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Abstract: Heavy metals in soil are in a high background state in Karst areas, and agricultural
activities will affect the bioactivity of heavy metals. The heavy metal (Cd and Cr) bioactivity and their
activation effects in rice-rape rotation lands in Karst areas were studied based on field experiments
and laboratory analysis, and the influencing factors of heavy metal activity were analyzed based
on the physical and chemical properties of soil. The results suggest that the residual fraction was
the largest and the exchangeable fraction was the smallest for both Cr and Cd in rice-rape rotation
lands in Karst areas. During the rice-rape rotation process, Cd and Cr tended to be released from the
residual fraction and transformed into the other four fractions. The fractions with high bioactivity,
including the exchangeable fraction and carbonate fraction, increased to different degrees. Rice-rape
rotation could activate the activity of soil Cd and Cr in Karst areas. It is also revealed that the
activity of soil Cd and Cr in Karst areas was closely associated with soil pH and electric potential
(Eh). In the 0-20 cm soil layer, Cr showed a significant negative correlation with pH (r = —0.69,
p < 0.05), while both Cr and Cd showed significant negative correlations with Eh, and the correlation
coefficients were —0.85 (p < 0.01) and —0.83 (p < 0.01), respectively. In the 20-40 cm soil layer, Cr
showed significant negative correlations with Eh, and the correlation coefficient was —0.95 (p < 0.01).
No significant correlation between the activity of soil Cd and Cr and soil mechanical composition
was observed. This study revealed that special attention should be paid to changes in pH and Eh in
consideration of heavy metal activity in the rice-rape rotation process.

Keywords: rice-rape rotation; soil heavy metals; speciation change; bioactivity; Karst

1. Introduction

Cultivated land resources are fundamental materials for human survival and develop-
ment, and they are nonrenewable resources [1]. China’s cultivated land area is 122 million
hectares, and the world’s existing cultivated land is 136,911 million hectares. China’s
cultivated land area accounts for 7% of the world’s existing cultivated land area. In China,
cultivated land resources are limited, and reserve resources are insufficient [2]. The per
capita occupancy of cultivated land resources is far below the average level of the world.
Since the 1950s, the production performance and utilization value of soil have been de-
clining due to the rapid development of modern industrial and agricultural production,
the large application of pesticides and chemical fertilizers, and the continuous invasion of
atmospheric dust and sewage on farmland [3]. The degradation of farmland soil quality
is a serious threat to food security. Recently, many countries have carried out studies
concerning soil quality protection measures and technologies [4]. However, the effect of
these efforts is not obvious, and feasible methods are still in the research process [5].
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Soil is the foundation of all agricultural activities [6]. Cadmium (Cd) and chromium
(Cr) are common heavy metal elements in farmland soils [7]. They may cause various de-
grees of damage to human tissues and organs via their bioconcentration, bioaccumulation,
and biomagnification in food chains [8]. The accumulation of Cd in the human body may
lead to teratogenic, carcinogenic, and mutagenic diseases, and the accumulation of Cr may
lead to carcinogenic, allergic dermatitis or eczema [9,10]. The total contents of heavy metals
in soils can only present the accumulation information of heavy metals in soils, and they
cannot be used to predict and evaluate the environmental effects and bioavailability of
heavy metals in soils [11]. The proportion of different species of soil heavy metals directly
affects the migration, transformation and biological toxicity of heavy metals in soils [12].
In addition, the bioavailability of soil heavy metals mainly depends on their speciation and
proportion [13]. The composition of soil is complex, and various factors are associated with
the complex and diverse speciation of heavy metals in soils [14]. Soil texture affects the
permeability and water content of minerals of different particle sizes and then affects the
forms of heavy metals in soil [15]. Soil pH is one of the important physical and chemical
properties of soil and plays an important role in the activity of soil microorganisms and
the synthesis of organic matter. Soil pH affects the speciation of heavy metals by affecting
the soil charge environment, changing the equilibrium point of adsorption-desorption and
precipitation-dissolution. Soil organic matter plays an important role in the transformation
of different forms of heavy metals in soil [16].

There is currently no uniform definition or analysis method for heavy metal speciation
in soils [17]. The most widely used method is the sequential extraction method developed
by Tessier et al., in which the heavy metals in soils are divided into five fractions: exchange-
able fraction (EXC), carbonate fraction (CAR), iron-manganese oxide bound fraction (OX),
organic-bound fraction (OM), and residual fraction (RES). Based on the theory behind this
method, the bio-availability order is as follows: EXC > CAR > OX > OM > RES [18]. The
toxicity and mobility of heavy metals in soils depend on their speciation to a great extent,
among which exchangeable heavy metals have the strongest bioavailability [19]. Some
studies have shown that the toxicity of soil heavy metals to plants is different: exchange-
able state > reduced state > oxidation state > residual state. Some studies have suggested
that exchangeable and reducible fractions can inhibit plant growth, while oxidation and
residue are not easily absorbed by plants [20,21]. Some studies also claim that Cr and Cd
in the residual fraction of rice rhizosphere soil shows negative correlations with catalase
activity. However, soil heavy metal activities are different with different planting patterns,
especially under high background conditions [22,23].

Guizhou is a typical region where carbonate rocks are widely distributed in China,
and the content of soil heavy metals is significantly higher than that in other regions of
China [24]. However, soil heavy metals in Guizhou have low activity, and their bioaccumu-
lation is not high under natural conditions. Along with the development of agricultural
activities, the activity of soil heavy metals is gradually stimulated, producing a high-risk
area due to heavy metal exposure [25]. At present, the research on heavy metals in culti-
vated soils is mainly in non-karst areas with a low background. More effort should be made
to address the following aspects. First, the accumulation and migration of heavy metals in
plants is a dynamic process along with the growth of plants, and studies concerning soil
heavy metals should not be limited to maturity periods or other periods. It should be a
dynamic process. Second, more studies should be conducted on the activity changes of soil
heavy metals with different agricultural activities [26].

Rice-rape rotation is a common planting pattern in China, especially in Guizhou
Province. It is of great significance to study the speciation characteristics of soil heavy
metals in rotation planting modes [27]. The main aims of this study are as follows: (a)
to present a systematic study on the speciation of soil heavy metals in high background
areas with low activity; (b) to discuss the effect of the rice-rape rotation planting mode on
soil heavy metal speciation and activity; and (c) to study the comprehensive effects of the
planting mode (rice-rape rotation) and soil properties on soil heavy metals. We hope to
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present useful information on heavy metal activity regulation and pollution control with
the rice-rape rotation planting mode.

2. Materials and Methods
2.1. Study Area

The study area (106°44'28" E, 27°30"11” N) is located in Shiban Town, Bozhou District,
Zunyi City, Guizhou Province. The altitude is approximately 800 m above sea level, the
annual average temperature is 14.9 °C, and the annual precipitation is approximately
1020.6 mm. This area has a subtropical monsoon humid climate, and the soil type is
calcareous soil and paddy soil. The rape was Youyan-57, and it was a semi-winter recessive
genic male sterile hybrid of Brassica napus (national approval number is 2013001). The
rice was Yixiang 725, which was bred by crossing Yixiang 1A with Mianhui 725 by the
Mianyang Institute of Agricultural Sciences [28]. The general information of the sampled
soils is presented in Table 1.

Table 1. General information of sampled soils.

Soil Index SOM Eh H Cr Cd SBD TN TP
Layers (g/kg) (mV) P (mg/kg) (mg/kg) (mg/kg) (g/kg) (mg/kg)
Mean 56.19 10.20 7.80 56.19 1.41 1.12 1.87 1.58
Standard 2.38 12.62 0.09 2.38 0.13 0.22 0.08 0.14
0-20 cm deviation

Coefficient of

K 424 123.73 1.15 424 9.22 19.64 428 8.86
variation (%)
Mean 41.03 29.20 8.07 80.61 1.88 1.18 1.65 1.39
Standard
2040 e A 2.64 6.72 0.10 1.58 0.06 0.17 0.11 0.12
Coefficient of 6.43 23.01 1.24 1.96 3.19 14.41 6.67 8.63

variation (%)

Note: SOM is soil organic matter; Eh is electric potential; SBD is Soil bulk density; TN is total nitrogen; TP is total phosphorus.

2.2. Field Experimental Design

The design of rice-rape rotation was carried out according to local traditional farming
methods. Rape was sown in the middle of October. The row spacing was 35 cm, and the
seedling spacing was 20 cm. The rape was harvested over ten days late in May of the next
year. Rice seedlings were raised in late April, transplanted in early June, and harvested in
the middle of September. Sampling activities were carried out before sowing and through
four growth periods (regarding rape: seedling stage, bolting stage, florescence stage and
harvest period; regarding rice: seedling stage, tillering stage, filling period and harvest
period), as shown in Figure 1. Soil depths of 0-20 cm and 20-40 cm were sampled. Five
sampling points were set in each sampling unit, and the sampling points were kept away
from the ridge and road.

2.3. Analytical Procedure

The soil pH was determined by potentiometer method (Soil:Water = 1:2.5). SOC
was determined by K,Cr,O; oxidation at 170-180 °C, and then titration with FeSOjy.
The soil Eh was directly determined by platinum electrode method and soil mechanical
composition was determined by simple hydrometer method [9]. The total nitrogen content
was determined by Kjeldahl method and total phosphorus content was determined by
acid soluble molybdenum antimony anti colorimetric method. The soil bulk density
was determined by cylindrical core method [16]. To analyse the total contents of heavy
metals, soil samples were digested with HF-HNO3;-HClOy. The heavy metal speciation
was separated according to the procedure developed by Tessier et al. [18]. The heavy
metal concentration was analyzed using inductively coupled plasma mass spectrometry
(ICP-MS 2030 from SHIMADZU Corporation, Japan). To ensure analytical quality, two
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reference materials were employed: GBW07403 for controlling the total amount analysis
and GBW07436 for controlling the speciation analysis. All the recoveries were within the
range of 85-105%.

In the present study, soil heavy metal activity was expressed by the heavy metal
mobility factor (MF), which was calculated via Equation (1).

EXC+ CAR

MF — x 100% 1
EXC+ CAR+OX+OM+ RES M
F cbrquy March
W?ﬁfesceﬁ}e .
® ) 4 o |
December !9%%\% ar é%“' ay
S op “{6 csielll Bocrgy, (W @, -
midfOclobcl‘i-; [
-‘_f‘;%,
%
,K'v%w,
NN
mid-september V‘V,@/
® EXC
® CAR
» 00X
oM
* RES

Figure 1. Design of field experiments. (Note: EXC is the exchangeable fraction, CAR is carbon-
ate fraction, OX is iron-manganese oxide bound fraction, OM is organic-bound fraction, RES is
residual fraction).

3. Results and Analysis
3.1. Characteristics of Soil Cr and Cd in Rice-Rape Rotation Lands

During the period of rape growth, the contents of Cr in the 2040 cm soil layer were
generally greater than those in the 0-20 cm soil layer except during the harvest period, as
listed in Table 2. The contents of Cd in the 20-40 cm soil layer were greater than those in
the 0-20 cm soil layer in the seedling and bolting periods, and an inverse phenomenon
was observed in the florescence and harvest periods. During the period of rice growth,
the contents of Cd in both the 0-20 cm and 2040 cm soil layers decreased during the
growing process. Cr in the 0-20 cm soil layer decreased with the growth process. Cr at
20-40 cm increased during the period from the seedling stage to the tillering stage and then
decreased from the tillering stage to the harvest stage.

Table 2. Characteristics of Cr and Cd in soil during rice rape rotation (mg/kg).

Rape Rice
Soil Layers II\_I/[Z:;); Seedling Bolting Florescence Harvest Seedling Tillering Filling Harvest
Mean =+ Standard Division
0-20 cm Cr 727 £204 80.6+£280 741+1.04 844+149 783+144 77.6+£273 525+£345 48.1+097
Cd 167 £023 173+014 1.72+£0.09 150+0.19 181+034 1734+009 057+011 048 £0.08
20-40 cm Cr 839+£132 820+£25 770+275 7804208 81.3+251 89.1+£297 540+£253 492+1.35

Cd 1.06 £0.10 125+£0.15 193+£0.14 1.6 £0.20 1.59+0.12 160+£0.12 060£021 053=£0.19
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3.2. Variation in Heavy Metal Speciation during the Rice-Rape Rotation Process

The proportion of soil Cr in the exchangeable and carbonate-bound fractions of the
0-20 cm soil layer during the rice growing period was higher than that during the rape
growth period (Figure 2a). Cr in the other three forms changed little under the rice-
rape rotation mode (Fe-Mn oxide bounded fraction ranged from 1.84% to 2.61%, organic
bounded fraction from 7.99% to 11.40%, and residual fraction from 85.62% to 89.58%). In
the 20-40 cm soil layer, the soil Cr in the exchangeable and carbonate-bound fractions
was greater in the rice growth period than in the rape growth period (Figure 2b). The
soil Cr in the iron and manganese oxide fractions was stable under the rape-rice rotation
mode. There was little increase in the rape growing period and a slight decrease in the
rise growing period. The variation characteristics of soil Cr in the organic-bound fraction
were similar to those in the iron and manganese oxide fractions. However, the variation
amplitude of soil Cr in the organic-bound fraction was larger than that in the iron and
manganese oxide fractions. The variation characteristic of soil Cr in the residual fraction
was opposite to that in the Fe-Mn oxide-bound fraction, and the amplitude of variation
was large.

During the rice-rape rotation process, most of the soil Cd existed in the residual
fraction, accounting for 64.07% to 78.59% (Figure 3a). Following the residual fraction, the
soil Cd in the Fe-Mn oxide-bound fraction reached 11.31% to 19.52, and the exchangeable
fraction was the lowest fraction, accounting for only 2.03% to 4.03%. The mean value of soil
Cd in the exchangeable fraction during the rice growing process (2.46) was smaller than that
during the rape growing process (3.21%). The soil Cd in the carbonate fraction increased
during the rotation process. Compared with the rape growth process, the proportion of
soil Cd in the carbonate fraction during the rice growth process increased by 55.44%. Soil
Cd in the Fe-Mn oxide-bound fraction decreased during the rape growing process and
increased during the rice growing process. However, the proportion of soil Cd in the Fe-Mn
oxide-bound fraction at the end of rotation had little change compared with that before
sowing rape. The proportion of soil Cd in the residue fraction during rape growth was
higher than that during rice growth. Under the rape-rice rotation mode, the proportion of
residual soil Cd in the 2040 cm soil layer (66.18~80.52%) was the largest, followed by the
Fe-Mn oxide-bound fraction (10.44~15.40%), exchangeable fraction (1.77~4.42%), carbonate
fraction (3.21~7.89%), and organic-bound fraction (2.17~6.11%) (Figure 3b). Soil Cd in
the exchangeable fraction, carbonate fraction, iron-manganese oxide-bound fraction, and
organic-bound fraction presented little variation in the rape-rice rotation process. Soil Cd in
these fractions increased. However, soil Cd in the residue fraction decreased significantly
during the rice harvest period.

3.3. Transport of Heavy Metals

As listed in Table 3, Cr was mainly concentrated in the roots at the seedling and
bolting stages of rape, and the transport coefficient in stems and leaves was relatively
small (transport coefficient smaller than 1) in these stages. In the florescence period, Cr
was transported into stems and flowers, and the transport coefficients were 1.78 and 1.69,
respectively. During the harvest period of rape, Cr mainly accumulated in the root parts,
and the transport coefficients of Cr in stems, seeds and pods were less than 1. Generally, Cr
was transported into different organs in the florescence stage. Rape not only has a strong
ability to accumulate Cd but also has a strong ability to transport it. During the period from
the seedling stage to the bolting stage, Cd was transported from roots to leaves. At the
florescence stage, Cd was transported to leaves and stems, and the transport coefficients
were 2.34 and 1.11, respectively. During the harvest period, Cd was transported to stems
and pods, and the transport coefficients were 1.43 and 1.53, respectively. In the growing
process, Cd was transported from roots to stems and pods.
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Figure 2. Speciation variation of soil Cr under rape-rice rotation mode. (Notes: (a) is 0-20 cm, (b) is 2040 cm, EXC is
the exchangeable fraction, CAR is carbonate fraction, OX is iron-manganese oxide bound fraction, OM is organic-bound

fraction, RES is residual fraction).

The transport coefficient of Cr in rice stems decreased at first and then increased
during the rice growth process. The transport coefficient of rice leaves to Cr increased
gradually from the seedling stage to the filling stage. In contrast, the transport coefficient of
rice leaves to Cd decreased gradually from the seedling stage to the filling stage. With the
completion of rice filling and the maturation of rice, the contents of the two heavy metals
in the rice grain increased. Cr was distributed uniformly in rice and rice husks. Most of Cd
was transported into japonica rice. The transport coefficients of all rice organs were smaller
than 1. It is suggested that Cd in rice accumulated in the root system, and a small portion
was transported into the other organs.
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Figure 3. Speciation variation of soil Cd under rape-rice rotation mode. (Notes: (a) is 0-20cm, (b) is 2040 cm, EXC is
the exchangeable fraction, CAR is carbonate fraction, OX is iron-manganese oxide bound fraction, OM is organic-bound
fraction, RES is residual fraction).

Table 3. Transport coefficients of heavy metals in their organs under the rape-rice rotation mode.

Crops Cr Cd
Organs Seedling Bolting Florescence Harvest Organs Seedling  Tillering Filling Harvest

stem 0.25 0.09 1.78 0.38 stem 0.31 0.22 0.12 0.18
Rape leaf 0.37 0.10 0.84 leaf 0.17 0.22 0.22 0.29
(MF;) flower 1.69 flower 0.09 0.25
grain 0.42 grain 0.12
pod 0.44 pod 0.12
stem 0.96 0.54 1.11 143 stem 0.07 0.06 0.06 0.06
Rice leaf 191 1.23 2.34 leaf 0.23 0.18 0.14 0.12
(MF) flower 0.27 flower 0.09 0.11
grain 0.49 grain 0.05
rice husk 1.53 rice husk 0.06

Note: MF is the heavy metal mobility factor.
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3.4. Activation of Soil Heavy Metals in the Rape-Rice Rotation Mode

As shown in Figure 4a, Cr activity in the rice growing process was greatly enhanced
compared with that in the rape growing period. The activity of Cr in the 0-20 cm soil layer
and 20-40 cm soil layer showed the same variation characteristics. The rice-rape rotation
could activate soil Cr. There were some discrepancies between Cd in the 0-20 cm and
2040 cm soil layers in the rape-rice rotation mode (Figure 4b). In the 0-20 cm soil layer,
the activity of Cd increased slightly in the rice growing period. However, it was stable
in different growth stages of rice. In the 20-40 cm soil layer, the activity of Cd increased
substantially at the end of this rotation (harvest of rice), which changed the previous trend
of a small fluctuating decrease.
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-~ -0
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7 J
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o=
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= J
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Figure 4. Variation of soil heavy metal activity under the rape-rice rotation (Notes: (a) is Cr, (b) is Cd).



Int. J. Environ. Res. Public Health 2021, 18, 1364 9 of 14

3.5. Effecting Factors of Soil Heavy Metal Activity

In the 0-20 cm soil layer, Cr in the exchangeable fraction was significantly positively
correlated with the carbonate-bound fraction (r = 0.81, p < 0.01) and organic-bound fraction
(r =0.78, p < 0.01) (Table 4), while the exchangeable fraction was negatively correlated
with the Fe-Mn oxide-bound fraction (r = —0.73, p < 0.01) and residual fraction (r = —0.83,
p < 0.01). Cr in the organic bound fractions was negatively correlated with the residual
fraction (r = —0.98, p < 0.01). Generally, Cr in the residual fraction and Fe-Mn oxide-
bound fraction in the 0-20 cm soil layer were transformed into the exchangeable fraction,
carbonate-bound fraction, and organic-bound fraction. In the 2040 cm soil layer, Cr in the
exchangeable fraction was significantly positively correlated with the Fe-Mn oxide-bound
fraction (r = 0.68, p < 0.05) and organic-bound fraction (r = 0.86, p < 0.01) and negatively
correlated with the residual fraction (r = —0.88, p < 0.01). Cr in the iron-manganese
oxide-bound fraction was significantly correlated with the organic-bound fraction (r = 0.87,
p < 0.01) and residual fraction (r = —0.92, p < 0.01). A negative correlation was also
found between Cr in the organic-bound fraction and the residual fraction (r = —0.97,
p <0.01). In the rape-rice rotation mode, soil Cr in the residual fraction transformed into
the exchangeable fraction, Fe-Mn oxide-bound fraction and organic-bound fraction.

Table 4. Transformation of heavy metal Cr forms in surface soil during rice-rape rotation.

Cr Speciation EXC CAR (0),4 OM

CAR 0.81 **

0.20 (0) —0.73 ** —0.42

—=Ucm oM 0.78 ** 0.43 —0.59

RES —0.83 ** —~0.53 0.57 —0.98 **
CAR 0.38
oX 0.68 * ~0.05

20-40 cm oM 0.86 ** —0.23 0.87 *
RES —0.88 ** —0.21 —0.92 * —0.97 **

Note: EXC is the exchangeable fraction, CAR is carbonate fraction, OX is iron-manganese oxide bound fraction,
OM is organic-bound fraction, RES is residual fraction. * significant at 0.05 level, ** significant at 0.01 level.

In the 0-20 cm soil layer, no significant correlation between Cd in the exchangeable
fraction and in the other four fractions was found (Table 5). Cd in the carbonate-bound
fraction was significantly correlated with Cd in the Fe-Mn oxide-bound fraction (r = 0.86,
p <0.01), organic-bound fraction (r = 0.67, p < 0.05) and residual fraction (r = —0.89, p < 0.01).
Cd in the Fe-Mn oxide-bound fraction was significantly correlated with the organic-bound
fraction (r = 0.85, p < 0.05) and residual fraction (r = —0.95, p < 0.01). It was also found that
Cd in the organic-bound fraction was significantly negatively correlated with the residual
fraction (r = —0.87, p < 0.01). In the 20-40 cm soil layer, soil Cd in the exchangeable fraction
was closely correlated with the residual fraction (r = —0.62, p < 0.05), and no significant
correlation was found between Cd in the exchangeable fraction and the other fractions. Cd
in the carbonate-bound fraction was significantly correlated with Cd in the organic-bound
fraction (r = 0.68, p < 0.05) and residual fraction (r = —0.81, p < 0.01). Cd in the Fe-Mn
oxide-bound fraction also correlated with the organic-bound fraction (r = 0.75, p < 0.01)
and residual fraction (r = —0.92, p < 0.01). Cd in the organic-bound fraction was also
correlated with the residual fraction (r = —0.88, p < 0.01). In the rape-rice rotation mode,
the proportion of Cd in the residual fraction was small, and it was probably transformed
into the other four fractions.
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Table 5. Transformation of heavy metal Cd forms in surface soil during rice-rape rotation.

Cd Speciation EXC CAR oX oM

CAR 0.41

0.20 [0)¢ 0.53 0.86 **

—=Ucm oM 0.42 0.67 * 0.85 **

RES —0.56 —0.89 ** —0.95 ** —0.87 **
CAR 0.38
[0)'¢ 0.52 0.55

20-40 cm oM 0.41 0.68 * 0.75 **
RES —0.62* —0.81 * —0.92 ** —0.88 **

Note: EXC is the exchangeable fraction, CAR is carbonate fraction, OX is iron-manganese oxide bound fraction,
OM is organic-bound fraction, RES is residual fraction. * significant at 0.05 level, ** significant at 0.01 level.

3.6. Correlations between Heavy Metal Activity and Soil Physical-Chemical Properties

In the 0-20 cm soil layer, the activities of Cr and Cd were negatively correlated with
fine sand, and the Pearson correlation coefficients were up to —0.89 (p < 0.01) and —0.87
(p < 0.01), respectively (Table 6). In the 2040 cm soil layer, the activities of Cr were
negatively correlated with fine sand (r = —0.97, p < 0.01). There was no close correlation
between other size particles and the activity of Cr and Cd in both the 0-20 cm and 2040 cm
soil layers. The activity of Cr was negatively correlated with pH (r = —0.69, p < 0.05) and
positively correlated with soil organic matter (r = 0.73, p < 0.05). Both the activities of Cr
and Cd were negatively correlated with Eh, and the Pearson correlation coefficients were
—0.85 (p < 0.01) and —0.83 (p < 0.01), respectively. The activity of Cr was also negatively
correlated with Eh in the 20-40 cm soil layer.

Table 6. Correlation analysis between soil heavy metal activity and soil physical and chemical properties.

Soil Mechanical Composition
L Index pH Eh SOM
ayer Clay FSP MT CT FS CSM
020 Cr 0.19 —0.89 ** 0.50 —0.36 —0.24 —0.57 —0.69*%  —0.85* 0.73 *
—<Ucm cd 0.31 —0.87 ** 0.56 —0.38 —031 —0.62 —063  —0.83* 0.52
20-40 Cr 0.57 —0.97 * 0.41 —0.53 —0.48 —023 0.56 —095*  —0.63
cm cd —031 —0.11 —023 0.22 0.35 —0.19 —0.16 —0.02 0.57

Note: FSP is fine sand powder; MT is Medium silt; CT is coarse silt; FS is Fine sand; CSM is Coarse sand and medium sand; SOM is soil
organic matter; Eh is electric potential. * significant at 0.05 level, ** significant at 0.01 level.

4. Discussions
4.1. Changes in Soil Heavy Metal Speciation in the Rape-Rice Rotation Mode

Some previous studies have shown that the toxicity of heavy metals to plants is
different with their speciation [29], and the toxicity of heavy metals is in a different or-
der: exchangeable fraction > carbonate fraction > iron-manganese oxide-bound fraction
> organic-bound fraction > residual fraction. Heavy metals in the exchangeable fraction,
carbonate fraction and Fe-Mn oxide-bound fraction have high bioactivity and are easily
absorbed by plants, inhibiting plant growth [30]. Heavy metals in the organic-bound
fraction and residual fraction have low bioactivity and are hardly absorbed by plants,
causing little negative effect on plants. A large number of studies have shown that Cr and
Cd mainly exist in the residual fraction in natural soil [31]. The proportions of Cr and
Cd in the active fraction (nonresidue fraction) are quite different. Some studies have also
found that there is a negative correlation between Cd in the residual fraction and catalase
activity in rice rhizosphere soils [32]. As two aspects of bioactivity, the bioavailability and
migration ability of heavy metals are closely related to their speciation [33]. At present, the
bioavailability of heavy metals is usually expressed by the mobility factor, which is the
ratio of the sum of heavy metals in the exchangeable and carbonate-bound fractions to its
sum in all fractions [34]. The stronger the bioactivity of heavy metals is, the greater the risk
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of ecological pollution [35]. Based on the present study, the proportion of Cr and Cd in the
residual fraction is the largest, and that in the exchangeable fraction is the smallest during
the rape-rice rotation process. On the whole, the proportion of Cr and Cd in the residual
fraction decrease gradually, and the proportion of these two heavy metals in the other four
fractions increase in different states. It is suggested that soil Cr and Cd are transformed into
the other four fractions, and the rape-rice rotation mode can activate these heavy metals.

4.2. Factors Affecting Soil Heavy Metals during the Rape-Rice Rotation Process

Soil pH is one of the important factors affecting soil activity, and it affects the activity
of soil heavy metals in the following three ways [36]. First, the variation in pH changes the
number of negative charges on the surface of hydrated oxides, clay minerals and organic
matter and then changes the soil adsorption capacity of heavy metals. Second, pH affects
the stability of complexes formed with soil organic matter and heavy metals and then affects
the bioactivity of soil heavy metals [37]. Third, pH affects the transformation of heavy
metals and then changes their activity [38]. Soil mechanical composition (soil texture) refers
to the percentage composition of various soil particles of different sizes [39-41]. Wilcke
et al. reported that there were some significant positive correlations between heavy metal
elements and the clay content in soils [42]. The effect of soil organic matter on the activity
of soil heavy metals is due to the influence of soil organic matter on the transformation of
soil heavy metal speciation [43,44]. In the present study, there is little difference among
the clay contents of the soil samples. No significant correlation is observed between heavy
metal elements and the clay content [45]. The effect of soil organic matter on the bioactivity
of soil heavy metals depends on the properties of soil organic matter, properties of heavy
metals, speciation of heavy metals, and other factors, such as soil environmental conditions.
Soil Eh is an important index that reflects soil aeration, and the change in soil Eh varies
significantly in paddy-upland rotation mode [46,47].

In this study, the results from the correlation analysis between soil heavy metal
activity and soil physical-chemical properties suggest that soil heavy metal activity is
closely correlated with soil pH, soil Eh, and soil organic matter but not with soil mechanical
composition (except fine sand powder). The change in soil pH in the 20-40 cm soil layer is
greater than that in the 0-20 cm soil layer in the rotation process. The rape-rice rotation
model increases the soil pH value, which may be due to the cultivation of upland crops
in the rotated paddy fields. In addition, the long drought return process greatly enhances
the soil permeability and effectively prevents secondary soil incubation. The heavy metal
ions in low pH circumstances are in a cationic state, and the high concentration of H* has
competitive adsorption on heavy metal ions, which affects the exchange adsorption of
heavy metal ions. Therefore, this may be the main reason why Cr in the 0-20 cm soil layer is
significantly negatively correlated with the soil pH (r = —0.69, p < 0.05). Eh is significantly
negatively correlated with Cr and Cd activities. In the 0-20 cm soil layer, the activities of
the soil heavy metals Cr and Cd are negatively correlated with soil Eh, and the correlation
coefficients reach —0.85 (p < 0.01) and —0.83 (p < 0.01), respectively. In the 20—40 cm soil
layer, there is a significant negative correlation between soil heavy metal Cr activity and
soil Eh, and the correlation coefficient is up to —0.95 (p < 0.01).

5. Conclusions

Based on the variation in the activity of soil Cr and Cd, it is found that the proportion
of Cr and Cd in the residual fraction decreased gradually, and the proportion of these two
heavy metals in the other four fractions (exchangeable fraction, carbonate fraction, iron-
manganese oxide-bound fraction and organic-bound fraction) increased in different states.
It is suggested that soil Cr and Cd were transformed into the other four fractions, and
the rape-rice rotation mode could activate these heavy metals. According to the Pearson
correlation analysis, we found that the activity of soil Cr and Cd was mainly associated
with soil pH, soil Eh, and soil organic matter, and no significant correlation was found
between soil mechanical composition and the activity of soil Cr and Cd, with the exception
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of fine sand powder and the activity of soil Cr and Cd in the 0-20 cm soil layer and soil Cr in
the 2040 soil layer. In Guizhou, heavy metals are characterized by a high baseline and low
bioactivity. However, with the development of agricultural activities, the soil physical and
chemical properties have changed, and heavy metal activity has been gradually stimulated.
Therefore, Guizhou has become a high-risk area for heavy metal exposure. As mentioned
above, rape and rice rotation is the main planting model in China, especially in the Guizhou
Province. It is of great importance to develop feasible measures to monitor and maintain
soil pH and Eh in rape and rice rotation processes in consideration of heavy metal activity.

Author Contributions: ].Z. and Z.Z. carried out the calculations and analysis of the results and
drafted the manuscript, which was revised by all authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Guizhou Science and Technology Support Plan
Project (Nos. (2019)2840, (2020)1Y178, (2019)1217, (2017)1176, (2016)5666).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created in this study. Data sharing is not applicable
to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Z.M.; Zhou, Y.C.; Huang, X.F. Factors Influencing the Evolution of Human-driven Rocky Desertification in Karst Areas.
Land Degrad. Dev. 2020, 31, 2506-2513. [CrossRef]

2. Ying, B, Xiao, S.Z; Xiong, K.N.; Cheng, Q.W.; Luo, J.S. Comparative studies of the distribution characteristics of rocky
desertification and land use/land cover classes in typical areas of Guizhou province, China. Environ. Earth Sci. 2012, 71, 631-645.
[CrossRef]

3. Manouchehri, N.; Nguyen, TM.L.; Besancon, S.; Le, L.A.; Bermond, A. Use of sequential, single and kinetic extractive schemes to
assess cadmium (Cd) and lead (Pb) availability in Vietnamese urban soils. Am. J. Anal. Chem. 2014, 5, 1214-1227. [CrossRef]

4. Zhang, F; Zhou, Y. Evaluation of the extraction efficiency of heavy metals (Pb, Cd, Cu) in soil-bayberry system. Soil Sediment
Contam. 2020, 29, 246-255. [CrossRef]

5. Wang, H,; Li, X;; Chen, Y,; Li, Z.; Hedding, D.W.; Nel, W.; Ji, ].; Chen, J. Geochemical behavior and potential health risk of heavy
metals in basalt-derived agricultural soil and crops: A case study from Xuyi County, eastern China. Sci. Total Environ. 2020,
729,139058. [CrossRef]

6.  Adefemi, S.0.; Awokunmi, E.E. Determination of physico-chemical parameters and heavy metals in water samples from Itaogbolu
area of Ondo State, Nigeria. Afr. ]. Environ. Sci. Technol. 2010, 4, 145-148.

7. Musa,].J.,; Mustapha, H.I; Bala, ].D.; Ibrahim, Y.Y.; Akos, M.P,; Daniel, E.S.; Oguche, EM.; Kuti, I.A. Heavy metals in agricultural
soils in Nigeria: A Review. Arid Zone |. Eng. Technol. Environ. 2017, 13, 593-603.

8. Walker, D.J.; Clemente, R.; Bernal, M.P. Contrasting effects of manure and compost on soil pH, heavy metal availability and
growth of Chenopodium album L. in a soil contaminated by pyritic mine waste. Chemosphere 2004, 57, 215-224. [CrossRef]

9.  Zhang, ZM.; Wu, X L.; Tu, C.L.; Huang, X.E; Zhang, ].C.; Fang, H.; Huo, H.H,; Lin, C.H. Relationships between soil properties
and the accumulation of heavy metals in different Brassica campestris L. growth stages in a Karst mountainous area. Ecotoxicol.
Environ. Saf. 2020, 206, 111150. [CrossRef]

10. Yang, Y, Li, HL. Ling, P. Assessment of Pb and Cd in seed oils and meals and methodology of their extraction. Food Chem. 2016,
197, 482-488. [CrossRef]

11. Botsou, E; Sungur, A.; Kelepertzis, E.; Soylak, M. Insights into the chemical partitioning of trace metals in roadside and off-road
agricultural soils along two major highways in Attica’s region, Greece. Ecotoxicol. Environ. Saf. 2016, 132, 101-110. [CrossRef]
[PubMed]

12. Tie, M.; Song, L.L.; Hui, X.J.; Zhang, Z.H.; Xue, S.; Chen, Z.L.; Wang, J.; Zhang, Y. The available forms and bioavailability of heavy
metals in soil amended with sewage sludge. Acta Ecol. Sin. 2013, 33, 2173-2181.

13.  Osobamiro, M.T.; Adewuyi, G.O. Levels of heavy metals in the soil: Effects of season, agronomic practice and soilgeology. J.
Agric. Chem. Environ. 2015, 4, 109-117. [CrossRef]

14. Prasad, PN.S.; Subbarayappa, C.T.; Reddy, M.R.; Meena, H.M. Development of critical limits for different crops grown in different
soils and its use in optimizing fertilizer rates. Int. |. Curr. Microbiol. Appl. Sci. 2017, 6, 241-249. [CrossRef]

15.  Goto, S.; Fujimori, H.; Hidaka, A.; Ioku, K. Eects of components on the rate of heat liberation of the hydration in the system of

glass/gypsum/lime. |. Eur. Ceram. Soc. 2006, 26, 771-776. [CrossRef]


http://doi.org/10.1002/ldr.3731
http://doi.org/10.1007/s12665-013-2460-6
http://doi.org/10.4236/ajac.2014.517128
http://doi.org/10.1080/15320383.2019.1702921
http://doi.org/10.1016/j.scitotenv.2020.139058
http://doi.org/10.1016/j.chemosphere.2004.05.020
http://doi.org/10.1016/j.ecoenv.2020.111150
http://doi.org/10.1016/j.foodchem.2015.10.143
http://doi.org/10.1016/j.ecoenv.2016.05.032
http://www.ncbi.nlm.nih.gov/pubmed/27288953
http://doi.org/10.4236/jacen.2015.44012
http://doi.org/10.20546/ijcmas.2017.606.029
http://doi.org/10.1016/j.jeurceramsoc.2005.07.053

Int. J. Environ. Res. Public Health 2021, 18, 1364 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Wu, H.; Wen, Q.; Hu, L.; Gong, M. Effect of adsorbate concentration to adsorbent dosage ratio on the sorption of heavy metals on
soils. J. Environ. Eng. 2018, 144, 04017094. [CrossRef]

Khanlari, Z.V.; Jalali, M. Concentrations and chemical speciation of five heavy metals (Zn, Cd, Ni, Cu, and Pb) in selected
agricultural calcareous soils of Hamadan Province, western Iran. Arch. Agron. Soil Sci. 2008, 54, 19-32. [CrossRef]

Tessier, A.; Campbell, P.G.C.; Bisson, M. Sequential extraction procedure for the peciation of particulate trace metals. Anal. Chem.
1979, 51, 844-851. [CrossRef]

Wen, B,; Li, L.; Duan, Y.; Zhang, Y.Y.; Shen, ].Z.; Xia, M.; Wang, Y.H.; Fang, W.P.; Zhu, X.J. Zn, Ni, Mn, Cr, Pb and Cu in soil-tea
ecosystem: The concentrations, spatial relationship and potential control. Chemosphere 2018, 204, 92-100. [CrossRef]

Huang, G.; Su, X.; Rizwan, M.S.; Zhu, Y.; Hu, H. Chemical immobilization of Pb, Cu, and Cd by phosphate materials and calcium
carbonate in contaminated soils. Environ. Sci. Pollut. Res. 2016, 23, 16845-16856. [CrossRef]

Yang, Y.G.; Liu, C.Q.; Pan, W.; Zhang, G.P.; Zhu, W.H. Heavy metal accumulation from zinc smelters in a carbonate rock region in
Hezhang County, Guizhou Province, China. Water Air Soil Pollut. 2006, 174, 1-4. [CrossRef]

Zhang, Q.; Ye, J.; Chen, J.; Xu, H.; Wang, C.; Zhao, M. Risk assessment of polychlorinated biphenyls and heavy metals in soils of
an abandoned e-waste site in China. Environ. Pollut. 2014, 185, 258-265. [CrossRef] [PubMed]

He, G.D.; Zhang, ZM.; Wu, X.L.; Cui, M.Y,; Zhang, ].C.; Huang, X.F. Adsorption of Heavy Metals on Soil Collected from Lixisol
of Typical Karst Areas in the Presence of CaCOj3 and Soil Clay and Their Competition Behavior. Sustainability 2020, 12, 7315.
[CrossRef]

Alvarez, . M.; Lopez-Valdivia, L.M.; Novillo, J.; Obrador, A.; Rico, M.I. Comparison of EDTA and sequential extraction tests for
phytoavailability prediction of manganese and zinc in agricultural alkaline soils. Geoderma 2006, 132, 450—-463. [CrossRef]
Zhang, J.; Wang, X.J.; Wang, ].P.; Wang, W.X. Carbon and nitrogen contents in typical plants and soil profiles in Yanqi Basin of
Northwest China. J. Integr. Agric. 2014, 13, 648-656. [CrossRef]

Jiang, Z.C.; Lian, Y.Q.; Qin, X.Q. Rocky desertification in Southwest China: Impacts causes and restoration. Earth Sci. Rev. 2014,
132, 1-12. [CrossRef]

Zhang, Z.M.; Zhou, Y.C.; Wang, S.J.; Huang, X.F. Change in SOC content in a small Karst basin for the past 35 years and its
influencing factors. Arch. Agron. Soil Sci. 2018, 64, 2019-2029. [CrossRef]

Zhang, ZM.; Wu, X.L.; Wu, Q.S.; Huang, X.F; Zhang, ].C.; Fang, H. Speciation and accumulation pattern of heavy metals from soil
to rice at different growth stages in farmland of southwestern China. Environ. Sci. Pollut. Res. 2020, 27, 35675-35691. [CrossRef]
Kayastha, S.P. Heavy metal pollution of agricultural soils and vegetables of Bhaktapur District, Nepal. Sci. World 2014, 12, 48-55.
[CrossRef]

Wang, J.E; Li, X.H.; Christakos, G.; Liao, Y.L.; Zhang, T.; Gu, X.; Zheng, X.Y. Geographical detectors-based health risk assessment
and its application in the neural tube defects study of the Heshun Region China. Int. |. Geogr. Inf. Sci. 2010, 24, 107-127. [CrossRef]
Zeng, MLE,; Vries, D.; Bonten, W.; Luc, L.T.; Zhu, Q.C.; Hao, T.X. Model-based analysis of the long-term effects of fertilization
management on cropland soil acidification. Environ. Sci. Technol. 2017, 51, 3843-3851. [CrossRef] [PubMed]

Rattan, R.K; Datta, S.P.; Chhonkar, PK.; Suribabu, K.; Singh, A K. Long-term impact of irrigation with sewage effluents on heavy
metal content in soils, crops and groundwater—A case study. Agric. Ecosyst. Environ. 2005, 109, 310-322. [CrossRef]

Yang, J.; Liu, J.; Zhu, S.; Peng, C.; Lijuan, S,; Jiyan, S.; Chen, Y. Transformation of metal fractions in the rhizosphere of elsholtzia
splendens in mining and smelter-contaminated soils: Contribution of fulvic-metal complex. In Functions of Natural Organic Matter
in Changing Environment; Xu, J., Ed.; Springer: Dordrecht, The Netherlands, 2012; pp. 721-725.

Mao, L.C.; Ye, H. Influence of redox potential on heavy metal behavior in soils: A review. Res. Environ. Sci. 2018, 31, 1669-1676.
Bogusz, A.; Oleszczuk, P.; Dobrowolski, R. Adsorption and desorption of heavy metals by the sewage sludge and biochar-
amended soil. Environ. Geochem. Health 2019, 41, 1663-1674. [CrossRef] [PubMed]

Ingh, B.R.; Myhr, K. Cadmium Uptake by Barley as Affected by Cd Sources and pH Levels. Geoderna 1998, 1, 185-194.

Wang, X.E; Huang, X.E; Hu, ].W.; Zhang, Z.M. The Spatial Distribution Characteristics of Soil Organic Carbon and Its Eects on
Topsoil under Dierent Karst Landforms. Int. J. Environ. Res. Public Health 2020, 17, 2889. [CrossRef]

Chen, S.Z.; Zhou, Z.F,; Yan, L.H.; Li, B. Quantitative Evaluation of Ecosystem Health in a Karst Area of South China. Sustainability
2016, 8, 975. [CrossRef]

Hu, Y.; Cheng, H. A method for apportionment of natural and anthropogenic contributions to heavy metal loadings in the surface
soils across large-scale regions. Environ. Pollut. 2016, 214, 400-409. [CrossRef]

Xu, X.; Meng, B.; Zhang, C.; Feng, X.; Gu, C.; Guo, J.; Bishop, K.; Xu, Z.; Zhang, S.; Qiu, G. The local impact of a coal-fired power
plant on inorganic mercury and methyl-mercury distribution in rice (Oryza sativa L). Environ. Pollut. 2017, 223, 11-18. [CrossRef]
Hjortenkrans, D.S.; Bergback, B.G.; Haggerud, A.V. Transversal immission patterns and leachability of heavy metals in road side
soils. J. Environ. Monit. 2008, 10, 739-746. [CrossRef]

Wilcke, W.; Krauss, M.; Safronov, G.; Fokin, A.D.; Kaupenjohann, M. Polycyclic aromatic hydrocarbons (PAHs) in soils of the
Moscow Region—Concentrations, temporal trends, and small-scale distribution. J. Environ. Qual. 2005, 34, 1581-1590. [CrossRef]
[PubMed]

Guerra, F,; Trevizam, A.R.; Muraoka, T.; Marcante, N.C. Heavy metals in vegetables and potential risk for human health. Sci.
Agric. 2012, 69, 54-60. [CrossRef]

Eze, O.C; Tukura, B.W.; Atolaiye, B.O.; Opaluwa, O.D. Index model assessment of heavy metal pollution in soils selected from
three irrigated farm sites in FCT Abuja, Nigeria. Int. ]. Adv. Sci. Res. Eng. 2018, 4, 93-105.


http://doi.org/10.1061/(ASCE)EE.1943-7870.0001306
http://doi.org/10.1080/03650340701697317
http://doi.org/10.1021/ac50043a017
http://doi.org/10.1016/j.chemosphere.2018.04.026
http://doi.org/10.1007/s11356-016-6885-9
http://doi.org/10.1007/s11270-006-9121-2
http://doi.org/10.1016/j.envpol.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24292442
http://doi.org/10.3390/su12187315
http://doi.org/10.1016/j.geoderma.2005.06.009
http://doi.org/10.1016/S2095-3119(13)60723-6
http://doi.org/10.1016/j.earscirev.2014.01.005
http://doi.org/10.1080/03650340.2018.1474520
http://doi.org/10.1007/s11356-020-09711-2
http://doi.org/10.3126/sw.v12i12.13597
http://doi.org/10.1080/13658810802443457
http://doi.org/10.1021/acs.est.6b05491
http://www.ncbi.nlm.nih.gov/pubmed/28264162
http://doi.org/10.1016/j.agee.2005.02.025
http://doi.org/10.1007/s10653-017-0036-1
http://www.ncbi.nlm.nih.gov/pubmed/29116577
http://doi.org/10.3390/ijerph17082889
http://doi.org/10.3390/su8100975
http://doi.org/10.1016/j.envpol.2016.04.028
http://doi.org/10.1016/j.envpol.2016.11.042
http://doi.org/10.1039/b804634d
http://doi.org/10.2134/jeq2005.0005
http://www.ncbi.nlm.nih.gov/pubmed/16091611
http://doi.org/10.1590/S0103-90162012000100008
Administrator
Highlight



Int. J. Environ. Res. Public Health 2021, 18, 1364 14 of 14

45.

46.

47.

Peng, L.F; Liu, PY,; Feng, X.H.; Wang, Z.M.; Cheng, T,; Liang, Y.Z.; Lin, Z.; Shi, Z.Q. Kinetics of heavy metal adsorption and
desorption in soil: Developing a unified model based on chemical speciation. Geochim. Cosmochim. Acta 2018, 224, 282-300.
[CrossRef]

Mofor, N.A.; Tamungang, E.B.N.; Mvondo-zé, A.D.; Kome, G.K.; Mbene, K. Assessment of physico-chemical and heavy metals
properties of some agricultural soils of Awing-North West Cameroon. Arch. Agric. Environ. Sci. 2017, 2, 277-286. [CrossRef]
Naghipour, D.; Gharibi, H.; Taghavi, K.; Jaafari, J. Influence of EDTA and NTA on heavy metal extraction from sandy-loam
contaminated soils. J. Environ. Chem. Eng. 2016, 4, 3512-3518. [CrossRef]


http://doi.org/10.1016/j.gca.2018.01.014
http://doi.org/10.26832/24566632.2017.020405
http://doi.org/10.1016/j.jece.2016.07.034

	Introduction 
	Materials and Methods 
	Study Area 
	Field Experimental Design 
	Analytical Procedure 

	Results and Analysis 
	Characteristics of Soil Cr and Cd in Rice-Rape Rotation Lands 
	Variation in Heavy Metal Speciation during the Rice-Rape Rotation Process 
	Transport of Heavy Metals 
	Activation of Soil Heavy Metals in the Rape-Rice Rotation Mode 
	Effecting Factors of Soil Heavy Metal Activity 
	Correlations between Heavy Metal Activity and Soil Physical-Chemical Properties 

	Discussions 
	Changes in Soil Heavy Metal Speciation in the Rape-Rice Rotation Mode 
	Factors Affecting Soil Heavy Metals during the Rape-Rice Rotation Process 

	Conclusions 
	References

