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Rice husk biochar (RHB) is a potential source of available silicon in paddy soil and an ecologically responsive soil amendment for
sustainable rice production. Te study tested the infuence of RHB application methods on rice growth, rice yield, and silicon
dynamics in sandy loam soil in a pot experiment. RHB was applied at 5 tons ha−1 as a localized-spot-application (LSA) or top-
mixed-application (TMA) with the soil at the upper 7 cm or whole-mixed-application (WMA) within 20 cm of the soil column
and at 10 tons ha−1 in the TMA and WMA methods and was compared with a control (CTRL) without biochar. Seedlings of the
Koshihikari rice variety were transplanted in each pot, and all treatments were replicated thrice. Compared to the CTRL, the LSA
and TMA methods did not infuence the mean porewater silicon concentration at the vegetative and reproductive stages.
However, the WMA method applied at 5 tons ha−1 increased (p< 0.05) the mean porewater silicon concentration by 12.3 and
39.5% at the vegetative and reproductive stages, respectively, while at 10 tons ha−1, the respective increase was by 26.1 and 32.7%.
All biochar application methods at the 5 tons ha−1 rate increased the rice grain yield (p< 0.05) by 21.2% (LSA), 11.3% (TMA), and
47.2% (WMA) compared to the CTRL. Conversely, at 10 tons ha−1, the yield was reduced by 18% in the TMAmethod, attributable
to the immobilization of nitrogen and adsorption of nutrients to biochar surfaces. Our results proved that the choice of biochar
application method and rate of application signifcantly infuenced the dissolution of silicon in the porewater, leading to a higher
silicon uptake and consequently a higher grain yield. Tis study provides valuable insights for agricultural practices aiming to
enhance silicon dynamics in paddy soil and sustainable rice yield using RHB.

1. Introduction

Rice holds signifcant importance in various aspects such as
agriculture, economics, and food security. Rice is indeed
a crucial staple food for a signifcant portion of the global
population, with over half of the world’s population relying
on it as a primary food source, as recounted by Asad et al. [1].
Te production of rice is highly dependent on climatic
factors such as precipitation, temperature, and sunshine,
indicating the vulnerability of rice cultivation to climate
change [2, 3].Te availability of silicon has been identifed as
a key to sustainable rice production, as reported by Nwite
et al. [4], in the face of uncertain and unfavourable

environmental conditions. Repeated shreds of evidence have
indicated the benefcial efects of Si on rice by playing
a “quasi-essential” role in response to diverse biotic and
abiotic environmental stresses [5]. Silicon is widely accepted
for its benefcial efects on plants, particularly in stress
conditions including drought stress, cold stress, fooding,
and disease [6, 7]. Other Si-derived benefts include an
increase in photosynthetic rate, lower transpiration rates,
and an increase in the yield of various crops.Te relevance of
silicon (Si) to plants has become a subject of increasing
interest in the last two decades; however, the availability of Si
and the exploration of easily soluble supplies of Si are an
overwhelming challenge [8, 9].
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Most highly weathered agricultural soils are defcient in
available Si [10]. Terefore, the use of Si fertilizer is the most
rapid potential method to increase the availability of Si in
silicon-defcient felds. Te most common traditional Si
fertilizers are silicate slags which are available in limited
supply, expensive, bulky, constitute logistic problems, and
are not readily available to farmers, especially in developing
countries [11, 12].

Rice husk biochar (RHB) has been proposed as one of the
most readily accessible organic sources of plant-available
silicon for rice production. RHB, also known as “momigara
kuntan” in Japanese, is recognized for its high Si availability
in comparison with other kinds of biochar produced
through the pyrolytic conversion of agricultural residues in
inert conditions [13]. RHB is also a very cost-efective
biochar used in Japanese rice-based farming systems [14].
Globally, about 220 million tons of RH are produced per
year as agro-industrial waste [15]. Te application of RHB
and other biochar has a positive infuence on enhancing soil
carbon (C) sequestration, alleviating greenhouse gas emis-
sions, reducing heavy metal toxicity from paddy felds, and
improving rice productivity [16–18]. Te potential of rice
husk biochar as a silicon source has not been fully utilized in
developing and tropical countries where desilication is high
and available silicon is low [19, 20].

Full maximization of these potentials of RHB as a sus-
tainable silicon source requires improved processing and
application methods. Te biochar application method is
a major controlling component in the dynamics and con-
servation of soil nutrients [21]. Generally, biochar applied to
the soil surface through broadcasting could increase water
retention and decrease fertilizer evaporation [22]. However,
this application method is unsuitable because the wind may
blow away the applied biochar, thereby polluting the air
around the farm. It is also not suitable for areas with high
precipitation or irrigated paddy felds because surface runof
could easily wash away the applied biochar. Another biochar
application method to improve growth and nutrients is
generally achieved by mixing it with the soil. However, the
optimum level (rate and depth) of incorporation of biochar
into the soil is unknown. In a report by Li et al. [23], it was
found that biochar could optimally decrease nitrate leaching
by 8.3–17.0% and improve the soil’s hydraulic conductivity
(Ksat) by 20.9% bymixing with soil at 10–20 cm depth. To the
best of our knowledge, the mode of application of RHB has
not been tested to elucidate the efect of RHB application on
silicon dynamics and its infuence on rice growth and yield.
Tus, the mode of application is important to obtain
maximum benefts from the application of RHB as a source
of silicon.

We, therefore, examined the infuence of three biochar
application methods, namely, “top-mixed application”
(TMA), “whole-mixed application” (WMA), “localized spot
application” (LSA) and control (CTRL) without biochar, and
two rates of application (5- and 10 tons ha−1) on the rice
plant growth, yield, Si dynamics, and uptake in rice plant
using a column-like pot experiment.

2. Materials and Methods

2.1.RiceHuskBiocharPreparation. A programmable electric
furnace (model FO810, Yamato, Japan) equipped with
a digital temperature controller was used for the pyrolysis.
Te rice husk biomass was put in stainless vessels and py-
rolyzed in the electric furnace at a heating rate of 5°C min−1

until the temperature of 600°C was reached, and then kept at
this temperature for 2 hours before the pyrolyzed samples
were cooled down. Te pyrolysis was carried out in an inert
atmosphere by supplying N2 gas at a rate of 5 L min−1.

2.2. Soil Preparation. Te soil used in the experiment was
obtained from the ploughed layer (0–15 cm) of the experi-
mental rice feld at Shimane University, Japan. Te soil was
air-dried in the greenhouse, crushed, and sieved to a uni-
form size using a 2mm mesh size sieve.

2.3. Biochar and Soil Analysis

2.3.1. Biochar Characterization. Te biochar’s electrical
conductivity (EC) and pH were determined in a 1 : 20w/v
biochar-water mixture with EC and pH meters (Horiba
models D-24 and D-15, Horiba, Kyoto, Japan, respectively)
[24]. Total carbon and nitrogen were measured in a 0.03 g
portion by the dry combustion method with an automatic
high-sensitive NC-analyzer (Model Sumigraph NC-22 An-
alyzer, Tokyo, Japan). Available phosphorus was extracted
by 0.5M NaHCO3 in a ratio of 1 : 30w/v after shaking for
30minutes at 120 rpm, and the P in the supernatant was
determined by the molybdenum blue method [25]. Ex-
tractable base cations (Ca, K, Mg, and Na) were extracted by
1 :100w/v of 1M CH3COONH4 at a pH of 7.0 and quan-
titatively determined by inductively coupled plasma spec-
troscopy (model ICPE-9000, Shimadzu, Kyoto, Japan).
Available Si was extracted by the following two methods (1)
sodium acetate bufer (pH 4.0) with a ratio of 1 : 30w/v,
intermittently shaken for 5 h at 40°C [26], and (2) 0.01 M
CaCl2 with a ratio of 1 : 30w/v and continuously shaken for
16 h [27]. Silicon concentrations in the extracts were de-
termined by colourimetry with the molybdenum blue
method at a wavelength of 810 nm [28] using a UV-probe
spectrophotometer (Model UV-1800, Shimadzu, Kyoto,
Japan).

2.3.2. Soil Properties. For the soil analysis, the air-dried soil
samples were digested with hydrogen peroxide, and the
textural analysis was done using the pipette method [29].
Te pH and EC were measured in a 1 : 5 w/v soil-water
mixture with EC and pH meters (Horiba models D-24
and D-15, Horiba, Kyoto, Japan. Te soil’s total C and N
were determined in a 0.02 g portion with the same method
for biochar, and their ratio was calculated. Available
phosphorus was extracted by the Bray-II method [30] be-
cause of the soil’s slightly acidic nature, and the P in the
supernatant was determined by the molybdenum blue
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method. Te exchangeable cations were extracted with 1M
ammonium acetate in a ratio of 1 : 20w/v and then de-
termined by inductively coupled plasma spectroscopy
(Model ICPE-9000, Shimadzu, Kyoto, Japan). Available Si
was extracted by the same methods for biochar but with
a ratio of 1 :10w/v soil-extractant, and the silicon concen-
tration was similarly determined.

Selected initial properties of the soil and RHB are pre-
sented in Table 1.

2.4. Treatment and Management Practices. To mimic a typ-
ical paddy environment in the soil profle, a column-like pot
experiment was conducted to determine the infuence of
RHB application depth and rate on silicon dynamics in
paddy cultivation and its efect on the growth, yield, and Si
uptake in rice plants. Dried soil of 4.5 kg was added to each
1/5000 “a” Wagner pot (internal diameter� 16 cm;
height� 30 cm) (Fujiwara Seisakusho Ltd, Tokyo, Japan).
Te pots have drainage holes at the base which were sealed
with silicone rubber stoppers equipped with draining points
at the centre.

Six treatments, namely, control (CTRL: without bio-
char), “Localized Spot Application” (LSA) at 5 tons ha−1;
“Top-Mixed Application” (TMA) at 5 tons ha−1; TMA at
10 tons ha−1; “Whole-Mixed Application” (WMA) at 5 tons
ha−1, and WMA at 10 tons ha−1 were replicated three times
and laid out in a completely randomized manner. Tese
application methods and rates were selected from practical
point of view and based on the economic feasibility of
biochar application on a large scale. Te biochar application
methods are shown in Figure 1.

Koshihikari rice variety was used for the experiment.
One day before rice seedlings were transplanted, all pots
were fertilized using 4.71 g of (NH4)2SO4 as a nitrogen
source and 4.39 g of KH2PO4 as potassium and phosphorus
source which is equivalent to 1.0 g N and 1.0 g P per pot as
the recommended rate for the Koshihikari rice cultivar.
Tere was no supplementary fertilization throughout the
rice growth period.Te RHBmaterial was also applied to the
biochar-treated pots. One seedling was transplanted into
each pot. Continuous fooding with a water depth of 3–10 cm
was maintained by regular watering.

2.5. Porewater Sampling and Analysis. Te porewater of the
soil column was sampled every week after transplanting by
collecting the water from each pot into 50ml centrifuge
tubes. Te porewater was collected through the draining
point at the centre of the rubber stoppers. Te collected
samples were used for pH measurement (with a calibrated
probe), and a portion was used for mono-silicic acid de-
termination using colorimetry with the molybdenum blue
method as previously described above. Te remaining
portion was centrifuged at 10,000 rpm for 5minutes. Te
supernatant was decanted and acidifed with drops of 2M
HCl to prohibit iron oxide deposition, and the elemental
composition was determined by ICPE-9000.

2.6. Plant Analysis. Te rice plants were harvested at
118 days after transplanting and separated into roots, straw
(leaves and stem), and grains.Te soil was carefully removed
from the roots and thoroughly washed and air-dried. Te
grains were also air-dried and properly separated into flled
and unflled grains, while the straw and air-dried roots were
oven-dried at 60°C for 48 hours. All dried biomasses were
weighed to determine the total biomass yield per pot.

A manual, hand-held rice dehusker was used to dehusk
the flled rice grains. Te silicon content from the rice plant
parts (root, fag leaf, and husk) was extracted by a diluted
hydrogen fuoride solution as described by Saito et al. [31]
after grinding into a fne powder with a mill ball grinder
(MM 200, Retsch GmbH, Haan, Germany). Te Si in the
extract was measured by the molybdenum yellow method at
a wavelength of 400 nm [32].

Te total plant nutrient was determined by ICPE-9000
after the digestion of a 0.05 g portion of the plant part with
concentrated HNO3 in Tefon vessels using a programmable
graphite block sample acid digestion system (ODLAB,
Geumcheon-gu, South Korea).

Te nutrient uptake was calculated using the formula as
previously described by Nwajiaku et al. [33] in the following
equation:

NutrientUptake g pot−1􏼐 􏼑 � Nutrient content in plant g kg−1
􏼐 􏼑􏼐 􏼑 × Plant dry weight kg pot−1􏼐 􏼑. (1)

2.7. Statistical Analysis. A repeated measure (mixed) anal-
ysis of variance (ANOVA) was used to test the infuence of
biochar application methods and rate (the between-subject
factors at 6 levels) on the porewater silicon concentration (a
continuous dependent variable) spanning the three stages of
rice growth, namely the vegetative, reproductive, and ma-
turity stages. Tis method was deemed appropriate because
the basic assumptions of the method were not violated by the
data as reported in the result section. Te diferences in

biomass yield (Grain, straw, and roots), silicon contents in
the diferent parts of the rice (fag leaf, husk, and root) and
silicon uptake at harvest were analysed using a one-way
ANOVA and accepted after Tukey’s honestly signifcant
diference (Tukey’s HSD) post hoc test at the 0.05 signifcant
level. Except otherwise stated, all data presented in the tables
are means of the parameters± standard deviation (SD). Te
statistical analyses were conducted using the IBM® SPSS®Statistics package (Version 28) (IBM, SPSS Inc.).
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3. Results

3.1. Change in Porewater Si Concentration. Te porewater
silicon concentration during the rice growing periods for all
the treatments was divided into three rice growing stages
namely vegetative (before 35 days after transplanting
(DAT)), reproductive (35–70 DAT), and maturity (70–118
DAT) stages. Table 2 shows the results of the repeated
measures ANOVA for the RHB application methods and the
rate of application for the change in the porewater silicon
concentration. Tere were no outliers, as evaluated by
boxplot. Te data were normally distributed, as measured by
Shapiro-Wilk’s test of normality (p � 0.15). Tere was ho-
mogeneity of variance (p> 0.26) and covariance (p � 0.144),
as assessed by Levene’s test of homogeneity of variance and
Box’s M test, respectively. Mauchly’s test of sphericity in-
dicated that the assumption of sphericity was violated for the
two-way interaction, χ2(2)� 11.381, p � 0.003, so we

adopted the Greenhouse-Geisser’s calculated Epsilon (ε)
value of 0.755 to correct the degree of freedom reported in
Table 2.

Te mean porewater silicon concentration is presented
in Table 3. Te silicon dynamics were signifcantly afected
by the RHB applicationmethod at the diferent stages of rice.
Te efect of the application method was signifcant at
p< 0.001 (R2 � 0.576).

Te efect of the application method of RHB showed
that the WMA method at 10 tons ha−1 has signifcantly
higher (p< 0.001) porewater Si concentration. Te mean
diferences above the corresponding treatments were
2.5 mg L−1 (CTRL), 2.3 mg L−1 (LSA, 5 tons ha−1), 2.4 mg
L−1 (TMA, 5 tons ha−1), and 2.8 mg L−1 (TMA, 10 tons
ha−1). Te within-subject efect of the growth stage
showed higher silicon concentration in the vegetative and
reproductive stages more than the maturity stage
(Table 3).

Table 1: Physico-chemical properties of the soil and biochar used in the experiment.

Properties Soil RH biochar
Soil texture (%)
Clay 19 —
Sand 75 —
Silt 6 —
pH (H2O) 6.20± 0.06 10.60± 0.04
EC (dS m−1) 0.08± 0.03 0.14± 0.14
Total C (g kg−1) 29.78± 0.21 498.91± 2.69
Total N (g kg−1) 2.49± 0.16 4.71± 0.11
C/N Ratio 11.96± 0.23 106.15± 2.40
Available P (g kg−1) 0.12± 0.01 0.11± 0.02
Exchangeable/extractable base cations (cmol c kg−1)
Ca 10.22± 0.13 1.89± 0.04
K 4.02± 0.02 19.91± 1.16
Mg 0.26± 0.06 1.48± 0.06
Na 0.37± 0.07 0.98± 0.07
Available Si (g kg −1)
Ac. bufer-extracted 0.48± 0.12 0.15± 0.06
CaCl2-extracted 0.10± 0.01 1.92± 0.15
(Reported values are means± standard deviations).

10
 cm

20
 cm

7 
cm

CTRL LSA TMA WMA

Figure 1: Biochar application methods. Note. CTRL (control, no biochar), LSA (localized spot application; RH biochar was placed at 7 cm
soil depth and not mixed with the soil), TMA (top-mixed application; RH biochar was mixed within the top 7 cm of the soil column), and
WMA (whole-mixed application; RH biochar was mixed with the whole 20 cm of the soil column).
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Te interactive efect of the application methods and the
rice growth stages shows no signifcant diferences in the
mean Si concentration between the vegetative and re-
productive stages, with the WMA treatments having higher
Si released into the porewater. However, the two stages
signifcantly difer in the mean Si concentration at the
maturity stage. Specifcally, in the reproductive stage, the
amount of Si in the porewater was signifcantly higher in the
WMA application method compared to the CTRL with
a mean diference of 2.81± 0.81mg L−1 (p � 0.015); LSA,
3.33± 0.80mg L−1 (p � 0.003), and a mean diference of
3.07± 0.81mg L−1 for the TMA application method.

At the maturity stage, only the LSA treatment had
a signifcantly higher Si in the porewater than the TMA
treatment with a mean diference of 1.395± 0.465mg L−1

(p � 0.042).

3.2. Rice Growth Parameters and Biomass Yield. Table 4
presents the diferent biomass yields and yield components
as infuenced by the RHB application methods and rates of
application. Te grain yield ranged between 31.53 g pot−1 in
the CTRL treatment to 46.4 g pot−1 in theWMA treatment at
5 tons ha−1 rate of application.

At the 5 tons ha−1 rate of application, there were higher
grain yields with the RHB treatment at diferent application
methods compared to the CTRL. Specifcally, the diferences
(p< 0.05) were 21.2, 11.3, and 47.2% in the LSA, TMA, and
WMA, respectively. However, at the 10 tons ha−1 application
rate in which only the TMA and WMA treatments were
applied, the TMA gave a reduction of 18% in the grain yield
compared to the CTRL while the WMA increased the grain
yield by 19.3% (p< 0.05). Te percentage of flled rice grain
also varied with the diferent application methods with the
highest percentage in theWMA at 5 tons ha−1 with a value of

94.6% and signifcantly diferent (p< 0.05) from that of the
TMA at 10 tons ha−1 with a value of 79.2%.

Tere were no signifcant root and straw biomass dif-
ferences between the RHB application methods, the rate of
application, and the CTRL.

3.3. Distribution of Si Concentrations inDiferent Parts of Rice
Plant. Te distribution patterns of Si concentrations in
the diferent parts of the rice plants (Flag leaf, husk, and
Roots) as shown in Table 5, signifcantly varied among the
diferent treatments (p< 0.05). In the fag leaf, the mixed
RHB application methods (TMA and WMA) have sig-
nifcantly higher Si content compared to the CTRL, but
there were no signifcant diferences in the rate of ap-
plication. Te banded application method (LSA) was not
signifcantly diferent in the Si accumulation in the
fag leaf.

Te Si accumulation in the husk was higher in the WMA
application method at both rates (5 and 10 tons ha−1) of
application compared to all other treatments. Te rate of
application was also statistically signifcant (p< 0.05) in the
WMA. All other application methods have similar patterns
of Si accumulation in the husk.

However, in the root, the Si content difers between
treatments (applicationmethods and rate of application). All
biochar treatments increased the Si Concentration in the
root with WMA at 10 tons ha−1 having the highest con-
centration of 33.11 g kg−1, while the CTRL has a root’s-Si
content of 15.79 g kg−1. Tere was a marked reduction in the
root’s Si content in the 10 tons ha−1 rate of application of the
TMA method compared with the 5 tons ha−1. A higher
amount of 26.53 g kg−1 was obtained for the TMA treatment
at 5 tons ha−1 compared to 23.59 g kg−1 obtained with the
TMA method at 10 tons ha−1.

Table 2: Summary ANOVA table for the main and interaction efects of application methods and rice growth stage on the porewater silicon
concentration.

Source SS df MS F ratio p value Sig Estimate
of efect size

Application methods 105.56 5.00 21.11 8.17 <0.001 ∗∗∗ 0.576
Growth stages 1962.00 1.51 1299.44 321.28 <0.001 ∗∗∗ 0.915
Application method X growth stages 76.93 7.55 10.19 2.52 0.025 ∗ 0.296
Error (application methods) 77.56 30.00 2.59
Error (growth stages) 183.21 45.30 4.05
∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001.

Table 3: Efect of RHB application methods on the mean porewater Si concentration.

Application method Rate (t ha−1)
Si concentration (mg L−1)

Vegetative Reproductive Maturity
Control 0 9.20± 1.16b 10.74± 1.26b 1.55± 0.72b
LSA 5 9.11± 1.92b 10.22± 1.22b 2.71± 0.81a
TMA 5 10.05± 1.41b 10.48± 1.41b 1.31± 0.61b
TMA 10 9.60± 0.96b 9.31± 2.39b 1.63± 0.63b
WMA 5 10.33± 1.60ab 13.55± 1.67a 1.84± 1.02b
WMA 10 12.83± 2.53a 14.25± 4.22a 1.92± 0.87b
Note. Means in the same column and growth stage in the same row followed by the same letters are not signifcantly diferent from each other at p< 0.05. LSA:
localized spot application, TMA: top-mixed application, and WMA: whole-mixed application.
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3.4. Plant Nutrient Uptake. Te Si uptake presented in Ta-
ble 6 shows that it ranges from 2.53 to 3.78 g pot−1. Te
banded application method (LSA) has the lowest uptake
while pots amended with the WMA method at 10 tons ha−1

have the highest Si uptake. Except for the LSA method, both
mixed methods, TMA, and WMA, at the two application
rates, have signifcantly (p< 0.05) higher Si uptake than the
CTRL treatment.Te efect of the rate of application was also
signifcantly diferent from each other in which the higher
rate has the higher Si uptake.

Te K and P uptake did not show any signifcant dif-
ferences in the uptake patterns, but the biochar amended
pots have higher P uptake than the CTRL.

4. Discussion

4.1. Silicon Dynamics and Release Pattern in the Porewater.
In this study, the banded application of RHB with the LSA
method numerically but not statistically decreased the Si
concentration in the porewater compared to the CTRL in
both the vegetative and reproductive stages while it showed
a signifcant increase in the Si concentration at the maturity
stage (Table 3). Tis pattern could be traced to a time-
dependent release of Si from this banded application
method. In a biochar incubation experiment in which RHB
was applied to coarse-textured Ultisol, Ebido et al. [34] re-
ported that RHB-induced efects on carbon mineralization
and nutrient release were a function of time. Our results on
the LSA method agrees with this observation. Biochar un-
dergoes an aging process during which silicon release occurs,
impacting soil properties [35]. Te characteristics of silicon in
biochar signifcantly infuence soil, and the release of silicon
from biochar afects soil silicon dissolution kinetics [36, 37].

Similarly, the LSA method is like the deep placement of
conventional fertilizers or the application of slow-release
fertilizer which slowly dissolves in the soil to provide
a continuous supply of nutrients during the plant’s growing
period, [38]. Tus, for this method of biochar application to
be efective and benefcial to the plant, the timing of the
application of the biochar is essential for the frst crop and
for the subsequent crops on the same soil as it could have the
ability to continually supply silicon in its residual form after
the frst harvest.

Unlike the LSA, the TMA method applied at both 5 and
10 tons ha−1 showed a numerical but not signifcant increase
in the porewater Si concentration in the vegetative stage
compared to the CTRL, while there was a numerical decrease
in the reproductive stage. Tough we cannot clearly explain
the reason for this phenomenon now, it could be due to the
heterogeneous nature of the soil-biochar mixture.

However, in comparison to the CTRL and other treat-
ments, the WMA method signifcantly (p< 0.05) increased
the Si concentration in the porewater (Table 3) in both the
vegetative and reproductive stages. Tis could be traced to
the fact that the RHB from theWMA had better contact with
the soil and enhanced Si concentration in the pore water at
the reproductive stage (Table 2). Tis agrees with the
fndings of Linam et al. [39] and other literatures that the
mixing of biochar into the soil increases Si concentration in
porewater and performs a vital role in the Si cycle in rice
plants and paddies. In a similar study on the efects of
application methods of carbonized organic materials on
carbon and nitrogen retention, Oraegbunam et al. [40] re-
ported that higher amount of leached total organic carbon
was leached in the mixed application method which was
attributed to a higher carbon solubilization. Our results

Table 4: Efect of biochar application methods and rates on rice dry biomass and grain yield.

Application method Rate (t ha−1)
Biomass yield (g pot−1)

Filled grain %
Grain Root Straw

Control 0 31.5± 1.3c 68.6± 6.7 122.7± 13.7 86.8ab
LSA 5 38.2± 2.1b 54.0± 5.9 110.0± 12.2 88.9ab
TMA 5 35.1± 1.3b 53.4± 7.4 125.3± 8.0 87.6ab
TMA 10 25.8± 2.2d 50.8± 9.0 129.3± 10.2 79.2b
WMA 5 46.4± 1.3a 51.9± 3.4 118.0± 14 94.6a
WMA 10 37.6± 2.4b 66.9± 9.8 129.3± 7.6 89.7ab
Note. Means in the same column followed by the same letters are not signifcantly diferent from each other at p< 0.05. LSA: localized spot application, TMA:
top-mixed application, and WMA: whole-mixed application.

Table 5: Silicon content in diferent parts of rice as infuenced by biochar application methods and rates.

Application method Rate (t ha−1)
Si content (g kg−1)

Flag leaf Husk Root
Control 0 22.15± 0.54c 44.18± 0.82cd 15.79± 0.29d
LSA 5 23.06± 0.99c 46.65± 1.23c 22.57± 0.39c
TMA 5 25.07± 0.64b 40.61± 2.0d 26.53± 0.78b
TMA 10 26.57± 0.19b 43.15± 0.51cd 23.59± 0.46c
WMA 5 28.69± 0.61a 56.61± 1.64b 27.78± 1.36b
WMA 10 29.24± 0.44a 61.35± 1.93a 33.11± 0.50a
Note. Means in the same column followed by the same letters are not signifcantly diferent from each other at p< 0.05. LSA: localized spot application, TMA:
top-mixed application, and WMA: whole-mixed application.
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showed that besides the higher contact of the RHB, it also led
to a higher silicon solubilization from both the soil and the
biochar materials.

Te high concentration of Si from the WMA method at
the reproductive stage could also be termed as an excess
supply of Si which could easily be leached out in an open
environment, especially with the sandy loam texture of the
soil giving rise to a highly permeable paddy soil which could
in turn infuence the efect of this method of application.

4.2. Efect of the RHB Application Methods on Rice Dry Bio-
mass and Grain Yield. In this column-like pot experiment,
the application of RHB signifcantly increased the grain yield
but not the biomass (Table 4). Tis contrasts with the report
by [41] that the signifcant impact of biochar application is
much larger for plant biomass than for crop yield.

In a report by Yin et al. [42], it was found that short-term
biochar application increased biomass production but de-
creased harvest index in rice, resulting in unchanged grain
yield when applying biochar short-term, indicating a po-
tential trade-of between biomass and grain yield with
biochar application. Moreover, Si et al. [43] reported that
notable efects of biochar on rice yield and biomass pro-
duction were not detected, suggesting that the impact of
biochar on rice biomass and grain yield may vary depending
on specifc conditions [43].

Te reported 21.2, 11.3, and 47.2% increases in grain
yield above the CTRL from the LSA, TMA, and WMA,
respectively, at 5 tons ha−1, explains the fact that RH biochar
application improves the soil fertility, or it enhances the
release of bioavailable nutrients from the soil and conse-
quent supply of nutrients to the plant. Tis is also evident
from the lower root-shoot ratios calculated from Table 4 of
all biochar-amended pots compared to the CTRL.

Concerning the application method, the highest grain
yield increase (47.2%) obtained from the WMA method
could be traced to the better contact between the soil and
biochar particles because of the homogeneity of the mixing
throughout the soil column. Tis homogeneity of mixing
reduces the intra- and interparticle distances between the
biochar-biochar and biochar-soil layers and as well as a re-
duction in the free energy required for nutrient accumu-
lation [44], thus, it enhances nutrient supply which in turn
leads to an increase in the grain yield more than the other
methods. Additionally, higher dissolution of Si from the

biochar in the WMAmethod as depicted in the porewater Si
concentration positively correlated with the observed grain
yield, which could be traced to the positive efect of RHB-Si
in rice plants by promoting efective photosynthesis [45].

Te banded application method of LSA has low contact
with the soil, but it has a higher concentration of biochar at
the banded area, which is the root zone of the rice since most
of the plant-soil interaction occurs at the root zone, [39] and
thus also leads to an increase in the grain yield. Similarly, in
an open system where it is possible for the applied nutrients
to leach down the soil profle, this method could help in
preventing nutrient leaching by adsorbing nitrate and am-
monium in the porous surfaces of the biochar produced at
a temperature of 600°C [46] which could be gradually made
available to the plant over a longer period.

Conversely, the application rates of RHB at the 10
tons ha−1 level have diferent efects on the grain yield be-
tween the TMA and WMA compared to the CTRL. While
the TMA decreased the grain yield by 18% (Table 4), the
WMA increased the grain yield by 19.3% (lower than that of
5 tons ha−1) over the CTRL. Tis result could be one of the
negative impacts of excessive biochar addition, especially at
the root zones of the crop. It was reported by Reibe et al. [47]
that there was a reduction in crop yield in a short timeframe
after biochar application. Te observed reduction in rice
yield at the higher application rate of 10 tons ha−1 in the top-
mixed application (TMA) method could be attributed to
several factors. Firstly, it may be due to nutritional imbalance
caused by the immobilization of soil nitrogen [48], leading to
an increase in the carbon-to-nitrogen (C/N) ratio. Tis
imbalance can negatively impact crop development and
productivity. Additionally, the adsorption of nutrients such
as phosphorus on biochar surfaces could also contribute to
hindering crop development and productivity [49]. Tese
factors may have collectively contributed to the reduction in
rice yield observed in the TMA method at the higher ap-
plication rate. Tis nitrogen immobilization or adsorption is
refected in the signifcantly lower percentage of flled grains
exhibited by the TMA method at 10 tons ha−1 (Table 4).

4.3. Application Methods Infuence Si Concentration in Dif-
ferentRicePartsandSiUptake. Tedistribution of Si content
in the diferent parts of rice as infuenced by the application
methods (Table 5) reveals that RHB addition supplies Si to
the soil and the plant. All RHB-amended pots have

Table 6: Efect of biochar application methods and rate on Si, K, and P uptake.

Application method Rate (t ha−1)
Nutrient uptake (g pot−1)

Si K P
Control 0 2.72± 0.03d 1.23± 0.14 0.37± 0.10
LSA 5 2.53± 0.22d 1.20± 0.10 0.48± 0.02
TMA 5 3.14± 0.09c 1.21± 0.26 0.46± 0.05
TMA 10 3.43± 0.05b 1.55± 0.26 0.49± 0.17
WMA 5 3.39± 0.09b 1.48± 0.31 0.52± 0.09
WMA 10 3.78± 0.19a 1.33± 0.26 0.39± 0.09
Note. Means in the same column followed by the same letters are not signifcantly diferent from each other at p< 0.05. LSA: localized spot application, TMA:
top-mixed application, and WMA: whole-mixed application.
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signifcantly higher (p< 0.05) Si content in all parts of the
rice compared to the CTRL.

Te application of biochar has been shown to have
signifcant efects on plant nutrient uptake and overall
health. Several studies have demonstrated that biochar ap-
plication can enhance nutrient availability and uptake by
plants, leading to improved growth and productivity. For
instance, Uzoma et al. [50] found that biochar application
signifcantly increased plant nitrogen (N) uptake, while
Zheng et al. [51] attributed enhanced plant growth to the
improved nutrient availability from biochar-amended soil.
Additionally, Solaiman et al. [52] reported that biochar can
positively infuence nutrient concentrations in plant leaves
through enhanced nutrient uptake. Biochar application has
been linked to improvements in root traits, such as increased
root length and number of root tips, which can contribute to
better nutrient and water uptake by plants [53].

Chew et al. [44] reported that root hairs and microbes
can reside in the pores of biochar particles and thus increase
the availability of nutrients thereby reducing the energy
plants must expend to uptake nutrients. Our result also
agrees with the report by Wang et al. [36] that the appli-
cation of Si-rich biochar such as RHB signifcantly increases
the silicon content in various tissues such as roots, straw, and
grains of rice. Tis increase in the Si content of rice tissues
and higher Si uptake is more pronounced in the WMA
method because of the homogeneity of the biochar-soil
mixture, which has a greater efect on the amount of sil-
ica deposited in the rice tissues and on Si uptake (Table 6).
Additionally, the WMA provided a uniform medium for
root elongation. Te elongated root zone enhances Si dis-
solution when root exudates can easily difuse into the
homogenous biochar layer and thus favours enhanced Si
release and uptake.

4.4. Signifcances for Practical Si-Rich Biochar Field
Management. Generally, theWMAmethod applied at a rate
of 5 tons ha−1 generated a win-win condition by concur-
rently increasing rice yield, Si concentration in the porewater
or soil solution, and uptake by the rice plants thereby im-
proving the resistance of the plant to adverse environmental
stresses [54, 55]. Te adoption of an appropriate RHB ap-
plication method in addition to other feld management
practices such as tillage practices, fertilizer management,
water management, etc. may further optimize the potential
benefts of RHB.

Te WMA method is applicable in paddy felds where
rotary tillage is widely practised. Tis will ensure an even
mixing of the biochar with the soil because deep rotary tilling
inverts the soil profle [56]. Tis deep rotary tillage and
homogenous mixing of RH biochar could also facilitate the
improvement in the soil’s physical properties suitable for the
growth of rice [57] and improve the uptake of subsoil nu-
trient resources [56].

Te practical implementation of this WMA is limited to
mechanized paddy feld preparation. Farmers in developing
countries, like Sub-Saharan Africa, with limited access to

agricultural machineries might not be able to fully imple-
ment this method of biochar application. Manual mixing of
the biochar into the soil might be advised but this could be
laborious and time consuming.

5. Conclusion

In this study, we demonstrated that the choice of RHB
placement method and the rate of application signifcantly
infuenced the dissolution and concentration of Si in the
porewater of sandy loam paddy soil. Te higher dissolution
of Si in the porewater corresponds to a higher Si uptake and
consequently a higher rice grain yield. Irrespective of the
application method, all biochar-amended pots at 5 tons ha−1

signifcantly increased the grain yield compared to the
CTRL. Conversely, a negative efect of excessive biochar
application was observed at the application rate of 10 tons
ha−1, which led to a reduction in the grain yield by 18% in the
TMA method compared to the CTRL and only a slight
increase of 19.2% in the WMA method compared to the
CTRL. Tus, the adoption of appropriate RHB application
method such as the WMA used in this study at an eco-
nomically feasible rate of 5 tons ha−1 in addition to other
feld management practices may further optimize the po-
tential benefts of rice husk biochar in similar soil types. Our
results clearly demonstrated that the use of RHB as a waste
management technique serves as an afordable and sus-
tainable soil amendment for replenishing low or defcient
soil available silicon for a sustainable rice production.
Further study is needed to understand long-term soil im-
pacts of RHB application methods across diferent soil types.

Data Availability

All datasets used in this study are obtainable from the
corresponding author upon reasonable request.

Conflicts of Interest

Te authors declare that there are no conficts of interest.

Authors’ Contributions

Tis work was carried out in collaboration between all
authors. JSO performed the pot experiment, plant analysis,
and statistical analysis, and wrote the draft of the manu-
script. KS managed rice husk biochar preparation and an-
alyses. SY contributed to the preparation of rice husk biochar
and contributed to pot experiment design. TM made overall
study design, data analysis and wrote the manuscript with
the author JSO.

Acknowledgments

Te authors hereby express their genuine acknowledgement
to the Japan International Cooperation Agency (JICA)’s
AgriNet team for granting the frst author scholarship for
this study.

8 Applied and Environmental Soil Science



References

[1] S. Asad, A. Jabeen, M. B. Aga et al., “Microwave stabilization
and process optimization of rice bran cultivar jhelum,”
Journal of Food Processing and Preservation, vol. 45, no. 7,
2021.

[2] M. Rokonuzzaman, M. A. Rahman, M. Yeasmin, and
M. A. Islam, “Relationship between precipitation and rice
production in rangpur district,” Progressive Agriculture,
vol. 29, no. 1, pp. 10–21, 2018.

[3] K. Iqbal and A. Siddique, “Te impact of climate change on
agricultural productivity: evidence from panel data of Ban-
gladesh,” Te Journal of Developing Areas, vol. 49, no. 6,
pp. 89–101, 2015.

[4] J. C. Nwite, B. O. Unagwu, C. C. Okolo, C. A. Igwe, and
T. Wakatsuki, “Improving soil silicon and selected fertility
status for rice production through rice-mill waste application
in lowland sawah rice feld of southeastern Nigeria,” In-
ternational Journal of Recycling of Organic Waste in Agri-
culture, vol. 8, no. S1, pp. S271–S279, 2019.

[5] E. Epstein, “Silicon,” Annual Review of Plant Physiology and
Plant Molecular Biology, vol. 50, no. 1, pp. 641–664, 1999.

[6] J. F. Ma, “Role of silicon in enhancing the resistance of plants
to biotic and abiotic stresses,” Soil Science and Plant Nutrition,
vol. 50, no. 1, pp. 11–18, 2004.

[7] Y. Zhu and H. Gong, “Benefcial efects of silicon on salt and
drought tolerance in plants,” Agronomy for Sustainable De-
velopment, vol. 34, no. 2, pp. 455–472, 2014.

[8] T. Abbas, M. Rizwan, S. Ali et al., “Biochar application in-
creased the growth and yield and reduced cadmium in
drought stressed wheat grown in an aged contaminated soil,”
Ecotoxicology and Environmental Safety, vol. 148, pp. 825–
833, 2018.

[9] J. D. Meunier, K. Sandhya, N. B. Prakash, D. Borschneck, and
P. Dussouillez, “pH as a proxy for estimating plant-available
Si: a case study in rice felds in kamataka, (South India),” Plant
and Soil, vol. 432, no. 1-2, pp. 143–155, 2018.

[10] B. S. Tubana and J. R. Heckman, “Silicon in soils and plants,”
in Silicon and Plant Diseases, F. A. Rodrigue and L. E. Datnof,
Eds., Springer International Publishing, Switzerland, 2015.

[11] R. J. Haynes, “What efect does liming have on silicon
availability in agricultural soils?” Geoderma, vol. 337,
pp. 375–383, 2019.

[12] M. I. Sohail, M. Z. ur Rehman, M. Rizwan et al., “Efect of
biochars, biogenic, and inorganic amendments on dissolution
and kinetic release of phytoavailable silicon in texturally
diferent soils under submerged conditions,” Arabian Journal
of Geosciences, vol. 13, no. 10, p. 376, 2020.

[13] K. Jindo, H. Mizumoto, Y. Sawada, M. A. Sanchez-Monedero,
and T. Sonoki, “Physical and chemical characterization of
biochars derived from diferent agricultural residues,” Bio-
geosciences, vol. 11, no. 23, pp. 6613–6621, 2014.

[14] M. Ogawa and Y. Okimori, “Pioneering works in biochar
research, Japan,” Soil Research, vol. 48, no. 7, pp. 489–500,
2010.

[15] “Food and agricultural organization Statistics (FAOSTAT),”
2022, https://www.fao.org/faostat/en/%23data/QCL.

[16] F. Rassaei, “Methane emissions and rice yield in a paddy soil:
the efect of biochar and polystyrene microplastics in-
teraction,” Paddy and Water Environment, vol. 21, no. 1,
pp. 85–97, 2022.

[17] F. Rassaei, “Biochar efects on rice paddy cadmium con-
taminated calcareous clay soil: a study on adsorption kinetics

and cadmium uptake,” Paddy and Water Environment,
vol. 21, no. 3, pp. 389–400, 2023.

[18] S. Koyama, T. Katagiri, K. Minamikawa, M. Kato, and
H. Hayashi, “Efects of rice husk charcoal application on rice
yield, methane emission, and soil carbon sequestration in
andosol paddy soil,” Japan Agricultural Research Quarterly:
Japan Agricultural Research Quarterly, vol. 50, no. 4,
pp. 319–327, 2016.

[19] D. Coskun, R. Deshmukh, H. Sonah et al., “Te controversies
of silicon’s role in plant biology,” New Phytologist, vol. 221,
no. 1, pp. 67–85, 2019.

[20] Y. Tsujimoto, S. Muranaka, K. Saito, and H. Asai, “Limited Si-
nutrient status of rice plants in relation to plant-available Si of
soils, nitrogen fertilizer application, and rice-growing envi-
ronments across sub-saharan Africa,” Field Crops Research,
vol. 155, pp. 1–9, 2014.

[21] A. D. Igalavithana, Y. S. Ok, N. K. Niazi et al., “Efect of corn
residue biochar on the hydraulic properties of sandy loam
soil,” Sustainability, vol. 9, no. 2, p. 266, 2017.

[22] J. Lehman and S. Joseph, “Biochar for environmental man-
agement: an introduction,” in Biochar for Environmental
Management, Science, Technology, and Implementation,
J. Lehman and S. Joseph, Eds., pp. 1–12, Earthscans, London,
2009.

[23] S. Li, Y. Zhang, W. Yan, and Z. Shangguan, “Efect of biochar
application method on nitrogen leaching and hydraulic
conductivity in a silty clay soil,” Soil and Tillage Research,
vol. 183, pp. 100–108, 2018.

[24] M. Ahmedna, M. M. Johns, S. J. Clarke, W. E. Marshall, and
R. M. Rao, “Potential of agricultural by-product-based acti-
vated carbons for use in raw sugar decolourisation,” Journal of
the Science of Food and Agriculture, vol. 75, no. 1, pp. 117–124,
1997.

[25] S. R. Olsen and L. E. Sommer, “Determination of available
phosphorus,” in Methods of Soil Analysis, A. L. Page,
R. H. Miller, and D. R. Keeney, Eds., Vol. 2, American Society
of Agronomy, Madison WI, 1982.

[26] K. Imaizumi and S. Yoshida, “Edaphological studies on silicon
supplying power of paddy soils,” Bulletin of the National
Institute of Agricultural Science (jpn), vol. 8, pp. 261–304, 1958.

[27] M. B. C. Haysom and L. S. Chapman, “Some aspects of
calcium silicate trials at mackay,” Proceedings of the In-
ternational Society of Sugar Cane Technologists, vol. 42,
pp. 117–122, 1975.

[28] M. Yanai, Y. Yoshida, and Y. Shimizu, “Colorimetric de-
termination of available silicate in soil extracted by acetate
bufer with ascorbic acid powder,” Journal of Soil Science and
Plant Nutrition, vol. 67, pp. 273–278, 1996.

[29] SSSA (Soil Science Society of America), Methods of Soil
Analysis Part 1, Physical and Mineralogical Methods, Amer-
ican Society of Agronomy, Inc, Madison, Wisconsin, 2nd
edition, 1986.

[30] R. H. Bray and L. T. Kurtz, “Determination of total nitrogen
and available forms of phosphorus in soils,” Soil Science,
vol. 59, no. 1, pp. 39–46, 1945.

[31] K. Saito, A. Yamamoto, T. Sa, and M. Saigusa, “Rapid, micro-
methods to estimate plant silicon content by dilute hydro-
fuoric acid extraction and spectrometric molybdenum
method: I. Silicon in rice plants and molybdenum yellow
method,” Soil Science and Plant Nutrition, vol. 51, no. 1,
pp. 29–36, 2005.

[32] R. M. Weaver, J. K. Syers, and M. Jackson, “Determination of
silica in citrate-bicarbonate-dithionite extracts of soils,” Soil

Applied and Environmental Soil Science 9

https://www.fao.org/faostat/en/%23data/QCL


Science Society of America Journal, vol. 32, no. 4, pp. 497–501,
1968.

[33] I. M. Nwajiaku, K. Sato, T. Tokunari, S. Kitano, and
T. Masunaga, “Improvement of rice husk residue silicon
availability for replenishing available silicon in paddy soil,”
International Journal of Physical and Social Sciences, vol. 24,
no. 2, pp. 1–11, 2018.

[34] N. E. Ebido, I. G. Edeh, B. O. Unagwu et al., “Rice-husk
biochar efects on organic carbon, aggregate stability and
nitrogen-fertility of coarse-textured ultisols evaluated using
Celosia argentea growth,” SAINS TANAH-Journal of Soil
Science and Agroclimatology, vol. 18, no. 2, pp. 177–187, 2021.

[35] X. Xiao, B. Chen, and L. Zhu, “Transformation, morphology,
and dissolution of silicon and carbon in rice straw-derived
biochars under diferent pyrolytic temperatures,” Environ-
mental Science and Technology, vol. 48, no. 6, pp. 3411–3419,
2014.

[36] Y. Wang, X. Xiao, Y. Xu, and B. Chen, “Environmental efects
of silicon within biochar (sichar) and carbon-silicon coupling
mechanisms: a critical review,” Environmental Science and
Technology, vol. 53, no. 23, pp. 13570–13582, 2019.

[37] Y. Wang, X. Xiao, Y. Xu, B. Chen, and B. Chen, “Environ-
mental efects of silicon within biochar (sichar) and car-
bon–silicon coupling mechanisms: a critical review,”
Environmental Science and Technology, vol. 53, no. 23,
pp. 13570–13582, 2019.

[38] R. S. Real, M. R. Islam, M. M. Rahman, and K. Mix, Study of
Nitrogen Use Efciency and Yield of Rice Infuenced by Deep
Placement of Nitrogen Fertilizer, Texas State University, San
Marcos, Texas, US, 2019.

[39] F. Linam,M. A. Limmer, R. Tappero, and A. L. Seyferth, “Rice
husk and charred husk amendments increase porewater and
plant Si but water management determines grain as and Cd
concentration,” Plant and Soil, vol. 477, no. 1-2, pp. 135–152,
2022.

[40] C. J. Oraegbunam, S. E. Obalum, T. Watanabe,
Y. M. Madegwa, and Y. Uchida, “Diferences in carbon and
nitrogen retention and bacterial diversity in sandy soil in
response to application methods of charred organic mate-
rials,” Applied Soil Ecology, vol. 170, Article ID 104284, 2022.

[41] S. Jefery, F. G. A. Verheijen, M. van der Velde, and
A. C. Bastos, “A quantitative review of the efects of biochar
application to soils on crop productivity using meta-analysis,”
Agriculture, Ecosystems and Environment, vol. 144, no. 1,
pp. 175–187, 2011.

[42] X. Yin, J. Chen, F. Cao, Z. Tao, and M. Huang, “Short-term
application of biochar improves post-heading crop growth
but reduces pre-heading biomass translocation in rice,” Plant
Production Science, vol. 23, no. 4, pp. 522–528, 2020.

[43] L. Si, Y. Xie, Q. Ma, L. Wu, and L. Wu, “Te short-term efects
of rice straw biochar, nitrogen and phosphorus fertilizer on
rice yield and soil properties in a cold waterlogged paddy
feld,” Sustainability, vol. 10, no. 2, p. 537, 2018.

[44] J. Chew, L. Zhu, S. Nielsen et al., “Biochar-based fertilizer:
supercharging root membrane potential and biomass yield of
rice,” Science of the Total Environment, vol. 713, Article ID
136431, 2020.

[45] J. F. Ma and E. Takahashi, Soil, Fertilizer, and Silicon Research
in Japan, Elsevier Science, Amsterdam, 2002.

[46] Y. Yao, B. Gao, M. Zhang, M. Inyang, and A. R. Zimmerman,
“Efect of biochar amendment on sorption and leaching of
nitrate, ammonium, and phosphate in a sandy soil,” Che-
mosphere, vol. 89, no. 11, pp. 1467–1471, 2012.

[47] K. Reibe, C. L. Roß, and F. Ellmer, “Hydro-/Biochar appli-
cation to sandy soils: impact on yield components and nu-
trients of spring wheat in pots,”Archives of Agronomy and Soil
Science, vol. 61, no. 8, pp. 1055–1060, 2015.

[48] J. A. Ippolito, D. A. Laird, andW. J. Busscher, “Environmental
benefts of biochar,” Journal of Environmental Quality, vol. 41,
no. 4, pp. 967–972, 2012.

[49] T. H. Deluca, M. J. Gundale, M. D. MacKenzie, and
D. I. Jones, “Biochar efects on soil nutrient transformation,”
Biochar Environmental Management Science Technology
Implementation, vol. 2, pp. 421–454, 2015.

[50] K. Uzoma, M. Inoue, H. Andry, H. Fujimaki, A. Zahoor, and
E. Nishihara, “Efect of cow manure biochar on maize pro-
ductivity under sandy soil condition,” Soil Use and Man-
agement, vol. 27, no. 2, pp. 205–212, 2011.

[51] H. Zheng, X. Wang, L. Chen et al., “Enhanced growth of
halophyte plants in biochar-amended coastal soil: roles of
nutrient availability and rhizosphere microbial modulation,”
Plant, Cell and Environment, vol. 41, no. 3, pp. 517–532, 2017.

[52] Z. Solaiman, M. Shaf, E. Beamont, and H. Anawar, “Poultry
litter biochar increases mycorrhizal colonisation, soil fertility
and cucumber yield in a fertigation system on sandy soil,”
Agriculture, vol. 10, no. 10, p. 480, 2020.

[53] Y. Xiang, Q. Deng, H. Duan, and Y. Guo, “Efects of biochar
application on root traits: a meta-analysis,” GCB Bioenergy,
vol. 9, no. 10, pp. 1563–1572, 2017.

[54] J. F. Ma and N. Yamaji, “Silicon uptake and accumulation in
higher plants,” Trends in Plant Science, vol. 11, no. 8,
pp. 392–397, 2006.

[55] V. D. Meena, M. L. Dotaniya, V. Coumar et al., “A case for
silicon fertilization to improve crop yields in tropical soils,”
Proceedings of the National Academy of Sciences, India-Section
B: Biological Sciences, vol. 84, no. 3, pp. 505–518, 2014.

[56] F. Schneider, A. Don, I. Hennings, O. Schmittmann, and
S. J. Seidel, “Te efect of deep tillage on crop yield – what do
we really know?” Soil and Tillage Research, vol. 174,
pp. 193–204, 2017.

[57] S. Y. Ademiluyi, O. I. Oladele, and T. Wakatsuki, “Efect of
power tiller operations on physical properties of soil under
sawah rice production system in bida, Nigeria,” Journal of
Food Agriculture and Environment, vol. 7, no. 1, pp. 147–149,
2009.

10 Applied and Environmental Soil Science




