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Abstract: The mechanisms of soil Cd and Pb alterations and distribution following biochar (BC;
0 to 40 t ha−1) amendments applied (in either 2009 [long-term] or in 2016 [short-term]) to a
contaminated rice paddy soil, and subsequent plant Cd and Pb tissue distribution over time
was investigated. Water-soluble Cd and Pb concentrations decreased by 6.7–76.0% (short-term) and
10.3–88.1% (long-term) with biochar application compared to the control. The soil exchangeable metal
fractions (i.e., considered more available) decreased, and the residual metal fractions (i.e., considered
less available) increased with short- and long-term biochar amendments, the latter likely a function
of biochar increasing pH and forcing Cd and Pb to form crystal mineral lattice associations. Biochar
application reduced Cd (16.1–84.1%) and Pb (4.1–40.0%) transfer from root to rice grain, with rice Cd
and Pb concentrations lowered to nearly Chinese national food safety standards. Concomitantly, soil
organic matter (SOM), pH and soil water content increased by 3.9–49.3%, 0.05–0.35 pH units, and
3.8–77.4%, respectively, with increasing biochar application rate. Following biochar applications, soil
microbial diversity (Shannon index) also increased (0.8–46.2%) and soil enzymatic activities were
enhanced. Biochar appears to play a pivotal role in forcing Cd and Pb sequestration in contaminated
paddy soils, reducing heavy metal transfer to rice grain, and potentially leading to reduced heavy
metal consumption by humans.

Keywords: biochar; cadmium; lead; contaminated paddy soil; short- and long-term mechanisms

1. Introduction

Soil heavy metal pollution is a worldwide problem, with accumulation leading to toxicity and
environmental persistence; this is especially true for cadmium (Cd) and lead (Pb), both of which pose
serious human and ecological health threats [1,2]. In China, over 16% of all agricultural soils are
contaminated with heavy metals, with soil Cd and Pb concentrations exceeding China’s environmental
standards in 7% and 1.5% of all arable lands (9.8 × 104 and 2.1 × 104 km2, respectively [3]. It is obvious
that in order to protect human health and the environment, reducing heavy metal bioavailability is of
paramount importance.

Reducing heavy metal bioavailability has followed several pathways, including amendment
additions for heavy metal stabilization [4]. Heavy metal stabilization is typically dominated by
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chemisorption mechanisms, with other sorption mechanisms such as ion exchange, electrostatic
attraction and complexation playing roles [1]. Stabilization/immobilization has been considered
practical with respect to short-term effectiveness when using different stabilizers, yet longer-term
effectiveness does require more research, especially for the biochar [5]. For example, Senneca et al.,
found that a cement-based stabilization/solidification treatment positively affected a chromium (Cr)
contaminated soil, with the treatment increasing the amount of Cr in the soil residual fraction and thus
reducing its mobility [6]. Cui et al., found that the biochar could stabilize Cd and Pb in the paddy soil
and reduce the rice uptake in short term [7]. Finding a heavy metal stabilizing material that is effective
both in the short- and long-term may be as simple as utilizing biochar [8].

Biochars are created by pyrolyzing various carbonaceous materials, such as agricultural crops
wastes, at moderate temperature under anoxic conditions [9]. Biochar is widely accepted as an effective
agent for reducing heavy metal bioavailability via biochar organic-heavy metal complexation and
biochar oxide, hydroxide, and carbonate phase-heavy metal precipitation [10]. As examples, Khan et al.,
showed that corn straw biochar could effectively sorb Cd via chemisorption, electrostatic interactions,
and inner-sphere complexation reactions [11]. Golden shower tree (Cassia fistula) biochar has been
shown to sorb and remove up to 303.5 mg Cu g−1 from wastewater [12]. In addition, barley grass
biochar has been proven to sorb ~90 to 95% of soil borne Cu and Pb from a contaminated soil, leading
to enhanced plant growth [13].

Increasing heavy metal sorption via biochar use can lead to alterations in heavy metal phases
present in contaminated soils. Essentially, relatively high bioavailable heavy metal concentrations can
be altered to less bioavailable forms via biochar application to metal-contaminated soils. Qin et al.,
showed that the addition of pig manure biochar to contaminated soil sorbed both Cd and Pb, reducing
their leaching losses (i.e., bioavailable forms) by 38% and 71%, respectively, as compared to a control [14].
Ippolito et al., observed up to an 88% and 100% decrease in bioavailable Cd and Pb, respectively,
with the use of either lodgepole pine or tamarisk biochar in metal contaminated soils; decreases were
driven by precipitation reactions [15]. Cadmium sorption onto wheat straw biochar was driven by
precipitation reactions [e.g., Cd(OH)2 and CdCO3] and interaction with carbonyl and carboxyl groups,
leading to reduced bioavailable soil Cd concentrations [16]. Water hyacinth biochar has been shown to
decrease rice paddy soil exchangeable Cd content by ~25%, while increasing Cd in less-bioavailable
forms such as those associated with carbonate- and Fe/Mn oxide phases [17].

Altering heavy metal phases present, in favor of lower bioavailability, has been linked to alterations
in plant and human metal uptake. For example, corn straw biochar has been shown to significantly
reduce the proportion of Cd in the soil exchangeable and carbonate phases (i.e., relatively highly
bioavailable) and increase the proportion of Cd in the residual fraction (i.e., highly unavailable), leading
to a decrease in plant and human bioavailability [18]. Bian et al., reported that wheat straw biochar
reduced Cd and Pb bioavailability by ~60% via sorption onto biochar (hydr)oxide phases present (i.e.,
unavailable), with Cd and Pb rice uptake reduced by between 27% and 69%, suggesting lower heavy
metal consumption by humans [19].

The above studies indicate that biochars may be used to not only sorb, but to alter heavy
metals forms to those less bioavailable. However, the additional benefit of biochar land application
lies in the fact that biochars can also positively alter soil physicochemical attributes. Zhang et al.,
showed that rice straw biochar sorbed and immobilized heavy metals, while improving soil water
and nutrient dynamics [20]. Bamboo biochar has been shown to increase acidic soil pH, available K,
Fe, Mg, and Mn content, and SOM, while decreasing bioavailable heavy metal mobility via surface
adsorption and precipitation reactions [21]. Cui et al., reported that biochar increased soil pH and
SOM, and significantly reduced metal bioavailability, leading to a decrease in rice and wheat grain
metal concentrations over the short-term (i.e., 2 years) [7,22]. Cui et al., showed a similar long-term
(i.e., 5 years) trend with wheat straw biochar-Cd/Pb sorption in an amended paddy soil [23].

Based on the information presented above, continued research is needed to verify biochar
alterations to soil properties, heavy metal bioavailability, and plant metal uptake over short- and
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longer-term timeframes. Desperately required is a focus on in-field research. Thus, the objective of the
present study was to evaluate the mechanisms by which biochar alters soil physicochemical as well as
biological properties, soil Cd and Pb bioavailability, and the corresponding metal uptake in rice from a
contaminated paddy soil under the short- and long-term. Our hypothesis was that biochar would
bind Cd and Pb and reduce the soil bioavailable fraction/increase the recalcitrant fraction, leading
to less Cd and Pb uptake by rice over both a relatively short and longer timeframe. This hypothesis
should be supported by correlations between chemical, physical, and biological changes in soil due to
biochar application.

2. Materials and Methods

2.1. Site Description

The experiment was conducted in a paddy field (31◦24.434′ N and 119◦41.605′ E), where
atmospheric fallout and effluent discharges from a local Pb smelter have contaminated the site
since at least the 1970s. Cadmium and Pb are the primary metal contaminants in this area. The paddy
soil was characterized as a Ferric-accumulic Stagnic Anthrosol [24].

2.2. Experimental Design

The long- and short-term biochar experiments commencement in May 2009 and May 2016,
respectively, within a continuous rice rotation. The long- and short-term plots were adjacent to one
another in the field, using the same experimental design for both experiments; within the text below,
the short and long-term experiments are designated as “S” and “L”. Individual 4 × 5 m plots were laid
out in a randomized complete block design with three replicates per treatment.

Biochar was created from wheat straw via pyrolysis at ~450 ◦C at the Sanli New Energy Company,
Henan Province, China. Treatments included four biochar application rates of 0(C0), 10 (C1), 20 (C2)
and 40 (C3) t ha−1, which were surface-applied, raked to relative uniformity, and then fully incorporated
into the soil to approximately a 15 cm depth by plowing. Biochar and background soil were collected,
returned to the lab, ground to pass a 2-mm sieve, with basic biochar and soil properties determined
using methods outlined by Lu [25]; data are presented in Table S1.

2.3. Sample Collection and Analysis

2.3.1. Donnan Membrane Technique Setup

The Donnan membrane technique (DMT), which identifies water-soluble Cd and Pb throughout
the rice growing season, was used in-field for every month from August to November 2016, 2017,
and 2018. This in-situ technique utilizes an acceptor cell (i.e., 10 mL of 0.01 mol L−1 CaCl2, with Ca
moving out of the cell when heavy metal cations move into the cell), separated by a positively charged
membrane (BDH, No. 55165 2U) held by two O-rings [26] (Figure S1). The BDH membrane has
a matrix of polystyrene/divinylbenzene, with sulphonic acid groups which are fully deprotonated
above pH = 2. The solution was changed every month over the study period. Solution Cd and Pb
concentrations were determined by graphite furnace atomic absorption spectrometry (GFAAS, Zeenit
700p, Jena, Germany).

2.3.2. The Rice Plant Collection

During harvest, three whole rice plants were randomly collected from each plot by gently pulling
the entire plant out of the ground. The samples were washed with tap water and deionized water
to remove soil, and then separated into roots, shoots, and grain. The plant samples were dried at
105 ◦C for 30 min and then at 60 ◦C until dry, then crushed with a pulverizer and stored in air-tight
polyethylene bags. A 0.50 g plant sample was placed in a 100 mL beaker and predigested overnight
in a 10 mL solution of concentrated HNO3 and HClO4 (4:1, v:v) at room temperature. The following



Environments 2020, 7, 53 4 of 15

day, the beakers were placed on an electric heating plate with the temperature raised from 100 to
200 ◦C over 30 min, then the temperature was increased to 250 ◦C until the solution changed colorless,
at ~2 mL of solution remaining. The solutions were then removed, cooled, brought to a 25-mL final
volume, and filtered through a 0.45-µm membrane filter. The Cd and Pb concentration in the digestate
were determined with GFAAS.

2.3.3. The Soil Samples Collection

Three soil cores (0 to 15 cm depth) were collected from each plot following rice harvest in November
2016, 2017 and 2018. Plant debris was removed and the soil separated into two parts: (1) air-dried at
room temperature and then ground to pass a 2-mm sieve; (2) stored at 4 ◦C for subsequent microbial
activity measurements. Soil pH, soil water and soil organic matter (SOM) were analyzed using methods
described by Lu [25]. Briefly, soil pH was measured using a glass electrode with a soil-to-water ratio
of 1:2.5. Soil water content was determined gravimetrically by weight difference before and after at
least six hours of oven drying at 105 ◦C. The SOM was determined using the dichromate oxidation
method. A subsample of the air-dried, ground soil was further ground to pass a 0.15-mm sieve and
used to determine total Cd and Pb concentrations and sequentially extractable heavy metals fractions
as described below [1,7].

2.3.4. The Soil Heavy Metals Fractions Detection

Soil heavy metals from the 2016, 2017, and 2018 samples were sequentially extracted using the
modified four-stage procedure recommended by the European Community Bureau of Reference (BCR),
as described by Ure et al. and briefly described here. Exchangeable fraction (B1; includes soluble,
exchange site- and carbonate-bound) [27]: 40 mL of 0.11 M acetic acid was added to 1 g of soil in
a 50 mL centrifuge tube and shaken for 16 h at room temperature, followed by centrifugation and
liquid decantation. Iron and manganese oxyhydroxides fraction (B2): 40 mL of a freshly prepared
hydroxyl ammonium chloride was added to the residue from the previous step, shaken for 16 h at
room temperature, followed by centrifugation and decantation. Organic fraction (B3): the residue
from the previous step was treated twice with 10 mL of 8.8 M hydrogen peroxide. The digestion was
allowed to stand for 1 h with occasional manual shaking, followed by digestion at 85 ± 2 ◦C until the
volume was reduced to 2–3 mL. Samples were allowed to cool, and then 50 mL of 1.0 M ammonium
acetate was added to the mixture and shaken for 16 h at room temperature, followed by centrifugation
and decantation. Residual fraction (B4; represents metals associated with crystalline mineral phases):
residue from the previous step was allowed to air-dry and then digested in a 50 mL digestion tube
by first adding 1 mL of deionized water to make a slurry, followed by an aqua regia addition (7 mL
HCl and 2 mL HNO3). The mixtures were allowed to predigest overnight at room temperature and
then digested at 105 ◦C for 2 h the next day. Then, the mixtures were brought to a 50 mL final volume.
The final liquids from all four steps were passed through a 0.45-micron membrane filter prior to Cd
and Pb analysis via GFAAS (GFAAS, Zeenit 700 p; Analytik Jena AG, Jena, Germany).

2.3.5. The Soil Enzymatic Activity Detection

Soil enzymatic activity, microbial community composition, and bacterial abundance were analyzed
on all refrigerated soil samples. Soil alkaline phosphatase activity was measured using the disodium
phenyl phosphate method [28]. Soil sucrase activity was measured using the 3,5-dinitrosalicylic
acid method [1]. Soil urease and dehydrogenase activities were determined using phenol-sodium
hypochlorite and triphenyl tetrazolium chloride methods, respectively [29]. Microbial community
composition was determined using a Gene Amp PCR-System 9700 (Applied Biosystems, Foster City,
CA, USA). Briefly, the total DNA was extracted from 0.5 g of soil using a FastDNA Spin Kit for
Soil and the FastPrep Instrument (MP Biomedicals, Santa Ana, CA, USA). The DNA quality was
assessed on 1% agarose gel, while the quantity of DNA was determined using a Nanodrop-2000
spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE, USA) [30]. Bacterial abundance
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was quantified following the polymerase chain reaction (PCR) method targeting 515F and 907R (V4-V5
region) primer pairs of 16S rDNA. For microbial community analysis, PCR tests were conducted for
each DNA sample, and pooled and purified using a QIAquick Gel Extraction Kit (Qiagen, Chatsworth,
CA, USA). Approximately equimolar amounts of the PCR products of each sample were combined
prior to amplicon sequencing using an Illumina Miseq platform at Shanghai Genesky Biotechnologies
(Shanghai, China).

2.4. Statistical Analysis

All data were expressed as means ± one standard deviation of the mean. Differences between the
treatments were examined using a two-way analysis of variance (ANOVA), with statistical differences
considered when p < 0.05. All statistical analyses were carried out using SPSS, version 20.0 (SPSS
Institute, Chicago, IL, USA). Biochar and soil basic properties, plant heavy metals, microbial diversity,
heavy metals present in various soil fractions, and soil enzyme activities were analyzed using principle
component analysis (PCA, using SPSS), and PCA was also used to determine correlation coefficients (r)
between all of these factors.

The Shannon index (H) of the operational taxonomic units (OTU) for soil microbial community
diversity was calculated as:

H =

Sobs∑
i=1

ni
N

ln
ni
N

(1)

where Sobs was the OTU detection number, ni was the number of the ith OTU, and N was the sum
of all sequence numbers. A bioconcentration factor (BCF) was determined as the above-ground Cd
or Pb concentration/soil Cd or Pb concentration. A translocation factor (TF) was determined by the
above-ground plant Cd or Pb concentration/root Cd or Pb concentration.

3. Results and Discussion

3.1. Biochar Effects on Cd and Pb in the Soil Water Soluble Phase and Various Pools

In-situ dissolved soil Cd and Pb concentrations may be considered bioavailable [31]. In-field,
soluble soil Cd and Pb data, collected via the DMT, are presented in Figure S2. More often than not,
increasing biochar application rate decreased paddy field soil water-soluble Cd and Pb concentrations
over both the short- and long-term. Long-term Cd concentrations significantly decreased by 24.5–52.2%
(2016), 32.1–73.2% (2017) and 37.1–80.8% (2018), while Pb concentrations decreased by 32.1–88.1%
(2016), 15.7–82.4% (2017) and 10.3–46.2% (2018) (Figure S2A,C) with biochar applications compared to
the control. Short-term Cd and Pb concentration were significantly decreased by 19.8–46.5% (2016),
14.5–67.4% (2017), 30.0–76.0% (2018) and 6.7–63.3% (2016), 17.6–65.5% (2017), 14.3–44.6% (2018) (Figure
S2B,D), respectively, with biochar applications compared to the control. Greater short- and long-term
Cd and Pb decreases were associated with greater biochar application rates. When soluble Cd increases
were observed, they may have been related to increases in water soluble organic phases present that
chelated Cd, as suggested by Fan et al. [32]. However, similar to most of our findings, Xu et al.,
also found that water-soluble Cd and Pb concentrations decreased by 59% and 13% with macadamia
nutshell biochar amendment in a lab incubation study [33]. Comparable Cd and Pb results were found
by Wang et al., when using rice straw biochar in a pot experiment [34].

Results of the BCR sequential extraction on soil Cd and Pb fractions are presented in Figure 1.
The exchangeable Cd and Pb fractions (B1) were approximately 40% of the total Cd and Pb extracted,
yet tended to decrease with increasing biochar application rate. When exchangeable Cd and Pb
content decreased, it appears that increases were associated with the residual fraction (B4), indicating
a reduction in Cd and Pb bioavailability and lower potential ecological risk associated with biochar
amendment, as suggested by others [35]. In support of these findings, Chen et al., showed that
biochar reduced Cd bioavailability by transforming the exchangeable fraction into the residual fraction,
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associating these changes to increases in soil pH [36]. Wang et al. [37] and Liu et al. [38] both
observed similar responses when using wheat straw or coconut shell biochar, respectively, to reduce
Cd bioavailability. Sludge-based biochars have also been shown to decrease Pb and Cd bioavailability
from 55.9% to 4.9% for Pb, and from 78.2% to 12.5% for Cd [39].
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3.2. Biochar Effects on SOM, pH and Water Content

Changes in soil properties, as a function of biochar application rate in the long-and short-term
experiments, are shown in Figure 2. The SOM content significantly increased by 8.1–38.5% (long-term)
and 3.9–49.3% (short-term), related to increasing biochar application rate (Figure 2A). The long- and
short-term SOM changes remained statistically unchanged over time. Others have also noted similar
SOM responses due to biochar application. For example, orchard prunings biochar (10%, v:v) reduced
exchangeable metal concentrations in soil, which in part was attributed to increasing SOM [40].

Soil water contents were also significantly affected by increasing biochar application rates
(Figure 2B). Soil water content increased by 3.8–41.6% (long-term, except 2016) and 4.5–77.4%
(short-term), suggesting that biochar application may have improved soil physical properties. Positive
changes in soil water content via biochar application have been observed by others [41–44].

Increasing biochar application rates also significantly increased soil pH, with soil pH having been
shown to directly influence heavy metal fractions [45]. Soil pH significantly increased by 0.05–0.31 pH
units (long-term) and 0.07–0.35 pH units (short-term), with greater changes associated with greater
biochar application rates. The short-term usually had a greater effect on increasing soil pH compared
to the long-term under the same treatment (Figure 2C). Increasing soil pH has been found to be a key
factor for reducing heavy metal bioavailability [15,46].
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3.3. Biochar Effects on Cd and Pb Transfer in Rice

The Cd and Pb concentrations in rice, as a function of biochar application rate in the long- and
short-term, are shown in Figure 3. Following either short- or long-term biochar application at 40 t ha−1,
rice Cd and Pb concentrations decreased by 30.7% and 45.2% (2016), 45.0% and 40.0% (2017), and
84.1% and 28.1% (2018), respectively, as compared to the control; lesser reductions were observed with
lower biochar application rates. The rice husk, stem and root Cd and Pb concentrations followed
similar trends. Biochar significantly reduced Cd and Pb transfer from roots to stems to grain; root Cd
and Pb concentrations were over 40 mg kg−1 and 300 mg kg−1, respectively, yet rice grain Cd and Pb
concentrations were approaching or met national food safety level (≤0.2 mg kg−1) [47]. Other studies
have shown that brinjal (i.e., eggplant) fruit Cd concentrations can be significantly decreased (up to
86.6%) using miscanthus biochar (1.5%, w:w) [48].

The BCF and TF were used to assess Cd and Pb transfer from the soil to the above-ground plant,
and from plant roots to above-ground tissues, respectively. The BCF decreased by up to 77.1% (Cd)
and 33.2% (Pb) in the long-term, and by up to 45.7% (Cd) and 42.3% (Pb) in the short-term. The TF also
decreased by up to 53.2% (Cd) and 17.1% (Pb) in the long-term, and by up to 21.9% (Cd) and 23.2% (Pb)
in the short-term (Table S2). The trend of decreasing BCF and TF with increasing biochar application
rate supports our previous findings that biochar can reduce Cd and Pb bioavailability, suggesting that
biochar may play a role in decreasing Cd and Pb transfer in the food chain [49]. Similar to our study,
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Mujtaba Munir et al., found that the bamboo biochar treatments reduced TF Cd and Pb by 49.6–61.0%
and 61.0–70.7%, respectively, as compared to a control [21]; findings suggested that biochar effectively
reduced bioavailable metal phases, leading to reduced metal translocation within plants.Environments 2020, 7, x FOR PEER REVIEW 8 of 16 
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Figure 3. The effect of long- and short-term, increasing biochar application rates [0 (C0), 10 (C1), 20 (C2)
and 40 (C3) t ha−1] on Cd and Pb distribution in rice over time ((A): 2016 Cd; (B): 2016 Pb; (C): 2017
Cd; (D): 2017 Pb; (E): 2018 Cd; (F): 2018 Pb; Long: long-term; Short: short-term). Error bars represent
standard deviation of the mean (n = 3).
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3.4. Biochar Effects on Soil Enzyme Activity and Microbial Diversity

Soil enzyme activities are key indicators of ecological change, and are particularly sensitive to
anthropogenic modifications of heavy metal contaminated soils. Enzymatic activity alterations, due to
soil amendment applications, are directly expressed in strength of biochemical reactions and their
associated implications within soils [50]. In particular, soil oxidoreductase enzymatic activities are
sensitive to change, and include alkaline phosphatase, dehydrogenase, urease and sucrase enzymatic
activities. Specifically, Tabatabai suggest that alkaline phosphatase describes a broad group of enzymes
that catalyze the hydrolysis of both ester and anhydride organic P, leading to increased inorganic
P availability [51]. Dehydrogenase activity is typically considered a measure of general microbial
activity [52]. Urease activity has long been known to hydrolyze urea to ammonium [53], thus increasing
N availability to plants. And, sucrase activity is involved in sucrose degradation as well as direct SOM
metabolism, which would enhance nutrient availability [54].

Soil enzymatic activities, as a function of biochar application rate in the long- and short-term,
are shown in Figure 4. Biochar applications led to increased enzymatic activities in this Cd and Pb
contaminated soil. Increasing biochar application rate increased: (a) phosphatase enzyme activity by
8.8–104.9% (long-term) and 9.0–83.6% (short-term); (b) dehydrogenase enzyme activity by 9.3–118.5%
(long-term) and 10.4–103.5% (short-term); and (c) urease and sucrase enzyme activity by 91.3%
and 77.9% (long-term), 132.4% and 83.6% (short-term), respectively. One could construe increased
enzymatic activities as indicators of positive ecosystem change.Environments 2020, 7, x FOR PEER REVIEW 10 of 16 
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Figure 4. The effect of long- and short-term, increasing biochar application rates [0 (C0), 10 (C1),
20 (C2) and 40 (C3) t ha−1] on (A) alkaline phosphatase, (B) dehydrogenase, (C) urease, and (D) sucrase
activity. Different lower-case letters above error bars indicate significant differences between the biochar
treatments in either the short- or long-term for a given year (p < 0.05, LSD post-hoc test). The error bars
represent standard deviation of the mean (n = 3).
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Others have also noted enzymatic activity changes associated with biochar application. Chen et al.,
showed that wood biochar (4%, w:w) increased sucrase activity by up to 12.5-fold as compared to
a control, with a subsequent improvement in soil fertility status [55]. Biochar amendment caused
both catalase and urease activities to gradually decrease up to 45 days, but then increased over longer
timeframes [18]. However, others biochar studies have found opposite responses. Liu et al., reported
decreased urease activity in biochar amended soils, likely the result of oxidative reactions with free
radicals on biochar surfaces [56]. Huang et al., utilized rice straw biochar (5%, w:w), observing a decrease
in urease and alkaline phosphatase activities [57]. Regardless, in our study, biochar applications appear
to cause positive changes in soil enzymatic activity, and thus biochar use may lead to positive changes
in ecosystem functionality.

Increasing biochar application rates tended to increase the Shannon microbial diversity index
in both the long- and short-term (Figure 5A). The Shannon index increased by 8.2% and 3.4% (2016),
and by 46.2% and 29.8% (2017) in the long- and short-term studies, with greatest changes associated
with the highest biochar application rate. Similar Shannon diversity index changes associate with
bacterial communities in biochar amended soils have been previously reported [58]. Zhang et al.,
found that biochar application (1.5%) had the highest richness estimators and Shannon diversity index
in amended, Cd contaminated soil [59].Environments 2020, 7, x FOR PEER REVIEW 11 of 16 
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Figure 5. The effect of long- and short-term, increasing biochar application rates [0 (C0), 10 (C1), 20 (C2)
and 40 (C3) t ha−1] on changes of the (A) Shannon index and soil microbial diversity ((B): 2016; (C): 2017;
(D): 2018). Different lower-case letters above error bars indicate significant differences between the
biochar treatments in either the short- or long-term for a given year (p < 0.05, LSD post-hoc test).
The error bars represent standard deviation of the mean (n = 3).
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High-throughput PCR screening was used to further distinguish changes in microbial diversity
(Figure 5B–D). During the studied years, microbial diversity increased by over 90% compared at
phylum level. Steinbeiss et al., found similar responses due to biochar application. In the current
study, biochar had the greatest effect on nine-phylum level microbial diversities in the short-term,
significantly increasing them by 9.4–102.9% compared to the control (except Chloroflexi in the short-term
in 2016) [60]. The nine-phylum level microbial diversities were slightly decreased by 6.4–46.9% in the
long-term, except Chloroflexi, Acidobacteria, Unassigned and Gemmatimonadetes. Biochar (2%, w:w) has
been shown to provide a positive effect on bacteria and invertebrate (such as earthworm) growth in
heavy metal-contaminated agricultural soil in the short-term [2]. In a lab experiment, bacterial counts
were increased by 149.4% compared with a control after 63 days following coconut shell biochar (5%,
w:w) application to a Cd and Zn contaminated soil [38]. As with previous studies, in the current study,
the soil microbial diversity was more greatly influenced in the short- versus long-term.

3.5. The Influence of Biochar on Soil and Plant Characteristics in Relation to Cd and Pb Contamination

Biochar application improved soil properties and reduced above-ground rice plant metals
concentrations, with direct or indirect pathways illustrated via PCA and correlation analysis (Figure 6).
The PCA results shown that biochar application rates were positively related to soil properties (e.g.,
SOM, pH), soil enzyme activity and soil moisture factors in PC1 (32.9%). Negative relationships
between biochar applications and Cd and Pb concentrations in the soil exchangeable phase, and Cd
and Pb concentrations in crops, were also observed in PC1. The factors of PC2 mainly included organic
and residual Cd and Pb fractions and microbial diversity, which were positively related to biochar
application rates. The factors of PC1 and PC2 explained 72% of the variability for all factors, indicating
that biochar was one of the key factors affecting soil properties, various soil Cd and Pb fractions,
and microbial diversity. Similarly, Tang et al., found that rice straw biochar application was effective
at improving soil pH and SOM, leading to decreased Cd availability and subsequent increases in
soil enzymatic activity [61]. Xing et al., showed that a sludge-based biochar increased the ratio of
immobilized soil heavy metals, which positively correlated to the presence of V. fischeri, the growth of
wheat, and the activities of other soil microbes [39].
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4. Conclusions

Study results supported the hypothesis that wheat straw biochar could be used to decrease
soil Cd and Pb bioavailability, decrease Cd and Pb uptake and translocation by rice, and improve
a contaminated soil’s overall bio-physicochemical characteristics. Biochar improved soil moisture
content, increased soil pH, SOM, and reduced Cd and Pb bioavailability. Furthermore, biochar
transformed bioavailable Cd and Pb to residual (i.e., unavailable) phases. In turn, biochar helped
reduce the BCF and TF within rice, and reduced grain Cd and Pb concentrations to near or below
China’s national safety concentrations. Other positive responses were observed with respect to greater
soil enzymatic activity and microbial community structure, although some positive changes were
more evident over shorter (versus longer) time periods following biochar application. Future research
should focus on atomic-level mechanisms (e.g., synchrotron-based studies) by which biochar sorbs
and stabilizes long-term, in-situ heavy metals over longer time periods and in different soil types.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/7/7/53/s1,
Figure S1: the schematic diagram fo the acceptor cell title, Figure S2: The effect of long- and short-term, increasing
biochar application rates [0(C0), 10 (C1), 20 (C2) and 40 (C3) t ha−1] on water-soluble Cd and Pb with in-situ
different time (A: Cd long-term; B: Cd short-term; C: Pb long-term; D: Pb short-term), Table S1: Basic paddy soil
(0 to 15 cm depth) and biochar (g kg−1) properties, Table S2: Bioconcentration (BCF) and translocation (TF) factors
associated with biochar amend soil (biochar rates = 0(C0), 10 (C1), 20 (C2) and 40 (C3) t ha−1).
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