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Abstract: Although inorganic and organic manures with high concentrations of heavy metals can
lead to accumulation or contamination of heavy metals in soils, there are few reports on the effects
of long-term application of swine and green manures on the accumulation of heavy metals in rice
grains in paddy soils. A long-term field experiment, which was established in 1990 in paddy soil
in Hangzhou, China, was used to investigate the effects of inorganic and organic manures on the
availability and accumulation of heavy metals in soil and uptake by rice plant. The results showed
that long-term application of nitrogen, phosphorus and potash (NPK) plus green manure or swine
manure, and swine manure only increased 202%, 146%, and 100% for total Cd, and 5.5%, 7.6%, and
6.6% for total Cu in rice grains, respectively compared to the control without fertilization. Total Zn in
rice grain was significantly increased by 13.9% for the treatment of NPK plus green manure. The
accumulation of Cd, Zn, and Cu in rice grains after long-term application of swine and green manures
is due to the combined effects of the increased concentrations of total and EDTA extractable Cd, Zn,
and Cu in soil and the changes of soil properties. Furthermore, the highest bioconcentration factor
for Cd was found in the treatment of NPK plus green manure while for Zn and Cu it was observed
in NPK treatment. Thus, it may be concluded that green manure and manure with increased Cd, Zn,
and Cu in rice grain results in a potential risk of metal accumulation in paddy soils.

Keywords: long-term fertilizers; heavy metals; paddy soil; rice grain

1. Introduction

Cadmium (Cd) is a toxic heavy metal. Although copper (Cu) and zinc (Zn) are bio-
logical elements, excessive amounts of Cu and Zn can also be detrimental to crop growth
and can be added to the environment through atmospheric deposition, agro-chemicals
and inorganic fertilizers, animal manure, and sewage sludge, etc. [1,2]. Fertilization is
a traditional method to improve soil fertility and increase crop yield, but many studies
have reported that fertilization causes heavy metal accumulation in soil. Some fertilizers
containing a certain amount of heavy metals, such as Cd, were found in phosphate fertiliz-
ers [3,4]. While phosphate rocks also contain many other components, such as uranium,
and the accumulation of uranium in fertilizers needs to be investigated [5,6]. However,
due to the higher accumulation of Cd, Zn, and Cu in food crops, our analysis was focused
primarily on these elements. The application of N fertilizers has been shown to increase Cd
concentrations in durum wheat by 50% [7]. Luo et al. [8] reported that ~63% of Cd input to
agricultural land occurs through mineral and organic fertilizers. The application of green
manure can also increase heavy metal solubility since it contains soluble compounds that

Sustainability 2021, 13, 2404. https://doi.org/10.3390/su13042404 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9889-4636
https://doi.org/10.3390/su13042404
https://doi.org/10.3390/su13042404
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13042404
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/4/2404?type=check_update&version=1


Sustainability 2021, 13, 2404 2 of 14

form complexes with metals [9,10]. In two long-term experimental sites that had received
mineral fertilizers and swine manure for 17 or 16 years on black and red soils in northeast
and south China, respectively, the plots treated with swine manure contained a higher
amount of Cd compared with control plots [2].

Long-term experiments not only provide information about changes in available
Cd over decades but also on the fertility, soil quality, and productivity effects of fertiliz-
ers [11–13], which are useful for predictions of future metal accumulation and soil environ-
ment interactions. In a 22-year fertilization study, swine manure significantly enhanced
Cd (average 1.1 mg kg−1) and Cu (average 81.5 mg kg−1) accumulation in soil, which
was higher than the national soil standards (0.3 and 50 mg kg−1, respectively) [14]. Some
researchers reported that long-term usage of chemical fertilizers contributes to substantially
regional soil acidification which results in increasing heavy metal mobility and availability
in soils [15,16]. Moreover, agrichemicals have been extensively used in paddy soils to im-
prove rice production and quality in the past three decades. For example, the concentrations
of Cd, Cu, Pb, and Zn in fertilizers are in the ranges of 0.0005−0.5, 0.41−11.6, 0.0008−0.93,
and 4.87−348.2 mg kg−1, respectively [17]. Hence the application of agrochemicals for
long-term purposes may result in the accumulation of heavy metals in the paddy soils.
Mainly, the mean concentration of Cd was greater than twice the background value [18].
In China, many long-term experiments have also been conducted [19,20]. In these experi-
ments, most of the treatments contained mineral fertilizers as well as organic manure but
their heavy metal concentrations have not been studied in detail [2,14]. Therefore, more
attention should be given to long-term fertilization in order to control and monitor the
accumulation, availability, and uptake of heavy metals by rice. It was hypothesized that
the application of organic and green manure may decrease heavy metal concentrations in
paddy fields, however, their effect on crop growth and accumulation may vary depending
on the type and amount of applied fertilizers. Based on the long-term rice localization test
of different inorganic and organic fertilizer treatments for 27 years, the changes of heavy
metals in soil were investigated. The aims of the present work were to (1) determine the
effects of long-term chemical fertilization and manure on the accumulation of Cd, Zn, and
Cu in soil and rice grain in paddy soils in Hangzhou, Zhejiang province, China and (2) find
out the effect of long-term fertilization on the available contents of heavy metals in soil and
their relation with the concentration of heavy metals in rice grain.

2. Materials and Methods
2.1. Site Description

The long-term experiment was initially started in 1990 with a plot area of 300 m2.
It is located in Hangzhou city of Zhejiang province of southeast China (120◦24′22′ ′ E,
30◦26′07′ ′ N), at an altitude of 3~4 m. The mean annual temperature is 16−17 ◦C (the
highest temperature in historical records is 40.2 ◦C and the lowest temperature is −7.9 ◦C).
The accumulated temperature at or above 10 ◦C is 4800−5200 ◦C and the annual precipi-
tation is 1500~1600 mm, the annual evaporation is 1000−1100 mm, the frost-free period
is 240−250 d, the annual sunshine time is 1900–2000 h and the annual solar radiation is
100−115 J cm−2. The soil belongs to paddy soil (Haplaquept world soil map, Inceptisol-
anthraquic soil-USDA). The soil parent material is shallow marine sediments in lake and
marine facies and the terrain belongs to the alluvial plain. The drainage condition is good
and the plow layer is silty clay loam.

2.2. Experimental Design and Fertilization Treatments

The experimental treatments were controlled without fertilizers (CK), inorganic fer-
tilizers (NPK: N as urea 375 kg hm−2, P2O5 as superphosphate 187.5 kg hm−2, K2O as
potassium chloride 187.5 kg hm−2), swine manure (M: 22,500 kg hm−2), inorganic fertilizers
with green manure (NPK(GM): NPK plus green manure return), and inorganic fertilizers
with swine manure (NPKM, NPK with swine manure 22,500 kg hm−2). All the treatments
were replicated three times. The crop rotations for CK, NPK, M, and NPKM were barley-
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rice-rice-barley—rice-rice per two years before 2000, changed to barley-rice-barley—rice
per two years, then changed to rape-rice-rape-rice per two years in 2011. NPK(GM) was
barley-rice-rice—Chinese milk vetch (Astragalus sinicus L.)—rice-rice per two years be-
fore 2000, changed to barley-rice- Chinese milk vetch (Astragalus sinicus L.)—rice per two
years before 2010, then changed to rape-rice—Chinese milk vetch—rice per two years The
Chinese milk vetch as green manure was all returned after harvest. The swine manure
contained N 0.5%, P 0.6%, K 0.7% and was used in each season on average in one year.
Before 2000, the rates of N, P, and K are 75, 37.5, and 37.5 kg hm−2 during the barley period
and are 150, 75, and 75 kg hm−2 during the rice period, respectively. then are 120, 60, and
60 kg hm−2 during the barley period and are 255,127.5 and 127.5 kg hm−2 during the rice
period, respectively, after 2011 changed to 135, 67.5, and 67.5 kg hm−2 during the rape
period and are 240, 120, and 120 kg hm−2 during the rice period, respectively.

2.3. Sample Collection

Topsoil samples (0−20 cm) from the paddy soil were collected in November 2017.
Samples from all five treatments from each replicate plot were stored separately. The soil
samples were air-dried and stored at room temperature. The rice plants were harvested
after reaching the full maturity stage. The plants were threshed and grains samples were
collected, then the husks were removed from grains with a thresher. Finally, the samples
were crushed into a fine powder with a grinder and the samples were ready for heavy
metal determination.

2.4. Analytical Procedures and Measurement of Heavy Metal Dynamics in Paddy Field

Soil samples were air-dried at room temperature, the visible non-soil objects such as
stones and roots, stems, leaves of the plant body were removed from the soil samples, and
then all of the soil samples were ground in an agate mortar and passed through a 0.15 mm
nylon mesh for analysis of total heavy metals.

Soil pH was measured by pH meter in a soil water proportion of 1:2.5 [21]. Or-
ganic matter concentration was analyzed by the potassium dichromate wet combustion
method [22]. Total N was estimated by titration of distillations after Kjeldahl test readiness
and examination [23]. Total P in soil was measured by the perchloric corrosive assimilation
strategy technique [24]. Available P was analyzed by molybdenum blue colorimetry [25].
While available K was estimated by utilizing atomic absorption spectrophotometry. The
content of soil organic matter was measured by the method of [26], with the following
formula:

Organic carbon% =
(mLblank −mLsample)

(
MFe2+

)
(0.003)(100)

wt.water− free soil (g)
× f (1)

where, mLsample is the sample titration value, mLblank is the titration value of heated
(boiled) blank sample, 0.003 is the correction factor. Then by using Equation (1) we
calculated organic matter content as:

Organic matter (g kg−1) = 0.35 + 1.80 × %organic C

where, 1.80 is the appropriate factor for organic soils.
Cation exchange capacity (CEC) was determined by extraction with 1 M NH4OAc [27]

with the following formula:

CEC cmol kg−1 = meq L−1 Na (from calibration curve) × A
Wt
× 100

1000

where, A is the total volume of the extract (mL), and wt. is the weight of the air-dry soil (g).
The soil total Cd, Zn, and Cu were extracted from the soil samples using a combined

approach of wet acid digestion in a sealed microwave digestion system (9 mL HNO3 and
3 mL HF), and the acidic digestion solutions were transferred to a fume hood prior to
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dilution with 50 mL ultra-pure water containing 5% HNO3. The total Cd, Zn, and Cu
concentrations in the digestion solutions were determined via ICP-MS. For the analysis of
plant samples, the plant samples were rinsed with tap water followed by deionized water,
and then the rice grain with the shell removed was dried at 100 ◦C before cooling in a
desiccator. The heating process was repeated until the weight remained constant. The plant
samples were then digested with 6 mL HNO3 and 3 mL H2O2 in a high pressure, sealed
micro-wave digestion oven in accordance with the determination of heavy metals in foods.
After the digestion procedure, samples were diluted with ultra-pure water containing 5%
HNO3 to a final volume of 50 mL. Then the heavy metal concentrations in washed digest
solutions were measured via inductively coupled plasma mass spectrometry (ICP-MS) [28].

Samples were replicated thrice and reagent blanks were used to ensure quality con-
trol for the metal analyses. Standard reference material for soil (GBW07605) and plant
(GBW08502) was obtained from the National Research Center for Standard of China. The
accuracy of digestion procedure and analytical method were tested with certified reference
material and percentage recoveries of heavy metals from soil and plant samples were
96.5–103.8% and 97–115% respectively.

2.5. Statistical and Data Analysis

Data were analyzed by one-way analysis of variance using XLSTAT software (XLSTAT
2013). Differences in the mean concentration of heavy metals were compared using Dun-
can’s multiple range test at a 5% level of significance. The data was checked by binomial
distribution before performing a one-way ANOVA analysis. The formula used for binomial
distribution was as:

Binomial distribution = BINOM.DIST (n, x, STDEV.S, FALSE)

where, n is the number (data), x is the mean values, STDEV.S is the standard deviation and
the no cumulative was FALSE.

The bioconcentration factor (BCF) of the heavy metals in rice was calculated using the
following formula [29]:

BCF =
Mgrain

Msoil

where Mgrain is the total concentration of heavy metals in rice grains and Msoil is the total
concentration of heavy metals in soil.

3. Results
3.1. Soil Properties and Crop Yield Parameters

The soil properties showed a significant difference between long-term fertilization
treatments. Compared with CK, soil pH, soil organic matter (SOM) and cation exchange
capacity (CEC) were increased NPK(GM), M, and NPKM treatments compared with CK,
while they were decreased by NPK application. Compared to CK, soil total N, P, and K
were increased by NPK, NPK(GM), M, and NPKM treatments. Also, soil available N, P,
and K were increased by NPK, NPK(GM), M, and NPKM treatments (Table 1).

Grain yield and straw yield were higher in order in NPK, NPK(GM), M, and NPKM
treatments as compared to CK. The highest grain and straw yield, 8893 kg ha−1 and
16,950 kg ha−1 were observed in NPK(GM) and NPKM treatments, respectively (Table 2).
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Table 1. Effect of long-term application of inorganic fertilizers, swine manure, and green manure on soil physcio-chemical
properties. Soil samples from each plot were collected after harvesting of crop and then the following parameters were
measured. SOM was soil organic matter; CEC was cation exchange capacity; TN, TP, TK were total nitrogen, phosphorus,
and potassium; AN, AP, and AK were available nitrogen, phosphorus, and potassium. Mean values followed by different
letters are significantly different using Duncan’s multiple range test at 5% level.

Treatments pH SOM
(g kg−1)

CEC
(cmol kg−1)

TN
(g kg−1)

TP
(g kg−1)

TK
(g kg−1)

AN
(mg kg−1)

AP
(mg kg−1)

AK
(mg kg−1)

CK 6.42 c 23.4 e 14.8 a 1.16 e 0.94 e 10.8 e 111 e 47.0 e 46 e
NPK 6.09 e 22.9 d 12.5 d 1.34 d 1.61 d 11.9 a 117 d 87.6 d 59 c

NPK(GM) 6.32 d 30.4 c 12.9 c 1.77 c 1.91 c 11.5 c 128 c 99.9 c 58 d
M 6.70 a 32.6 b 14.8 a 1.91 b 2.06 b 10.9 d 174 b 136 b 110 b

NPKM 6.63 b 33.1 a 14.7 b 2.00 a 2.16 a 11.7 b 179 a 157 a 123 a

Table 2. Effect of long-term application of inorganic fertilizers, swine manure, and green manure on grain yield, straw yield,
and percentage (%) of NPK in grain and straw as affected by long-term application of fertilizers and pig manure. Rice plants
from each plot were harvested and measured the following parameters: GN, GP, and GK were nitrogen, phosphorus, and
potassium in grain (g kg−1); SN, SP, and SK were nitrogen, phosphorus, and potassium in straw (g kg−1). Mean values
followed by different letters are significantly different using Duncan’s multiple range test at 5% level.

Treatments Grain Yield
(kg ha−1)

GN
(g kg−1)

GP
(g kg−1)

GK
(g kg−1)

Straw Yield
(kg ha−1)

SN
(g kg−1)

SP
(g kg−1)

SK
(g kg−1)

CK 5665 e 11.5 c 3.37 b 1.90 c 10,335 e 6.24 e 1.44 c 19.4 b
NPK 5763 d 12.5 a 3.36 b 2.50 b 14,850 c 8.02 a 1.65 b 19.3 b

NPK(GM) 8893 a 12.3 ab 3.50 a 2.85 a 15,082 b 7.45 b 2.04 a 18.7 c
M 8353 b 11.5 c 2.72 c 1.85 d 11,273 d 6.32 d 1.41 c 20.7 a

NPKM 8075 c 12.3 ab 3.54 a 2.45 b 16,950 a 6.72 c 1.64 b 20.8 a

3.2. Total Heavy Metals Accumulation in Soil

Soil total Cd content was found to be significantly different with chemical fertilizer,
manure, and green manure treatments. Compared with CK (0.2 mg kg−1), total Cd was
increased in NPK, NPK(GM), M, and NPKM to 0.33, 0.75, and 0.85, and 0.85 mg kg−1

treatments, respectively, which was increased by 63.2%, 266%, 315%, and 317% in NPK,
NPK(GM), M, and NPKM treatments, respectively (Figure 1a). The total Zn content of soil
was higher in NPK(GM) (134.9 mg kg−1), M (143.3 mg kg−1), and NPKM (160.4 mg kg−1)
treatments than that of CK (91.5 mg kg−1), it seems that higher soil total Zn was related
to higher organic manure and green manure return (Figure 1b). The total Zn in soil was
increased by 47.4%, 56.6%, and 75.3% under NPK(GM), M, and NPKM treatments, respec-
tively. While Zn content in the soil treated with long-term application of NPK fertilizer
showed a non-significant difference compared to CK. As compared to CK (29.1 mg kg−1),
NPK(GM), M, and NPKM treated plots significantly enhanced total Cu in soil to 45.1, 49.4,
and 54.3 mg kg−1, respectively. The amount of soil total Cu in NPK(GM), M, and NPKM
treatments were increased by 54.9%, 68.5%, and 86.5% than CK, respectively. Whereas
in NPK treatment the total Cu was significantly decreased by 10.1% than CK (Figure 1c),
probably due to plant uptake and leaching.

3.3. EDTA Extractable Metals in Soil

The long-term application of green manure and organic manure treatments markedly
affected the EDTA extractable heavy metal contents in soil (Figure 2). All the treat-
ments NPK, NPK(GM), M, and NPKM significantly enhanced EDTA extractable Cd from
0.02 mg kg−1 (CK) to 0.04, 0.12, 0.16, and 0.15 mg kg−1, respectively. Compared to CK,
EDTA extractable Cd was significantly increased by 77.4%, 517%, 693, and 664% in NPK,
NPK(GM), M, and NPKM treatments, respectively (Figure 2a). The EDTA extractable
Zn content in soil increased through long-term application of NPK(GM), M, and NPKM
(3.1, 5.9, and 6.5 mg kg−1, respectively) as compared to CK (2.3 mg kg−1). Compared to
CK, it significantly enhanced by 33.7%, 157%, and 182% under NPK(GM), M, and NPKM
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treatments, respectively. While EDTA extractable Zn in soil was reduced to 1.3 mg kg−1

than CK. EDTA Zn was significantly reduced in NPK treatment by 45.4% NPK treatment
than CK (Figure 2b). Whereas NPK(GM), M, and NPKM treated plots showed an increase
of 7.2, 9.23, and 9.33 mg kg−1, respectively, compared to CK (4.21 mg kg−1). Soil EDTA
extractable Cu was non-significantly decreased by 5.1% under NPK treatment after long-
term fertilization (Figure 2c). While EDTA-Cu was significantly increased by 70.9%, 119%,
and 121% in NPK(GM), M, and NPKM treatments than CK, respectively.
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3.4. Heavy Metals Accumulation in Rice Grain

Long-term fertilization showed a significant effect on grain metal contents. Compared
to CK (0.13 mg kg−1), NPK(GM)-, M-, and NPKM-treated plots presented a remarkable
increase in Cd in rice grains to 0.40, 0.26, and 0.32 mg kg−1, respectively. The total Cd in
rice grain was significantly increased by 202%, 100%, and 146% under NPK(GM), M, and
NPKM treatments, respectively (Figure 3a). The total Cd in rice grain was 0.15 mg kg−1

under NPK treatment which was non-significantly different (p < 0.05) compared to CK.
The Zn in rice grain was 8.34 mg kg−1 compared to CK (7.32 mg kg−1). Compared with
CK, total Zn in rice grain was significantly higher under NPK(GM), which increased by
13.9%. The treatments NPK, M, and NPKM were non-significantly different (p < 0.05) than
CK (Figure 3b). The results showed that green manure could promote the absorption of
Zn in rice, but there was no difference between chemical fertilizer and organic fertilizer
with CK. As compared to CK (1.74 mg kg−1), there were increases in total Cd in rice grain
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under NPK(GM), M, and NPKM treatments as 1.84, 1.86, and 1.88 mg kg−1, respectively.
The total grain Cu was significantly higher in NPK(GM), M, and NPKM treatments than
CK, which increased by 5.5%, 6.6%, and 7.6%, respectively. While total Cu in rice grain was
significantly decreased by 0.8% under NPK treatment (Figure 3c).
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3.5. Heavy Metal Transfer from Soil to Rice Grain

The BCFs of different heavy metals after the long-term application of chemical fertiliz-
ers and manure are listed in Table 3. The BCFs for heavy metals were ranked as Cd > Zn =
Cu. This shows that the accumulation capacity of Cd was higher in rice grain. The highest
BCF values were found in CK, NPK(GM), and NPK treatments for Cd. While BCF for
Zn and Cu were found in NPK treatment. Compared to CK, the application of NPK(GM)
treatments significantly increased the BCF of Cd in rice by 0.17%, while it significantly
decreased by 454% and 343% under M and NPKM treatments, respectively. There was
a non-significant difference found between CK and NPK treatments. Relative to CK, the
BCF for Zn significantly increased by 10% in NPK. Reductions in the BCF for Zn by 21.2%,
36.2%, and 41.2% were induced by the application of NPK(GM), M, and NPKM treatments,
respectively. Compared to CK, the BCF for Cu decreased by 31.6%, 36.6%, and 41.6%
under NPK(GM), M, and NPKM treatments, respectively, while it increased by 10% in NPK
treatment (Figure 4).

Table 3. Pearson correlation between soil metals content in rice grain and metals content in soil as well as soil pH and SOM.

pH SOM SCd ECd GCd SZn EZn GZn SCu ECu GCu

pH 1
SOM 0.773 1
SCd 0.651 0.980 ** 1
ECd 0.718 0.985 ** 0.994 ** 1
GCd 0.317 0.803 0.837 0.777 1
SZn 0.768 0.988 ** 0.955 * 0.955 * 0.807 1
EZn 0.918 * 0.914 * 0.845 0.886 * 0.516 0.921 * 1
GZn −0.303 0.212 0.269 0.165 0.747 0.248 −0.14 1
SCu 0.782 0.992 ** 0.959 * 0.961 ** 0.8 0.999 ** 0.927 * 0.23 1
ECu 0.82 0.992 ** 0.966 ** 0.983 ** 0.722 0.978 ** 0.952 * 0.088 0.984 ** 1
GCu 0.759 0.997 ** 0.974 ** 0.974 ** 0.825 0.996 ** 0.908 * 0.256 0.997 ** 0.984 ** 1

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).
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4. Discussion
4.1. Availability and Accumulation of Cd, Zn, and Cu in Soil

There was a significant accumulation of soil total Cd, Zn, and Cu with all fertilizers
treatments after 27 years of long-term experiment (Figure 1). The content of organic
matter, total and available N, P, K increased with the application of chemical fertilizers
and manures in the soil (Table 1). This is consistent with the fact that pig manure contains
essential nutrients and organic carbon [30]. Also, the application of chemical fertilizers and
manures markedly enhanced the grain and straw yield of rice plants (Table 2). The results
are consistent with the fact that the supply of chicken and swine manure increased the
rice grain yields more than the control [31]. However, the application of NPK, NPK(GM),
M, and NPKM markedly increased total Cd in soil. While total Zn and Cu also increased
by all the treatments except NPK treatment (Figure 1a,b). It was reported that long-term
application of chemical fertilizers and manure after 20 years increased the accumulation of
Cd in soil [32]. In another study, it was shown that 32 years of long-term application of
chemical fertilizer and organic matter markedly enhanced total and available Cd in soil [33].
Zhou et al. [14] reported that long-term 22 years of fertilization, especially with swine
manure, resulted in increased Cd accumulation (average 1.1 mg kg−1) in soil. This is due to
the presence of Cd-containing feed additives in swine manure [2]. A wide range of heavy
metal concentrations has been found in the swine manure depending upon the age of the
pigs and the quantity of metal supplements added to their diet [34]. The soil total Zn and
Cu showed the same trends in the treatments; for instance, greater soil totals of Zn and Cu
were observed in NPK(GM), M, and NPKM treatments. It was confirmed that the manure
fertilization significantly increased the relative activity of Zn and Cu because manure could
promote soil pH and SOM thus resulting in the activation of Zn and Cu by complexation,
or Zn and Cu might exist in the available form (0.1 M HCl extractable) in fresh swine
manure [14,35]. However, there are few reports on the long-term application of manure on
the concentration of metals in rice grains, except for [36], who found that the average Cd
concentrations in rice grown in green manure and swine manure plots were higher than
rice grown in chemical fertilizers plot (p < 0.05) and significantly exceeded 0.2 mg Cd DW
kg−1 grain, the maximum permissibility according to the Hygienic Standards for grains
(GB-2712-2005) of China. The root system of green manure is widely distributed in the
soil, and the huge root system of green manure plants extends into the lower soil to absorb
heavy metals in a wide range [36].

The principal component analysis (PCA) showed that pH presented a positive but
weak relationship with GCd and GZn (Figure 5). The Pearson correlation coefficients
between heavy metals contents in the rice grain and the soil pH, SOM, soil total metals,
EDTA extractable metals, and grain total metals are shown in Table 3. It was further
confirmed from a study that the increase in soil pH resulted in more consumption of protons
and enhanced desorption of metals, subsequently increased release of metal contents in
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soil [37]. Furthermore, dissolved Cd, Pb, As, and Cr were not significantly influenced by
soil pH in slightly alkaline soil [38].
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Generally, the available form of Cd rather than the total Cd determines the mobility
and toxicity of Cd [39]. Cd in soil solution extracted by using EDTA extractants is con-
sidered the bioavailable form of Cd in soil [40,41]. EDTA extractable heavy metals in soil
were differentially affected by the application of chemical fertilizers, green manure, and
pig manure. The EDTA extractable and total Cd, Zn, and Cu contents were significantly
increased by the combined application of chemical fertilizers with green manure or swine
manure (Figure 2). Generally, the available form of Cd rather than the total Cd determines
the mobility and toxicity of Cd [39]. Soil Cd extracted using EDTA extractants is considered
as bioavailable forms [40,41]. Application of swine manure or chemical fertilizer combined
with swine manure resulted in significant accumulation of total and EDTA extractable
Cd in soil, but only chemical fertilizer treatment had little effect on the accumulation of
Cd in soil (Figure 2a). Pig manure from extensive pig farming contains a remarkable
amount of total and bioavailable metals because of their application as feed additives to
commercial pig diets [42]. On the other hand, Huang et al. [43] stated that the annual soil
Cd accumulation rates were 0.0007−0.032 mg kg−1 and 0.005−0.022 mg kg−1 after four
years of phosphate fertilization and swine manure application, respectively. In addition,
Qaswar et al. [44] reported that long-term application of high swine manure combined with
chemical fertilizers increased the soil available and total Cd content. The increase in EDTA
extractable metals in soil might be due to this phenomenon in the manure application
treatments. Meanwhile, in the present study, the EDTA extractable Zn and Cu increased
under NPK(GM), M, and NPKM treatments compared to CK (Figure 2b,c). While EDTA
Zn and Cu decreased in NPK treatment. It was confirmed that the application of farmyard
manure alone or in combination with chemical fertilizers increased DTPA Zn more than the
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control after 41 years of fertilization [45]. While a decrease in DTPA Zn in chemical fertilizer
treatments was found compared to the fallow plot [20]. Other studies also reported that the
application of N alone or in combination with K decreased available Zn [46]. This might be
due to DTPA Zn being taken up and removed by crops [20,46]. An increase in EDTA Cu
was also reported when using a combination of NPK and manure [20]. It was suggested
that it might be due to high Cu contents in the organic fertilizer applied [20]. In addition,
manure promoted SOM, Olsen P, and even soil pH, and thus increased the activation of
Cu and Zn by complexation [35,47] or Cu and Zn mainly existed in the available form
(0.1MHCl-extractability) in fresh pig manure.

The green manure crops used in this study were the Chinese milk vetch. Chinese
milk vetch is a legume crop used as green manure in rice fields in Southern China [48].
The mechanism behind this is the accumulation of metal2+ in the nodules of Chinese milk
vetch because of tri-peptide glutathione (GSH) in the nodules [49]. In addition, GSH
is the precursor for phytochelatins and contains heavy metal binding peptides that can
make bonds with metal2+ and are involved in metal sequestrations [50]. Therefore, a high
level of Cd, Zn and Cu may be release in soil and consequently, higher uptake by rice
plants occurred. In another study, it was noted that the green manure crop (red clover
and sunflower) enhanced DTPA Zn in soil. This may be due to the organic carbon and
amino acids released from green manure which could make chelates with Zn and other
metals [51].

4.2. Accumulation of Cd, Zn, and Cu in Rice Grains

The heavy metal concentrations in rice grains showed greatly that the higher level
of Cd concentration in rice grains was found with NPK(GM), M, and NPKM treatments
(Figure 3a). Some researchers reported that heavy metal mobility in soils increased by
the application of organic materials due to the potential decrease in soil pH and increase
in DOM, which increased metal-DOM soluble complexes [52,53]. Due to the presence of
functional groups or ligands, organic constituents in soil can form chelates with metals.
The alcoholic, phenolic, carbonyl, and carboxyl functional groups dissociate by increasing
soil pH, as a result, ligand ion affinity towards the metals increases [54,55]. For instance,
for heavy metals such as Cd, Pb, and Zn, desorption increased and dissolution in soil
solution occurred from soil constituents with decreased soil pH [56]. Thus organic matter
addition in soils caused either positive or negative impacts on metal mobility depending
on the characteristics of the material and soil properties (soil pH, organic matter, and
clay content) [36]. Long-term application of inorganic fertilizers increased the risk of
Cd accumulation due to soil acidification with higher relative activity and enrichment
coefficient of Cd. In addition to this, long-term application of pig manure also resulted in
higher accumulation and availability of Cd in red soils and exceeding national standards
(0.3 mg kg−1) for Cd in wheat as well as in rice grains in China [14,57]. Due to the
decomposition of OM, Zn forms labile organic mineral complexes, as a result, Zn content
in soil increased, and subsequently, its uptake by plants increased [45,58]. The interesting
result shows that Cu in rice grain was reduced by the NPK treatment (Figure 3c). It was
found that the long-term application of NPK fertilizers could enhance the availability of
Cu in soil and the Cu contents in wheat [59]. Moreover, it was reported that the application
of inorganic fertilizers (NP, NK, PK) for more than 45 years substantially increased Cd, Cu,
Cr, and Ni in the soil and in rice grains [60]. Furthermore, Zhou et al. [14] reported that
more metal was removed by wheat and maize crop under manure application especially
for NPKM treatment, due to its higher biomass, with about 5, 8, and 10 fold higher uptakes
of Zn, Cu, and Cd, respectively than CK. Wan et al. [31] demonstrated that swine manure
remarkably increased DTPA-Zn contents in soil and enhanced Zn accumulation in rice
grain by 2.6–30.9% [31].

Only a few studies have been conducted on the effects of green manure on heavy
metal accumulation and uptake by crops. Interestingly in our study, the highest soil total
and EDTA Cd, Zn, and Cu were found in NPK(GM) treated plots rather than CK. The
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concentrations of Cu and Cd in rice grain in Chinese milk vetch treatment were higher than
in any other amendment treatments [61]. It was reported that large amount of dissolved
organic matter released from the disintegration of pig manure and green manure may
cause Cd mobility and activation, which acts as a carrier of Cd and increased bioavailability
and mobility of Cd in soil and then promoted Cd taken up by rice [36]. These may also be
a reason for increased uptake of Zn and Cu under chemical fertilizers combine with swine
manure and green manure treatments.

The results of BCF exhibited that the bioavailability potential of Cd was higher than
Zn and Cu in rice grain. The BCF for Cd showed that the NPK(GM) treatment promotes
Cd transformation from soil to grains. Whereas, Zn and Cu were bioavailability were
induced by NPK treatment (Figure 4). It was stated that the Cd had greater bioavailability
and soil-plant translocation as compared to other heavy metals and it is easily uptake
by plants [62]. Some studies showed that organic matter had a limited impact on the
bioavailability of Cu [31]. Meanwhile, Qaswar et al. [44] demonstrated that compared
to CK, biological accumulation coefficients of Zn and Cu were increased by 17% and
69% in NPK-treated plots, respectively. These results showed that inorganic fertilizer,
and combining the application of inorganic and green manure fertilizers, promoted the
bioavailability of heavy metals in rice grains. This is because of the higher decrease in
soil pH under NPK fertilization than the combined application of manures and chemical
fertilizers (Table 1). Furthermore, the variation in bioaccumulation coefficients might
induce changes in soil pH due to long-term fertilization [58] because acidic soil promotes
bioavailability [63].

5. Conclusions

Long-term application of organic fertilizer, the combination of organic fertilizer and
chemical fertilizer, and the combination of green manure and chemical fertilizer can increase
soil EDTA Cd, Zn, and Cu. Long-term application of organic manure and combining the
application of chemical fertilizers with green manure and organic manure increases the
accumulation of heavy metal elements in rice grains. It is found that planting green
manure can significantly increase the Cd, Zn, and Cu content in rice, which provides a
strong basis for correcting the wrong practice of metal contaminated soil fallow-planting
with green manure. Meanwhile, inorganic fertilizer and combining the application of
inorganic and green manure fertilizers promote the bioavailability of heavy metals in rice
grains. Furthermore, this research would help establish plans for minimizing heavy metal
contribution to agricultural land and effectively implement policies to preserve the soil
ecosystem from the long-term accumulation of heavy metals.
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