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Abstract: Biochar is a potential amendment for the remediation of Cd-contaminated soils. Although
the immobilization effect of biochar on soil Cd has been studied under indoor laboratory condi-
tions, the effect of biochar on rice Cd uptake and soil Cd fractions under field conditions is still
poorly understood. Here, the Cd content of the different organs of rice and the Cd fractions in soil
were characterized for three years after the application of different amounts of biochar (0, 7.5, 15,
30tha~!,and 3tha! year‘l). The Cd content of brown rice, husk, leaf, stem and sheath, and root
under biochar treatment could be maximally reduced by up to 26.25%, 20.16%, 20.74%, 33.2%, and
26.89%, respectively. Biochar altered the Cd fractions in soil, including the decrease in exchangeable
Cd content and the increase in Fe-Mn oxide bound Cd and organic bound Cd. The concentration
factor of Cd uptake by rice was reduced by 32% under biochar application, while biochar had little
influence on the transfer factor and distribution factor. The immobilization effect of biochar on soil
Cd lasted for at least three years, but the trend of Cd immobilization efficiency over time for different
amounts of biochar treatment was different. The Risk Assessment Code (RAC) of Cd in soil with
biochar amendment could be reduced to a medium risk level from a high risk level. Redundancy
analysis (RDA) revealed that changes in soil pH and Fe-Mn oxide bound Cd content caused by
biochar application contributed most to the reduction in the Cd content of rice organs. These findings
would enhance our understanding of the immobilization effect of biochar on Cd in paddy soil under
field conditions.
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1. Introduction

Cadmium (Cd) is one of the most toxic heavy metal pollutants in farmland soil
worldwide [1]. The limited values of Cd content are different in different countries
and for different types of soils with different pH. For instance, according to the Chinese
risk control standard for soil contamination of agricultural land (GB 15618-2018), when
5.5 < soil pH < 6.5, and total Cd content > 2 mg kg~ !, the soil is considered to be a con-
taminated soil with risk. In the USA, the soil screening guidance (SSG) issued by the
Environmental Protection Agency (EPA) indicates that the ecological soil screening value
of Cd is 32 mg kg !, which means that when the total soil Cd content is not higher than
this value, the soil is considered to be risk-free. Similar to the limit value of soil, different
countries or regions have different standard requirements on Cd content in food. For
example, the Codex Alimentarius Commission (CAC) allows Cd in food below 0.4 mg kg !
(CODEX STAN 193-1995), while the China national standard of food safety and China’s
national food safety requires that Cd in food should not exceed 0.2 mg kg ~!(GB 2762-2017).
This is because the existence fractions of Cd in soil are not single, and not all fractions of
Cd can be absorbed by plants [2]. The Cd contamination of paddy soils is becoming a
major concern in many rice-producing countries, including India, Thailand, China, and
Japan [3]. In general, soil moisture content is a key factor in controlling the mobility and
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bioavailability of Cd through its effects on soil pH and the transformation of soil organic
matter, and long-term flooding conditions were considered to result in the stabilization
of soil Cd [4]. However, water regulation alone cannot completely avoid the toxicity of
Cd contamination in paddy soil [5]. By adding appropriate soil additives, the content of
bioavailable Cd in soil can be effectively controlled, thus reducing the absorption of Cd by
plants [6,7]. Therefore, using suitable soil amendments in situ to make the content of Cd in
the edible part of crops meet safety standards is a simple and feasible way to remediate
contaminated farmland soil [8-10].

Many studies have mentioned the role of biochar in improving soil conditions and
increasing crop yields [11,12], and biochar is also considered to be a non-toxic potential
soil amendment for the remediation of Cd-contaminated farmland [13-15]. In laboratory
conditions, it is widely reported that biochar application can reduce the Cd bioavailability
in soil and the Cd content in rice plants [16-18]. Li et al. [19] conducted an incubation batch
experiment and a pot experiment to investigate the critical impact factor of soil properties
on the immobilization of Cd in soil by biochar; the results showed that the bioavailable Cd
in the soil samples was reduced by 15.2~44.3% with biochar application, and the decrease
rate of the bioavailable Cd concentration was significantly negatively related with soil pH
and soil organic materials. Awad [20] conducted an incubation experiment and found
that the application of biochar efficiently reduced the concentrations of soil TCLP and the
acid-soluble fractions of Cd over the untreated one. The decrease may be due to the high
pH values of the applied biochar, and the role in increasing the soil pH that reduced metal
mobility in soil. Heavy metals could be adsorbed on biochar and soil surfaces resulting in a
reduction in their mobilization in an alkaline environment.

In contrast to laboratory conditions (incubators or greenhouses), which are often
simulated, simplified, and carefully managed, field conditions involve environmental
factors that are more complex and difficult to be simulated, such as sunlight exposure, wet
and dry cycles, freeze-thaw cycles, animals (i.e., earthworms), and human activities [21].
These factors could continuously influence the physical and chemical properties of soils,
such as temperature, moisture, porosity, pH, etc., which may directly or indirectly alter
the soil Cd fractions through geochemical mechanisms under biochar application [22-24].
Although, in a field trial, the study of biochar for the remediation of Cd-contaminated
paddy soil is in the early stages of development, biochar has been found to reduce the Cd
bioavailability in soil and Cd uptake by rice, especially in Indica rice and in subtropical
climates. Bian et al. [25] reported that 40 t ha~! wheat straw biochar reduced the Cd
bioavailability in soil and the Indica rice grain Cd content significantly (subtropical climate).
Chen et al. [26] found that biochar (40 t ha—1) reduced the bioavailability of the Cd content
in soil from 0.24 mg kg~ ! to 0.03 mg kg~!, and reduced Indica rice grain Cd content
from 2.29 mg kg~! to 0.99 mg kg~ ! over the no biochar control (subtropical climate).
Although different genotypes of rice (Japonica or Indica) differ in their tolerance to soil
Cd contamination [21], the reduction response of Cd accumulation content to a biochar
amendment is consistent [27]. Considering the above experimental results under laboratory
and field conditions, it is reasonable to assume that, under a temperate climate, biochar also
could improve soil pH and other physicochemical properties, reduce Cd bioavailability in
soil, and eventually reduce the Cd content in Japonica rice. However, studies focusing on
the effects of biochar on soil Cd fractions and Cd accumulation in japonica rice under field
conditions in temperate zone are rare.

In addition, O’Connor et al. [21] reviewed published field trial studies worldwide on
the utilization of biochar for the remediation of heavy metals in contaminated paddy soil,
and highlighted that the sizes of the experimental plots in these studies rarely exceeded
100 m?, and small plots usually tend to be associated with fewer plant numbers, proportion-
ally higher losses at harvest, and relatively high competition and border effects [28]. Due
to the differences in environment factors, such as climate and pests, in different years and
seasons, an experiment which completed post-growth sampling and maintenance for 3 or
more years is more likely to lead to definitive conclusions [29]. Therefore, field experiments
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should be conducted within a certain large area for at least 3 years to get more accurate
test results.

In order to investigate the role of biochar in the immobilization of soil Cd and reducing
Cd uptake by rice in a field environment, a multi-year field experiment was carried out
in the suburbs of Shenyang City, China. Shenyang is located in the northeast of China
and is one of China’s most important heavy industrial cities, with Cd pollution in some
cultivated soil [30,31]. In this study, different amounts of biochar were treated, and rice
was cultivated under actual production conditions for three years (one growth season in
each year). Cd accumulation in different organs of rice and the changes of Cd fractions
in soil were measured; the Cd distribution, transfer, and concentration characteristics in
different organs of rice were analyzed; and the remediation efficiency of biochar on Cd
contamination in soil, and the changes in the RAC (Risk Assessment Code) of Cd in soil
were also analyzed. The total area of this experiment was over 2000 m?, and the area of
each plot was 130 m?. This area enjoys a semi-humid temperate monsoon climate. The
main type of rice cultivated here is japonica rice. From the perspective of climate, rice type,
and the scale of the experimental area, the present experimental conditions and factors are
rare in similar studies. The results of this experiment can make a useful supplement for
field research to verify the remediation of heavy-metal-contaminated soil by biochar.

2. Materials and Methods
2.1. Location of Field Trial Site

The contaminated paddy field for this study is located in the suburb of Shenyang City,
Liaoning Province, China. This site was polluted by sewage irrigation in the early 1990s,
and the paddy is a typical Cd-contaminated soil in northeast China. The average total Cd
content was 3.17 mg kg !, the average contents of available N, P, K were 123.70 mg kg !,
35.19 mg kg~!, and 109.09 mg kg~ !, respectively, and the pH and SOC were 6.12 and
19.8 mg kg 1.

Soil total Cd content was determined by microwave digestion—graphite furnace atomic
absorption spectrophotometer method. HNO3; 6 mL, HC1 2 mL, H,O, (30%) 1 mL, and
1 mL HF were added to 0.2 g soil for microwave digestion, the highest temperature was
190 °C and total digestion time was 45 min. Available N was determined by alkali-diffusion
method, available P was determined by molybdenum-antimony anti-spectrophotometric
method (Olsen method), and available K was determined by NH4Ac extraction and flame
spectrometry method. The pH of samples was measured in deionized water using a 1 to
5 wt/wt ratio, with a pH meter (HI2223, HANNA, Villafranca padovana, Italy). Soil organic
carbon (SOC) was determined by potassium dichromate oxidation spectrophotometric
method according to Environmental Protection Standards of the People’s Republic of China
(HJ 615—2011).

2.2. Biochar Properties

Biochar used in this experiment was provided by Liaoning Golden Future Agriculture
Technology Co., Ltd. (Anshan, China). As the raw materials, corn stalks were carbonized
at 500 &= 50 °C for 90 min. The main properties of the biochar are presented in Table 1.

Total C, H, O, N, S were determined by dry combustion using the elemental analyzer.
Total Cd, P, and K were determined by inductively coupled plasma mass spectrometry
(ICP-MS) after microwave digestion, and the microwave digestion procedure was the
same as soil. The measurement methods of pH and CEC of Biochar were according to
Garskin [32]. pH was measured in deionized water using a 1 to 5 wt/wt ratio. Samples
were thoroughly mixed and allowed to equilibrate for 1 h. The pH was measured with a
digital pH meter. Potential cation exchange capacity (CEC) was determined by extraction
with 1 mol L~! NHAc at pH 7, flushing three times with isopropyl alcohol, followed by
extraction with 2 mol L~ KCI two times. The ammonium content of the KCl extract was
determined colorimetrically using Nessler’s reagent on flow analyzer. Specific surface area,
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total pore volume, and average pore diameter were determined by BET method using
specific surface area analyzer.

Table 1. The basic physical and chemical properties of the biochar used in this study.

Property Value

Cd contents (mg kgfl) Not detectable
pH 8.98 + 0.11
CEC (cmol kg™1) 21.59 + 0.63
Specific surface area (m? g 1) 28.14 + 0.46
Total pore volume (ml g~ 1) 0.05 £ 0.01
Average pore diameter (nm) 10.88 + 0.21
Total C (%) 43.58 + 1.09
Total H (%) 6.91 £ 0.58
Total O (%) 21.8 £ 0.95
Total N (%) 1.38 £ 0.03
Total P (%) 0.13 £ 0.008
Total K (%) 0.09 £ 0.006
Total S (%) 0.31 £ 0.01

2.3. Set-Up of Field Trial

The study lasted for three years (2014-2016). Five treatments were set up according to
different biochar application rates and modes, which were CK (0 t ha=1),C1(7Z5tha™1),
C2 (15.0tha~'),C3 (30.0 t ha=!), and Y (3.00 t ha~! year~!). Y was a treatment with the
same amount of biochar addition year by year. For other treatments, biochar was applied
at one time in the first year, and no biochar was added in the latter two years. The weighed
biochar was spread evenly on the soil surface in each plot by hand using a tool, and then
rototilling was carried out 2 times using the small tractor with rototiller to mix the biochar
evenly with the soil.

Each treatment was repeated 3 times, randomized block design in 15 experimental
plots (Figure 1). The total area of the field experiment was about 2090 m?, and each plot
was 20 m long and 6.5 m wide. All plots were separated by a ridge with height of 20 cm
and width of 50 cm.
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Figure 1. Diagram of the treatment distribution in the field.

2.4. Rice Variety and the Cultivation Conditions

The rice variety Yugeng65 adopted in this study is a typical japonica rice bred by
conventional breeding. The cultivation and management methods were carried out ac-
cording to the local production practice. The distances between each row and each plant
were 30.00 cm and 16.67 cm, respectively. Each hole contained 3 rice seedlings. Chem-
ical fertilizers used each year were N (115.38 kg ha—1), P,O5 (61.54 kg ha—1), and K,0O
(76.92 kg ha™1), respectively. Alternate drying and wetting irrigation regimes were adopted
for all treatments.
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2.5. Rice Sampling and Analysis

At physiological maturity (October in each year), the rice plant samples were collected.
Specifically, in the middle of each plot, 20 consecutive rice plants were surveyed to obtain
the “average number of spikes (ANS)”, which was assumed to be “n”. ANS represents
the growth situation of rice in the plot. Then, three naturally growing rice plants with
“n” number of spikes were sampled as representative plants of the plot. The rice samples
were washed twice with running water and once with deionized water, oven-dried at
105 °C for 30 min, and then dried to constant weight at 80 °C. Thereafter, each plant was
separated into 5 parts (root, stem and sheath, leaf, husk, and brown rice), and stored dry
for subsequent analysis.

After being re-dried (80 °C, 24 h), dry matter weights of different rice organs (stem
and sheath, leaf, husk, and brown rice) were measured (BSA4202S, Sartorius, Gottingen,
Germany), and dry matter of root was not measured. The microwave digestion method
for rice samples was carried out by the ETHOS A (Milestone, Sorisole, Italia) before Cd
concentration determination. The dry sample to be tested was 0.2 g. HNO3 6 mL, HCI2 mL,
HO; (30%) 2 mL were added. Temperature program, room temperature, 5 min; 120 °C,
7 min; 160 °C 8 min; 190 °C 25 min. The solution to be tested showed light yellow color after
digestion, heating to drive acid, at a constant volume. At the same time, a blank control was
set up without the sample to be tested and only the reagents were added. Cd concentration
in different rice organs (root, stem and sheath, leaf, husk, and brown rice) was determined
by Graphite Furnace Atomic Absorption Spectrometry (AA7000, Shimadzu, Kyoto, Japan),
according to the China National Food Safety Standard Determination of Cadmium in Food
(GB 5009.15-2014) method for quality control by adding standard substance (1 mg L~!
CdCl,) and measuring the recovery rate; the recovery rate is controlled at 85-110%.

2.6. Soil Sampling and Analysis

The soil was sampled at harvest every year. The samples were taken from the arable
layer (20 cm) using stainless-steel corer (the internal diameter is 5 cm). Each soil sample
representing the plot was a mixture of 10 points within the plot taken by the corer according
to “S” shape. After transfer to the laboratory, the soil samples were air dried at room
temperature and ground before analysis. The ground soil was passed entirely through a
2 mm sieve, then a quarter was ground all through a 0.15 mm sieve, and small stones, roots,
etc. were removed during the above process.

The Cd fractions in soil were measured using a modified Tessier sequential extrac-
tion [33,34]. Briefly, soil samples (2.0 g) were weighted into 100 mL centrifuge tubes. The
sequential extraction processes involved 5 steps as follows: F1-F5 indicate exchangeable
fraction, carbonate bound fraction, Fe-Mn oxide bound fraction, organic bound fraction,
and residual fraction, respectively.

e  Fl1 (exchangeable fraction): 16 mL 1 mol 11 MgCl, (pH =7.0) at 25 °C for 2 h;

e P2 (carbonate bound fraction): 16 mL 1 mol 1! CH3COONa (pH = 5.0) at 25 °C
for 2 h;

e  F3(Fe-Mn oxide bound fraction): 40 mL 0.04 mol 1~ ! NH,OH-HCl and 25% CH3;COOH
(pPH=2.0)at90 £3°Cfor5h;

e  F4 (organic bound fraction): 6 ml 0.02 mol 171 HNOj; and 10 mL 30% H,O, (pH =2.0)
at 85 £ 2 °C for 2 h, then 6 ml 30% H,O, (pH = 2.0) at 85 + 2 °C for 3 h, 10 mL
3.2 mol 1= CH3;COONH;, and 20% HNOj at 25 °C for 0.5h;

e  F5 (residual fraction): mixture acid of HE-HNO3-HCl with digestion.

Following each extraction step, solutions were centrifuged for 20 min at 4500 rpm and
the soils were washed with deionized water and centrifuged prior to the next extraction step.
After pouring out the supernatant after centrifugation, it is necessary to wash the reagent
residues from the previous extraction step in the centrifuge tube. These residual liquids
contain the Cd extracted in the previous step, so the washing solution is also collected,
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together with the supernatant for the determination. Cd contents in the supernatants were
measured by Graphite Furnace Atomic Absorption Spectrometry.

The determination methods of soil pH and SOC is the same as the part of soil back-
ground value.

2.7. Data Calculation

e  The translocation factor (TF) was calculated as TF (%) = (Cd concentration in the rice
organs/Cd concentration in root) x 100%, the rice organs include: brown rice, husk,
leaf, and stem and sheath [35].

e  The distribution factor (DF) is the percentage of Cd accumulation in different organs
to the total accumulation in the acrial part of rice, and was calculated as DF(%) = (Cd
accumulation in the rice organs/total Cd accumulation in acrial part) x 100%, the
Cd accumulation in the rice organs was calculated as Cd concentration in the rice
organs x the dry weight of the rice organs, and the total Cd accumulation in acrial
part was the sum of each acrial rice organs.

e  The concentration factor (CF) was calculated as CF = Cd concentration in the rice
organs <+ Cd concentration in soils [35,36].

e  The soil Cd immobilization efficiency was calculated as Cd immobilization efficiency
(%) = (1 — bioavailable Cd in biochar treatment + bioavailable Cd in CK) x 100%,
bioavailable Cd include F1 and F2, because both the exchangeable (F1) and carbonate
(F2) bound fraction are available to plants [36].

e Risk assessment code (RAC) is a method presented by Perin et al. [37] for forecasting
the environmental toxicity of sediment metal pollution. The RAC value is equivalent
to the ratio of exchangeable (F1) and carbonate (F2) fractions to total content, and
was calculated as RAC = (Cd content of F1 + Cd content of F2)/total Cd content in
soil x 100%. RAC is generally divided into five risk levels: if RAC value < 1%, the soil
is considered to be no risk to the environment, and low risk, medium risk, high risk,
and very high risk are associated with RAC values of 1~10%, 11~30%, 31~50%, and
>50%, respectively [38].

2.8. Statistical Analyses

Descriptive statistics were performed using Microsoft Excel 2013 and SPSS 20 soft-
ware packages. One-way analysis of variance (ANOVA) was conducted to evaluate the
differences among treatments; least significant difference (LSD) was applied to test sig-
nificance between means. Prior to the ANOVA, the Shapiro-Wilks test for normality and
Levene’s test for equality of variance were run. The correlations between Cd contents in
rice organs and soil environmental factors were evaluated by redundancy analysis (RDA) in
Canoco 5.1.

3. Results and Discussion
3.1. Biochar Influences on Rice Dry Matter Accumulation and Cd Content in Rice

Biochar treatments did not show significant promotion or inhibition on the dry matter
accumulation of the japonica rice (Table 2). In the first year, compared with CK, the four
biochar treatments all increased the dry matter accumulation of all rice organs slightly.
In the second and third year, the dry matter accumulation of each rice organ was either
increased or decreased, and no regular influence was found.

Although the dry matter accumulation results of each identical rice organ under
biochar treatments had slightly higher or lower changes in the three years, none of the
above differences reached a significant level (p < 0.05). A similar biomass effect of biochar
was observed by Islam et al. [39], who found that in a pot experiment of rice cultivation on
Cd and As contaminated soil amended by biochar, a 1% corncob biochar application slightly
increased the biomass of root, shoot, and grain of rice, while a 2% biochar application
reduced the biomass of root, shoot, and grain. However, the differences between the above
two biochar treatments and the no biochar application control were also not significant.
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Yin et al. [40] noticed that the biochar application (20 t ha~!) had no significant effects on
grain yield or yield components compared with the control in a two-year field experiment.
Thus, although biochar is often considered as a soil amendment that could boost the crop
yield [41], there are still some experiments that show biochar had no significant effect on
crop growth [42]. The rice yield is related to the productivity of the experimental soil
and the nutrients level carried by the biochar [43]. According to Jeffery et al. [44], biochar
has, on average, no effect on crop yield in a temperate latitude, because arable soils in
temperate regions are usually moderate in pH, higher in fertility, and generally receive
higher fertilizer inputs, leaving little room for additional benefits from biochar. In this
study, the paddy field selected was used to produce rice for many years and received
large fertilizer inputs. As mentioned in part 2.1, the soil available nutrients and pH were
suitable for rice cultivation; therefore, the soil and rice may be benefit from biochar nutrients
relatively little. In summary, biochar had no negative effect on rice growth, and ensured
the normal growth of japonica rice in a semi-humid temperate monsoon climate.

Table 2. Dry matter accumulation in different organs of rice with biochar treatments (t ha™!,
mean £+ S.D., n = 3).

Dry Matter Accumulation in Different Organs of Rice

tha1
Year Treatment (tha™h
. Stem and
Husk Leaf Brown Rice Sheath
CK 1.38 £0.21 244 +0.16 4.60 + 0.61 5.75 +0.14
5 Y 1.46 £0.15 2.48 £+ 0.09 4.85 4+ 0.57 6.05 £+ 0.26
:s C1 147 +0.16 2.62+0.17 492 +0.42 6.47 + 0.46
2 C2 1.44 £0.15 246 +£0.12 491 4+ 0.54 6.36 = 0.16
C3 143 £0.11 249 +£0.22 4.74 + 0.36 6.28 £ 0.50
CK 1.80 +0.21 3.17 £0.11 6.02 + 0.57 7.68 £+ 0.00
5 Y 1.76 £0.11 2.80 +0.24 5.91 4+ 0.36 7.40 £+ 0.09
_:‘ C1 1.80 £0.13 294 +0.17 6.09 +0.42 7.67 +£0.15
& C2 1.83 +=0.14 2.86 = 0.27 6.08 + 0.54 751 £0.21
C3 1.76 £0.17 2.82 +0.11 5.77 + 0.61 7.46 £+ 0.49
CK 1.37 £0.04 2.02 +£0.34 4.75 +0.19 6.03 = 0.39
§ Y 1.45 +0.04 211 £ 0.27 5.00 £ 0.17 6.10 = 0.39
> C1 1.42 +£0.07 2.10 £ 0.18 4.87 +0.14 6.09 £ 0.40
E C2 1.50 £+ 0.12 2.01 +0.02 497 + 0.26 5.92 + 0.04
C3 1.49 + 0.06 2.01 £ 0.09 487 +£0.27 5.96 £+ 0.57

No letter indicates no significant difference (p < 0.05) between the biochar treatment results for single rice organ in
a same year. CK: control, Y: yearly 3 t ha=!,Cl: 75tha~1,C2: 15tha~!,and C3: 30 t ha~ 1.

As shown in Figure 2, the Cd content of the root was much higher than those of other
organs, the stem and sheath was the second, and the Cd contents of the other three organs
(leaf, husk, brown rice) were relatively very low. The Cd content of each organ of rice under
biochar treatment was lower than that of the control, and the higher the amount of biochar
application, the lower the Cd content. Compared with CK, C3 significantly reduced the Cd
contents in the brown rice, stem and sheath, and root in all years, and the Cd contents in
the leaf and husk in the second year. C2 significantly reduced the Cd content in brown rice
in the first two years. Y treatment significantly reduced the cadmium content in brown rice
in the third year.
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Figure 2. Cd contents in different rice organs in three years with biochar treatments. (A): results of
the 1st year, (B): results of the 2nd year, (C): results of the 3rd year. The error bars indicate standard
deviations (n = 3). The different letters on bars indicate significant differences (p < 0.05) between
the biochar treatments. Changes in Cd accumulations in Leaf, Husk, and Brown rice are detailed in
the partial enlarged figures. CK: control, Y: yearly 3 t ha=!, C1: 7.5t ha=!, C2: 15 tha~!, and C3:
30 thal.

Previous field studies have shown that biochar could reduce the Cd content in the rice
plant to different extents, and the factors affecting the reduction of Cd content in rice are
complex, including biochar type, soil type, rice genotype, climate type, etc. Rice genotypes
and climate types have received less attention in such field experiments than biochar and
soil types [21]. Bian et al. [25] reported that 40 t ha~! wheat straw biochar reduced the
rice (O. sativa L. Indica) grain Cd to 0.44 mg kg~! from 0.74 mg kg~! in comparison with
no biochar (soil total Cd 4.83 mg kg~!, southern China, subtropical monsoon climate);
for every ton of biochar added to the soil per hectare, the grain Cd content reduced by
0.0075 mg kg ~!. Bian et al. [27] also found that wheat straw biochar exerted a higher and
sustainable reduction in rice (O. sativa L. Japonica) grain, shoot, and root content of Cd
over three years, in comparison with no biochar; the Cd content in the grain, shoot, and
root could be maximally reduced from 2.4 mg kg~! to 1.25 mg kg~!, from 25 mg kg~ to
12.5 mg kg~ !, and from 52 mg kg ™! to 30 mg kg~ !, respectively (soil total Cd 5 mg kg~ !,
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southeast China, humid subtropical climate); for every ton of biochar added to the soil per
hectare, the Cd content of the grain, shoot, and root reduced by 0.03 mg kg~ !, 0.31 mg kg1,
and 0.55 mg kg ! respectively. Chen et al. [26] found that wheat straw biochar (40 t ha~!)
consistently reduced rice (O. sativa L. Indica) grain Cd over three rice seasons, and the
Cd content in grain could be reduced to 0.46 mg kg ! from 1.17 mg kg ! in comparison
with no biochar (soil total Cd 0.9 mg kg~!, southern China, subtropical monsoon climate);
for every ton of biochar added to the soil per hectare, the grain Cd content reduced by
0.018 mg kg 1.

In the current study, during the three years, 30 t ha~! biochar maximally reduced
the Cd content of root, stem and sheath, leaf, husk, and brown rice by 12.77 mg kg_l,
247 mgkg 1,023 mgkg!,0.19 mg kg~ !, and 0.12 mg kg 1. This means that, for every
ton of biochar added to the soil per hectare, the Cd content of root, stem and sheath, leaf,
husk, and brown rice reduced by 0.43 mg kg !, 0.08 mg kg !, 0.008 mg kg !, 0.006 mg kg !,
and 0.004 mg kg~ !, respectively. Thus, by contrast, in the subtropical zone, the value of the
Cd content in rice organs reduced by per ton biochar is relatively high. From the percentage
point, in the subtropical zone, the reduction in Indica rice was generally above 50%, and
the reduction in Japonica rice could also be more than 50%. In contrast, in the temperate
zone, the percentage of Cd content in Japonica rice reduced by biochar was relatively low
in this study, and the reduction was rarely more than 30%. This is in line with O’Connor
etal. [21], who reported that the climate zone of the field trials correlates to the effectiveness
of biochar on Cd enrichment in plant tissue, and the enrichment of Cd by plants is stronger
in the temperate zone than in the subtropical zone, which is significantly related to both
temperature and precipitation.

Although the enrichment of Cd by plants is stronger in the temperate zone than in
the subtropical zone, the Cd contents of brown rice in the first year under C1, C2, and C3
treatments were 0.40, 0.37, and 0.35 mg kg !, respectively, which all matched the CAC
standard (<0.4 mg kg !, CODEX STAN 193-1995). This confirmed the positive role of
biochar on reducing Cd accumulation in Japonica rice in the present area [45]. However,
in the second year, only C2 and C3 matched the CAC standard, which were 0.37 and
0.35 mg kg~!, and in the third year, no treatment met the standard. It can be seen that the
effect of biochar on reducing Cd uptake and accumulation in rice was clear, but it showed
a trend of decreasing with time. Meanwhile, none of the Cd contents of brown rice under
biochar treatments matched the Chinese national standard for food safety which is not
allowed to be higher than 0.2 mg kg ! (GB 2762-2017). Therefore, it is necessary to further
improve the consistent and significant Cd reducing effect of biochar on rice. Japonica rice is
mainly cultivated in northeast China (temperate climate), and Japonica rice varieties with
low Cd accumulation characteristics can be considered.

3.2. Impacts of Biochar on Cd Transportation, Distribution, and Concentration in Rice

TF, DF, and CF were used to analyze the characteristics of Cd transportation and
accumulation in rice. The TF reflected the transportation of heavy metals from the root to
the acrial organs. The DF reflected the distribution of the total amount of heavy metals
accumulated on the acrial part in each organ. The CF reflected the concentration and
enrichment of heavy metals by rice from the soil [35,36].

As shown in Table 3, in three years, the TFs of rice organs from high to low were
stem and sheath, leaf, husk, and brown rice, and the TFs of stem and sheath were much
higher than those of other organs. In the same year, for a specific rice organ or acrial part,
biochar treatments influenced the TF slightly, and there was no significant difference with
CK. Specifically, during three years under biochar treatments, the TFs of leaf ranged from
2.47% to 2.76% (CK ranged from 2.32% to 2.76%), the TFs of stem and sheath ranged from
12.73% to 15.81% (CK ranged from 13.95% to 15.89%), the TFs of brown rice ranged from
0.99% to 1.13% (CK ranged from 0.99% to 1.16%), the TFs of husk ranged from 1.89% to
2.29% (CK ranged from 1.98% to 2.21%), and the TFs of the acrial part ranged from 6.32%
to 7.48% (CK ranged from 6.57% to 7.65%).
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Table 3. TF and DF of Cd in rice plant with biochar treatments (mean + S.D., n = 3).

Transfer Factor % Distribution Factor %
1st Year 2nd Year 3rd Year 1st Year 2nd Year 3rd Year
CK 2.35+0.18 232 +0.17 2.76 £0.14 6.26 + 1.40 5.29 +0.46 5.12 £ 0.51
- Y 2.51 £ 0.29 2.57 £0.24 2.76 £ 0.56 6.30 + 0.54 5.51 +£0.14 5.25 +£0.43
§ C1 2.66 £ 0.40 247 £0.24 2.73 £0.22 6.99 £+ 0.24 5.52 +0.53 5.31 4+ 0.57
C2 2.74 +£0.43 2.54 +£0.20 2.67 +0.28 6.86 + 0.85 5.76 + 0.64 4.99 4+ 0.40
C3 2.68 +0.24 2.49 £ 0.12 2.68 +£0.48 715 +£1.02 5.63 +£0.29 5.10 £ 1.10
CK 13.95 +1.38 15.89 4+ 0.28 15.64 + 0.34 85.97 + 0.90 87.81 + 0.81 86.95 + 0.69
g < Y 14.21 +£3.28 15.35 £ 1.26 15.63 +£0.24 85.92 +1.41 87.20 +0.22 87.18 +1.41
g 5] C1 13.08 £ 1.36 14.89 £+ 0.46 15.40 £+ 0.33 8529 +1.17 87.02 +1.04 86.80 4= 0.90
% 2 Cc2 13.26 & 3.25 14.66 £ 2.54 15.81 = 1.36 84.63 + 1.48 86.38 + 0.98 86.88 + 1.16
C3 12.73 £ 2.07 14.60 £+ 2.22 15.46 +0.23 84.45 +2.22 86.50 &+ 0.72 86.70 &+ 1.55
o CK 0.99 + 0.07 0.98 £ 0.04 1.16 &= 0.09 4.86 + 0.46 424 £+ 0.22 5.15 £ 0.98
& Y 1.00 £ 0.19 0.98 4 0.04 1.05 £ 0.08 4.85 4+ 0.49 445+ 0.44 4.83 4+ 0.52
§ C1 0.99 £+ 0.15 0.99 £+ 0.08 1.12 +0.10 492 +£0.72 4.60 £ 0.48 5.10 £ 0.77
S C2 1.04 = 0.12 0.95 £ 0.09 1.13 +0.18 5.20 £ 0.37 454 £+ 0.12 5.20 £+ 0.82
/M C3 1.00 £ 0.05 0.99 £+ 0.13 1.12 £ 0.05 5.08 4 0.60 4.54 + 0.58 5.16 +0.21
CK 1.98 + 0.06 2.07 £ 0.09 2.21 +£0.06 2.92 £+ 0.09 2.66 +0.15 2.79 £0.22
~ Y 1.99 + 0.36 2.10 £0.29 2.06 +£0.27 293 +£0.44 2.84 +0.31 2.75 £0.45
3 C1 1.89 £0.32 2.09 £ 0.05 211 4+0.34 2.81 +0.47 2.86 £+ 0.09 2.78 +0.52
T C2 222 +0.22 2.29 £0.15 211 +0.23 3.32 £0.78 3.32 +£041 2.93 £+£0.20
C3 2.16 = 0.25 2.37 £0.18 2.16 £0.10 3.32 £0.63 3.33 £0.33 3.04 £0.34
- CK 6.57 = 0.36 745 +0.21 7.65 +£0.27 - - -
g Y 6.77 £ 1.66 7.28 +£0.42 7.45 + 0.25 - - -
= C1 6.41 £+ 0.61 7.10 £0.10 7.46 +0.34 - - -
5 C2 6.53 = 1.24 6.94 £+ 0.86 7.48 £0.53 - - -
< C3 6.32 + 0.86 7.03 + 0.64 7.40 + 0.31 - - -

CK: control, Y: yearly 3 t ha=1,C1: 75tha=1,C2: 15tha!, and C3: 30 t ha~!.

The DFs of rice organs from high to low were stem and sheath, leaf, brown rice, and
husk, and about 85% of the Cd in the above ground part of the rice was distributed in the
stem and sheath. In the same year, for a specific rice organ, biochar treatments influenced
the DFs slightly, and there was also no significant difference in effect.

The CFs of rice organs from high to low were brown rice, rice husk, leaf, stem and
sheath, and root. The CF of a certain organ decreased with the increase in biochar appli-
cation basically (Figure 3). Compared with CK, in the first year, C2 and C3 significantly
decreased the CFs of brown rice and stem and sheath; in the second year, C3 significantly
decreased the CFs of brown rice, leaf, stem and sheath, and root; and in the third year, C3
significantly reduced the CFs of brown rice, stem and sheath, and root.

There was no significant change observed in TF and DF under the biochar treatments
at different levels (Table 3), but significant reductions in the Cd CF of rice under biochar
treatments were found. This indicated that, in this study, the reduction in Cd content in
rice was mainly due to the decrease in the concentration process of Cd from soil to rice, and
was less related to the transfer and distribution of Cd in rice. These results were similar to
Li et al. [46], who found that a 2% biochar application had no significant influence on the
Cd TFs (roots to grain), and the TFs (from roots to grain) under biochar treatments ranged
from 3.5% to 4%, but reduced the concentration factor significantly. Jing et al. [47] also
reported that TFs (from roots to shoots) of Cd, As, and Zn were all not affected significantly
by the wheat straw biochar amendments (at the rates of 0, 10, 20, 30, and 40 t ha~1), and
the TFs (from roots to shoots) under biochar applications ranged from 5% to 58%. These
results were mainly because TF was related to rice varieties [48], and the application of
biochar alone may have a limited effect on the physiological process of Cd transportation
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and distribution in rice [46,49], but was likely to change the Cd fractions in soil and reduce
the Cd bioavailability, thus reducing the Cd concentration factor from soil to rice [21,45].
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Figure 3. The concentration factors of Cd in rice organs (Brown rice: (a—c), Husk: (d—f), Leaf: (g-i),
Stem and sheath: (j-1), Root: (m-o0)) with biochar treatments in three years. The error bars indicate
standard deviations (1 = 3). The different letters on bars indicate significant differences (p < 0.05)
between the biochar treatments. CK: control, Y: yearly 3 t ha=!,C1: 75tha—!,C2: 15tha—1, and C3:
30tha '

3.3. Biochar Influences on Soil pH and SOC

The influences of biochar on soil pH are given in Figure 4A. In the first year and the
second year, the results of the soil pH of treatments C1, C2, and C3 were significantly
higher than that of CK, and the differences between them all reached a significant level.
In the third year, the soil pH of C1 was higher than that of CK, but the difference was not
significant. The soil pH values of C2 and C3 were significantly higher than C1, and the
soil pH of C3 was still higher than that of C2, but the difference was not significant. With
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the continuous addition of biochar year by year, the soil pH of the Y treatment gradually
increased, which was significantly higher than that of CK in the third year. The soil pH of
C1, C2, and C3 all decreased gradually over three years. Especially, the pH values of both
C2 and C3 in the third year were significantly lower than those in the first year. The soil
pH of C1 treatment also decreased, but there was no significant difference in three years.
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Figure 4. The soil pH (A) and SOC (B) of different treatments in three years (mean £ S.D., nn = 3). The
different letters on bars indicate significant differences (p < 0.05) between the biochar treatments. CK:
control, Y: yearly 3 t ha=1,C1: 75tha=1,C2: 15tha~!, and C3: 30 t ha~!.
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The influences of biochar on SOC are given in Figure 4B. In general, similar to the
previous studies, SOC increased with the increasing application of biochar. In the three
years, the SOC of C1, C2, and C3 was significantly higher than that of CK, and the difference
between them also reached a significant level. The SOC results of the Y treatment with
increasing biochar dosage year by year did not increase all the time, but showed a slight
decrease in the third year after increasing in the second year. However, there was no
significant difference in the SOC results in the three years of Y treatment, and the situation
of C1 treatment was similar to Y. The SOC of C2 and C3 increased gradually with the
continuation of time, and the SOC of C2 in the third year was significantly higher than that
of the first two years, and the SOC of C3 in the third year was also significantly higher than
that of the first year.

3.4. Biochar Influences on Cd Fractions in Paddy Soil

For the relative contents of different Cd fractions (Figure 5), the percentages were
higher for F1, F3, and F5, and lower for F2 and F4, in general. In three years, with the
increase in biochar applications, the relative contents of F1 decreased gradually, while the
proportions of F3 increased gradually.
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Figure 5. Distribution of Cd fractions in soil with biochar treatments. F1-F5 indicate exchangeable
fraction, carbonated bound fraction, Fe-Mn oxide bound fraction, organic bound fraction, and residual
fraction, respectively. CK: control, Y: yearly 3 t ha=1,Cl: 75tha=1,C2: 15tha~!, and C3: 30 tha L.

As shown in Table 4, C1, C2, and C3 all significantly decreased F1 content in three
years, and the Y treatment also decreased in the last two years. Biochar treatments had no
significant effect on the Cd content of F2. C3, C2, and C1 were able to significantly increase
the F3 content in different years. C3 increased F4 content significantly in three years, while
the other biochar treatments only increased F4 in the third year. C2 and C3 increased F5
content in the second year.

Table 4. Cd contents of different fractions in soil of the different applied treatments during three
years. (mg kg_l, mean + S.D., n = 3).

F1 F2 F3 F4 F5

CK 1.14£0.03a 022+001a 1.01 £0.05b 023 +£001a 0.60 £0.03 a

Y 0.93 £ 0.02 bc 0.22 £ 0.00 a 1.06 £0.04b 022 £0.02a 0.64 £ 0.03 a

1st year C1 099 +0.01b 022+001a 1.09 £ 0.04b 0.23 +0.00 a 0.63 £0.03a
C2 0.89 £0.04c 0.22 £0.00 a 126 £0.04a 025+£0.02a 0.65£0.04a

C3 0.71£0.01d 022+ 0.01a 1.34 £0.04 a 0.23 £0.02a 0.65 +0.04 a

CK 1.01£0.02a 020£0.01a 1.10 £0.02d 0.18 £0.01b 0.62 +0.03b

Y 0.82+0.04Db 021 £0.02a 1.18 £0.01 cd 0.21 +0.03 ab 0.63 +0.02b

2nd year C1 0.88 £0.03b 020+ 0.01a 122 +0.01c¢ 0.20 £ 0.02 ab 0.64+0.01b
C2 0.67 £ 0.06 ¢ 0.19 £0.00 a 1.31 £0.06 b 0.23 +0.01 ab 0.69£0.01a

C3 0.54+0.05d 0.20 £0.00 a 140 £0.03a 024 £0.02a 0.69 £0.03a

CK 0.97 £0.05a 0.21 £0.02a 1.1+0.04b 0.13 £0.02b 0.69 + 0.08 a

Y 0.74 £0.01c 022+001a 1.16 £ 0.06 b 019+0.02a 0.74 £0.03 a

3rd year C1 0.83 +0.02b 0.20 £0.00 a 1.15+0.04b 020£0.02a 0.69 £0.07 a
C2 074 +£0.01c 0.19 £ 0.00 a 1.21 +0.04 ab 021 £0.01a 071 £0.04a

C3 0.71 £0.04c 0.19 £0.00 a 1.31+£0.03a 023 +£0.02a 0.65 £0.08 a

Different letters indicate significant differences (p < 0.05) between the biochar treatments in a single year. F1-F5
indicate exchangeable fraction, carbonated bound fraction, Fe-Mn oxide bound fraction, organic bound fraction,
and residual fraction, respectively. CK: control, Y: yearly 3 t ha=1,C1: 75tha=1,C2: 15tha!, and C3: 30 tha~1.

In the previous field experiments, the application of biochar could transform the
bioavailable part of Cd into more stable fractions in soil [25,27,50]. According to Cui
et al. [51], for instance, who conducted a five-year field experiment and found that in both
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wheat and rice seasons, the readily soluble mineral form (exchangeable fraction) of Cd
in biochar-amended (40 t ha~!) paddy soil was primarily transformed into the carbonate,
organic, and residual states, which were more difficult to be taken up by plant. Meanwhile,
the redistribution of Cd fractions in soil is usually suggested to be associated to the changes
in soil properties, such as pH and organic matter content [52]. In the current study, one of
the most obvious changes in Cd fractions in soil was the decrease in F1 and the increase in
F3. Fe-Mn oxide bound Cd is essentially a combination of Cd and Fe, Mn, Al, and other
metal oxides [53], and its formation is closely related to the change in soil pH [54]. The
increase in pH inhibited the reduction and dissolution of iron oxides, and increased the
quantity of negative charges on the soil colloid surface, which could enhance the adsorption
of Cd in soil [55]. In this study, the other positive change in Cd fractions in soil was the
increase in F4 by year. Biochar exhibits an enormous potential in markedly enhancing
SOC stocks over a long term, and the increase in organic matter promotes the formation of
organic bound Cd and improve the stability of Cd in soil [56]. Therefore, it is reasonable to
assume that the changes in soil pH and SOC may be the major indicators for the reduction
of mobility and bioavailability of Cd in soil by biochar in the current study.

3.5. The RAC and Biochar Immobilization Efficiency

The risk assessment code (RAC) was adopted in this work to further assess the eco-risk
of Cd in soil after biochar application (Figure 6), and RACs were obtained through the
calculation of the results of Cd fractions. The RAC of CK was 38%~43% in three years,
which belongs to the high-risk category (31~50%). The RAC of Y was 31%~38%, and the
RAC of C1 was 33%~38%. The RACs of Y and C1 were lower than that of CK, but they
were all at high risk. The RAC of Y and C1 decreased year by year. The RAC of C2 was 34%
in the first year, which was 9% lower than that of CK, but it was still at high risk. In the
next two years, the RAC of C2 treatment was at a medium risk (28% and 30%). The RAC of
C3 was 24%~30% in three years, which belongs to the medium-risk category (11~30%) all
the time. The RAC of C2 and C3 decreased in the second year and then increased in the
third year, so the lowest RAC of C2 and C3 were both in the second year.

45%

1st year
@ 2nd year

40% 1 F 3rd year

35%

RAC

High risk
30%

25% A %

20% T T T T
CK Y C1 C2 Cc3
Treatment

Figure 6. The RAC values for Cd with biochar treatments in three years (mean + S.D., n = 3). Red
dashed line in the figure is a dividing line that represents a critical value (30%) for high-risk and
medium-risk. CK: control, Y: yearly 3 t ha=!,Cl: 75tha—1,C2: 15tha~!, and C3: 30 tha~1.

The RAC is usually used to assess the potential risk of heavy metals in soil to the
environment [38]. Some studies have used this method to evaluate the risk of heavy metals
in biochar [57], but there are few studies that use RAC to evaluate the risk of heavy metals
in soil after biochar addition. Sarmaha et al. [58] conducted a field study and assessed the
risk of Cu, Mn, and Zn in soil after the application of tea pruning litter biochar (TPLBC),
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and found that, although the TPLBC was enriched in Cu, Mn, and Zn, the RAC values of
all three metals fell within the medium-risk region irrespective of all treatments, suggesting
that the application of TPLBC does not have any adverse effect on soil. In the current study,
all biochar treatments reduced the RAC value of Cd in soil. The medium- and high-dose
biochar treatments demonstrated the ability to reduce the risk of Cd in soil from high risk
to low risk. In particular, a high-dose biochar treatment (40 t ha—!) always kept the risk of
Cd in soil at the medium-risk level for three years.

The Cd immobilization efficiency of different treatments in three years is shown in
Figure 7; the Cd immobilization efficiency was generally that C3 was higher than C2
which was higher than C1 in three years, but the trend of the immobilization efficiency of
different treatments was different. The immobilization efficiency of C2 and C3 increased
in the second year and then decreased in the third year, the immobilization efficiency of
C1 was 11.41~3.13% and basically stable in three years, and the immobilization efficiency
of the Y treatment which was added year by year showed a steady increase. In the third
year, the immobilization efficiency of C2, C3, and Y were all close to about 20%. The Cd
immobilization efficiency of biochar was all above 10%, and C3 reached 39.05 & 5.49% in
the second year, which was the highest immobilization efficiency of all treatments.
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Figure 7. The Cd immobilization efficiency of different treatments in three years (mean + S.D., n = 3).
CK: control, Y: yearly 3 t ha=!,Cl: 75tha=!,C2: 15tha!, and C3: 30 tha~!.

Although some studies have verified the immobilization efficiency of biochar on Cd
in soil in the past few years [27,59], long-term field studies are still necessary to evaluate
the immobilization efficiency of biochar under natural farmland soil conditions [2,60].
In this 3-year field study, three points are noteworthy in the results of the changes in Cd
immobilization efficiencies in soil influenced by biochar (Figure 6). First, the immobilization
efficiency of the medium and high doses (C2, C3) of biochar increased gradually in the first
two years, but decreased significantly in the third year, while the immobilization efficiency
of the low dose biochar (C1) was always basically stable in the three years. Previous
studies observed that the immobilizing effect of biochar can persist for three or more
years [48], which is consistent with the results of this study. As for the fluctuation of the Cd
immobilization efficiency of biochar over time, it is justified in part that the aging of biochar
and long-term burial can lessen the ability of biochar to interact with Cd [61]. Second, the
immobilization efficiency of biochar increased gradually with time when a small amount
of biochar was added year by year (Y). Xing et al. [61] suggested that biochar amendment
can lower the bioavailability of Cd in the soil, depending on the freshness and aging of
the biochar. Gradually adding fresh biochar may be an effective way to resist the aging
of biochar in the field. Third, although the cumulative application dose of Y in the first
two years was lower than C1, the immobilization efficiency of Y was always higher than
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that of C1. That is, the Cd immobilization efficiency of biochar does not always increase
linearly and gradually with the increase in the amount of biochar. This is similar to the
finding of Wang et al. [62], which is that the Cd immobilization efficiency of 10% rice straw
biochar was lower than that of 5%. Therefore, the effects of biochar on the immobilization
efficiency of Cd in soil over different times and dosages are relatively complex, and the
in-depth mechanisms need further research in the future, but the immobilization effect of
biochar on Cd bioavailability is clear in the current field environment.

3.6. Correlations between Cd Contents in Rice and the Soil Environmental Factors

The first two axes of RDA explain the variance between the Cd contents in rice and the
soil environmental factors in Figure 8, which are 81.51% and 7.1%, respectively. The length
of the red arrow indicates the influence of soil factors on the Cd contents in rice, and its
direction is related to the coordinate axis. As shown in Figure 8, F1 is positively correlated
with all Cd contents in rice organs; F2 is positively correlated with the Cd contents in leaf
and brown rice, but negatively correlated with Cd contents in other organs; and the pH,
SOC, F3, F4, and F5 are negatively correlated with all Cd contents in rice organs. The
selected environmental variables could account for the 93.5% variation of Cd contents
in rice. The Cd contents variation explained by soil environmental factors is reduced as
follows: pH > F3 > F5 > F4 > F2 > F1 > SOC. RDA confirmed that the soil pH (F = 38.9,
p = 0.002) and Cd content of F3 (F = 4.6, p = 0.008) in soil were the most important
contributors to the variation in Cd content in rice plants and accounted for 80.2% and 7.4%
of the variation, respectively.
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Figure 8. RDA of Cd contents in rice and the soil environmental factors.

As noted above (Figures 5 and 7), the formation of Fe-Mn oxide bound Cd is closely
related to the change in soil pH [54], and the increase in pH inhibited the reduction and
dissolution of iron oxides, and increased the quantity of negative charges on the soil colloid
surface, which could enhance the adsorption of Cd in soil [55]. The increasing of soil pH
and Fe-Mn oxide bound Cd caused by biochar application is the main explanation for the
redistribution of Cd in soil, which then caused a series of influences, such as reducing Cd
uptake in rice and reducing the risk of Cd in soil. Based on the above results (Figure 9),
some hypotheses of cost-saving and synergic biochar application can be put forward.
For instance, (i) the application of small amounts of biochar per year or large amounts
every other year can reduce costs while maintaining high soil pH and increasing the
immobilization efficiency for soil Cd, (ii) the use of Fe-modified biochar or a mixture of Fe
oxide and biochar can further improve Cd immobilization in soil, and (iii) the use of biochar
together with physiological regulating substances such as Si, or the use of biochar in the
cultivation of rice with Cd resistance genes, can further reduce rice Cd uptake. However,
these hypotheses needed to be further explored. In addition, there is a deficiency that needs
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to be pointed out: the current study does not provide detailed analysis of soil properties
other than pH and SOC, such as soil nutrients after 3 years, etc.

Brown rice  8.07-26.25% % —> Tr.ans.fer factor — Cd immobilization efficiency 4
sk Distribution factor — ¥
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Figure 9. Summarized effects of biochar on the Cd uptake in rice and the Cd fractions in paddy soil.

4. Conclusions

In this work, biochar was able to redistribute the Cd fractions in soil, mainly by
reducing the exchangeable Cd content and increasing the Fe-Mn oxide and organic bound
Cd content, which in turn reduced the enrichment of Cd by rice from the soil, and reduced
the Cd content of rice organs. The increase in soil pH by biochar made a key contribution
in the above process. Biochar application in the field did not significantly affect the dry
matter accumulation of different rice organs and had a weak effect on the transportation
and distribution of Cd in the rice plant. The immobilization effect of biochar on soil Cd in
the field lasted for at least three years, and biochar was able to reduce the RAC of soil Cd.
It should be noted that the immobilization efficiency of biochar for soil Cd fluctuated in
the field environment, in different years and at different dosages, and that applying small
amounts of biochar year by year or large amounts of biochar every other year may be a
feasible way to consistently maintain a high Cd immobilization efficiency. This work adds
to the limited field research on the biochar remediation of Cd-contaminated paddy soil.
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