. The LA pattern involves as
little human intervention as possible, resulting in a smaller impact on soil quality and HM
content in the cultivated areas. At present, the SF pattern is the traditional and predominant
cultivation approach of D. brandisii in Yunnan, while the LA pattern is less widely adopted
due to its higher investment requirements compared to the SF mode. Due to the high
economic value of D. brandisii, its cultivation area has been increasing yearly [28,30], and
the main cultivation area in China is central and southern Yunnan, which is rich in mineral
resources [31]. However, the potential impacts and risks of the HMs on bamboo shoots
remain unstudied.

For the sustainable development of the bamboo planting industry and people’s health,
an integrative study on the potential health risks of HM exposure is urgently needed. In
this study, a detailed investigation of HM pollution in the D. brandisii cultivation area was
carried out to predict the spatial distribution and bioaccumulation of HMs. Our aims are
to: (1) detect the pollution status and spatial distribution of HM contents in bamboo shoots
and soils of bamboo stands under different cultivation patterns; (2) identify the source and
contribution of HMs in the soils of bamboo stands; and (3) assess the ecological and health
risks of bamboo shoots and soil. The results will not only reveal the effect of soil HMs on
bamboo shoots in a region with a high HM geological background and similar areas but
also develop countermeasures for the risk management and remediation of HM pollution
in tropic bamboo cultivation.
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2. Materials and Methods
2.1. Study Area

The study area is located in six counties in the main distribution area of D. brandisii, in-
cluding Xinping, Shiping, Mojiang, Ning’er, Jinggu, and Pu’er (Figure 1). Their geographic
scope is 22°42'-24°8' N and 100°50'-102°32" E. The soil of D. brandisii stands as sandy red
soil with a pH range of 3.7-7.9. Rhizosphere soil and shoot samples of typical bamboo
forests were collected in the region mentioned above.
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Figure 1. Location map of sampling points in the study area. LA, bamboo forests of the large-area
intensive afforestation pattern; SF, bamboo forests of the small-scale farmer management pattern.

2.2. Sample Collection

A total of 148 samples from 74 quadrats, including 74 bamboo shoot samples and
74 soil samples, were collected from August 2021 to September 2022 (Figure 1). Among
them, 34 quadrats were in the LA pattern, and 40 quadrats were in the SF pattern. During
the bamboo shoot harvesting season, fresh bamboo shoot samples (ca. 1 kg) were collected
and stored in liquid nitrogen and then immediately transported to the laboratory for
subsequent analyses. Simultaneously, the subsurface rhizosphere soil (0-20 cm) around the
rhizome was collected using the “S”-shaped uniform random method. Five soil samples
collected at each quadrat were mixed, and the mass of the combined sample was 0.5 kg. In
order to qualitatively analyze the sources of HMs, 15 soil samples were collected from five
60 cm-depth soil profiles, three profiles from the SF pattern (Profiles 1-3), and two profiles
from the LA pattern (Profiles 4 and 5). The soil layers of the profile were categorized as
layers A (0-20 cm), B (2040 cm), and C (40-60 cm). All soil samples were air-dried at 25 °C
and sieved with a 2 mm mesh, and then approximately 50 g of each sample was ground
again and sieved through a 0.15 mm mesh. The final samples were placed in a polyethylene
film-sealed bag with a label and stored for further analysis.
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2.3. Chemical Analysis

Approximately 1 g of each bamboo shoot sample was transferred to a Teflon tube with
an acid digestion mixture (5 mL HNO3, 2 mL H,0O;) [16]. Approximately 0.5 g of each soil
sample was digested in a Teflon digestion vessel with an acid digestion mixture (aqua regia
6 mL, HCL and HNO3, 3:1 v/v; 2 mL HF) [11]. The sealed samples were placed into the
microwave digestion instrument. The digestion program was set as 5 min ramp to 130 °C
for 120 min, then 5 min ramp to 180 °C for 60 min. Then, the acid solution in the digestion
tank was evaporated, and the sample volume was adjusted to 50 mL with distilled water.
Afterwards, the contents of eight key HMs, including As, Cr, Pb, Cd, Ni, Zn, Cu, and Mn,
were determined via ICP-MS (Agilent Technologies 7700x, Bremen, Germany). The pH
values of soil samples were determined at the soil/water ratio of 1:2.5. Each sample was
measured three times.

2.4. Assessment of Pollution Indices

The coefficient of variation (CV) of soil and shoot samples was calculated according to
Equation (1):

cv="2 (1)
n

where o was the standard deviation of HMs content and p was the average value.

To accurately evaluate the ecological risk of HM contamination in soil, P;, Igeo, and
potential ecological risk index (RI) were conducted together in this study. P; is calculated
according to Equation (2):

Pi=—— 2)

where C; (mg/kg) was the actual measured concentration of HMs in the soil sample; C,, was
the reference standard concentration value of each metal element in the soil sample. The
soil environmental quality standards of China (GB15618-2018) [32] were used as reference
standards, and P; was divided into five grades (Table S1).

The HM pollution status of soil was calculated according to Equation (3):

Ci
Loeo = lO o 3
geo = 1082 1.5BL ©)

where Cl was the concentration of examined HM i in the soil sample (mg/kg), and Bi, was
the background value of the HM i in the soil of Yunnan (mg/kg) [5]. Igeoc contamination
was categorized into seven classes (Table S2).

The comprehensive potential ecological risk (RI) was calculated according to Equation (4):

G

n 1 n i
RI=). Ei=)i, (Tlr x Bi) (4)
n

where T! was the toxicity coefficient for HM i; C, was the actual measured concentration of
HMs; and Ck was the metal background value. According to Hakanson (1980), the toxicity
coefficients for Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb were setto 2,1, 5,5, 1, 10, 30, and 5,
respectively [33]. Based on the values of EL and R, the classifications of pollution levels are
presented in Table S3.
Bioconcentration factor (BCF) was used to identify the accumulation and transfer
ability of HMs from soil to the bamboo shoots and was calculated according to Equation (5):
G
BCF = C. )
where Cp, was the concentration of HMs in the bamboo shoot samples; Cs was the soil HM
concentration in the corresponding rhizosphere soil samples.
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2.5. PMF Model

The PMF model was a receptor model for pollutant source analysis [34] and was
calculated according to Equation (6):

P
Xjj = kz 8ikflj 1 ejj (6)
=1

where Xj; was the content of the jth element in sample i; gj represented the relative
contribution of the contamination source k in sample i; fi; was the characteristic value of
source k to concentration of the jth element; ejj was the residual; and p was the number
of factors.

2.6. Health Risk Assessment

The human exposure health risk assessment model was adopted in health risk as-
sessment in this study, with modifications to some parameters according to the Chinese
population. The hazard quotient (HQ) was calculated according to the following formulae:

Ring X EF x ED

. — —6
ADDjpg = Cs X BW < AT x 10 (7)
R;nn X EF x ED
ADD;,;, = n
inh = Cs X SEE L BW x AT ®)
AF x SA x ABS x EF x ED _
ADDder =Cs X BW < AT x 10 6 (9)
FIR x EF x ED

HQy = Co X R BW x AT (10)

ADD;
HQ, = % (11)

1

where Cs was the soil HM concentration (mg/kg); Cp, was the HM concentration of bamboo
shoots (mg/kg), and the parameters of Ring, EF, ED, BW, AT, Rinh, AF, ABS, SA, PEF, FIR,
and RfD are shown in Tables 54 and S5.

The aggregative noncarcinogenic risk associated with multiple exposure routes was
represented by the Hazard index (HI, Equation (12)):

HI = Y HQ;

p
w:;&%+% (12)
=1

where HI was the total noncarcinogenic health risk index. When the HI value was greater
than 1, there was a noncarcinogenic risk to the population.

Finally, the Monte Carlo simulation was employed to characterize the probability
distribution of health risks induced by HMs in the study area. The related parameter
settings of the Monte Carlo model are presented in Tables S6 and S7.

2.7. Statistical Analysis Methods

Data collection and descriptive statistics were conducted with Microsoft Excel 2016,
and all data were presented as the means =+ standard deviations (SD). SPSS 21.0 software
was used to perform statistical analyses. The histograms and box plot were handled with
Origin 2021. Spatial data interpolation was performed with ArcGis 10.8, and the inverse
distance weighting (IDW) method was used in this study.
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3. Results
3.1. Concentrations and Pollution Assessment of HMs in Soil
3.1.1. Soil HMs Contents

The pH values of soil samples showed that the D. brandisii stands mainly occurred in
acidic and slightly acidic soil (Table 1). The mean contents of soil HMs in most quadrats
were higher than the background values of China and Yunnan, indicating a higher soil
background value in the study area. In particular, the mean contents of Cr, Mn, As, and
Cd in the study area were 1.34, 1.31, 1.61, and 1.10 times the background value of Yunnan,
respectively. On the other hand, the average contents of As, Cu, Ni, Cd, and Cr in the
soil samples from 74 quadrats exceeded the soil environmental quality standard of China
(Table 1) by 23%, 20%, 16%, 9%, and 8%, respectively. Therefore, special attention should be
paid to the risk level assessment and source analysis of key HMs, such as As, Cd, and Cr.

Moreover, except for Pb, the average values of the remaining seven HMs in SF mode
were much higher than those in LA mode (Figure S1). The coefficients of variation (CV)
of 74 soil samples from two cultivation patterns are shown in Table S8. The pH of soil
samples had a low CV value (13.4%-13.7%) in both SF and LA patterns. As for the eight
examined HMs, except for Pb, the CV values of the remaining HMs, such as Cr, Ni, and
Mn, were higher in the LA than those of the SF pattern. This indicated that the HMs in
LA soil samples were more strongly affected by human activities. Moreover, all CV values
of As, Ni, Zn, and Cu were more than 100% and exhibited significant differences among
quadrats, suggesting that these elements were severely affected by human activities.

3.1.2. Pollution Assessment of HMs

The contamination levels of HMs in soil were evaluated by P;, Igeo, and RI. On average,
except for As and Pb, the single pollution index P; values of Zn, Cu, Ni, Cr, Mn, and Cd
were higher in the SF pattern than those in the LA pattern (Figure 2a). Cr, Ni, Cu, As, and
Cd all had some quadrats with P; > 1, while P; < 1 in the values of Zn and Pb. Accordingly,
the contents of Cr, Zn, Cu, and Ni in the LA pattern were lower than those in the SF pattern,
while the contents of As and Pb were higher in the LA pattern.

The Igeo values of Cr, As, Cd, Mn, Cu, Zn, Ni, and Pb ranged from —3.22 to 3.81, and
the mean values were —0.39, —0.49, —0.73, —1.01, —1.08, —1.26, —1.44, —1.67 (Figure 2b),
respectively. 96%, 92%, 89%, and 88% of soil samples were not polluted by Pb, Zn, Cu, and
Ni (Igeo < 0). However, 24.32% of soil samples were mild to moderately contaminated with
Cr and As, and 12.16% with Mn and Cd (0 < Igeo < 1), while less than 5% of samples were
moderately polluted by multiple HMs (1 < Igeo < 2). On the whole, 85.14% of soil samples
had no risk. The element As had a maximum Ige, value (Igeo = 3.81), which requires special
attention. Given that this soil is used for bamboo cultivation and bamboo shoots are used
as vegetables, the potential ecological risk may pose a threat to human health. In addition,
two cultivation patterns also exhibited different ecological accumulation risks for HMs.
Except for As and Pb, the Ige, values of the remaining six HMs were higher under the SF
pattern than those under the LA pattern.

The results of RI (Table S11) demonstrated that there were great differences in the
range of EL values and the spatial levels of ecological risk of each HM in the study area. The
average values of E} were 0.81, 0.94, 2.69, 2.86, 4.61, 16.32, and 33.39 for Zn, Mn, Cz, Pb, Cu,
As, and Cd, indicating that the overall HMs showed low risk (E. < 40). However, 27.03%
of samples with moderate risk (40 < EL < 80) were polluted by Cd, with a maximum value
of 207.90. In addition, among the examined HMs, As had the highest E. value of 214.57.
Therefore, Cd and As were the main causes of ecological risk. On the other hand, the RI
value ranged from 22 to 306, with an average value of 65.59, indicating a low risk. Cd
had the most contribution (54.19%), and the next was As (26.49%). Similarly, in terms of
cultivation mode, SF was higher than LA, which was consistent with the results of P; and
Igeo. Except for Pb, most HM contents were higher in SF than in LA, which was consistent
with the results of Igeo.
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Table 1. The limit standard of China for HMs in soil.
Content (mg/kg)
Indices pH
Cr Mn Ni Cu Zn As Cd Pb
Background value in China ng?mum - 1209 5888 627 272 593 626 134 1143
(1 = 4094) Minimum - 2.20 1 0.06 0.33 2.60 0.01 0.001 0.68
Mean - 61.0 583 26.9 22.6 74.2 11.2 0.097 26.0
Background value in Yunnan ng'imum 8.8 426.0 2768 315.0 208.9 281.0 133.8 3.409 490.0
(n=73) Minimum 4.0 13.7 70 45 6.2 14.0 1.0 0.009 9.5
Mean 5.7 65.2 626 425 46.3 89.7 184 0.218 40.6
This study in LA (bamboo forests Maximum 6.9 135.5 2005.63 57.26 112.62 166.37 62.70 0.70 177.6
of the large-area intensive Minimum 3.7 36.64 144.95 8.78 10.29 18.40 8.31 0.06 7.32
afforestation pattern) (n = 34) Mean 5.7 67.49 561.05 20.46 34.59 55.43 23.68 0.20 25.31
This study in SF (bamboo forests of Maximum 7.9 458.3 2235.27 265.04 424.88 730.21 388.37 1.51 101.7
the small-scale farmer Minimum 41 31.56 117.45 7.11 11.56 17.08 8.17 0.05 6.54
management pattern) (1 = 40) Mean 5.9 104.6 610.46 49.10 49.63 86.89 34.53 0.28 21.39
Based on the soil environmental pH <55 150 60 50 200 40 0.3 70
quality standard of China 55<pH <65 150 70 50 200 40 0.3 920
(GB15618-2018) 6.5<pH<75 200 100 100 250 30 0.3 120
pH>75 250 190 100 300 25 0.6 170
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Figure 2. The single pollution index (P;) (a) and geoaccumulation index (Igeo) (b) of seven HMs in LA
and SE. LA, bamboo forests of the large-area intensive afforestation pattern; SF, bamboo forests of the
small-scale farmer management pattern.

3.1.3. Spatial Distribution Characteristics

In this study, Cd, Cr, Cu, Mn, Ni, Pb, Zn, and As all exhibited apparent spatial
distribution patterns (Figure S2). The spatial distributions of Cd and As were highly
consistent, and these two elements showed significantly higher values in Mojiang. Similarly,
Cu and Zn had significantly higher values in Shiping. Additionally, Mojiang and Ninger
had high values of Cr and Ni, and the distribution areas with high values of Mn and Pb
were Xinping and Shiping, and Shiping and Simao, respectively.

3.2. Concentrations of HMs in Bamboo Shoots

The contents of HMs in bamboo shoot samples under two cultivation patterns, namely
LA and SF, were determined (Table S10). The mean concentrations of Cd, As, Pb, Nij,
Cr, Cu, Zn, and Mn in shoot samples were 0.01, 0.03, 0.07, 0.33, 0.52, 3.40, 5.07, and
6.42 mg/kg, respectively. The results indicated that except for Cr, the average contents of
the remaining HMs in the study area did not exceed the limit of the national standard of
China (GB2762-2022) (NHCPRC 2022) [35], but the maximum content values for each HM
(except for As) exceeded the limit, suggesting that the pollution in the area was generally
weak. On the other hand, 7%, 11%, and 39% of shoot samples exceed the limits of Cd, Pb,
and Cr, respectively.

In terms of cultivation pattern, the average contents of HMs in bamboo shoots were
not closely related to their habitats. The average contents of Mn, Cr, Zn, and Cu in the LA
quadrats were higher than those of the SF quadrats, which was different from the results of
soil samples. Overall, the CV values for Ni, As, Cd, and Pb were all 109%, 136%, 170%, and
132%, indicating strong variability in the contents of these HMs among different quadrats
in the study area. Those four HMs may be significantly influenced by human activities
(Table S11).

3.3. Soil Profiles

The concentrations of HMs in five typical soil profiles are presented in Figure S3. The
vertical distribution of HM contents did not exhibit a clear correlation with the soil layers.
In terms of specific HM elements, Pb consistently showed the highest concentration in
layer A among all profiles, with a maximum value of 28.09 mg/kg. Except for profile 3, Cr
and Ni had the highest concentrations in layer C, while Cu had the lowest concentration in
layer C among the remaining profiles, with a minimum value of 12.49 mg/kg. Additionally,
except for profile 2, the vertical distribution of Mn in the soil displayed a decreasing trend
with soil layer depth. These results suggested that Pb, Cu, and Mn may be significantly
influenced by anthropogenic pollution.

Additionally, with regard to cultivation patterns, the HM contents at each layer of
profiles 1-3 (under the SF pattern) exceeded the permissible limits, whereas HM concen-
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trations in each layer of profiles 4 and 5 (from the LA pattern) were below the national
standards (Figure S3). In particular, Cd content in all three soil layers exceeded the standard
limits in profile 1, and As content in all three soil layers also exceeded the standard limits
in profiles 2 and 3.

3.4. Correlation Analysis of HMs between Bamboo Shoots and Soil

The present study revealed strong and complex correlations among different HMs in
bamboo shoots and soil. Specifically, Cr exhibited significantly positive correlations with
Cu and negative correlations with As and Cd (p < 0.001) (Figure 3a). Zn exhibited highly
significant positive correlations with Cd, Ni, Pb, and Mn, while As demonstrated a signifi-
cantly negative correlation with Cu, and Cd exhibited significantly positive correlations
with Zn, Mn, and Pb. Pb showed a significantly positive correlation with Cd, As, and Zn.

1
e R N DR
N B

Cr or o * e 0.8

."

Mn Mn wﬂ *
Ni 0.86 0.63 Ni | *kx ek * % ek - 0.6
2Cu o 8 -~ ﬂm oxrs - I - i
0.4
Zn 0.71 Zn wmk | wx o (I B
|As| as [l + B8 5 o [ 02
Cd 0.71 Cd | ** . [ -
Pb Pb | * o I Lo
Cr -0.48 Cr .. *** ok
g&—u.m Mn | *#% | % [k o - —0.2
% | Ni | T oy
82 Cu wak
2|Zn Zn * . - ~0.6
E_
:‘3 As 0.60 As | wh
Cd 0.69 Cd |w -0.8
Pb Pb
-1
pH|Cr[Mn| Ni|cu[zn]As[cd|Pb]| Cr[Mn] Ni [Cu]Zn[ As[ca]Pb
(a) Soil Bamboo shoot
/n
As
Cd
34.6% 30%
Cu Pb
Ni 35.4%
Cr
Cr
Zn
Cu Mn
Ni Factorl
Factor2
(b) Factor3

Figure 3. Analysis of HM sources. (a) Correlation of HMs between bamboo shoots and soil (* p < 0.05,
**p <0.01, and *** p < 0.001) and (b) the contribution of HMs to each factor.

Among the soil samples, Ni exhibited a significantly positive correlation with Cr
(R = 0.86), and Cu also showed a significantly positive correlation with Cd (R = 0.71).
Additionally, Cu had positive correlations with Pb, Mn, Zn, and Ni (p < 0.001), and Zn
exhibited positive correlations with Pb, Mn, Cu, Cd, and Ni (p < 0.001).

Furthermore, significantly positive correlations of HM contents between soil samples
and bamboo shoot samples were found in both As and Cd. This suggested that the
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concentrations of HMs in the soil may influence the bioaccumulation of these elements in
bamboo shoots to some extent.

3.5. Source Apportionment of HMs

The PMF model was used to identify the major sources of heavy metal(loid)s and
quantify their contributions. In the PMF model analysis, an acceptable confidence level
(minimum Q) was found when the factor number was set to 3. There was a good correlation
between the measured and predicted values for all elements, with R? > 0.61 (Figure S4).
This indicated that the parameter selection of the PMF model was reasonable, and the
results were reliable, providing a good explanation for the sources of HMs in the study area
soil. The results revealed that the sources of HMs in the soil of bamboo cultivation areas
could be classified into three factors (Figure 3b). The contributions of factors 1, 2, and 3 were
30%, 35.4%, and 34.6%, respectively. The profile of the three factors and the contribution
of each HM to soil pollution in the PMF model were presented in Figures S5-57. Pb and
Zn were the main loading elements for Factor 1, with 30.57% and 27.72% contributions,
respectively. Factor 2 was primarily influenced by Ni, Mn, and Cr, contributing 29.62%,
23.52%, and 22.37%, respectively. In Factor 3, As was the key loading element with
a 36.09% contribution.

3.6. Health Risk Assessment

The analysis results of HQ showed that the adult values (HQa) of all eight HMs were
less than 1, indicating that the HM content in the bamboo shoots of D. brandisii in the study
area posed a low health risk to adults (Figure 4a). Except for As and Pb, LA has lower
health risks than SE. It was noteworthy that HQ of As for children in some shoot samples
exceeded 1, and suggested a potential health risks to children (Figure 4b).
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Figure 4. Assessment results of HMs contamination in bamboo shoots by hazard quotient for adults
(HQa) (a), hazard quotient for children (HQc) (b), hazard index (Hi) (c) and Bioconcentration factor
(BCEF) (d). LA, bamboo forests of the large-area intensive afforestation pattern; SF, bamboo forests of
the small-scale farmer management pattern.
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Meanwhile, the HI analysis of HMs in bamboo shoots under two cultivation patterns
indicated that HI values were clearly different between adults and children (Figure 4c).
The HI values for adults ranged from 0.09 to 0.92, while the HI values for children were
0.21-2.09, indicating a greater health risk for children from bamboo shoots in the study area.
Among the average HI values of examined HMs, three elements with the most contribution
were: As accounted for 37.49% contribution in SF pattern and 22.87% contribution in LA
pattern, Cu was 25.97% in SF and 34.27% in LA, and Mn was 14.31% in SF and 19.86% in
LA. Therefore, the main concern for the HM elements was As, Cu, and Mn.

As for the HM accumulation degree in bamboo shoots, the BCF values in bamboo
shoot samples (Figure 4d) were Cu (0.123) > Zn (0.110) > Cd (0.045) > Mn (0.017) > Ni
(0.015) > Cr (0.008) > Pb (0.003) > As (0.001). This result indicated that bamboo shoots
had a low bioaccumulation ability of HMs. By comparison, the BCF values of HMs were
higher under LA conditions than those under SF, indicating that the ability of D. brandisii
to accumulate HMs may be influenced by cultivation conditions.

According to the results of the Monte Carlo simulation, the cumulative probability
distribution of health risks induced by HM in bamboo shoots is shown in Figure 5. Among
the eight examined HMs, the health risks posed to children were generally greater than
those to adults. The simulated HQ values for Mn, Cr, Zn, and Pb were below 1. However,
for Ni, Cu, As, and Cd, there was a probability of less than 5% exceeding the health
risk threshold of 1. The summation of HQ values for each element and the results of HI
indicated significant health risks associated with HMs in bamboo shoots for children, with
a 24.82% probability of total noncarcinogenic risk (Hlc = 1).
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Figure 5. Probability distribution of hazard index (HI) and hazard quotient (HQ) for children and
adults by bamboo shoots. HQ for Cr (a), Mn (b), Ni (c), Cu (d), Zn (e), As (f), Cd (g), Pb (h), and HI (i).

The probability distributions of HI and HQ in the soil are shown in Figure 6. Similar
to bamboo shoots, among the eight HMs, the accumulation risk of HMs in the soil of
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the study area was higher in children than in adults. The simulated HQ values for Cd,
Zn, Cu, and Ni were below 1, indicating negligible health risks to humans. Both Mn
and Pb had a probability of less than 5% to exceed 1, indicating a minimal risk. For Cr,
a 12.25% probability of the HQc values for children exceeds 1, suggesting a health risk
associated with Cr in children. As has a 13.94% probability of HQc values exceeding 1,
indicating a significant health risk to children associated with As in the study area. In
the Monte Carlo simulation, over 60.64% of the HI values posed health risks to children,
while the probability for adults to experience health risks was less than 5%. The element
As contributed significantly to the HI values, making it the primary driver of health risks
associated with soil HMs.

60%

40%

Cumulative probability

20%

0%

0.0

100%
80% r
60%

40%

Cumulative probability

20%

0%

0.00

100% (

80%
60%

40%

Cumulative probability

20%

0%

0.00

100% — 100% ! 100%
- @ ( . (b) ©
8096 ML — Adult 2 80% j — Adult 2 80% —Adult
| — Children = | — Children 5 — Children
1 ] 1 8
| S 60% | € 60%
1 2 1 o
@ Py
| 2 | 2.
1 £ 0% 1 £ 0%
1 2 1 2
] E ] E
j 3 20% j 3 20%
] ]
1 " " " " 0% | " " " 0% " " " "
32 64 96 128 160 00 08 16 24 32 40 00 01 01 02 02 03
HQ(Cr) HQ(Mn) HQ(Ni)
100% 100%
&) r ©) )
— Adult 2 800 —— Adult 2 800 —Adult
— Children g 80% —— Children E 80% \ — Children
© [
1
8 60% S 60%f,
o o |
@ @
2 2 !
B 40% B 40% |
=] > 1
£ E ol
0,
3 20% 3 20%f)
]
0% 0% UL
004 008 012 016 020 0.00 0.01 0.02 0.03 0.04 00 80 160 240 320 400
HQ(Cu) HQ(zZn) HQ(As)
100% L 100% - .
(9) . I(th) j (i)
—Adult > 800 — Aadu 2 800 — Adult
— Children | £ 0% — Childrery £ 80%p1 — Children
E] | g |
S 60% ] S 60%
o | o
° ®
2 40% l 2 40%
g | & T }s39.36%
£ : £
3 20% | 3 20%
I I
" " " " 0% " " " i 0% 1 " " " "
006 012 018 024 030 00 02 05 07 10 12 00 90 180 270 360 450
HQ(Cd) HQ(Pb) HI

Figure 6. Probability distribution of hazard index (HI) and hazard quotient (HQ) for children and
adults by soil. HQ for Cr (a), Mn (b), Ni (c), Cu (d), Zn (e), As (f), Cd (g), Pb (h) and HI (i).

4. Discussion
4.1. HM Accumulation and Pollution in Bamboo Shoots and Soil under Two Cultivation Patterns

Based on the combined geo-spatial analysis and multi-pollution index analysis, this
study was the first comprehensive research on the accumulation and pollution of HMs in
planting areas of D. brandisii, an important tropical bamboo, under two cultivation patterns
in Yunnan, China. The results indicated that the mean concentrations of HMs in the soil
of the examined bamboo stands were higher than the background values of Yunnan [7,8].
In particular, the average concentrations of As, Cr, Mn, and Cd were higher than their
background values by 1.61, 1.34, 1.31, and 1.10 times [5]. On the other hand, the mean
contents of Cr in bamboo shoots in the study area also exceeded the background values
of the study area. Furthermore, 39%, 11%, and 7% of the shoot samples went beyond the
limits of Cr, Pb, and Cd, respectively. Therefore, special attention should be paid to the
potential pollution risk and source of Cr, Pb, and Cd in bamboo shoots.
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Currently, SF and LA are two typical cultivation and management patterns for
D. brandisii in Yunnan [28,29]. In the soil of the cultivation area, except for Pb, the mean
contents of HMs in the SF pattern were generally higher than those in the LA pattern.
This suggested that human activities have a greater impact on the content of HMs in the
soil and bamboo shoots [36]. The LA pattern, with minimal human intervention, may
help reduce the accumulation and pollution of HMs, while the SF model has led to the
noteworthy accumulation of HMs because of human disturbances and the use of fertilizers
to achieve higher yields and quality of bamboo shoots [3,37]. Therefore, in the cultivation
of D. brandisii, the HM pollution threats caused by anthropogenic activities such as fertilizer
application should be reduced as much as possible [38].

4.2. HM Source Apportionment in Soil of Cultivation Areas of D. brandisii

The global HMs in agricultural and forest soils basically originate from human activi-
ties and natural sources [7,21,23]. The results of the PMF model showed that the sources of
HMs in the soil of bamboo cultivation areas could be classified into three factors (Figure 3b).
Factor 1 was significantly correlated with Pb and Zn. It was well documented that traffic
and transportation activities were closely linked to Pb contamination in soil [1,2,39]. More-
over, brake wear, tire abrasion, and tear, as well as exhaust emissions from vehicles using
leaded fuel or those containing Zn additives, could contribute to Pb and Zn pollution of
the soil [40,41]. Therefore, Factor 1 was considered to be a traffic-related source.

Meanwhile, Factor 2 was strongly correlated with Ni, Mn, and Cr (Figure 3b). These
elements were commonly exited in soil parent materials and were major components of soil
formation. Therefore, their presence can be attributed to natural sources rather than human
activities. Previous studies had also indicated that the accumulations of Cr, Mn, and Ni
in soil were mainly affected by the parent rock [42,43]. Additionally, the analysis of soil
profiles (Figure S3) showed that Ni and Cr exhibited the highest concentrations at deeper
depths, which was consistent with the high HM geological background of Yunnan [6,8].
Hence, Factor 2 was probably associated with natural sources.

Factor 3 was predominantly influenced by As, suggesting this element originated
from mining and metal smelting activities (Figure 3b). Yunnan is known for its abundant
mineral resources, including gold, copper, lead, zing, tin, etc. [44]. Central Yunnan was
renowned for its abundant gold deposits [45]. The long-term mining activities in the study
area could lead to the enrichment of As in the soil [46,47]. In this study, soil Profile 2 and
Profile 3 near an active gold mine exhibited significantly high As concentrations in all soil
layers; even the As content of the surface soil in Profile 3 was 1.7 times higher than the
permissible limit (Figure S3). This confirmed that mining and metal smelting activities
were the main sources of As in the study area.

4.3. Risk Assessment of HMSs in Soil and Bamboo Shoots

With the prosperity in industry and mining and the excessive use of dirty irrigation,
the soils and crops of some farmlands and forestlands in the arid zone of China have accu-
mulated a large number of HMs [48]. In this study, the investigated area was characterized
by a developed mining industry and high background values of soil HMs, thus posing
a potential threat to human health and the ecological environment [45,47]. Fortunately,
our results indicated that the bamboo shoots of D. brandisii had a low health risk to adults
based on the HM content in the study area (Figure 4a). However, 24.82% of the shoot
samples had a probability of the HI value exceeding 1, indicating potential health risks to
children. Likewise, although the overall average value of the RI of shoot samples in the
study area suggested a low risk, the maximum value of the RI in shoot samples reached a
high-risk level, with significant contributions from Cd and As. Meanwhile, As also had the
maximum values of P; and g, in the soil samples. Furthermore, the contents of both Cd
and As in bamboo shoot samples demonstrated a significantly positive correlation with
their contents in soil samples (Figure 3). Actually, As was a key HM of concern in mining
areas [49], and Cd was also a major monitoring pollutant in agricultural and forestry soils in
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China [50]. In addition, the average value of Cr in soil samples exceeded the limit value of
China, and the Cr contents of 39% of shoot samples were higher than the limits of China’s
national criterion. Cr in soil is predominantly derived from the parent material in the
soil formation process [51]. Therefore, it is important to detect soil physical and chemical
properties before bamboo cultivation so as to avoid selecting land of the soils with a high
Cr content as a plantation.

Based on the Monte Carlo simulation, we identified the noncarcinogenic risk of HMs
in both the soil and bamboo shoots in the study area and found that children generally
had a higher HI compared to adults and were more susceptible to risks associated with
HMs. In this study, children had potential health risks with a probability of HI > 60.64%,
while HI < 5% was for adults. Previous studies have also indicated that children were more
vulnerable to the effects of toxic substances compared to adults, mainly because of their
physiological characteristics, intake level, and exposure duration [36]. The elements As
and Cu contributed significantly to the HI values in this index (Figure 4c) and were the
primary drivers of health risks associated with soil HMs. Therefore, to control health risks
for children in the study area, Cu and As should be taken seriously.

5. Conclusions

The present study revealed that soil HM concentrations of the D. brandisii stands in
the study area were higher than the background values of Yunnan. On the whole, the mean
contents of HMs in the SF pattern were generally higher than those in the LA pattern. At
the same time, a relatively low ecological risk level was detected in the study area, and Cd
and As were identified as the main contributors to ecological risk. The ability of bamboo
shoots to accumulate HMs from the soil was generally low, and Cu and Zn were the two
most easily accumulated elements in bamboo shoots in the study area. On the other hand,
soil HMs in the study area could be classified into three main sources, including natural
sources from pedogenic parent material for Ni, Mn, and Cr; mining and metallurgical
activities for As; and traffic emissions for Pb and Zn. Except for As and Pb, LA has lower
HQ risks than the SF pattern. Monte Carlo simulations revealed that more than 24.82% of
the HI for bamboo shoots exceeded the acceptable limits for children. In particular, As was
identified as the most important cause of health risks associated with HM contamination in
the study area and should be given priority attention.
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