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Abstract: Intensive agriculture has degraded global agricultural land and resulted in a
food crisis. The application of biochar in agricultural soil has been proven effective at
improving soil quality and increasing crop yield. This study aims to develop a simulation
and investigate the effect of wood-derived biochar (WBC) and maize cob-derived biochar
(MBC) at different application rates on soil pH, soil cation exchange capacity (CEC), soil
organic carbon (SOC) and the productivity of the maize cropping system. The prediction
regarding the effect of biochar on soil pH was the most accurate of all the parameters
studied. The simulation was good at predicting the change of properties in calcareous clay
soil for both WBC and MBC, as well as WBC in acidic, sandy soil. The results demonstrated
that amendments to both WBC and MBC successfully improved the soil pH, SOC and
CEC. The effect was more significant when higher biochar application rates were applied.
The biochar amendment enhanced the properties of acidic sandy soil more significantly as
compared to calcareous clay soil. Overall, WBC and MBC are potential green fertilisers
capable of enhancing soil quality for the sustainable development in agriculture.

Keywords: Biochar amendment, soil properties, crop yield, biomass utilization, sustainable
agriculture.
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Introduction

Soil quality is defined as the soil’s capacity to
support plant growth, mitigate the permeation of
precipitation to secure watersheds and restrain

Biochar lost during
application

Amount of carbon flow from
the fresh organic matter pool
to microbial soil organic
matter pool

Amount of carbon flow from
the fresh organic matter pool
to humic soil organic matter
pool

Mean absolute percentage
error

Labile pool mean residence
time

Recalcitrant pool mean
residence time

Soil cation exchange
capacity

Soil cation exchange

capacity after biochar
application

Soil pH before biochar
application

Surface water modifier

Net rate of nitrogen
mineralisation or
immobilization during
biochar decomposition

Daily amount of nitrogen
needed for biochar
decomposition

Desorption capacity

Desorbed ammonium from
the soil solution

n, Non-carbonate clay
clay
S, Simulated value
efl se New amount of decomposed
carbon retained in the system
Soil,,. Labile and recalcitrant
biochar remaining in the soil
SOC Soil organic carbon
Soil,, Labile biochar remaining in
the soil
Mass, Mass fraction of biochar in
soil
Ty b Amount of carbon flow from

the microbial soil organic
matter pool to humic soil
organic matter pool

dX, .BC New dynamic decomposition
rate for Agricultural
Production Systems
Simulator fresh organic
matter pool

New amount of carbon flow
from the fresh organic matter
pool to microbial soil organic
matter pool

dtNBC Daily mineralized

released

nitrogen during biochar
decomposition

rfombintC

K Absorption capacity

des

NH, Adsorbed ammonium from
the soil solution

pollutants such as industrial and agricultural
waste (Biinemann et al., 2018). Soil is vital for
humans because of the sources of food derived
from it. However, soil has degraded in recent
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years due to human activities (Zhu et al., 2019).
The problem with soil quality is mainly due to
the physical, chemical and biological constraints
which inhibit the growth of plants generally
and crop especially in agriculture. Nutrient
deficiencies in a crop are commonly due to lack
of nitrogen, phosphorus and potassium in the
soil. These nutrient deficiencies could be caused
by leaching, volatilisation, denitrification
and surface run-off of nutrients which result
in deterioration of soil and environmental
pollution.

The demand for food production from
agriculture has been rising due to the rapid
increase in the world’s population. Between
2005 and 2050, an expansion of 70% to the
food production capacity is expected to secure
the demand for food (Kopittke et al., 2019).
The deterioration of soil quality is a threat
to the agriculture industry worldwide. The
soil degradation due to excessive agricultural
pollution has caused a loss of soil fertility and
a drop in food production capacity. To alleviate
these concerns, solutions that boost soil fertility
are sought after.

Biochar is a pyrogenic carbon product
derived from carbon-rich content waste materials
via pyrolysis, gasification and hydrothermal
carbonisation of biomass mainly from plants
and agriculture residue (Huang & Gu, 2019;
Kavitha ef al., 2018).

Generally, the physical and chemical
properties of biochar are highly dependent on
the type of feedstock and pyrolysis (thermal
decomposition) conditions. A study of the
available literature shows that biochar could
be used for soil amendment to improve its
physicochemical properties. Biocharamendment
has been found to affect soil dynamics such
as porosity, bulk density, pH- levels, nutrient
content, availability and holding capacity as well
as its cation exchange capacity (CEC) (Huang et
al., 2019). The effect of biochar on plant growth
performance was found to vary depending on
the type of biochar (Shetty & Prakash, 2020)
and type of soil (pH and texture) (Elias ez al.,
2020). Biochar has also been used as a carbon

sequestration material to mitigate climate change
and immobilise heavy metals in contaminated
soil (Jain et al., 2020). The quality of the topsoil
was found to be significantly influenced by the
properties of biochar (feedstock and synthesis
conditions) and the biochar application ratio.

Most of the past studies conducted on soil
amendment using biochar focused on alleviating
the soil fertility as well as production of crop
through laboratory experiment or field trials.
The studies on prediction of biochar’s effects
on soil by modelling and simulations have been
limited. The Agricultural Production Systems
Simulator (APSIM) has been used recently by
researchers as the platform for modelling and
simulation of agricultural systems. However,
studies on the effect of biochar application on
soil dynamics and crop yields using APSIM
are scarce (Dokoohaki et al., 2019; Aller et al.,
2018; Archontoulis et al., 2016). Dokoohaki et
al. (2019) investigated the effect of biochar on
soil hydrological properties by using APSIM.
Aller et al. (2018) simulated the effect of
hardwood and corn stover-derived biochar on
nitrate leaching, SOC and corn yield under
various management conditions.

Meanwhile, Archontoulis et al. (2016)
predicted the effect of biochar on corn yields,
corn stover, bulk density, pH, SOC and soil
moisture content by developing biochar
model using APSIM. APSIM is capable of
modelling and understanding complex soil
interaction systems (Aller ef al., 2018). Hence,
to understand the complex interaction between
biochar and soil, the APSIM simulation tool
is an appropriate means of investigating the
effects of biochar on soil properties and crop
yields. The use of APSIM coupled with biochar
modelling would be able to simulate, predict
and evaluate the effects of biochar on soil
amendments. Biochar is commonly produced
from lignocellulosic biomass which comprises
of agricultural and forest waste.

In this study, wood maize cob waste was
selected as the precursors since wood is the most
abundant forest waste and wood waste-derived
biochar is commonly used in experimental
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case studies whereas maize is the largest crop
produced in the world. The Kaoma soil (acidic
soil) possesses low CEC, pH, SOC and fertility
whereas Lusaka soil (alkaline soil) possesses
moderate CEC and fertility, high pH levels
and SOC (Cornelissen ef al., 2013). Thus, it is
important to improve the fertility and properties
of both Lusaka and Kaoma soil types to enhance
crop yields. The experimental study on the effect
of softwood and maize cob-derived biochar on
Lusaka and Kaoma soil types has been conducted
by Cornelissen et al. (2013). However, to-date,
modelling and simulation studies have not
reported on the effects of softwood and maize
cob-derived biochar on crop yields, SOC, CEC
and pH levels for both Lusaka and Kaoma soil

types.

Therefore, this study aims to simulate the
effect of wood and maize cob-derived biochar
at different biochar application rates on the
properties of calcareous clay soil (Lusaka soil)
and acidic sandy soil (Kaoma soil) as well
as maize yield using the APSIM modelling
program.

Materials and Methods

APSIM version 7.10 was used in this study to
simulate the application of wood and maize cob-
derived biochar on the Lusaka calcareous clay
soil and Kaoma acidic sandy soil by evaluating
the effects of biochar on the soil dynamics. The
development of the biochar simulation was
performed in stages and covered the assumption
of the APSIM model on biochar simulation and
determination of biochar mathematical model
as well as deviation and validation tests on the
data.

In this study, the simulation model
was developed based on the model used by
Cornelissen et al. (2013) for biochar effects
on maize yields and the biochar model by
Archontoulis et al. (2016), along with the corn
crop model, soil model and soil N and C cycling
model. The biochar model consisted of three
parameters:

6
(1) biochar type and management,
(i1) biochar and soil interactions and
(iii) biochar model parameters that were

assumed constant.

The second and third parameter categories
were limited and required specific data for the
simulation model. Hence, these parameters were
assumed based on the study of Archontoulis
et al. (2016) while CN, —and C:N__ were
default values in APSIM as "shown in Table 1.
The meteorology dataset from the year 1990
until 2020 for the model were obtained from
Prediction of Worldwide Energy Resources,
POWER data access viewer version v1.1.1.

Meanwhile, the soil models were assumed
to be Africa deep clay soil with medium fertility
and Africa deep sandy soil with low fertility,
selected from the built-in soil models. The
assumption and selection of the data was based
on the site data obtained by Cornelissen et al.
(2013) for Lusaka and Kaoma climates and
soils, respectively.

The details of the soil information and
biochar soil model are listed in Table 2. The
biochar parameters were influenced by the type
of feedstocks used. The parameters such as lost
during application and residence time were

assumed based on the study of Archontoulis ef
al. (2016). The values for o fl il MRT] and
MRT?2 were 0.02, 0.13, 1 year and 500 years,
respectively. The values of f —and f _ were
assumed based on blomass—based biochar,

consistent with the biochar used in the literature
to conduct simulation studies. The MRT1 of 1
year and MRT2 of 500 years were reported to
have no significant effect if applied for short-
term biochar treatment, thus these values
were acceptable (Archontoulis et al., 2016;

Cornelissen ef al., 2013).

The biochar parameters as shown in Table 3
were assumed based on the study of Cornelissen
et al. (2013) which used wood-derived biochar
and maize cob-derived biochar.

The model field management was selected
based on the field design of Cornelissen et al.
(2013) as shown in Table 4. The management
practices such as tillage, biochar tillage,
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fertilising, sowing and harvesting were
programmed in the simulation operation
schedule. The cultivar used in the simulation was

based on the study of Aller et al. (2018) which
had improved the cultivar and was suitable for
biochar application on maize crop.

Table 1: Biochar and APSIM model parameters

Biochar and Soil Interaction Parameters Value
Pfom (m*kg? C) 0
Phum (m*kg? C) 0
Pbiom (m*/kg’ C) 0
Pe (m%kg? C) 0
Pf (m%kg? C) 0
Pe2 (m*/kg’ C) 0
P2 (m*kg? C) 0
Kads (mg/L) 0.006
Kdes (mg/L) 0.006
QLL 0
Kdul -0.15
Kads (2/g) -0.15
BD*? 0.8
CNbiom 8
C:Nsoil 12
Biochar Model Constant Parameters Value
Cnrfbe 0.693
Optbc (g/g) 25
Efbe (g/g) 0.4
Frbcbiom (g/g) 0.05
Notes:
Pfom  Positive priming coefficient for fresh organic BD? Fraction reduction in bulk density due to tillage
matter
Phum  Positive priming coefficient for humic soil CNbiom  Carbon to nitrogen ratio of the microbial soil
organic matter organic matter pool
Pbiom  Positive priming coefficient for microbial ~ C:Nsoil Soil carbon to nitrogen ratio
soil organic matter pool
Pe Negative priming coefficient 1 for fresh Kdul Slope parameter in water retention drain upper
organic matter limit quality modifier
Pf Negative priming coefficient 2 for fresh Optbc Carbon to nitrogen ratio at or below biochar miner-
organic matter alizes nitrogen
Pe2 Negative priming coefficient 1 for micro-  Efbc Biochar carbon retention efficiency
bial soil organic matter pool
Pf2 Negative priming coefficient 2 for micro-  Frbcbiom  Fraction of biochar to microbial soil organic matter
bial soil organic matter pool pool
Kads  Adsorption capacity Kdes Desorption capacity
QLL Quality modifier on water retention lower

limit
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Table 2: Biochar soil model and soil information (Cornelissen ef al., 2013)

Soil Information

Lusaka Soil

Kaoma Soil

Site coordinate

Latitude: -15.22712
Longitude: 28.22269

Latitude: -14.49571
Longitude: 24.52970

Soil type Clay loam (Haplic Luvisols, Aerolian sand (Ferrallic Arenosols,
medium fertility and clay infertile and coarse white sand)
illuviation)
Soil model Clay Deep MF 200mm (No869- Sand Deep LF 111mm
Generic) (No914-Generic)
Soil order Alfisol Entisol
Sand 0.30 0.88
Clay 0.27 0.04
UpH 9.5 9.5
LpH 35 3.5
PpH 10 10
pH 7.9 5.6
Notes:

UpH  Soil pH upper level
LpH  Soil pH lower level

PpH  Constant adjusting buffering capacity

Table 3: Biochar variable parameters (Cornelissen ef al., 2013)

Parameters Softwood (WBC) Maize Cob (MBC)
BClv (Mg/ha) 50 40
BCecec (cmolc/kg) 86 39.9
CNBC 83 87
fcarbon (g/g) 0.64 0.74
Notes:

BClv Biochar liming value

BCecec Biochar effective cation exchange capacity

CNBC Biochar carbon to nitrogen ratio

fearbon Carbon fraction in biochar
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Table 4: Model field parameters (Cornelissen et al., 2013)

Sowing Parameters Action
Crop Maize
Sowing density (plants/m?) 4
Sowing depth (mm) 50
Cultivar B _105_biochar
Crop growth class Plant
Row spacing 900
Biochar tillage depth (mm) 150

Development of Simulation Model

All the assumptions used to develop the
simulation model in this study were based on the
studies of Aller et al. (2018) and Archontoulis et
al. (2016). The mathematical model of biochar
by Archontoulis et al. (2016) could be described
into components such as biochar application,
SOC, C/N ratio, pH and CEC of the soil.

dtBC = BCy x (1 = fioss) X foarbon X fiabile xIn2) | (1-fiabite ¥ n(2)

Biochar Application on Soil

The decomposition of biochar was obtained
using Equation 1. The temperature and water
surface function were assumed based on the
built-in function in APSIM as these parameters
were affected by soil water in soil module and
climate from meteorology data (Archontoulis
et al., 2016). Meanwhile, the nitrogen modifier
was developed using Equation 2.

365 x MRT;

Soil
—cnrfbc x ((M>—Optbc>
Navail

x min (wy x Ty xnz) (1)

365 x MRT,

ny = min 1,e

Optbc

2)

Similarly, the amount of decomposed biochar was derived from the flux of biochar for CO,,

BIOM and HUM as stated in Equation 3.

dtBC = dthcoz + dtBCbiom + dtBChum
Equations 4, 5 and 6 represented the daily flux of dtBC
dtBC.,, = dtBC x(1 — efbc)
dtBCpipm = dtBC x efbc x (frbcbiom)
dtBCyipm = dtBC x efbc x (1 — frbcbiom)

Soil Organic Carbon (SOC)

The priming effect of biochar was assumed
to be affected by FOM, BIOM and FUM.
Archontoulis et al. (2016) stated that the model
for SOC was based on three pools: FOM, BIOM

€)

dtBC and dtBC respectively.

co2° BIOM HUM?

(4)
©)
(6)

and FUM. These pools were affected by the
positive priming and negative priming effects.
The positive priming effects for FOM, BIOM
and HUM were expressed in Equations 7, 8 and
9, respectively.
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On the other hand, the negative priming
effect for FOM was expressed in Equations 10,

dXpormBC = X x (1+ Proym x

deiomBC =Xx (1 + Pbiom

AXnumBC = X (1+ Ppum x

efformBC = efformx (1 + Pox

frfombiomBC = frfombiomx (1 + Pfx
frromnumsc = AXfomBC — efformpc — fTrombiomsc
efbiomBC = efbiomx (1 + P,,x

fToiomhum = fThiomhumX (1 <t szx

Biochar Effect on C/N Ratio

Nitrogen was mineralised or immobilised upon
the decomposition of biochar, depending on
the C/N ratio. The net of the N mineralised and
immobilised was the difference of N released.

Soil pH and Cation Exchange Capacity (CEC)

The soil CEC after the application of biochar
was calculated by Equation 15. Soil CEC in the

SoilcecBC = Soilcec X (1 - MaSSfr) + BCeCeC X MaSSfr

Soilcec = f(nclayr SOC soil order)

Massg, =
o fcarbon X BDg Xdjgyer x 1000

10

11 and 12, whereas Equations 13 and 14 were
applied for BIOM and HUM, respectively.

s 0
s s ®
) g
) o
) o

(12)

o o
o w

equation was a function of soil order, SOC and
the percentage of non-carbonated clay as shown
in Equation 16.

Meanwhile, the mass fraction was a
function of biochar application into the soil as
shown in Equation 17. The soil pH was affected
by the soil CEC after biochar application as
shown in Equation 18.

Soil = Soil
PHEE vH T SoilcecBC

Deviation Test for Biochar Model

The simulation was run on two types of soil
with each type tested without the application of
biochar and with biochar applications at different
rates for two types of biochar feedstock. In this
manner, a total of ten simulations were run
(2x(1+2x2) =10) as shown in Table 5.

(15)

(16)

SOilBC (17)
Mass frxBCyy o (Upn—Soilpp)x(Soilpy—LpH)XPpu (18)

(Upn—Lpn)

The simulation studies of Cornelissen et
al. (2013) were conducted for two years based
on field experiments. Table 6 shows the amount
of biochar applied on the simulated soils. The
field application was lower than the simulation
due to the biochar application being based on
a planting basin, whereas in the simulation the
application was assumed based on whole field
(broadcasting) (Cornelissen ef al., 2013).
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Table 5: Conditions used in simulation runs

11

Conditions

Kaoma Soil

Lusaka Soil

Without biochar
High application rate of MBC
Low application rate of MBC
High application rate of WBC
Low application rate of WBC

Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC

Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC
Maize yield, pH, CEC and SOC

Table 6: Biochar application rates

Treatment Control (kg/ha) Low (kg/ha) High (kg/ha)
Field 0 800 4000
Simulation 0 6000 30000

The modelling efficiency on a scale of 0 to |
was used as an indicator for the goodness of fit.
The models performance and deviation between
the actual measured and simulated results were
evaluated by using a mean absolute percentage
error (MAPE) equation and calculation method,
as represented by Equation 19. The MAPE was
a scale-independent approach, expressed as a
percentage error, which was selected as the tool
to analyse the relative error of the model (Aller
et al, 2018; Chen et al., 2017).

_l n |00b_ssi|
MAPE_nZﬁll%m

(19)

Results and Discussion
Deviation Test
Maize Yield

Table 7 and Table 8 compares the maize grain
yield obtained from the simulation model and
field experiments by Cornelissen et al. (2013)
using WBC and MBC, respectively on clay
soil. Table 7 shows that the simulation model
predicted a gradually decreasing trend of
maize yield on WBC application on Lusaka
clay soil, with a deviation of 11.21% from the
experimental data.

A small decrease of 0.71 kilogrammes/
hectare (kg/ha) was observed when the
application rate of WBC was increased by a
factor of six from low treatment to high treatment.

Hence, a further increase in the application
rate did not show a significant decrease in the
maize yield. The simulated low treatment and
high treatment biochar were within the standard
error of 10%, which was 7.93% and 6.36%,
respectively.

This indicated that the simulation model
accurately predicted the WBC application on
the soil. However, the control (system without
biochar) showed a deviation of 19.33%. The
model underestimated (>10% deviation) the
control. The results of the biochar treatment
were consistent with the results obtained from
the field experiments, which showed a decrease
of 25% when WBC was applied for both low
and high treatments.

Cornelissen et al. (2013) targeted that a
significant increase was doubling the yield over
100% while a modest increase was at 50% to
100% and vice-versa. Thus, it was concluded that
the biochar treatment on the Lusaka farm was
not significant because the changes were lower
than the modest. The reason of underestimate
the control at 19.33% deviation might be due to
the biochar model simulated the control model
as a very low biochar application. Thus, the
deviation was modest based on the definition by
Cornelissen ef al. (2013).

Similar results were observed by
Archontoulis et al. (2016) in which corn grain
yield showed a small increment at a high
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biochar application rate, from 20 Mg/ha to
100 Mg/ha. This indicated the sensitivity of
the biochar model in predicting the corn grain
yield. Archontoulis et al. (2016) stated that the
simulated effect of biochar on the corn grain
yields was reduced due to the crop system of
the model, which identified the yield as a final
output that was interconnected with several
variables of the soil and plant.

Hence, the model was less sensitive in
predicting the grain yields. The small decline in
the maize yields simulated in WBC treatment
was consistent with the literature, which revealed
that the type of biochar applied to the soil affected
the soil properties and plant growth. Some
studies showed that the application of wood-
derived biochar on soil negatively affected the
soil quality and plant growth. Aller ef al. (2018)
obtained a small decrease in the corn yield after
undergoing wood biochar treatment. The largest
decline was only 2.6% at the highest biochar
application of 90 Mg/ha. The study stated that
the decline in yield was due to N stress.

Moreover, Zhang et al. (2012) found that the
high C/N ratio of wood biochar would contribute
to the decline in maize yield. The biochar model
predicted that the N availability would decrease
after biochar treatment because labile (volatile)
carbon in the biochar was being decomposed and
therefore induced N immobilisation, which put
the maize crop under N deficiency and resulted
in a decline in yield (Ameloot et al., 2015; Aller
et al., 2018). Besides, the application of WBC
with a high pH level of 8.3 negatively impacted
the alkaline Lusaka clay soil.

Liu and Zhang (2012) stated that the
biochar in soil induced the oxidation of SOC.
The oxidation activities produced an acidic
functional group on the surface of biochar, thus
neutralising the pH of alkaline soil. This resulted
in a reduction in soil pH, which decreased the
soil fertility and collectively reduced the yield.

Table 8 illustrates that the model estimated
a decrease in maize yield with an increase of
MBC treatment on Lusaka clay soil, coherent
with the field experimental results. The initial

12

yield without biochar application was 7340.33
kg/ha. At low treatment, the yield slightly
decreased to 7340 kg/ha with a deviation of
18.44%. The simulation model predicted that
further increase in MBC treatment decreased the
yield to 7338.99 kg/ha with a 10.50% deviation.

The model was able to predict the results at
high treatment accurately but deviated from the
measured data at the control and low treatment.
The simulated yield obtained for MBC was
like WBC in which the application of biochar
at a higher rate reduced the yield. The model
underestimated the control because it was
assumed as a very low biochar treatment. At both
low and high treatments, the model predicted a
small decline in yield corresponding to control.
This was possibly due to the mechanism of the
biochar model.

Archontoulis ef al. (2016) stated that the
biochar model integrated biochar, soil, crop,
climate and management by a feedback system.
The effect of individual biochar was offset
by this mechanism, which diminished the
individual biochar effect on yield. Archontoulis
et al. (2016) also reported a small increase in
yield when the biochar treatment was increased,
which indicated that the model simulated small
changes even though a large amount of biochar
was applied.

The decreasing trend was due to the C/N
ratio of MBC was high, an increase in the
MBC application rate induced N stress on the
maize crop, thus impeding the growth of maize
crop (Aller et al., 2018). Besides, the biochar
feedstock could be another reason.

A study conducted by Egamberdieva
et al. (2019) found that no significant effect
was observed on chickpea growth after MBC
treatment. The simulated results of MBC were
similar to WBC, but slightly differed in the
trend. Aller et al. (2018) stated that the effect
of biochar on simulated yield was not exactly a
biochar effect because it was mixed up with the
tillage effect in the management module.

Free et al. (2010) reported that poorer
sowing management slowed down the growth
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Table 7: Simulated biochar model versus field experiments (Cornelissen et al., 2013) of maize grain yield
using WBC on Lusaka clay soil

WBC Maize Yield (Case Study) Maize Yield (Simulated) MAPE (%)
None 9100 7340.33 19.33
Low 6800 7339.76 7.93
High 6900 7339.05 6.36

Table 8: Simulated biochar model versus field experiments (Cornelissen ef al., 2013) of maize grain yield
using MBC on Lusaka clay soil

MBC Maize Yield (Case Study) Maize Yield (Simulated) MAPE (%)
None 9100 7340.33 19.33
Low 9000 7340.00 18.44
High 8200 7338.99 10.50

of maize. It was also reported that the type of
biochar feedstock and biochar application rate
had not significantly affected the growth of
maize.

Table 9 and Table 10 compare the maize
grain yield obtained from the simulation model
and field experiments by Cornelissen et al.
(2013) using WBC and MBC, respectively
on Kaoma sandy soil. Table 9 shows that the
application of WBC on the sandy soil improved
the maize yield.

The models predicted a small increase in
yield in WBC treatment at 1941.39 kg/ha and
1941.33 kg/ha on low and high application
rates, respectively. The addition of biochar did
not show a significant increase in the yield. The
model underestimated control and low treatment
biochar while overestimated high treatment.
Based on the average deviation of 15.75%,
the model moderately simulated the field
experiments at high biochar application, but the
deviation increased at low biochar application
levels.

The results were consistent with the
Lusaka clay soil in which the model was more
capable of predicting at a high application rate.
This indicated that the biochar model had low
sensitivity and predicting power on crop yield
for both Lusaka and Kaoma soils.

The increase in yield was consistent
with the field experiments at a low biochar
application rate. Based on the measured data,
the increase in yields was not significant at
a low biochar application rate, but the yields
tripled at high treatment. This indicated that the
effect of high biochar application was strong
on Kaoma clay soil due to the acidic and sandy
properties of the soil. However, the increase
in simulated yield was insignificant on high
biochar application. Zhang et al. (2012) stated
that wood-derived biochar was high in the C/N
ratio and its application on soil would limit the
maize production.

High applications of wood biochar with
high C/N ratio resulted in N immobilisation and
less N available in the soil. Moreover, the yield
of maize grain was integrated with biochar-soil
variables with a feedback system (Archontoulis
et al., 2016). The increase in yield due to soil pH
and CEC improvement was counter-balanced
by C/N ratio variables at the high treatment of
biochar, which resulted in an underestimated
yield.

Table 10 illustrates that the yield
decreased from 1940.91 kg/ha to 1925.37
kg/ha and 1924.51 kg/ha on low and high
biochar application rates, respectively. The
measured experimental data showed that the
yield quadrupled at a high biochar application
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rate. However, the simulation results showed
a significant decrease after low treatment and
gradually decreased for high treatment instead
of an increase in the yield.

The biochar model was unable to simulate
accurately athigh biochar treatment levels, which
underestimated the high treatment of biochar.
The type of soil and biochar coupled with the
low sensitivity of the biochar yield model were
the possible reasons for the deviation of data.

The WBC used in the simulation studies had
a high C/N ratio and low CEC. N mineralisation
in the soil was reduced by high C/N ratio of
biochar, which led to N deficiency in the soil.
This resulted in less N intake by the plants and
impeded the growth (Bista et al., 2019; Kizito
et al, 2019). Hailegraw et al. (2019) stated
that the biochar with high CEC increased the
CEC of soil and the effect was based on the
biochar properties. The low CEC of MBC did
not significantly increase the CEC of sandy soil,
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which resulted in low exchangeable nutrients in
the soil for maize intake.

Archontoulis et al. (2016) stated that
the growth of crops in the biochar model was
affected by the soil water content. The increased
soil water content might promote the leaching
effect on the soil system and limited the maize
yield. The cumulative negative effect of biochar-
soil interaction induced a negative result in the
simulation.

pH, CEC and SOC

Table 11 compares the MAPE of soil pH
levels, CEC and SOC between simulation and
field experimental data for Lusaka clay soil
and Kaoma sandy soil. The simulation results
showed that the pH had a deviation of 8.01%
and 7.43%, respectively for 5% WBC and MBC
application rate on clay soil. The deviation
obtained for WBC was higher than MBC due to
the different properties of the biochar.

Table 9: Simulated biochar model versus field experiments (Cornelissen ef al., 2013) of maize grain yield
using WBC on Kaoma sandy soil

WBC Maize Yield (Case Study) Maize Yield (Simulated) MAPE (%)
None 1600 1940.00 21.31
Low 1700 1941.39 14.20
High 2200 1941.33 11.76

Table 10: Simulated biochar model versus field experiments (Cornelissen ef al., 2013) of maize grain yield
using MBC on Kaoma sandy soil

MBC Maize Yield (Case Study) Maize Yield (Simulated) MAPE (%)
None 1600 1940.91 21.31
Low 1700 1925.37 13.26
High 3000 1924.51 35.85

Table 11: Comparison of MAPE of soil pH, CEC and SOC between simulation and field experimental data

Condition MAPE (%)

Soil Biochar pH CEC SOC
WBC 8.01 14.12 5.32

Lusaka
MBC 7.43 7.45 7.64
WBC 344 18.23 13.79

Kaoma
MBC 3.82 14.06 15.74
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The pH of WBC at 8.3 was higher than
MBC at 8.0. The model estimated that the
addition of high pH biochar would increase
the soil pH more than the low pH biochar. This
was mainly because in the biochar model, the
pH was a function that was influenced directly
by the initial soil pH, biochar liming value and
CEC, as represented in Equation 18. The effect
of biochar application was determined based
on the pH rather than an integrated process that
involved several processes and variables such as
crop yield. Thus, the model was more sensitive
and capable to predict the soil pH value.

However, this caused a larger deviation for
WBC than MBC from the measured data. Based
on the experimental data, the addition of WBC
did not increase the pH of alkaline soil, which
contradicted with the model prediction that the
WBC application increased the soil pH to 8.4.

Meanwhile, low liming value and pH of
MBC did not increase the soil pH as much as
WBC, which resulted in a lower deviation.
The simulated results were consistent with
the experimental results reported by Zhu et al.
(2015) which showed that only the addition of
high pH biochar had significantly increased the
soil pH.

The application of WBC and MBC on sandy
soil in the other hand showed MAPE of 3.44%
and 3.82%, respectively. The small deviation
indicated that the model accurately simulated
the effect of biochar on soil pH. Butnan et
al. (2015) showed an improvement of pH in
Ultisols (acidic and sandy) soil after biochar
application. The model on the effect of pH was
most valid, in which the deviation on soil pH
was the smallest, consistent with the findings
reported by Archontoulis et al. (2016).

For CEC, the addition of WBC on clay soil
showed a larger deviation than MBC at 14.12%
and 7.45%, respectively. The experimental data
showed that the WBC increased the soil CEC
more than MBC at 22.8 cmolc/kg and 19.4
cmolc/kg, respectively due to the high CEC
of WBC. The simulated CEC for WBC and
MBC was 18.4 cmolc/kg and 18.2 cmolc/kg,
respectively.

The CEC model was influenced by the type
of soil and biochar. The biochar with a low CEC
value was fresh biochar whereas biochar with a
high CEC value was aging biochar. The higher
CEC in WBC soil had a lower effect on soil due
to the biochar CEC model integrated the effect
of aging without specifically identifying the
aging mechanism (Archontoulis et al., 2016).

Similarly, the deviation was lower for the
MBC application on acidic soil as compared
to WBC, which was 14.06% and 18.23%,
respectively. Martinsen et al. (2015) reported
that the soil CEC increased from 5.62 cmolc/kg
to 8.12 cmolc/kg and 7.93 cmolc/kg for cacao
shell (197 cmolc/kg) and rice husk (20 cmolc/
kg) biochar, respectively. Thus, the increase was
higher for high CEC biochar as compared to
low CEC biochar as observed in the simulation
results.

The simulation results for SOC showed that
the WBC and MBC application on clay soil had
a deviation of 5.32% and 7.64%, respectively.
The results indicated that the biochar model was
good in predicting SOC in alkaline clay soil.
Zhang et al. (2018) reported that the SOC in
higher biochar treatment was significantly higher
than in the soil without biochar application.
The simulation results were consistent with the
literature, in which the SOC was increased after
5% biochar treatment for both WBC and MBC.

The data showed that the SOC was higher
after the MBC application as compared to the
WBC application due to the MBC had a higher
C/N ratio and organic carbon. The SOC was
found to be affected by the priming effect.
Hernandez-Soriano et al. (2016) reported
that the application of biochar increased the
amount of carbon in the labile pool due to
fast mineralisation. Meanwhile, the SOC in
Kaoma soil showed a deviation of 13.79%
and 15.74% from the measured data for WBC
and MBC application, respectively. According
to Archontuolis et al. (2016), the model had a
low capability to simulate a variable that had
complex interaction in soil, which showed a
high value of deviation in SOC. Overall, the
simulation model was good in predicting the soil
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pH, but became less accurate at predicting more
complex variables such as CEC and SOC.

Model Performance
Effect of Biochar on Maize Yield

Figure 1 illustrates the effect of WBC and MBC
treatments on maize grain yield for clay soil
and sandy soil crop systems. The application
of WBC and MBC reduced the maize yield in
alkaline clay soil. The effect of MBC on the
maize yield was more significant as compared
with WBC. Overall, the change of maize yield
from control was not significant which was
-0.0182%, -0.0181%, -0.0174% and -0.0078%
for high MBC, low MBC, high WBC and low
WBC, respectively.

These results indicated that the treatment of
both MBC and WBC at either a low or high rate
only slightly affected the maize yield in alkaline
clay soil. Similar results were observed in the
study conducted by Novak ef al. (2019) which
reported that the maize yield from the different
treatments of biochar (woodchip, poultry litter
and switchgrass at 100% and 50% application
rates) did not produce a significant difference
from control.

Furthermore, the corn yield was decreased
in five out of six treatments. Zhang et al. (2012)
reported that the biochar amendment increased
the crop yield by 7.3% and 15.8%, respectively

16

for 20 tonne/ha and 40 tonne/ha of biochar added
on the alkaline soil. However, it was reported
that the increase in yield was not proportional to
the increase in the biochar application rate. The
yield would decrease if the C/N ratio of biochar
was high, in which the reduction in yield was
observed for biochar with a C/N ratio of 15 as
compared with the C/N ratio of 13.

Hence, the high C/N ratio of wood biochar
would contribute to the decline in maize
production. The application of biochar with a
high C/N ratio caused N immobilisation and less
N available in the soil.

This resulted in the deficiency of N in crops
(Ahmed & Schoenau, 2015). The reduction in
the simulated yield was due to the biochar added
counter-balanced the soil N. The counterbalance
of soil properties resulted in a small decline
rather than an expected significant increase in
the yield. Besides, further increase in the pH
of the alkaline soil after application of biochar
might cause negative impact on plant growth.

This was due to the alkalinity effect of
biochar which increased the soil pH, causing
the precipitate of the macronutrient and
micronutrient in alkaline soil and became
inaccessible for plant growth (Salem et al,
2019). On the other hand, the acidic sandy soil
showed a positive effect with the application
of wood biochar. An increase of 0.0731% and

0.000 0.2
g 5% g
5 -0.004 +
£.-0.006 +
e AL
] F-0.2
‘= -0.008 T+
)

.g -0.010 + F-0.4
g -0012 +

£ 0014 1 e
(4]

g -0.016 +

o L -0.8
O .0.018 +

0020 1 - - - -
Calcareous Clay Soil (Primary) Acidic Sandy Soil (Secondary)
BLow WBC ®&High WBC BELow MBC @High MBC

Figure 1: Comparison of change in maize grain yield between biochar and control treatments for Lusaka soil
and Kaoma soil crop systems under different application rates of WBC and MBC
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0.0257% was observed for high WBC and low
WBC treatment, respectively.

The yield was increased by 0.0474% when
the WBC application was increased by five
times. The simulation model predicted that the
addition of WBC would not significantly affect
the maize yield. Adekiya et al. (2020) reported
that the yield of the crop was increased with
biochar treatment from 0 to 30 ton/ha in acidic
sandy soil. The study claimed that the increase
in biochar treatment increased the porosity
and moisture content while reducing the bulk
density. The improved soil properties increased
the nutrient absorption of crops due to the
strengthened root penetration which increased
the crop yield.

However, there was no significant increase
for short season crops due to the inert nature of
biochar (Adekiya et al., 2019). According to
Carter et al. (2013), the biochar effect on longer
cycles was more significant than the short cycle.
Hence, the effect of WBC on acidic sandy soil
increased to a minimal degree due to the short
cropping management applied in the simulation
studies. In this study, a significant decline of
-0.8449% and -0.8006% in the maize yield was
observed in high and low MBC treatment on
acidic sandy soil, respectively. The decrease of
yield in the MBC amendment on acidic sandy
soil was due to the high pH and C/N ratio of
MBC.

The high pH of MBC increased the pH
of acidic sandy soil after being applied in the
soil, which significantly increased the soil pH.
However, a huge increment of pH in the soil
after excessive application on low pH soil would
decrease the N uptake of plants from the soil
due to the decrease of NO, and NH," in the soil
because of volatilisation, hence it reduced the
crop growth and yield. Meanwhile, the optimum
pH of WBC has increased the pH at optimum
increment without excessively changing the soil
properties that would negatively affect the crop
growth.

Moreover, the high C/N ratio of MBC would
increase the N immobilisation, thus it decreased
the crop yield as N became unavailable for crop

growth due to the competition between soil
microorganism and plant.

The biochar effect on crop yield was linked
to N uptake of plants by Tisserant and Cherubini
(2019) which found that high application rate of
biochar on low pH (<5) and CEC (<5 cmol/kg)
soil could reduce the N uptake of plants. Thus,
the simulation model predicted that the maize
yield was declined under MBC application in
acidic sandy soil with pH of 5.6 and CEC of 4.3.

In conclusion, the effect of biochar on soil
properties and crop yield was influenced by the
type of biochar used in the soil amendment and
the type of soil.

Effect of Biochar on Soil pH

Figure 2 presents the effect of WBC and MBC
treatments on soil pH for clay soil and sandy soil
crop systems. For alkaline clay soil, the soil pH
was increased by 17.77% and 19.77% at low
and high WBC application rates, respectively.

When compared with the control sample,
the soil pH was increased by 4.25% and 18.75%,
respectively for low and high treatments. The
results depicted that low pH biochar and low
biochar treatment did not significantly increase
the pH of calcareous clay soil.

According to Zhu et al. (2015), the addition
of biochar with high pH of 8.36 and 8.16 on
Loess and Purple soils showed an insignificant
change in soil pH. Moreover, for black soil with
high pH of 8.35, only high pH biochar caused
significant changes in the soil pH.

The simulated results were consistent with
the literature data, in which the model predicted
that the application of WBC with a high pH
value significantly increased the pH of alkaline
clay soil as compared to MBC. The application
of WBC on acidic sandy soil increased the
soil pH by 29.06% at low treatment levels and
doubled to 57.75% at high treatment levels.

Meanwhile, the pH was increased by
17.54% at low MBC application rate and 64.10%
at high MBC application rate. This showed that
the MBC application rate had a significant effect
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Figure 2: Comparison of change in soil pH between biochar and control treatments for Lusaka soil and
Kaoma soil crop systems under different application rates of WBC and MBC

on enhancing the acidic sandy soil. The findings
were supported by Juriga and Simansky (2019)
which claimed that the application of biochar
improved the soil pH.

The study also stated that the high soil pH
was observed by increasing the application rate
of biochar. The application of WBC and MBC
increased the pH of Lusaka soil and Kaoma soil
possibly attributed to the high inherent pH of the
biochar, base cation content, calcium carbonate
content as well as calcium carbonate equivalent
(Shetty & Prakash, 2020).

Effect of Biochar on Soil CEC

The effect of biochar on soil CEC is shown in
Figure 3. At low biochar application rates on
alkaline clay soil, both WBC and MBC had
an insignificant impact on soil CEC, which
increased by 1.85% and 0.82%, respectively.
At the high application rates, the soil CEC
increased by 9.27%, four times higher than the
low treatment.

A similar trend was observed for MBC
application which increased the soil CEC by
4.13%. At low treatment, the soil CEC was

0.00 —

Calcareous Clay Soil

ELow WBC ®&High WBC BLowMBC &High MBC

Acidic Sandy Soil

Figure 3: Comparison of change in soil CEC between biochar and control treatments for Lusaka soil and
Kaoma soil crop systems under different application rates of WBC and MBC
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increased by 4.64% and 2.15% for WBC and
MBC, respectively.

The soil CEC was increased by five times at
a high application rate, at 23.33% and 10.73%
for WBC and MBC, respectively. Kizito et al.
(2019) reported that the CEC of wood biochar
treatment (58 cmol/g) was higher than corn
biochar (41 cmol/g), which resulted in a high
increment for wood-derived biochar.

Adekiya et al. (2019) also reported that
the soil CEC was increased at a higher biochar
application rate. The biochar properties such
as liming ability (alkalinity), base cation
concentration and proton consumption capacity
were the main reasons for the different effects
demonstrated on soil CEC when treated with
different rates of biochar (Chintala et al., 2014).

On the other hand, the type of soil also
affected the CEC differently under biochar
treatment. According to Zhu et al. (2015), the
increase in CEC was only significant in low
CEC soil such as Red soil and Chaotu soil, but
not for high CEC soil. Similarly, in this study
the improvement of the CEC as predicted for
Kaoma sandy soil was more significant than
Lusaka clay soil after the biochar amendment
due to the low initial CEC of Kaoma sandy soil.

The biochar enhanced the soil CEC due
to the surface of the biochar particles which

contained strong carboxylic and phenolic
functional groups with negative charge
(Alkharabsheh et al., 2021).

Effect of Biochar on SOC

Figure 4 presents the effect of WBC and MBC
treatments on SOC for clay soil and sandy
soil crop systems. The SOC was the most
sensitive variable in the biochar model due to
the complexity involved which contributed to
the low accuracy to predict this variable. The
SOC was predicted to increase by 19.33% and
22.44% after applying low WBC and low MBC
in calcareous clay soil, respectively.

At a high biochar application rate, the
SOC was increased by five times to 97.13%
and 112.34% for WBC and MBC treatment,
respectively. The SOC increased by 37.37%,
188.35%, 44.01% and 218.45% for low
WBC, high WBC, low MBC and high MBC,
respectively in sandy soil.

The increase in SOC was proportional
to the application rate of biochar. The
simulation results were consistent with the field
experimental data obtained by Cornelissen et
al. (2013). The amount of SOC was found to
change in a uniform order during the growth of
crops, which was consistent with the findings of
Yang et al. (2020).
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Figure 4: Comparison of change in SOC between biochar and control treatments for Lusaka soil and Kaoma
soil crop systems under different application rates of WBC and MBC
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Meanwhile, Zhang et al. (2018) reported that
the soil treated by biochar had higher SOC than
the control treatment, which was influenced by
the amount of biochar added. This was possibly
due to the amount of SOC mineralisation
had been decreased with increased biochar
application. The simulation model developed in
this study also predicted that the SOC increased
proportionally with application rate, in which
the SOC increased by five times when the
biochar amount was increased by five times
from low treatment to high treatment. Overall,
the content of the SOC had been improved for
both Lusaka soil and Kaoma soil due to the high
organic carbon content of the MBC and WBC.

Conclusion

In this study, a simulation model has been
developed by using APSIM to investigate the
effects of WBC and MBC at different application
rates on soil pH, CEC, SOC and maize yield. The
results obtained for calcareous clay soil showed
that as the biochar treatment was increased from
6 ton/ha to 30 ton/ha, the soil pH increased from
14.5% to 17.77% for WBC and from 4.24% to
19.77% for MBC.

The soil CEC increased from 1.85% to
9.27% for WBC and from 0.82% to 4.13% for
MBC. The SOC increased tremendously from
19.33% to 97.13% for WBC and from 22.44%
to 112.34% for MBC. The results obtained
for acidic sandy soil showed that the soil pH
increased from 29.06% to 57.75% for WBC and
from 17.54% to 64.10% for MBC.

The soil CEC increased from 4.64% to
23.33% for WBC and from 2.15 to 10.73% for
MBC. The SOC also increased tremendously
from 37.37% to 188.35% for WBC and from
44.01% to 218.45% for MBC.

However, a small decrease in maize yield
was obtained for clay soil from -0.0174% to
-0.0078% for WBC and from -0.0182% to
-0.0181% for MBC. The maize yield for sandy
soil increased from 0.0257% to 0.0731% for
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WBC but decreased from -0.8006% to -0.8449%
for MBC. The simulation model developed was
considered modest in simulating the effects of
WBC and MBC on soil dynamics and maize
yield. The prediction of the biochar effect on
soil pH was the most accurate among all the
variables studied. The simulation model was
good at predicting the change of properties in
calcareous clay soil for both WBC and MBC as
well as WBC in acidic sandy soil.

The results demonstrated that both WBC
and MBC amendment successfully improved
the soil pH, SOC and soil CEC as compared to
control. The effect was more significant when a
higher application rate of WBC was applied. The
biochar amendment enhanced the properties of
acidic sandy soil more significantly as compared
to calcareous clay soil. Based on the simulation
studies, Kaoma soil was more suitable for
biochar utilization as compared to Lusaka soil.

The MBC and WBC had enhanced the
soil dynamics of Lusaka soil and Kaoma soil,
however the biochar application effect on
maize yield was insignificant. This was due to
the insufficient N content present in MBC and
WBC to support maize growth. Overall, WBC
and MBC are potential green fertilisers for
enhancement of soil quality towards sustainable
agriculture.

To improve the simulation model developed
in this study, a cascade system is recommended
to be implemented in future studies to minimize
the effect of the feedback system of each variable
that neutralizes the effect of biochar. The study
on the effect of wood and maize cob-derived
biochar on the growth of other crop systems and
water retention properties in various soil types
and/or conditions are also recommended to be
studied.

In addition, the effect of various biochar
types on soil dynamics and crop yield could
also be investigated as the properties of biochar
are influenced by the feedstock type, pyrolysis
condition and biochar synthesis method.

Journal of Sustainability Science and Management Volume 17 Number 6, June 2022: 3-23



BIOCHAR EFFECT ON SOIL DYNAMICS AND MAIZE GROWTH 21

Acknowledgements

The authors acknowledge the research grant
provided by Universiti Malaysia Sarawak
under Cross Disciplinary Research Grant F02/
CDRG/1830/2019.

References

Adekiya, A. O., Agbede, T. M., Aboyeji,
C. M., Dunsin, O., & Simeon, V. T.
(2019). Effects of biochar and poultry
manure on soil characteristics and the
yield of radish. Scientia Horticulturae,
243, 457-463. https://doi.org/10.1016/j.
scienta.2018.08.048

Adekiya, A. O., Agbede, T. M., Olayanju, A.,
Ejue, W. S., Adekanye, T. A., Adenusi, T.
T., & Ayeni, J. F. (2020). Effect of biochar
on soil properties, soil loss and cocoyam
yield on a tropical sandy loam alfisol. The
Scientific World Journal, 2020, 1-9. https://
doi.org/10.1155/2020/9391630

Ahmed, H. P., & Schoenau, J. J. (2015). Effects
of biochar on yield, nutrient recovery and
soil properties in a canola (Brassica napus
L)-wheat (Triticum aestivum L) rotation
grown under controlled environmental
conditions. Bio Energy Research, 8, 1183-
1196. https://doi.org/10.1007/s12155-014-
9574-x

Alkharabsheh, H. M., Seleiman, M. F,
Battaglia, M. L., Shami, A., Jalal, R. S.,
Alhammad, B. A., Almutairi, K. F., &
Al-Saif, A. M. (2021). Biochar and its
broad impacts in soil quality and fertility,
nutrient leaching and crop productivity:
A review. Agronomy, 11, 993. https://doi.
org/10.3390/agronomy 11050993

Aller, D. M., Archontoulis, S. V., Zhang, W.,
Sawadgo, W., Laird, D. A., & Moore, K.
(2018). Long term biochar effects on corn
yield, soil quality and profitability in the US
Midwest. Field Crops Research, 227,30-40.
https://doi.org/10.1016/j.fcr.2018.07.012

Ameloot, N., Sleutel, S., Das, K. C.,
Kanagaratnam, J., & De Neve, S.
(2015). Biochar amendment to soils with
contrasting organic matter level: Effects
on N mineralization and biological soil
properties. GCB Bioenergy, 7, 135-144.
https://doi.org/10.1111/gcbb.12119

Archontoulis, S. V., Huber, 1., Miguez, F. E.,
Thorburn, P. J., Rogovska, N., & Laird,
D. A. (2016). A model for mechanistic
and system assessments of biochar effects
on soils and crops and trade-offs. GCB
Bioenergy, 8, 1028-1045. https://doi.
org/10.1111/gcbb.12314

Bista, P., Ghimire, R., Machado, S., & Pritchett,
L. (2019). Biochar effects on soil properties
and wheat biomass vary with fertility
management. Agronomy, 9, 623. https://doi.
org/10.3390/agronomy9100623

Biinemann, E. K., Bongiorno, G., Bai, Z.,
Creamer, R. E., De Deyn, G., de Goede, R.,
Fleskens, L., Geissen, V., Kuyper, T. W.,
Mader, P., Pulleman, M., Sukkel, W., van
Groenigen, J. W., & Brussaard, L. (2018).
Soil quality — A critical review. Soil Biology
and Biochemistry, 120, 105-125. https://
doi.org/10.1016/j.s0i1bi0.2018.01.030

Carter, S., Shackley, S., Sohi, S., Suy, T. B., &
Haefele, S. (2013). The impact of biochar
application on soil properties and plant
growth of pot grown lettuce (Lactuca
sativa) and cabbage (Brassica chinensis).
Agronomy, 3, 404-418.  https://doi.
org/10.3390/agronomy3020404

Chen, C., Twycross, J., & Garibaldi, J. M. (2017).
A new accuracy measure based on bounded
relative error for time series forecasting.
PLOS One, 12, e0174202. https://doi.
org/10.1371/journal.pone.0174202

Chintala, R., Mollinedo, J., Schumacher, T.
E., Malo, D. D., & Julson, J. L. (2014).
Effect of biochar on chemical properties of
acidic soil. Archives of Agronomy and Soil
Science, 60, 393-404. https://doi.org/10.108
0/03650340.2013.789870

Journal of Sustainability Science and Management Volume 17 Number 6, June 2022: 3-23



Tan et al.

Cornelissen, G., Martinsen, V., Shitumbanuma,
V., Alling, V., Breedveld, G. D., Rutherford,
D. W., Sparrevik, M., Hale., S. E., Obia,
A., & Mulder, J. (2013). Biochar effect
on maize yield and soil characteristics
in five conservation farming sites in
Zambia. Agronomy, 3, 256-274. https://doi.
org/10.3390/agronomy3020256

Dokoohaki, H., Miguez, F. E., Archontoulis,
S., & Laird, D. (2018). Use of inverse
modelling and Bayesian optimization for
investigating the effect of biochar on soil
hydrological properties. Agricultural Water
Management, 208, 268-274. https://doi.
org/10.1016/j.agwat.2018.06.034

Egamberdieva, D., Li, L., Ma, H., Wirth, S.,
& Bellingrath-Kimura, S. D. (2019). Soil
amendment with different maize biochars
improves chickpea growth under different
moisture levels by improving symbiotic
performance with Mesorhizobiumciceri
and soil biochemical properties to varying

degrees. Frontiers in  Microbiology,
10, 2423, https://doi.org/10.3389/
fmicb.2019.02423

Elias, D. M. O., Ooi, G. T., Ahmad Razi, M. F,,
Robinson, S., Whitaker, J., & McNamara,
N. P. (2020). Effects of Leucaena biochar
addition on crop productivity in degraded
tropical soils. Biomass and Bioenergy,
142, 105710. https://doi.org/10.1016/j.
biombioe.2020.105710

Free, H. F., McGill, C. R., Rowarth, J. S.,
& Hedley, M. J. (2010). The effect
of biochars on maize (Zea mays)
germination. New Zealand Journal of
Agricultural Research, 53, 1-4. https://doi.
org/10.1080/00288231003606039

Hailegnaw, N. S., Mercl, F., Pracke, K.,
Szakova, J., & Tlustos, P. (2019). Mutual
relationships of biochar and soil pH, CEC
and exchangeable base cations in a model
laboratory experiment. Journal of Soils
and Sediments, 19, 2405-2416. https://doi.
0rg/10.1007/s11368-019-02264-z

22

Huang, L., & Gu, M. (2019). Effects of biochar on
container substrate properties and growth of
plants- Areview. Horticulturae, 5,14 . https://
doi.org/10.3390/horticulturac5010014

Jain, S., Khare, P.,, Mishra, D., Shanker, K.,
Singh, P., Singh, R. P., Das, P., Yadav,
R., Saikia, B. K., & Baruah, B. P. (2020).
Biochar aided aromatic grass [Cymbopogon
martini (Roxb.) Wats.] vegetation: A
sustainable method for stabilization of
highly acidic mine waste. Journal of
Hazardous Materials, 390, 121799. https://
doi.org/10.1016/j.jhazmat.2019.121799

Juriga, M., & Simansky, V. (2019). Effects
of biochar and its reapplication on soil
pH and sorption properties of silt loam
haplic luvisol. Acta Horticulturae et
Regiotecturae, 22, 65-70. https://doi.
org/10.2478/ahr-2019-0012

Kavitha, B., Reddy, P. V. L., Kim, B., Lee, S.
S., Pandey, S. K., & Kim, K. H. (2018).
Benefits and limitations of biochar
amendment in agricultural soils: A review.
Journal of Environmental Management,
227, 146-154. https://doi.org/10.1016/j.
jenvman.2018.08.082

Kizito, S., Luo, H., Lu, J., Bah, H., Dong, R.,
& Wu, S. (2019). Role of nutrient-enriched
biochar as a soil amendment during maize
growth: Exploring practical alternatives to
recycle agricultural residuals and to reduce
chemical fertilizer demand. Sustainability,
11,3211. doi:10.3390/sul1113211

Kopittke, P. M., Menzies, N. W., Wang, P.,
McKenna, B. A., & Lombi, E. (2019).
Soil and the intensification of agriculture
for global food security. Environment
International, 132, 105078. https://doi.
org/10.1016/j.envint.2019.105078

Liu, X. H., & Zhang, X. C. (2012). Effect
of biochar on pH of alkaline soils in the
loess plateau: Results from incubation
experiments. [nternational Journal of
Agriculture & Biology, 14, 745-750.

Journal of Sustainability Science and Management Volume 17 Number 6, June 2022: 3-23



BIOCHAR EFFECT ON SOIL DYNAMICS AND MAIZE GROWTH 23

Novak, J. M., Sigua, G. C., Ducey, T. F,
Watts, D. W., & Stone, K. C. (2019).
Designer biochars impact on corn
grain yields, biomass production and
fertility properties of a highly-weathered
ultisol. Environments, 6, 64. https://doi.
org/10.3390/environments6060064

Salem, T. M., Refaie, K. M., Abd, A. E. H. E.
G., Sherif, E-L., & Eid, M. A. M. (2019).
Biochar application in alkaline soil and its
effect on soil and plant. Acta Agriculturae
Slovenica, 114,  85-96.  https://doi.
org/10.14720/aas.2019.114.1.10

Shetty, R., & Prakash, N. B. (2020). Effect of
different biochars on acid soil and growth
parameters of rice plants under aluminium
toxicity. Scientific Reports, 10, 12249,
https://doi.org/10.1038/s41598-020-
69262-x

Tisserant, A., & Cherubini, F. (2019). Potentials,
limitations, co-benefits and trade-offs of
biochar applications to soils for climate
change mitigation. Land, 8, 179. https://doi.
org/10.3390/1and8120179

Yang, S., Chen, X., Jiang, Z., Ding, J., Sun, X., &
Xu, J. (2020). Effects of biochar application
on soil organic carbon composition and
enzyme activity in paddy soil under water-
saving irrigation. [International Journal
of Environmental Research and Public

Appendix

Health, 17, 333. https://doi.org/10.3390/
jjerph17010333

Zhang, A., Liu, Y., Pan, G., Hussain, Q., Li,

L., Zheng, J., & Zhang, X. (2012). Effect
of biochar amendment on maize yield
and greenhouse gas emissions from a soil
organic carbon poor calcareous loamy soil
from Central China Plain. Plant and Soil,
351, 263-275.  https://doi.org/10.1007/
s11104-011-0957-x

Zhu, Q., Peng, X., & Huang, T. (2015).

Contrasted effects of biochar on maize
growth and N use efficiency depending on
soil conditions. International Agrophysics,
29,  257-266.  https://doi.org/10.1515/
intag-2015-0023

Zhang, X., Chen, C., Chen, X., Tao, P, Jin, Z., &

Han, Z. (2018). Persistent effects of biochar
on soil organic carbon mineralization and
resistant carbon pool in upland red soil,
China. Environmental Earth Sciences, 77,
177.  https://doi.org/10.1007/s12665-018-
7359-9

Zhu, Y-G., Zhao, Y., Zhu, D., Gillings, M.,

Penuelas, J., & Ok, Y. S. (2019). Soil biota,
antimicrobial resistance and planetary
health. Environment International, 131,
105059.  https://doi.org/10.1016/j.envint.
2019.105059

Biochar Model

Biochar on C/N ratio
dtNBC = dtNBC‘released - dtNBCneed
dtBChiom  AdtBCrum

dtNBC, =
need CNbiom CNhum
dtBC
dtNBCreieqsea = CNpe
B

NHpqqs = Kaas

Biochar on NH4 Absorption and Desorption

SoilcecBC
Kads X (

Soilcec

1+ Kadsx (SOilcez:BC)

Soilgec

SoilcecBC
Kdes X (

Soilcec

14+ Kdesx (SO’:lcecBC)

Soilcec

Journal of Sustainability Science and Management Volume 17 Number 6, June 2022: 3-23



