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Abstract: The watershed-scale distribution and loss of potentially toxic elements (PTEs) through
soil erosion from slope lands to a watershed has not yet been systematically studied, especially in
small mountain watersheds with high geological background PTEs in Southwest China. In this
study, the spatial distribution, loss intensities and ecological risks of 12 PTEs were investigated in
101 soil samples from four types of land use in a typical watershed, Guizhou Province. Moreover,
in order to avoid over- or underestimation of the contamination level in such specific geologies
with significant variability in natural PTE distribution, the local background values (local BVs) were
calculated by statistical methods. The dry arable land had the highest loss intensity of PTEs and
was the largest contributor of PTEs (more than 80%) in the watershed, even though it covers a much
smaller area compared to the forest land. The loss of Cd, As, Sb, and Hg from slope arable lands into
the watershed leads to a relatively high potential ecological risk. The study suggested that both PTEs
content with different types of land-uses and intensities of soil loss are of great importance for PTEs’
risk assessment in the small watershed within a high geological background region. Furthermore,
in order to reduce the loss of PTEs in soil, the management of agricultural activities in arable land,
especially the slope arable land, is necessary.

Keywords: slope land; high geological background; potentially toxic elements; loss risk; watershed-scale
distribution

1. Introduction

Slope arable land is a typical agricultural mode in hilly and mountainous areas in
China, which covers about 36.42 million hectares [1]. This type of cultivation suffers from
soil erosion and can impact on the water quality of watersheds when contaminated soils
are flushed into streams [2]. The slope arable land is famous for its various land uses. Land
use changes alter the hydrological process and have significant impacts on the ecological
processes by altering the soil erosion patterns and land cover [3]. These ecological processes
directly affect the accumulation and migration of the chemical contaminants [4]. One of
the most important concerns is potentially toxic elements (PTEs) because of their toxicity,
persistence, and non-degradability in nature [5–10]. Zhang et al. [5] found that PTEs
are mainly accumulated in the top 0–20 cm of surface soil and easily migrate to human
environments. Through the use of chemical fertilizers, compost and manure, and pesticides
and herbicides, along with atmospheric deposition and natural contributions, the PTE
loads in slope arable soil have been increased substantially, not only affecting the safety
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of agricultural products, but also the ecosystem of the whole watershed through soil
erosion [6–9].

Southwest China has a humid subtropical monsoon climate, with relatively high
annual precipitation (800–1600 mm), which often results in much soil erosion [11]. Besides,
strong chemical dissolution from carbonated rocks form karst topography and accelerate
the downward leakage of surface water. When scoured by high intensity rainstorms, the
surface soil layer with low water content and loose soil is easily to lose. The area also
suffers from high PTEs contamination. Current and historical mining has resulted in much
PTE (Sb, As, Hg, Cr, Zn, Cd, Pb and Cu) contamination in soils [12,13]. Moreover, it
was also found that soils in southwest China often have high geochemical background
levels of PTEs, including Cd, As, etc., as a result of higher PTE contents in carbonate
bedrock, which easily becomes weathered [14,15]. Generally, it is necessary to use soil
background values to judge whether a specific soil is polluted in soil environmental
management [16]. The provincial level geochemical background is always preferable for
risk assessment rather than using regional/local level geochemical background/standards.
However, due to the adverse terrain and geological conditions, the soil in Southwest China
is often heterogeneous. Based on regional-scale mapping, Sahoo et al. [17] determined the
geochemical background values in soils of the Itacaiúnas River Basin (Brazil), and claimed
that site-specific geochemical background must be considered for the accurate evaluation
of anthropogenic contamination. A recommended methodology was also issued by the
Ministry of Ecology and Environment of China (the statistics of regional environmental
background content of soil, HJ 1185—2021) for determining local geochemical background,
which was used in this study. Due to limitations imposed by labor costs, most studies
have covered large-scale contamination by several PTEs, especially in regions polluted
by heavy industry, such as the Yangtze River delta [18] and the Pearl River Delta [19].
Several studies have analyzed the pollution of PTEs in river basins, which are the main
agricultural and industrial areas [20]. Current studies about slope arable land mainly
focus on soil erosion and loss of nutrients (phosphorus and nitrogen), but the knowledge
about PTEs contaminating watersheds via soil loss is limited [21–23]. Very few studies
have attempted to study the soil contamination, watershed-scale distribution, and risk
of PTEs in a small mountain watershed in Southwest China, although the region is often
considered have a high geological background level of PTEs. With the development of
agricultural practices in sloping land, the input of PTEs to the soil is increasing. Thus, such
ecological environments will be destroyed, and the risk of PTE loss with soil erosion will
increase [9]. It is of great significance to study the spatial distribution and loss risks of PTEs
in soils to preventing crop pollution and maintaining soil and water quality. However, the
watershed-scale distribution and loss risk assessment of PTEs from slope lands to dam
fields are ignored so far, and the knowledge about the content, distribution and loss risk of
PTEs is deficient in these small mountain watersheds.

In order to develop specific theory and provide data to support for the protection of
small watersheds in Southwest China, three issues must be clarified: How the distribution
of PTEs in the farmland in a small watershed is closely related to the potential sources of
contamination. How do different crops affect the accumulation of PTEs in soil? Will the
current status of PTEs, and their loss in relation to soil erosion, affect the regional water
environment? We took the Caidi River Watershed, a typical small watershed where a
drinking water reservoir is under construction, in Guizhou Province, China, as the study
subject. Based on surveys and geographic statistical analysis, the contents, distribution
characteristics, and loss risks of 12 PTEs in different land types, especially cultivated land,
were studied. This study aims to provide basic data for the treatment of agricultural
non-point source pollution in small watersheds and the safety of downstream reservoirs.
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2. Materials and Methods
2.1. Study Area and Sampling

The Caidi River Watershed, located in the SW of Duyun City, Guizhou Province in
China, belongs to the slope zone from Guizhou Platea to Guangxi hills. The total area of
the Caidi River Watershed is approximately 200 km2. The Caidi River has a total length
of 45 km with a natural drop of about 700 m and is a rain-source river in mountainous
areas. The study area comprises limestone, dolomite, quartz sandstone, shale, marl,
clayey siltstone and calcareous shale. There are several soil types within the Caidi River
Watershed: zonal yellow soil and non-zonal lime soil, paddy soil and a small amount
of fluvo-aquic soil, mountain yellow brown soil, purple soil, red soil, of which yellow
soil is the most widely distributed. The main types of landforms are eroded landforms,
with local eroded, dissolution landforms, and eroded valley landforms. There are warm
conifers and evergreen or deciduous broad-leaved trees, with vegetation coverage of 40%.
The main cultivation activities within the watershed are mainly for rice, corn, and tea
crops. According to the slope information extracted from the digital elevation data (DEM)
provided by the Geospatial Data Cloud (https://www.gscloud.cn, accessed on 30 May
2021), more than 90% of the area has slope gradient >5◦, with more than 50% greater
than 15◦. In addition, there is a reservoir under construction in the lower reaches of the
Caidi River Watershed (with a storage capacity of about 40 million m3) to supply water to
downstream towns and the irrigation of farmland.

Sampling points were randomly arranged according to the regional topography and
arable land types, and a total of 101 topsoil samples (0–20 cm) were collected, including
40, 41, 4, 9, and 5 samples from paddy field, corn field, tea plantation, other arable land,
and forest land, respectively (Figure 1). When sampling, each sample was a mixture of
5 collections, stored in clean polythene bags and then transported to the laboratory. In the
laboratory, soils were air dried, crushed and passed through 10-mesh (2 mm) nylon sieve
to remove stones, coarse material, and other debris before analysis.

2.2. Laboratory Analysis

The pH values of soil were measured with a pH meter (FE-20, METTLER TOLEDO,
Columbus, OH, USA) according to the potentiometric method with the water-to-soil ratio
of 1:2.5. Particle size distribution in soil was determined by laser particle size analyzer (BT-
9300Z, Bettersize, Dandong, China). The total organic carbon (TOC) was measured with
the method of Soil-Determination of organic carbon—Combustion oxidation nondispersive
infrared absorption method (HJ 695–2014). The Hg content was detected by mercury
analyzer directly on dry solids (Mile Stone, DMA80, Bergamo, Italy). For other elemental
analysis, the samples were ground through 200-mesh (0.075 mm) nylon sieve and then
digested (6 mL HNO3, 3 mL HCl, 2 mL HF) with a microwave digester (Multiwave PRO,
Shanghai, China). The content of Cd, Co, Cu, Cr, Ni, Pb, Zn, V, As, Mo and Sb were
measured using inductively coupled plasma-mass spectrometry (ICP-MS, PE, NexIon 300X,
Irving, TX, USA).

2.3. Establishment of Threshold Background Values and Enrichment Assessment

Considering that Guizhou Province located in a typical high geological background
area [5], over/underestimation of level of PTEs contamination is likely using the back-
ground values (province-scale BVs) of Guizhou Province [24]. Therefore, background
values based on the PTE data from soil surveys in this watershed (local BVs) were also
calculated by the statistical calculation of local background values (HJ 1185–2021), which
includes the acquisition of the environmental background data of the sampled local soils,
data processing (test of distribution types, identification, and processing of outliers), and
then data statistics and characterization.

https://www.gscloud.cn
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The calculation results and characteristics of the calculated background values are
shown in Table S1. Both province-scale BVs and local BVs were used as background values
to participate in the following evaluation of the PTEs enrichment and ecological risks in
the soil, and comparisons were also made.

Introduced by Müller [25], geo-accumulation index (Igeo) is a commonly used assess-
ment model for assessing PTEs pollution in soils using Equation (1):

Igeo = log2[Ci/(k × Bi)], (1)

where Ci is the content of measured metal “i” in the samples, Bi is the background content
of the metal “i” employing the background content in soils. The k is a constant valued
1.5 acting as the background matrix correction due to lithospheric effects to minimize
the variation of background values. The index of geo-accumulation consists of seven
classifications: unpolluted (<0), unpolluted to moderately polluted (0–1), moderately
polluted (1–2), moderately to severely polluted (2–3), severely polluted (3–4), extremely
severely polluted (4–5), and extremely polluted (>5) [26].

The potential ecological risk index (RI) was developed to assess ecological risks from
the elements in sediments [27]. In this study, it was used to estimate the ecological risk of
PTEs flushed from soil to the watershed. The methodology is based on the assumption
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that the sensitivity of an aquatic system depends on its productivity and can be calculated
by Equations (2)–(4):

Ci
f = Ci

D/Bi, (2)

Ei
r = Ti

r × Ci
f , (3)

RI = ∑m
i=1 Ei

r, (4)

where Ci
f is the contamination factor; Ci

D is the metal content in soil; Bi is the background

value which is also used in the Igeo calculation aforementioned. Ti
r is the toxic response

factor for a given metal: for Cd, Cu, Cr, Pb, Zn, As, Hg and Sb, the factors are 30, 5,
2, 5, 1, 10, 40 [28], and 7 [29]. Ei

r is the potential ecological risk of single PTE, which is
graded as: low (Ei

r < 40), moderate (40 ≤ Ei
r < 80), considerable (80 ≤ Ei

r < 160), high
(160 ≤ Ei

r < 320), or very high (Ei
r ≥ 320); RI is calculated as the sum of potential risk of

single PTE, and classified as low risk (RI < 150), moderate risk (150 ≤ RI < 300), considerable
risk (300 ≤ RI < 600), or very high risk (≥600).

2.4. Calculation of Soil Erosion and PTE Loss

The amount of soil erosion within the Caidi River Watershed was evaluated on the GIS
platform based on the Revised Universal Soil Loss Equation (RUSLE) [30]. The RUSLE was
developed from the Universal Soil Loss Equation (USLE) [31], which considered rainfall,
soil erodibility, topography, cover management, and support practice as important factors
affecting soil erosion (Equation (5)). In this study, Arc GIS was used to establish a basic
database, and the Raster Calculator module was used to perform graphical operations to
realize water erosion prediction and erosion intensity evaluation. The potential amount of
soil erosion (AP) was also calculated, which refers to the average annual soil loss when
there is no vegetation cover and soil erosion control measures (Equation (6)) [32]. The
amount difference between potential soil erosion and soil erosion under current land use
or cover condition is the amount of soil retained by the control measures (soil retention). In
addition, we used the empirical model of spatial distribution, ratio of sediment delivered
(SDR), and measured contents of PTEs to calculate the sediment yields (Equation (7)) [33]
and the amounts of PTEs exported to the river along with soil erosion (Equation (8)) [34].
The method based on RUSLE and SDR can calculate the lost soil flux, the regional source of
the sediment yield, and evaluate the impacts of land use types, water, and soil conservation
measures on the erosion modulus and sediment yield [35,36].

A = R × K × LS × C × P, (5)

AP = R × K × LS, (6)

S = A × SDR, (7)

Qi = A × SDR × Ci × 10−6, (8)

where A refers to annual soil loss (t/(hm2·a)); AP refers to potential amount of soil erosion
(t/(hm2·a)); S refers to sediment yield (t/(hm2·a)); Qi refers to annual soil loss of PTEs
(kg/(hm2·a)); R refers to rainfall erosivity factor (MJ·mm/(hm2·h·a)) [37] and the rainfall
data was obtained from http://data.cma.cn (assessed on 30 May 2021); K refers to soil
erodability factor (t·h/(MJ·mm)) [38]; LS refers to slope length factor × slope steepness
factor [39,40]; C × P refers to cover-management factor (C) × supporting practices (P) [41],
the land use data were acquired from National Geomatics Center of China (http://www.
globallandcover.com, accessed on 1 June 2021) and field survey; Ci refers to content of
PTEs (mg/kg) in soil; SDR refers to sediment delivery ratio [42].

2.5. QA/QC

The quality assurance and quality control (QA/QC) procedures were performed
by setting blank and quality control samples for each batch of soil sample. Laboratory

http://data.cma.cn
http://www.globallandcover.com
http://www.globallandcover.com
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contamination was not detected during analysis according to the low content (less than
detection limit) in reagent blanks. The standard materials of GBW07455 (GSS-26) and
GBW07453 (GSS-24) were set as references for quality control in the digestion process and
the recovery rates were 80.6%–89.1% and 81.0%–89.4%, respectively. The standard reference
material of Hg (ESS-3, GSBZ50013-88), from the China National Environmental Monitoring
Centre, was analyzed, and the recovery was in the range of 93.4%–112%. In the process of
PTEs content analysis, replicates were measured every 5 samples, and the relative error was
≤10.7%. Duplicates were made for all Hg analysis with RSD ≤ 12.6%. When determining
by ICP-MS, each sample was analyzed 3 times, and the relative standard deviation was
≤11.8%. For trace elements analysis, internal standards, including Ge (10 µg/L), In
(5 µg/L) and Bi (5 µg/L), were particularly introduced to the sample stream vis a T-piece
to correct the matrix differences between the calibration standards and samples, so that the
accuracy of the results can be largely improved.

2.6. Statistical Analysis

Statistics analysis and mapping of data were carried out by using Excel 2019 (Microsoft,
Redmond, WA, USA) and SPSS 26.0 (IBM, Chicago, IL, USA) and Origin 2018 (Origin Lab,
Northampton, MA, USA). ArcGIS 10.6 (ESRI, Redlands, CA, USA) was utilized to describe
the spatial distribution and the calculation of soil erosion and loss of PTEs.

3. Results
3.1. Physicochemical Properties and Content of PTEs in Soil

Table S2 shows the pH values, particle sizes, and total organic carbon (TOC) content of
the soil samples collected in the Caidi River Watershed. The sampled soils were generally
weakly acidic, with pHs from 4.56 to 8.04 and an average value of 6.37. The soil textures
were mainly silty loam and sandy loam. The TOC content of soil samples were between
9.79–82.83 g/kg, with an average of 36.24 g/kg.

Table 1 shows the contents, background values (both province-scale BVs and local
BVs), and comparisons of the 12 PTEs in the soil samples: the average contents of Cd,
Co, Cu, Cr, Ni, Pb, Zn, V, As, Mo, Sb, and Hg were 0.4, 5, 14, 33, 13, 20, 67, 51, 11,
1, 4.3, and 0.34 mg/kg, respectively. The coefficient of variation (CV) order of PTEs is:
Sb > Hg > As > Zn > Mo > Cd > Co > Ni > Cu > V > Cr >Pb. Particularly, Sb and Hg
have larger coefficients of variation (2.58 and 1.73), whose content ranges are 0.6–92 and
0.01–3.62 mg/kg, respectively, indicating that the two metals may have local pollution.

Relatively high Sb, Hg, Cd, As, Zn were generally found in Caidi River Watershed.
The average contents of Sb and Hg exceed the corresponding province-scale BVs, which
were 1.9 and 3.1 times of the corresponding province-scale BVs, while the other metals
are below province-scale BVs. The maximum contents of the tested metals (except Co)
exceed the corresponding province-scale BVs. The maximum values of Sb and Hg are
signifi-cantly 41 and 33 times that of province-scale BVs, and Zn, As and Cd are 4.2, 3.2
and 2.3 times that of province-scale BVs, respectively. As to local BVs, the average contents
of Sb and Hg are 2.7 and 1.8 times that of local BVs, and the average contents of other
metals are slightly higher. The maximum values of Sb and Hg are 58 and 21 times that
of local BVs, and Zn, As, Mo, Cd, Ni and Cu are 6.3, 7.9, 5.5, 4.7, 4.7 and 4.3 times that of
local BVs, respectively. There are 44% of sites where Cd exceeds risk screening value (RSV)
(GB 15618-2018), and the average Cd content also exceed the risk screening value of Cd.
There are 2, 4 and 6 sites where Zn, As and Hg exceed the corresponding risk screening
values. The contents of Cr, Ni, Cu and Pb do not exceed the risk screening values in all
the sites. Cd content in soil of this study is higher than the average values of the two
provinces (Jiangsu and Zhejiang) in the Yangtze River Basin of China [43], which have
generally considered as heavily contaminated by PTEs from industries, but lower than
the province-scale BV and other areas in Guizhou provinces, such as the Caohai Wetland
area [44] and soil samples from other mining areas [45]. The average contents of Cd, Hg
and As in this study (0.4 mg/kg, 0.34 mg/kg and 11 mg/kg) are higher than the average
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values of Chinese soils measured in the past 20 years, while the average values of Cu, Cr,
Ni, Pb and Zn are lower [46].

Table 1. Total contents of potentially toxic elements in soils from Caidi River Watershed and values from other stud-
ies (mg/kg).

Cd Co Cu Cr Ni Pb Zn V As Mo Sb Hg

Max 1.5 15 53 102 55 56 419 169 65 3.1 92 3.6
Min 0.1 1 2 14 2 10 8 25 0.2 0.2 0.6 0.01

Mean 0.4 5 14 33 13 20 67 51 11 1.0 4.3 0.3
SD 0.22 2.82 6.87 11.65 6.86 6.17 50.14 18.81 9.79 0.42 11.03 0.59
CV 0.59 0.58 0.50 0.35 0.53 0.31 0.75 0.37 0.89 0.64 2.58 1.73

Province-scale BVs [28] 0.66 19.2 32 95.9 39.1 35.2 99.5 138.8 20 2.4 2.24 0.11
Local BVs 0.32 4.07 12.36 31.88 11.6 19.25 66.53 47.91 8.2 0.56 1.60 0.17

RSVs (paddy field) * 0.4 - 150 250 70 100 200 - 30 - - 0.5
RSVs (other land types) * 0.3 - 50 150 - 90 - - 40 - - 1.8

China [46] 0.19 - 25.81 67.37 27.77 30.74 85.86 8.89 0.07
Farmland soil in China [46] 0.18 - 25.73 66.81 27.67 30.24 83.87 8.45 0.07

Zhejiang Province [43] 0.23 - 23.96 47.84 21.31 36.79 91.39 - - - - 0.12
Jiangsu

Province [43] 0.18 - 29.68 71.49 29.68 28.8 75.87 - - - - 0.07

Caohai Wetland [44] 2.68 - 24.9 89.7 - 22.4 163 - - - - 0.2
Soil in a coal mine zone [45] 1.09 - 134.09 173.63 64.89 240.61 - - 477.58 - - 0.71

* Risk screening values (RSVs) refer to the limit values when the pH is 5.5–6.5 regulated in Soil Environmental Quality—Risk Control
Standard for Soil Contamination of Agricultural Land (GB 15618–2018). “-” means no data.

The geo-accumulation index (Igeo) was calculated and classified based on both province-
scale BVs (open circle) and local BVs (closed circle), separately, as shown in Figure 2. The
pollution status is: Hg > Sb > Zn > Pb > Cd > As > Cu > V > Cr > Ni > Mo > Co. More
than 60% of sites were contaminated by PTEs to different extents (Igeo > 0), among which
about 22% and 10% of sites were moderately to strongly contaminated (Igeo > 1) by Hg and
Sb, respectively. According to the calculated local background values of Igeo, the level of
contamination is generally higher than what was found in Guizhou province-scale BVs,
except for Hg. Taking Cd as an example, when calculating the background value based on
the local samples, the numbers of slightly polluted and moderately polluted sites increase
by 15 and 2, respectively. Similarly, the evaluation of Sb has also changed greatly: the num-
bers of sites showing serious pollution, moderate pollution, and light pollution increase by
1, 2, and 6, respectively. This result implies that variability in background values of PTEs in
southwest China is significant, which may lead to biases in assessment result.

3.2. Spatial Distribution of PTEs and Effect of Land Use

Figure 3 shows the spatial distributions of PTEs in the Caidi River arable soils. The
variations in distribution among different PTEs indicate the impacts of sources on the spatial
distributions of PTEs. Hg and Sb show obvious partial enrichment trends concentrated
in the SW area near Jiangzhou Town. The sites with high contents of Zn, Pb, and Cd
are generally located in the east of the watershed and the upper reaches of the reservoir.
Cd and Pb also have higher contents in the downstream and western area, presenting
a characteristic of widespread pollution. The highest content of As is in the SW of the
watershed, and there are also high contents in the northern area and the upper reaches of
the reservoir.

It is worth mentioning that there are obvious enrichment areas for Sb, whose content
is much higher than that of local BVs. At present, there are few studies on antimony in the
soil in southwestern China, and most of them are associated with mining activities [45,47].
Although the Sb concentrations we found were less than those found the soil near mining
areas in previous studies [48,49], the still high Sb concentrations may be attributed to a
mercury and antimony ore field to the south of Jiangzhou Town.
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land types are relatively close. The average contents of metals that pose high potential
ecological risks, such as As, Sb, and Hg, in dry land are significantly higher than those in
paddy fields. The order of Sb content by land type is: corn field > paddy field > vegetable
field > tea plantation > forest land. The average Sb content in corn fields was 6.4 mg/kg,
and the contents in soils from other land types did not exceed 3 mg/kg. The Hg contents
in the corn fields and tea plantations were higher than those in the paddy fields, vegetable
fields, and forest land. Meanwhile, the average content of Cd in the paddy fields was
slightly higher than in the other types of land. The average As content in the paddy fields
was 8.19 mg/kg, which was much lower than that in the corn fields (14 mg/kg); there was
a significant difference in the As content between the soils of the two crops (p < 0.01).

Table 2. The PTE contents in soils from different types of land in the Caidi Watershed (mg/kg).

Dry Arable Land Paddy Field Forest Land

Metals Corn Field (n = 41) Vegetable Field (n = 9) Tea Plantation (n = 4) Paddy Field (n = 40) Forest Land (n = 5)

Cd 0.4 (0.1–1.5) 0.3 (0.2–0.4) 0.2 (0.1–0.4) 0.4 (0.1–0.8) 0.3 (0.1–0.4)
Co 6 (2–15) 3 (1–6) 4 (2–6) 5 (2–13) 2 (1–3)
Cu 14 (6–53) 12 (8–17) 9 (5–13) 14 (7–38) 11 (2–30)
Cr 32 (14–71) 33 (22–51) 44 (26–51) 32 (19–52) 46 (20–102)
Ni 13 (6–32) 9 (6–17) 12 (7–17) 13 (6–28) 15 (2–55)
Pb 20 (11–40) 19 (17–28) 21 (10–28) 20 (11–56) 17 (10–28)
Zn 68 (15–292) 52 (29–74) 42 (12–63) 73 (31–419) 49 (8–92)
V 50 (25–97) 51 (312–77) 63 (33–77) 48 (26–88) 75 (38–169)
As 14 (3–65) 8 (0.2–18) 14 (5–18) 8 (1–22) 10 (6–17)
Mo 0.7 (0.2–3.2) 0.6 (0.3–1.4) 0.9 (0.3–1.4) 0.5 (0.2–1.4) 1 (0.8–1.6)
Sb 6.4 (0.6–92) 2.7 (1.1–6.8) 2.4 (0.8–3.2) 2.9 (0.6–33.6) 2.1 (1.4–4.0)
Hg 0.44 (0.02–3.62) 0.26 (0.07–0.62) 0.45 (0.03–0.62) 0.26 (0.01–2.09) 0.24 (0.05–0.42)

“n” means number of soil samples of each land type.

In this study, there was significant difference in soil particle size between the paddy
fields and corn fields. The soil from dry land had a higher clay percentage (p < 0.05),
indicating more adsorption of PTE cations. Different cultivation practices may also affect
PTEs’ enrichment. The study by Tu et al. [50] reported that most of the PTE content in paddy
field soil was higher than that in dry land soil, and the reason may be that paddy fields
receive much more organic fertilizer and less soil erosion, and thus more accumulation.
However, a longer farming history and more phosphate fertilizer in dry arable land could
also result in a higher accumulation of PTEs in dry land than paddy fields [51]. In this
study, it was found that the amount of fertilizer applied to the paddy fields in the study
area was less than that to the dry land, which also explains the slightly lower PTE content
in paddy soils.

3.3. The Soil Erosion and the Risk of PTE Loss

An analysis of soil erosion and the risk of PTEs carried by soil flow into the watershed
was conducted in order to explore the impact of the PTE loss on the regional aquatic
environment. The average soil erosion risk of the Caidi River Watershed is 0.28 t/(ha.a),
implying slightly erosion in this area with reference to the Chinese standard for classifi-
cation and grade of soil erosion (SL 190–1996) [52]. For further exploration the impact of
human activities and crop types on soil erosion—that is, the soil loss under current land
use/cover conditions—we unified the corn, tea, and vegetable fields as dry arable land,
and divided it into sloped dry land (slope > 6◦) and flat dry land (slope < 6◦), and then
calculated the soil loss, potential soil loss, and soil retention of each land type (Table 3).
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Table 3. The soil erosion of different land types in the Caidi River Watershed.

Land Use Type Area
Proportion

Soil Erosion
Risk

Annual
Soil Loss

Potential
Soil Loss

Soil
Retention

% t/(ha.a) t/a t/a t/a

Paddy field 14.2% 0.02 36 14,173 14,138
Dry arable land

(slope ≤ 6◦) 3.8% 0.69 410 2464 2054

Dry arable land
(slope > 6◦) 10.2% 2.03 3235 11,331 8096

Forest land 67.2% 0.05 535 89,095 88,561
Grassland 4.6% 0.27 194 3241 3046

Total 4410 120,305 115,896

Among the different types of land in the watershed, forest land accounts for the largest
proportion (67.2% of the area), followed by paddy fields, dry arable land (slope > 6◦),
grassland, and flat dry arable land (slope < 6◦). Dry arable land (slope > 6◦) has the
largest erosion intensity and erosion flux of 3.235 t/a apparently, despite its relatively small
proportion in the area. The forest land has an erosion flux of only 535 t/a, resulting from
the low erosion intensity, despite accounting for the most potential erosion. The paddy
field has the smallest erosion rate (36 t/a). The amount of soil conservation is the difference
between the potential and current soil erosion, i.e., the amount of soil erosion reduced due
to vegetation coverage and the implementation of land management measures [35]. The
calculated soil conservation of the Caidi River Watershed accounts for 96.3% of the total
potential erosion, which is significantly higher than 63.6% in the Loess Plateau [31]. This
may result from the large percentages of forest land and paddy fields. From the perspective
of soil conservation, paddy fields have the best soil conservation effects compared with
other types of land use. Table S3 lists the PTE loss intensities of different types of land. The
intensity of PTE loss in dry arable land (slope > 6◦) is the highest, followed by dry arable
land (slope ≤ 6◦). Grassland has a higher PTE loss intensity than forest land. Paddy field
has the lowest PTE loss intensity.

A comparison of the annual losses of PTEs in different types of land is shown Figure 4.
The annual loss in dry arable land (slope > 6◦) accounted for 61.5%–70.3%, while the
annual loss in dry arable land (slope ≤ 6◦) and forest land accounted for approximately
12.5%–17.3% and 12.8%–18.0%, separately. The annual loss of metals in paddy fields was
the least, only 1.0%–1.5%. It can be concluded that from the loss view, paddy fields with
the lowest loss intensity and annual contributions of PTEs may delay the risk of PTE loss
from soil erosion to the downstream. Nonetheless, PTEs could accumulate in a paddy field
during agricultural activities and then enhance the ecological risk and the health risk from
another pathway.
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Figure 5 shows potential ecological risk of PTEs in Caidi River Watershed. RI in all
sites range from 18 to 1455, with an average value of 167. 16 sites have moderate potential
ecological risk (RI > 150), and 9 sites show high or very high potential ecological risk
(RI > 300). The order of potential ecological risk of single PTEs is: Hg > Sb > Cd> As> Pb >
Cu > Cr > Zn. The potential ecological risk of Hg, in particular, exceeds 40 in more than
half of the sites, and 7% of the sites present very high risks. In general, Cu, Cr, Pb and Zn
have lower potential ecological risks. The metals that contribute the most to RI are Hg (in
94 samples), Cd (in 4 samples) and Sb (in 1 sample). The potential ecological risk of Hg in
each site has good consistency with the corresponding RI (R2 > 0.98). Similarly, increases
have seen in the ecological risks of most PTEs when calculating with local BVs.
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4. Discussion
4.1. Importance of Using Local Background Value for PTE Risk Assessments

The PTE background content in soil is confined relative to time and space, and
reflects the underlying geology and soil formation processes [53,54]. There is an important
metallogenic zone (Sandu-Danzhai) southeast of the study area, which leads to high PTEs
contents in both bedrock and soils generated from it [55]. Previous study has found
that Cd exhibits the largest ecological risk in the Yungui region, which can be mainly
attributed to the high geological background values in this area [56]. Study has also shown
that the average contents of Cd, Pb, and As in soils were recently 0.577 ± 0.690 mg/kg,
35.5 ± 36.0 mg/kg, and 19.7 ± 17.1 mg/kg, without obvious anthropogenic input, in the
paddy soils of Guizhou Province [14]. Due to the significant variability in natural PTEs
distribution, a single threshold value of background content calculated on the provincial
scale can potentially over/underestimate PTE enrichment in soils. According to statistics
from 1990, the mean cadmium content in soil in Guizhou was 0.66 mg/kg, which is
far higher than the national mean content of 0.097 mg/kg [24], and is also significantly
higher than the limit of the risk screening value for soil contamination of agricultural
land (0.4 mg/kg, when 5.5 < pH ≤ 6.5) stipulated in the Soil Environmental Quality Risk
Control Standard for Soil Contamination of Agricultural Land (GB15618–2018). In this
study, the local background value of Cd was 52% less than the province-scale BV which
was calculated on a 595 km × 509 km grid covering more than 17 million hectares. It
is obvious that if the widely accepted and province-based BV serves as the background
value of Cd (0.66 mg/kg) in this area, it will bring about relatively small and conservative
conclusions to the assessments of metal accumulation and risk evaluation. This can also
happen with the other 10 PTEs, except for Hg, as the local BVs are 28% to 79% less than the
regional background values (province-scale BVs). Hence, when conducting soil PTE risk
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assessments in relatively clean and small watersheds within areas with high background
values, if province-scale BVs (mostly higher regional background values) are used as
background values in the calculations, the evaluation results for agricultural health risk
analysis and water quality safety assurance could be unscientific and worthy of revision.

This study used local BVs to eliminate the aforementioned bias. Similarly, for the
drinking water source protection zone whose risk assessment is extremely strict, the setting
of background values, as a key component of assessments of local PTE ecological risks,
has a significant impact on the potential risk assessment results. For a PTE presenting a
potential risk in analogous area, if a higher background based on a provincial value is
adopted, the risks of these elements may be underestimated unintentionally.

Comparing the results calculated based upon the two background values, the potential
ecological risks of single metals (except for Hg) obtained by local BVs were elevated, as
were the corresponding ecological hazards. In this study, the number of sites with moderate
ecological risks of As in the sites rose by four; meanwhile, the increments in sites with
strong and moderate Cd ecological risks were 2 and 20 separately, indicating that using
local BVs are more likely to find out the potential risk source. In summary, local/regional
background values established on a more detailed/small scale should be used in study
areas with peculiar geology, e.g., karst tomography in Southwest China, because of their
high variability of natural/geogenic PTE distribution, when conducting pollution analyses
and ecological risk assessments.

4.2. Risk of PTE Loss from Soil within a Watershed

In the research on slope arable land in mountain watershed, one of the hotspots is soil
loss and its impact downstream. In previous studies, the main concerns was the soil erosion
rate of slope arable land and the corresponding losses of nutrients and organic matter in the
soil [21,54]. However, little attention has been paid to PTEs that migrate with soil erosion.
In the process of soil erosion by water in slope arable land, PTEs are strongly adsorbed
to soil particles and colloids, for instance, organic matter, and clay, and thus often move
with fine particles and carbon in the soil, which in turn causes PTEs to accumulate in the
downstream sediments. Quinton et.al. found that the content of PTEs in sediments can be
up to 13.5 times those in the parent soils due to erosion events, through field observations
over a period of six years, and pointed out that erosion could enrich the detached materials
in silt, clay, and organic carbon, especially in smaller erosion events [57]. Accordingly, it is
necessary to study the erosion and loss of PTEs in the soil of slope arable land.

Due to disparities in the vegetation, tillage, irrigation, and other practices, the level
of soil erosion varies among areas with different land uses. Compared with forest land
and grassland, the soil erosion of arable land is often much more serious [58–60]. The
calculation of soil loss in the Caidi River Watershed found that the soil loss of dry slope
farmland is much higher than in the other types of land. Growing rice on sloped farmland
is a common practice in southwest China. In this study, although dry slope farmland
had the strongest soil erosion and largest metal loss, the amounts of soil loss and PTE
loss in paddy fields were relatively low. It can be deduced that growing rice on sloped
farmland has decelerated the loss of PTEs into the watershed to a certain extent. However,
considering the rotation of rice and corn in regional planting, the content, distribution, and
loss of PTEs in the two types of land are also worthy of attention.

The analysis of PTEs in different land types showed that PTEs with higher risks, such
as Cd, As, Ab, and Hg, present higher contents in dry arable land and paddy fields than in
forest land, indicating that agricultural activities have possibly resulted in the accumulation
of PTEs in arable land. Furthermore, it was found that this accumulation is continuous [61].
Obviously, the accumulation of PTEs caused by agricultural activities on slope arable
land, under the influence of rotations in land use and crop types, would accompany the
soil loss and then pose risks to the in river-reservoir system downstream. Shown in the
spatial distribution of PTEs in the Caidi River Watershed, although mainly distributed in
the upper reaches of the reservoir, higher contents of As and Cd may have an impact on



Minerals 2021, 11, 1422 13 of 16

the accumulation of PTEs in the reservoir downstream under the effects of agricultural
activities and erosion. Consequently, the control of agricultural activities in the area should
be strengthened.

In addition, more than half of the Caidi River Watershed is forest land, which is
inaccessible and less managed. The organic carbon input with plant litter and root exudates
will significantly increase the soil organic carbon of forest land [62], and the increase in soil
organic matter has a direct impact on the adsorption and enrichment of PTEs [63,64]. In
view of the high geological background of the watershed, PTEs may also accumulate in the
forest soil, and then migrate with water and soil erosion. Therefore, the accumulation of
PTEs in the forest land should not be ignored either.

5. Conclusions

This study investigated the spatial distribution, level of contamination, and loss risks
of 12 PTEs in different types of land in the Caidi River Watershed in southwest China. The
results found that there is significant enrichment of Sb, Hg, Cd, Zn, and As in the soils;
Hg and Sb were at high levels in farmland soils. In particular, attention should be paid to
the relatively high accumulation of elements such as Sb, Hg, Cd, and As. The high level
of Cd in the soils, which is above the risk screening level, were widely distributed. High
contents of As and Cd were found in the upstream area, which may have an impact on the
water quality of the reservoir downstream. The potential ecological risk analysis showed
that Sb, Cd, and As present moderate or even strong ecological risks in some areas. The
arable land in the watershed, especially the dry slope land, showed the most loss of PTEs,
much more than the forest land (the largest proportion of land). The dry arable land is the
main source of PTE loss in the watershed. Although the loss of PTEs in paddy soil was
the smallest, the continuous accumulation of PTEs caused by agricultural activities should
attract more attention. In addition, this study showed that when investigating the pollution
and ecological risks of an area with high geological background levels, it is necessary to
reexamine and analyze the regional background values and evaluate the erosion risk in
relation to PTEs in the soil. Furthermore, strengthening the management of agricultural
activities in arable land, especially the dry slope land, is necessary to reduce the loss of
PTEs in farmland soil.
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