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Abstract: A 2-year field experiment was conducted to test the effects of individual and co-application
of biochar and inorganic fertilizer on soil quality using the principal component analysis (PCA)
technique. The dry season field experiments were performed with biochar applied at 0 and 20 t ha−1,
and fertilizer at 300 and 0 kg ha−1 (control). The factorial combinations of the above-mentioned
treatments were subjected to irrigation at 60, 80, and 100% of irrigation amounts (IAs). Soil hydro-
physical and chemical properties and grain yield were determined at harvest. Results from the PCA
indicated that the soil total nitrogen (N) and moisture content (MC) were the soil properties mostly
affecting the grain yield. The amendments’ effects on the soil physico-chemical properties and maize
yield were in the order control < biochar < fertilizer < biochar + fertilizer. The derived comprehensive
soil quality index (CSQI) from the PCA showed that the soil quality increased by 76, 100, and 200%
in treatments individually applied with biochar, inorganic fertilizer, and the co-applications. This
study therefore showed that the PCA revealed the actual dynamics in soil properties, in terms of the
SQI upon the soil amendment addition, as well as their relationship with maize yield under different
weather conditions.

Keywords: soil amendments; maize productivity; principal component analysis; soil quality;
soil properties

1. Introduction

Degraded soil is a major challenge generally affecting crop yield. As crops are culti-
vated in farmland, agricultural activities such as tillage disturb the natural soil systems,
thereby resulting in erosion and compaction, as well as degradation [1]. The exposure of
soils to erosion due to agricultural activities may cause decline in nutrients and organic
matter, consequently resulting in reduction in agricultural production [2]. This is possible
since nutrient cycling, release, and uptake in soils are negatively affected due to disturbance
of soils. Therefore, the sustainable improvement of soil quality with the use of a widely
proven effective soil amendment like biochar is required [3].
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Biochar is a charcoal-like material commonly produced through the process of pyrol-
ysis (absence of oxygen) from biomass. It is often used as a soil amendment, which has
provided multiple benefits to the environment in several dimensions, in that it enhances
the fertility of the soil by improving the soil Cation Exchange Capacity (CEC) [4–6], altering
the base saturation, increasing soil pH [7], and preventing the leaching of soil nutrients in
soils. The above functions of biochar when amended with soils often result in an improved
yield of crops, while the prevention of the soil nutrients’ leaching consequently leads to
improvement in the efficiency of fertilizer applications in soils [8,9]. Also, biochar addition
to soils has been well proven to enhance its capacity to hold or retain water [10,11], therefore
resulting in an increase in water use efficiencies of crops [12–14] in water-limited conditions
and under irrigation, when the evaporative demand is met and when crops are subjected
to deficit irrigation. These challenges are exacerbated by climate change [15]. However,
the use of biochar in agricultural practices offers a promising solution. By improving
soil structure and resilience against extreme weather events, such as droughts and floods,
biochar aids in adapting agricultural systems to climate change impacts [16–18].

However, despite multiple studies that have positively documented the positive
effects of biochar addition on crop yield, there exist a few other studies that reported
negative/no effect [19]. In the temperate region, for example, Karer et al. [20] reported the
negative influence of biochar on the yield of some crops (wheat and maize) at a 72 t ha−1

application rate. This growth and yield response of crops to biochar addition is dependent
on several factors like pyrolysis conditions of livestock waste and agricultural feed stock,
climate, biochar type, and initial soil conditions. Also, large marginal increases in crop
yields between unamended and biochar-amended soils were commonly reported by some
researchers [21–23] due to low pH and nutrients of the initial soil condition, with the
most positive effects observed in the tropics [24]. Another reason for the variation in
the yield of crops upon biochar addition is the individual or combined applications of
organic or inorganic fertilizer with biochar [23]. Also, recently, Luan [25] reported the
improvement in the growth of Chinese cabbage due to the interaction between biochar
and the soil microorganisms. Therefore, the increase in the crop yield has been largely
attributed to the improvement in soil properties [5,8]. In most cases, there are several
soil physico-chemical properties (data) commonly considered to evaluate the impacts of
biochar and inorganic fertilizer on crop yield. This common approach of considering
several soil properties could be time-consuming and expensive (when these soil properties
are measured in a laboratory), hence the need to adopt a precise technique of identifying the
key soil properties responsible for the improved yield of maize. In this context, a principal
component analysis (PCA) has been majorly noted as one of the most scientifically and
widely proven techniques for reducing a large number of variables by identifying those
soil properties that are most significant among the soil data. In addition, variability of the
physico-chemical properties of the soil can generally be quantitatively represented by the
soil quality index (SQI). The SQI is defined as the soil ability to supply nutrients to plants,
which are required to maintain the crop yield throughout the growth season [26]. The SQI
includes physico-chemical and biological properties, which can be related to the fertility
status and health status of the soil through a quantitative assessment [27].

Therefore, the aim of this study was to (i) quantitatively determine the impact of
biochar and inorganic fertilizer on the soil quality using the PCA technique; and (ii) identify
the key soil properties responsible for improved maize yield in soil amended with biochar
and inorganic fertilizer.

2. Materials and Method
2.1. Description of the Study Area and Characterization of Biochar Used for the Experiment

Dry season experiments were carried out under drip irrigation with the maize crop
planted on the experimental field between the months of February and May, 2017. The
field experiment was similarly carried out in the second year of 2018 with the experiment
lasting between November and February, both at the irrigation field of the Department
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of Agricultural Engineering, Federal University of Technology Akure. The latitude and
longitude of the site were 7◦16′ N and 5◦13′ N, respectively. The mean air temperature and
rainfall during the growing season are shown in Figure 1 below.
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Figure 1. The rainfall and mean air distribution pattern during the growing seasons of 2017 and 2018
at the experimental site.

The total amounts of 304.3 and 3.13 mm of rainfall were recorded during the growing
seasons of the year 2017 and 2018. The graphical illustration representing rainfall distribu-
tion during the growing season is shown in Figure 1. The soil at the experimental site is
sandy clay loam with sand content ranging between 52 and 68.8%, and clay content ranged
between 21 and 25.1% and the silt content ranged between 6.1 and 16% in a soil depth
of 0–60 cm. Dry maize cobs were used for the production of biochar at a temperature of
500 ◦C using a fixed batch-type pyrolizer, as documented by Faloye et al. [28]. Also, the
methods of biochar characterization were based on an international biochar initiative [29],
and soil at the experimental site was randomly sampled for the physico-chemical properties’
characterization before planting the maize crop. The soil properties of the experimental site
before planting the maize crop are presented in Table S1 (Supplementary Data).

2.2. Field Experimentation

Experiments were consecutively and successfully carried out in an open field for a
period of two years during the dry season. The conventional method of pulverizing the
soil was adopted during tillage operation, which involves the initial opening of the soil
(plowing), and thereafter, the soil was harrowed. Thirty-six seed beds were formed in 2017
and 2018 growing seasons, respectively. The size of each plot was 2.2 m wide and 2.5 m
long in both growing seasons, leaving a space of 0.5 m between plots, thus making a total
dimension of 31.9 m by 8.5 m. Before the establishment of the plots, a portion of 40 m by
40 m of the experimental plot was cleared. Biochar was thoroughly mixed with the soil and
incorporated into the top 0.15 m of the soil before planting maize.

In both growing seasons, biochar was applied at 20 t ha−1. Biochar (0 and 20 t ha−1)
and fertilizer at 0 and 300 kg ha−1 (N P K inorganic fertilizer with composition ratio
of 15:15:15) were combined to form 3 fertilized treatments and a non-fertilized plot (un-
amended). The treatments formed from this combination include F0B0 (unamended),
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F300B20, F0B20, and F300B0, and were factorially combined with water application levels
of 60, 80, and 100% of the irrigation amount (IA); this combination therefore results in a
total of 12 treatments. Each of the treatments was replicated three times to give a total of
36 experimental plots. The experimental design for the three growing seasons was a full
factorial design, with the treatment combinations described in Table 1. The unamended
plot at the 100% IA served as the control, and irrigation scheduling from a drip irrigation
system was carried out using installed tensiometers at the control plot. The drip emitter
discharged water at a rate of 0.71 L/h, and the flow of water was regulated with a fixed
control valve in each of the treatment plots. Irrigation was consistently applied when the
tensiometer reading coincided with about 50% of field capacity (FC). Before planting maize,
the moisture content at the field capacity of the soil (10 kPa) had already been determined.
Therefore, during each irrigation, the remaining irrigation amount (IA) needed to bring the
soil moisture to field capacity was consistently applied. Based on the irrigation scheduling,
the total amount of water applied by irrigation in 2017 was 72.3, 96.5, and 120.6 mm, while
it was 217.1, 289.44, and 361.8 mm at the 60, 80, and 100% AI for the 2018 growing season.
The maize crop was used as a test crop in this study due to it nutritious and economic
importance while the drip irrigation system was used to efficiently improve the water use
efficiency [28]. During the growing seasons, soil unsaturated hydraulic conductivity (HC)
was determined in each of the soil treatments for all the growing seasons using a mini-disk
tension infiltrometer. The suction value used was 2 cm, which was in agreement with the
value recommended by Zhang [30] in a sandy clay loam soil. In order to derive the HC,
Equation (1), which describes the relationship between infiltration and time (s), was fitted
according to Zhang [30].

I = c1t + c2t1/2 (1)

I is infiltration, t is time (seconds), and C1 is linked to the soil unsaturated hydraulic
conductivity (m s−1), while C2 is the soil sorptivity (mm s−1/2).

Table 1. Experimental treatments for both growing seasons (2017 and 2018).

S/N Amendment Treatments Definition

1 F0B0IA100 Without fertilizer and without biochar at 100% irrigation amount
2 F0B20IA100 Without fertilizer and with biochar at 100% irrigation amount
3 F300B0IA100 With fertilizer and without biochar at 100% irrigation amount
4 F300B20IA100 With fertilizer and biochar at 100% irrigation amount
5 F0B0IA80 Without fertilizer and without biochar at 80% irrigation amount
6 F0B20IA80 Without fertilizer and with biochar at 80% irrigation amount
7 F300B0IA80 With fertilizer and without biochar at 80% irrigation amount
8 F300B20IA80 With fertilizer and biochar at 80% irrigation amount
9 F0B0IA60 Without fertilizer and without biochar at 60% irrigation amount

10 F0B20IA60 Without fertilizer and with biochar at 60% irrigation amount
11 F300B0IA60 With fertilizer and without biochar at 60% irrigation amount
12 F300B20IA60 With fertilizer and biochar at 60% irrigation amount

Thereafter, the unsaturated hydraulic conductivity of the experimental site soil (HC)
measured in mm h−1 was determined using Equation (2) below.

HC =
C1

A
(2)

where HC and C1 have been previously defined and A is the Van Genuchten parameter,
which depend on the soil textural type.

An improved variety of maize (suwan-sr) was planted, due to its high yield attribute,
and the soil moisture contents were determined using the gravimetric method, with the
soil samples oven-dried at 105 ◦C for 24 h. Thereafter, the soil moisture content in g g−1

was converted to the volumetric basis cm3 cm−3 by multiplying with the bulk density of
the respective soil depth. The soil properties were determined in each fertilized and non-
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fertilized plot in the 2017 and 2018 growing seasons. At harvest, all plants were harvested
from each plot, and the grain yield was determined using a weighing balance.

Soil properties were determined using a standard procedure [31] in each plot of the
treatment, fertilized and non-fertilized. The Kjeldahl method was applied in the laboratory
to determine the content of the soil total nitrogen (N), while we used the Oslen et al. [32]
method to determine the available phosphorus (P). This was achieved after the extraction
of the solution of sodium bicarbonate. The saturation of exchange sites was carried out
with ammonium (NH4+) and the analysis of exchangeable cations; notably, potassium (k),
sodium (Na), calcium (Ca), and magnesium (Mg) were used from leachates of the mixture.
Thereafter, the amounts of base cations present in the soil were subsequently measured with
the aid of atomic absorption spectrophotometry in a laboratory. Also, the Walkley–Black
chromic acid titration method was utilized for the determination of soil organic carbon
(SOC), which was later than the soil organic matter (OM) with the use of a multiplying
factor of 1.72. Finally, the electrometric method was used to determine the pH of the soil in
the laboratory.

2.3. Statistical Analysis

Statistical Analyses were carried out with MINITAB 17.0 and Statistical Package for
the Social Sciences (SPSS) version 27 statistical packages. An analysis of variance (ANOVA)
was performed on the maize yield and soil hydro-physical and chemical properties at
a significance level of 0.05 by applying Tukey’s test. A correlational analysis (Pearson
correlation) was carried out on the soil properties. A Multivariate Analysis of Variance
(MANOVA) was carried out to investigate the effects of irrigation, biochar, inorganic
fertilizer, and year on the soil hydro-physical, chemical, and grain yield of maize using
Wilks’s lambda. Suitability of the soil properties for PCA was calculated by determining the
Kaiser–Meyer–Olkin (KMO) and Barlett tests using SPSS version 27, while another analysis
was carried out with MINITAB 17.0. PCA of all measured data sets of the physico-chemical
and hydrological variables was also carried out using Varimax (orthogonal) rotation, which
is similar to the approach of Elemile et al. [33]. In order to obtain well-interpretable PCs,
the loading factors from the extracted PCAs were ranked. The PCA was based on the linear
correlation between independent variables. The sum total of the loadings are squared
values of each of the variables with a particular factor equivalent to the factor’s eigenvalue,
while the scree plot was utilized to determine the amount factors in numbers to be retained
in the principal components (PCs). The relationship between the principal component (PC)
and crop yield was carried out using multiple linear regression by applying the stepwise
method. The multiple linear regression equation was based on the derived PC factors
with eigenvalues greater than 1 [33]. A stepwise regression analysis was carried out to
determine the soil properties that influence maize yield the most, due to biochar and
fertilizer applications. All data were statistically processed using Minitab, version 17.0.

Estimation of Soil Quality from the PCA

Regarding the textural soil sandy clay loam soil of this study, Equation (3) was applied
to assess the soil quality index (SQI) when biochar was applied alone and when co-applied
with inorganic fertilizer [34].

SQI = ∑N
i=1 Wi × Si (3)

where Wi is representing the relative weight of each of the indicators with the values within
0 and 1, and the Si represents the value of each soil indicator (hydro-physical and chemical
properties). The Wi was expressed as the component score coefficient (CSC). The CSC was
directly derived from the PCA results. Thereafter, the soil indicators were standardized
using Equation (4) [34], which is due to the fact that they all have different scales and units.

Z =
x−¯x

σ
(4)
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where z, x, ¯x, and σ all represent the standardized values for the soil hydro-physical and
chemical indicators, the value of each soil indicator, the mean (average) value of each soil
indicator, and the standard deviation of each of the soil indicators, respectively. The CSQI
was determined using the output of the loadings, component coefficient score, eigen value,
Z-score, and percentage variability of the eigen values from the PC using the mathematical
expression in Equation (5) [34].

CSQI = ∑N
i=1 variability o f each PC × SQI × Z (5)

where CSQI is the comprehensive soil quality index (CSQI), PC and SQI are as previously
defined, and Z is the Z-score. After that, the CSQI was converted into a standard normal
distribution, characterized by a mean with a value of zero and a standard deviation value
of one, using Minitab version 18.0. This transformation is to ensure that the values of the
CSQI ranged between 0 and 1. According to Prisal et al. [35], the soil quality was evaluated
by classifying the CSQI into the following categories: very good (0.8–1), good (0.6–0.79),
fair (0.35–0.59), bad (0.20–0.34), and very bad (0–0.19).

3. Results and Discussion
3.1. Influence of Biochar and Fertilizer on the Soil Hydro-Physical and Chemical Properties and
Maize Yield

Positive increases in the soil nutrients were noticed after biochar and fertilizer appli-
cations (Figure S1; Supplementary Data) in all the treatments. It is clear from Figure S1
that increasing the rate of biochar amendment results in enhanced soil nutrients, when the
soil properties were measured at harvest. Irrespective of the varying weather condition in
the 2017 and 2018 growing seasons, the soil nutrients all increased while the maize grain
yield correspondingly increased (Figure 2). The increase in the maize grain yield was more
with the individual compared to the unamended plot, while the highest values were all
observed with the combined application of the biochar and inorganic fertilizer across the
seasons in IA100, IA80, and IA60.

Table 2 revealed the effects of irrigation treatment, biochar, inorganic fertilizer, and
seasonal variation between the years 2017 and 2018 on the soil hydro-physical and chemical
properties and grain yield. The main effects of the seasonal variation (year), water applied
by irrigation, and biochar and inorganic fertilizer applications were significant (p < 0.05)
on the soil hydro-physical and chemical properties and grain yield of the maize crop. The
significant (p < 0.05) effects of the independent variables observed based on the MANOVA
result revealed that the soil properties and grain yield depend on the field input (biochar,
inorganic fertilizer, irrigation, and years). Moreso, despite the varying weather conditions
between the two years of field experiments, biochar significantly improved the grain yield
of maize, which confirms biochar as a substantial soil amendment, which could be used to
combat the adverse effects of climate change.

Table 2. Outputs of the MANOVA analysis as a function of seasonal variation (year), soil amendments,
and water application irrigation between the years using the Wilks’s lambda calculation method.

Effects Value F Hypothesis df Error df Sig.

Irrigation 0.494 1.869 16 70 0.041
Biochar 0.004 991.068 8 35 0.001

Fertilizer 0.028 149.156 8 35 0.001
Year 0.043 98.231 8 35 0.001
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Figure 2. The influence of the individual and co-applications of the amendments on maize yield in
the growing seasons of year 2017 (A) and year 2018 (B). Different letters indicate a significance level
of 0.05.

3.2. Relationship between Soil Properties and Maize Yield as Influenced by Biochar Application

Table 3 describes the interrelationships between the hydrological and physico-chemical
response of the soil and the soil amendments. The result of the analysis revealed that there
was significant correlation between the soil OM and soil MC (r = 0.93; p < 0.0001). The soil
hydraulic (hydraulic conductivity, HC) and hydro-physical (soil MC and OM) properties
had significant (p < 0.1; r > 0.5) effects on the grain yield. Similarly, soil nutrients like
nitrogen significantly (p < 0.05) correlate with maize yield. Also, the soil MC and OM both
had positive effects on the grain yield, while the HC was negatively and well correlated
with the grain yield.

The correlation matrix showed a significant positive (r = 0.58) relationship between
pH and available phosphorous. Also, the relationship between the soil pH and other soil
key nutrients like total nitrogen was significant at the 10% level of significance with a good
correlation coefficient, r of 0.53. Also, the soil pH significantly correlates well (r = 0.77) with
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the soil organic matter (p < 0.001). The soil OM correlates well (r > 0.5) and significantly
(p < 0.05) with soil key nutrients (N and P).

Table 3. Correlation between the soil properties and maize yield as affected by biochar and inorganic
fertilizer applications (n = 8; data from F0B0, F300B0, F0B20, and F300B20 for the two seasons).

pH OM N P K CEC MC HC

OM 0.77 ****
N 0.53 * 0.845 ****
P 0.584 ** 0.591 ** 0.047 ns
K 0.385 ns 0.569 * −0.059 ns −0.043 ns

CEC 0.673 ** 0.054 ns −0.183 ns 0.078 ns 0.673 ***
MC 0.089 ns 0.926 **** 0.503 * −0.524 * 0.518 * −0.817 ****
HC −0.094 ns −0.802 ** −0.480 ns −0.535 ** 0.059 ns −0.491 ns −0.715 **

Yield 0.664 ** 0.51 ** 0.558 *** −309 ns 0.372 * 0.277 ns 0.562 * −0.526 *

Note: *, **, ***, and **** represent significance at 0.1, 0.05, 0.001, and 0.0001, respectively; OM is the soil organic
matter, N is the total nitrogen, P is the available phosphorus, K is the available potassium, CEC is the Cation
Exchange Capacity, MC is the moisture content, HC is the hydraulic conductivity. ns is non-significant.

3.3. PCA for the Biochar and Inorganic Fertilizer Addition to Soil under Irrigation

The PCA as applied in this study holistically considered the hydro-physical and
chemical properties of the soil, which are commonly taken into consideration in biochar
soil–plant studies. These properties include OM, MC, HC, K, P, N, CEC, and pH. The
suitability of the PCA tested with the application of the Kaiser–Meyer–Olkin (KMO) and
Barlett tests produced a value of 0.55 and a significant value (p < 0.0001), respectively. The
Eigen values obtained from the PCA, which are mostly greater than one, were retained
for the analysis, and they were observed within the first four PCs (Table S2) in this study.
The percentage variance above 70% is acceptable for a further analysis and investigation
using PCA, and as such, the first four PCs explained 98.1% of the total variance in the soil
properties’ data sets. The factor loadings and variance are displayed in Tables S2 and S3, in
order to select the variables that correlate with each PC.

3.4. Factor Loading for the PCA

The first rotated component (PC1) accounted for 37.2% of the total data variance,
and showed a strong positive loading on OM, MC, and N while a negative loading was
observed on the HC. The second rotated component (PC2) accounted for 24.1% and had
strong positive loading with P and strong negative loading with HC, while the third rotated
component (PC3) produced a strong positive loading on pH and OM (Table S3). The fourth
PC (PC4) had a positive loading on K.

3.5. PCR for the Maize Yield Prediction in Soil Treated with Biochar with Inorganic Fertilizer
under Irrigation

The coefficient of determination (r2) between the first four PCs’ data and the crop
yield is 60%. The retention of PC1, PC2, PC3, and PC4 for the prediction of the maize
yield when the stepwise regression equation was used showed that the soil hydro-physical
properties (OM and MC) and N are the major factors that affect the maize yield in soil
treated with biochar and inorganic fertilizer. However, the MC had higher loading than the
OM, which showed that MC had the highest loading among the hydro-physical properties.
The multivariate strategy used in this study is innovative, in that the soil properties (either
hydro-physical or chemical) affecting maize yield under soil treated with biochar and
inorganic fertilizer were revealed using PCA.

Statistical Importance of the PCR Result for the Maize Yield Prediction

The ANOVA results based on the stepwise regression analysis that was performed
to predict the grain production of the maize crop are displayed in Table S4 below. The
stepwise regression model’s p-value is significant (<0.001), indicating that the model was
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effective and efficient in predicting the response (maize grain yield) and that the results are
reliable. Furthermore, since there is only a 0.1% possibility that noise could account for an
F-value this great, the model’s F-value of 7.25 suggests that the model is significant. PC1,
PC2, PC3, and PC4 are important model terms in this instance. The model terms are not
significant if the value is bigger than 0.10. Also, the insignificance of the lack-of-fit F-value
of 1.06 and p-value of 39.4% indicates an excellent model for the prediction of maize grain
output. Most notably, the statistical fitting yields an R2 value of 0.60, which is favorable for
the fit of the regression model. Furthermore, the model’s ability to effectively anticipate the
response (grain yield) is demonstrated by the less than 0.2 difference between the adjusted
R2 (0.52) and the forecasted R2 (0.60). The R2 value of 0.6 obtained in the regression showed
that 60% of the variability in the response (yield) can be explained by the components of
PC1, PC2, PC3, and PC4.

3.6. Soil Quality as Improved by Biochar and Inorganic Fertilizer Applications

The soil quality index results for the biochar and inorganic fertilizer applications on
the soil quality for the 2017 and 2018 growing seasons are presented in Table 4 below. The
results showed that the soil quality increased as the biochar application rate increased.
Based on the average, the soil quality index showed that for the two (2) years, the soil
quality ranged from bad in the unamended treatment plot to good in the treatment plot
where biochar and inorganic fertilizer were co-applied. The values of the CSQI were 0.25,
0.44, 0.50, and 0.75 in treatments F0B0, F0B20, F300B0, and F300B20, respectively. This
result confirms the actual possibility of profitably storing carbon into the soil, to improve
its sequestration and, therefore, mitigate climate changes. The result of the analysis showed
that the highest percentage increase was observed under F300B20 with 200% over the
unamended one (F0B0), while the 76 and 100% increases over the control were observed in
treatments F0B20 and F300B0, respectively.

Table 4. Influence of biochar application on the comprehensive soil quality index.

Treatment Year 2017 Year 2018
CSQI

CSQI Average
Values

Percentage
Increase (%) Ranking

F0B0 0.096 0.40 0.25 bad
F0B20 0.49 0.39 0.44 76 fair

F300B0 0.57 0.43 0.50 100 fair
F300B20 0.94 0.56 0.75 200 good

The relationships between the soil quality index and maize yield at 60, 80, and 100%
IA for the pooled data of year 2017 and 2018 are illustrated in Figure 3. The relationships
between the CSQI and maize grain yield have been considered in each irrigation treatment
for homogeneity purposes. The graph showed that there is a good relationship with the
soil quality index, as improved by biochar and inorganic addition to the experimental
soil. A positive effect was observed with the positive slope, as observed in Figure 3, with
r2 ranging between 0.60 and 0.83 for the relationship between the CSQI and the maize
grain yield under the different water application regimes. This implies that about 60, 65,
and 83% of the variation in the crop yield could be explained by the soil indicators, when
aggregated together.
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4. Discussion

The increased maize grain yield obtained in this study is in agreement with the
reports of other researchers [13,18,23], who also reported increased crop yields based on
the addition of biochar to soils. The increased grain yield is attributable to an enhanced
field-measured soil hydro-physical property (organic matter and moisture content) after
the addition of biochar; meanwhile, the highest values were obtained with the combined
application of both amendments (biochar and inorganic fertilizer). However, the soil
hydraulic property (hydraulic conductivity) decreased with an increase in the application
of biochar both in scenarios when only biochar was applied and when it was co-applied
with inorganic fertilizer [19]. The above-mentioned trend response of the soil nutrients
and hydro-physical response to the individual and co-application of biochar and inorganic
fertilizer were similarly observed under the different water applications (60, 80, and 100%
IA). The soil physico-chemical properties increase in the order of F0B0 < F0B20 < F300B0
< F300B20. This improvement necessitates the need to investigate the interrelationship
between the soil properties as affected by biochar and inorganic fertilizer. The results
showed a decrease in the soil hydraulic conductivity, while the moisture content and the
physico-chemical properties of the soil increased upon biochar addition [36].

The significant and good correlation between the soil OM and the soil key nutrients
infers that OM stabilizes the soil pH, which plays an important role in controlling the
supply of nutrients and their availability for plant intake [37]. The level of soil OM
accumulation has been reported to depend basically on soil management practices [37],
which was influenced by the biochar addition to the soil. The high yield increase with
biochar application in the field soil (sandy soil) reported in this study could be greatly
attributed to enhanced organic matter storage. This could have led to improved soil
aggregation and consequently an enhanced retention of nutrients and moisture [36]. The
negative correlation between the soil OM and the HC showed that as the soil organic matter
increases based on the amount of biochar added to the soil, the hydraulic conductivity
decreases [36]. Similarly, the positive correlation between the soil MC and OM revealed the
importance of adding biochar to soil, while the negative correlation between HC and grain
yield showed that the reduction in the downward movement of the soil water resulted in an
increased maize yield. Among all the soil chemical properties, the soil pH also correlated
well and significantly (p < 0.05) with the maize grain yield. This influence can be attributed
to the liming effect of the added biochar. The significant (p < 0.05) influence of soil nutrients
like N on the grain yield emphasizes the importance of adding inorganic fertilizer with
biochar to soils.

The PCA loading result revealed that a strong loading was produced on the N in PC1
(which explained the highest variance), therefore indicating the importance of nitrogen to
maize yield [38]. The high loading on HC in PC2 showed that the soil intensity function like
the HC is very important for water flow, nutrient cycling, and retention in the soil. Several
other researchers [39,40] reported the high responsiveness of maize crop yield to nitrogen
supply under deficit irrigation. The dependence of maize yield on soil nutrient supply,
especially the soil nitrogen, as reported from the PCA in this study, is also in agreement
with the reports of Lawlor et al. [41] and Peng et al. [38]. Moreso, using the PCA technique,
it was revealed that the maize yield is also highly dependent on the soil moisture content.
This outcome from this study revealed the importance of adding biochar to soils, in order
to enhance the soil moisture content, and consequently increase the maize yield [36]

Comparing the PCR results obtained in this study with other previous studies, a better
result was obtained due to the high value of r2. Shukla et al. [42], for instance, employed
the use of PCA and discovered that four PCs generated had a significant linear correlation
with the grain yield (r2 = 0.19, p < 0.02) and biomass yield (r2 = 0.36, p < 0.003). In a similar
vein, Mallarino et al. [43] discovered that yield variability significantly varied between corn
fields, deriving factors based on the covariance matrix of indicators and with r2 ranging
between 0.01 (p < 0.254) and 0.67 (p < 0.001). The ranges of r2 mentioned above were within
the range reported in our study.
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Using the PCA technique for the soil quality assessment in this study, synergistic
effects of biochar and inorganic fertilizer on soil and consequently on growth and yield of
crops were further established [44]. Innovatively, the soil quality index can be accurately
determined using PCA, aligning with what is observed in the field. For example, when the
CSQI of the unamended plot was compared with the biochar-amended soil, a higher value
of CSQI was observed, which also follows the convention of the soil indicators as observed
on the field in this study and in other similar studies [5,44]. Previous studies, which
assessed the effects of biochar application on crop yield, only evaluated the performance of
the amendments on the soil individual hydro-physical and chemical parameters [45,46]
without aggregating the effects of the soil amendment on the crop yield, which has been the
innovation in this study. The increase in the strength of r2 in the relationship of the CSQI
with the maize grain yield with an increase in water supply explains the importance of
water to plants. This revealed that availability of water is important for the nutrient cycling
and uptake in the soil and by the plant [47]. The values of the r2 in the graphical illustration
show that there is a good agreement between the CSQI and the maize yield, since the r2

value is greater than 0.5. This relationship emphasizes the fact that the CSQI is a determinant
for maize grain yield prediction. This is possible because the soil indicator used for the
estimation of CSQI in PCA encompasses the physico-chemical and hydraulic properties,
hence enabling the adequate assessment of the CSQI and consequently resulting in the
efficient prediction of the maize grain yield. The improved retention of soil moisture content
and reduced unsaturated hydraulic conductivity as observed in this study might have
resulted in the enhanced maize yield in the biochar-amended plots [36]. This improvement
has been interestingly explained in this study using the PCA technique by relating the
CSQI with the yield.

5. Conclusions

This study demonstrated that biochar and inorganic fertilizer additions markedly
affected the soil sandy clay loam physico-chemical and hydraulic properties, and conse-
quently influenced the grain yield of the maize crop. The soil hydro-physical properties
(soil OM, HC, and MC) determined the grain yields, while the soil nutrients (N, P, K) also
explained the yield variability. Among the soil hydro-physical properties, the soil MC
was the leading factor contributing to the yield variability, while among the soil nutrients,
N was the main factor that affected the maize yields. Therefore, this study revealed that
the multivariate statistical approach through the use of PCA and PCR is imperative for
revealing the true relationship between soil properties and maize yield of amended soil
under different weather and water supply conditions. This is essential in order to develop
a strategy that will improve crop yield under varying climatic conditions.

Also, the soil CSQI was quantified from the PCA. The average CSQI for both growing
seasons revealed that the CSQI increased in the order F0B0 < F0B20 < F300B0 < F300B20,
thus mimicking the field-obtained result for the soil physico-chemical properties, thus ulti-
mately revealing the synergism in the co-application of biochar with inorganic fertilizer on
soil properties. The grain yield is highly dependent on the improvement in the soil quality
upon the amendment addition due to the high value of the coefficient of determination
obtained in this study. Therefore, the aggregation of soil properties for the determination
of CSQI is important for the determination of the yield of maize using the PCA technique.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14081761/s1, Figure S1: Soil hydro-physical and chem-
ical properties of the soil as affected by biochar and inorganic fertilizer application in (C) 2017
growing season and (D) 2018 growing season; Table S1: Initial soil and maize cob-residues biochar
characteristics, which was used for as soil amendment; Table S2: Percentage variance of the factor
loadings for the soil characteristics; Table S3: PCA for soil properties as amended by biochar only;
Table S4: ANOVA for the PCR equation.

https://www.mdpi.com/article/10.3390/agronomy14081761/s1
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Agronomy 2024, 14, 1761 13 of 15

Author Contributions: Conceptualization: O.T.F. and A.E.A.; methodology, O.T.F., A.E.A. and P.G.O.;
software, O.T.F.; validation, O.A.A. and P.G.O.; formal analysis, O.T.F.; investigation, O.T.F.; resources,
V.K.; data curation, O.T.F.; writing—original draft preparation, O.T.F.; writing—review and editing,
V.K. and O.A.A.; visualization, V.K.; supervision, A.E.A.; project administration, A.E.A.; funding
acquisition, V.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials; further inquiries can be directed to the corresponding authors.

Acknowledgments: The third author would like to acknowledge the grant supported by King
Mongkut’s Institute of Technology Ladkrabang [2567-02-01-001].

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Montgomery, D.R. Soil erosion and agricultural sustainability. Proc. Natl. Acad. Sci. USA 2007, 104, 13268–13272. [CrossRef]

[PubMed]
2. Vogelmann, E.S.; Reichert, J.S.; Prevedello, L.; Awe, G.O. Hydro-physical processes and soil properties correlated with origin of

soil hydrophobicity. Ciênc. Rurais 2013, 43, 1582–1589. [CrossRef]
3. Sohi, S.; Krull, E.; Lopez-Capel, E.; Bol, R. A review of biochar and its use and function in soil. Adv. Agron. 2010, 105, 47–82.
4. Laird, D.A.; Fleming, P.; Davis, D.D.; Horton, R.; Wang, B.; Karlen, D.L. Impact of biochar amendments on the quality of a typical

Midwestern agricultural soil. Geoderma 2010, 158, 443–449. [CrossRef]
5. Uzoma, K.C.; Inoue, M.; Andry, H.; Fujimaki, H.; Zahoor, A.; Nishihara, E. Effect of cow manure biochar on maize productivity

under sandy soil condition. Soil Use Manag. 2011, 27, 205–212. [CrossRef]
6. Hass, A.; Gonzalez, J.M.; Lima, I.M.; Godwin, H.W.; Halvorson, J.J.; Boyer, D.G. Chicken Manure Biochar as Liming and Nutrient

Source for Acid Appalachian Soil. J. Environ. Qual. 2012, 41, 1096–1106. [CrossRef] [PubMed]
7. Van, Z.L.; Kimber, S.; Morris, K.Y.; Chan, A.; Downie, J.; Rust, S.; Joseph, A.C. Effects of biochar from slow pyrolysis of papermill

waste on agronomic performance and soil fertility. Plant Soil. 2010, 41, 235–246.
8. Chan, K.Y.; Van Zwieten, L.; Meszaros, I.; Downie, A.; Joseph, S. Agronomic values of greenwaste biochar as a soil amendment.

Aust. J. Soil Res. 2007, 45, 629–634. [CrossRef]
9. Glaser, B.; Lehmann, J.; Zech, W. Ameliorating physical and chemical properties highly weathered coils in the tropics with

Charcoal—A review. Biol. Fert. 2002, 35, 219–230. [CrossRef]
10. Chen, Z.; Chen, C.; Kamchoom, V.; Chen, R. Gas permeability and water retention of a repacked silty sand amended with different

particle sizes of peanut shell biochar. Soil Sci. Soc. Am. J. 2020, 84, 1630–1641. [CrossRef]
11. Garg, A.; Huang, H.; Cai, W.; Reddy, N.G.; Chen, P.; Han, Y.; Kamchoom, V.; Gaurav, S.; Zhu, H.H. Influence of soil density on gas

permeability and water retention in soils amended with in-house produced biochar. J. Rock Mech. Geotech. Eng. 2021, 13, 593–602.
[CrossRef]

12. Agbna, G.H.D.; Dongli, S.; Zhipeng, L.; Elshaikh, N.A.; Guangcheng, S.; Timm, L.C. Effects of deficit irrigation and biochar
addition on the growth, yield, and quality of tomato. Sci. Hort. 2017, 222, 90–101. [CrossRef]

13. Chen, Z.; Kamchoom, V.; Apriyono, A.; Chen, R.; Chen, C. Laboratory study of water infiltration and evaporation in biochar-
amended landfill covers under extreme climate. Waste Manag. 2022, 153, 323–334. [CrossRef] [PubMed]

14. Chen, Z.; Kamchoom, V.; Chen, R.; Prasittisopin, L. Investigating the Impacts of Biochar Amendment and Soil Compaction on
Unsaturated Hydraulic Properties of Silty Sand. Agronomy 2023, 13, 1845. [CrossRef]

15. Apriyono, A.; Yuliana, Y.; Chen, Z.; Keawsawasvong, S. The Impact of Biochar Amendment on Soil Water Infiltration and
Evaporation under Climate Change Scenarios. Acta Geophys. 2024, 72, 3647–3660. [CrossRef]

16. Schulz, H.; Glaser, B. Effects of biochar compared to organic and inorganic fertilisers on soil quality and plant growth in a
greenhouse experiment. J. Plant Nutr. Soil Sci. 2012, 175, 410–422. [CrossRef]

17. Liang, F.; Li, G.T.; Lin, Q.M.; Zhao, X.R. Crop yield and soil properties in the first 3 years after biochar application to a calcareous
soil. J. Integr. Agric. 2014, 13, 525–532. [CrossRef]

18. Karer, J.; Barnhard, W.; Franz, Z.; Stefanie, K.; Gerhard, S. Biochar application to temperate soils: Effects on nutrient uptake and
crop yield under field conditions. Agric. Food Sci. 2013, 22, 390–403. [CrossRef]

19. Biederman, L.A.; Harpole, W.S. Biochar and its effects on plant productivity and nutrient cycling. A meta-analysis. GCB Bioenergy
2013, 5, 202–214. [CrossRef]

20. Jeffery, S.; Verheijen, F.G.A.; Van Der Velde, M.; Bastos, A.C. A quantitative review of the effects of biochar application to soils on
crop productivity using meta-analysis. Agric. Ecosyst. Environ. 2011, 144, 175–187. [CrossRef]

https://doi.org/10.1073/pnas.0611508104
https://www.ncbi.nlm.nih.gov/pubmed/17686990
https://doi.org/10.1590/S0103-84782013005000107
https://doi.org/10.1016/j.geoderma.2010.05.013
https://doi.org/10.1111/j.1475-2743.2011.00340.x
https://doi.org/10.2134/jeq2011.0124
https://www.ncbi.nlm.nih.gov/pubmed/22751051
https://doi.org/10.1071/SR07109
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.1002/saj2.20130
https://doi.org/10.1016/j.jrmge.2020.10.007
https://doi.org/10.1016/j.scienta.2017.05.004
https://doi.org/10.1016/j.wasman.2022.09.015
https://www.ncbi.nlm.nih.gov/pubmed/36181742
https://doi.org/10.3390/agronomy13071845
https://doi.org/10.1007/s11600-024-01289-4
https://doi.org/10.1002/jpln.201100143
https://doi.org/10.1016/S2095-3119(13)60708-X
https://doi.org/10.23986/afsci.8155
https://doi.org/10.1111/gcbb.12037
https://doi.org/10.1016/j.agee.2011.08.015


Agronomy 2024, 14, 1761 14 of 15

21. Liu, X.; Zhang, A.; Ji, C.; Joseph, S.; Bian, R.; Li, L.; Pan, G.; Paz-Ferreiro, J. Biochar’seffect on crop productivity and the
dependence on experimental con ditions—A metaanalysis of literature data. Plant Soil. 2013, 373, 583–594. [CrossRef]

22. Jeffery, S.; Abalos, D.; Prodana, M.; Bastos, A.C.; Van Groenigen, J.W.; Hungate, B.A.; Verheijen, F. Biochar boosts tropical but not
temperate crop yields. Environ. Res. 2017, 12, 053001. [CrossRef]

23. Luan, J.; Fu, Y.; Tang, W.; Yang, F.; Li, X.; Yu, Z. Impact of Interaction between Biochar and Soil Microorganisms on Growth of
Chinese Cabbage by Increasing Soil Fertility. Appl. Sci. 2023, 13, 12545. [CrossRef]

24. Sys, C.; Van Ranst, E.; Debaveye, J. Land evaluation. Part 1. In Principles in Land Evaluation and Crop Production Calculations;
Agricultural Publication 7; General Administration for Development Cooperation: Brussels, Belgium, 1991.

25. Stellacci, A.M.; Castellini, M.; Diacono, M.; Rossi, R.; Gattullo, C.E. Assessment of Soil Quality under Different Soil Management
Strategies: Combined Use of Statistical Approaches to Select the Most Informative Soil Physico-Chemical Indicators. Appl. Sci.
2021, 11, 5099. [CrossRef]

26. De Araujo, J.L.; dos Anjos, L.H.C.; Pereira, M.G. Soil attributes and distinction of pedoenvironments for agriculture in the Mbya
Indian Reserve in Ubatuba (in Spain). Braz. J. Soil Sci. 2009, 33, 1765–1776.

27. Bouma, J. Land quality indicators of sustainable land management across scales. Agric. Ecosyst. Environ. 2002, 88, 129–136.
[CrossRef]

28. Faloye, O.T.; Ajayi, A.E.; Ajiboye, Y.; Alatise, M.O.; Ewulo, B.S.; Adeosun, S.S.; Babalola, T.; Horn, R. Unsaturated hydraulic
conductivity prediction using artificial intelligence and multiple linear regression models in biochar amended sandy clay loam
soil. J. Soil Sci. Plant Nutr. 2022, 22, 1589–1603. [CrossRef]

29. International Biochar Initiative (1BI). Standardized Product Definition and Product Testing Guidelines for Biochar That Is Used
in Soil. 2011. Available online: https://biochar-international.org/wp-content/uploads/2020/06/IBI_Biochar_Standards_V2.1
_Final2.pdf (accessed on 15 November 2015).

30. Zhang, R. Determination of soil sorptivity and hydraulic conductivity from the disc infiltrometer. Soil Sci. Soc. Am. J. 1997, 61,
1024–1030. [CrossRef]

31. Agbenin, J.O. Laboratory Manual for Soil and Plant Analysis (Selected Methods and Data Analysis); Faculty of Agriculture/Institute of
Agricultural Research, ABU Zaria: Kaduna, Nigeria, 1995; pp. 24–44.

32. Oslen, S.R.; Cole, C.V.; Watanabe, F.S.; Dean, L.A. Estimation of available phos phorus in soils by extraction with sodium
bicarbonate. No. 939. US Department of Agriculture: Washington, DC, USA, 1954.

33. Elemile, O.O.; Ibitogbe, E.M.; Folorunso, O.P.; Ejiboye, P.O.; Adewumi, J.R. Principal component analysis of groundwater sources
pollution in Omu-Aran community, Nigeria. Environmental Sciences, 80:690. Environ. Earth Sci. 2021, 80, 16. [CrossRef]

34. Abdel-Fattah, M.K.; Mohamed, E.S.; Wagdi, E.M.; Shahin, S.A.; Aldosari, A.A.; Lasaponara, R.; Alnaimy, M.A. Quantitative
Evaluation of Soil Quality Using Principal Component Analysis: The Case Study of El-Fayoum Depression Egypt. Sustainability
2021, 13, 1824. [CrossRef]

35. Aprisal, I.; Bambang, J.; Harianti, M. Soil quality index analysis under horticultural farming in Sumani upper watershed. Int. J.
Geomate 2019, 16, 191–196. [CrossRef]

36. Laghari, M.; Hu, Z.; Fazal, M.; Hu, M. Effects of biochar application rate on sandy desert soil properties and sorghum growth.
Catena 2015, 135, 313–320. [CrossRef]

37. Van Zwieten, L.; Kimber, S.; Morris, S.; Chan, K.Y.; Downie, A.; Rust, J.; Joseph, S.; Cowie, A. Effects of biochar from slow
pyrolysis of papermill waste on agronomic performance and soil fertility. Plant Soil 2010, 327, 235–246. [CrossRef]

38. Peng, Y.; Li, X.; Li, C. Temporal and spatial profiling of root growth revealed novel response of maize roots under various nitrogen
supplies in the field. PLoS ONE 2012, 7, e37726. [CrossRef]

39. Babalola, T.; Adabembe, B.A.; Faloye, O.T. Water use-yield relationship of maize as infuenced by biochar and inorganic fertilizer
applications in a tropical sandy clay loam soil. Agric Water Manag. 2022, 271, 107801. [CrossRef]

40. Gheysari, M.; Loescher, H.W.; Sadeghi, S.H.; Mirlatifi, S.M.; Zareian, M.J.; Hoogenboom, G. Water-yield relations and water use
efficiency of maize under nitrogen fertigation for semiarid environments: Experiment and synthesis. In Advances in Agronomy;
Sparks, D.L., Ed.; Elsevier: Amsterdam, The Netherlands, 2015; pp. 175–229.

41. Lawlor, D.W.; Lemaire, G.; Gastal, F. Nitrogen, plant growth and crop yield. In Plant Nitrogen; Lea, P.J., Morot-Gaudry, J.F., Eds.;
Springer: Berlin/Heidelberg, Germany, 2001; pp. 343–367.

42. Shukla, M.K.; Lal, R.; Ebinger, M. Principal component analysis for predicting corn biomass and grain yields. Soil Sci. 2004, 169,
215–224. [CrossRef]

43. Mallarino, A.P.; Oyarzabal, E.S.; Hinz, P.N. Interpreting within-field relationships between crop yields and soil and plant variables
using factor analysis. Precis. Agric. 1999, 1, 15–25. [CrossRef]

44. Yamato, M.; Okimori, Y.; Wibowo, I.F.; Anshori, S.; Ogawa, M. Effects of the ap plication of charred bark of acacia mangiumon
the yield of maize, cowpea and peanut, and soil chemical properties in South Sumatra, Indonesia. Soil Sci. Plant Nutr. 2006, 52,
489–495. [CrossRef]

45. Oladele, S.O.; Adeyemo, A.J.; Awodun, M.A. Influence of rice husk biochar and inorganic fertiliser on soil nutrients availability
on rain-fed rice yield on two contrasting soils. Geoderma 2019, 336, 1–11. [CrossRef]

https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1088/1748-9326/aa67bd
https://doi.org/10.3390/app132312545
https://doi.org/10.3390/app11115099
https://doi.org/10.1016/S0167-8809(01)00248-1
https://doi.org/10.1007/s42729-021-00756-x
https://biochar-international.org/wp-content/uploads/2020/06/IBI_Biochar_Standards_V2.1_Final2.pdf
https://biochar-international.org/wp-content/uploads/2020/06/IBI_Biochar_Standards_V2.1_Final2.pdf
https://doi.org/10.2136/sssaj1997.03615995006100040005x
https://doi.org/10.1007/s12665-021-09975-y
https://doi.org/10.3390/su13041824
https://doi.org/10.21660/2019.56.8212
https://doi.org/10.1016/j.catena.2015.08.013
https://doi.org/10.1007/s11104-009-0050-x
https://doi.org/10.1371/journal.pone.0037726
https://doi.org/10.1016/j.agwat.2022.107801
https://doi.org/10.1097/01.ss.0000122521.03492.eb
https://doi.org/10.1023/A:1009940700478
https://doi.org/10.1111/j.1747-0765.2006.00065.x
https://doi.org/10.1016/j.geoderma.2018.08.025


Agronomy 2024, 14, 1761 15 of 15

46. Singh, R.; Singh, P.; Singh, H.; Raghubanshi, A.S. Impact of sole and combined application of biochar, organic fertiliser and
chemical fertiliser on wheat crop yield and water productivity in a dry tropical agroecosystem. Biochar 2019, 1, 229–235. [CrossRef]

47. Zou, C.; Gao, X.; Shi, R.; Fan, X.; Zhang, F. Micronutrient deficiencies in crop production in China. In Micronutrient Deficiencies in
Global Crop Production; Alloway, B.J., Ed.; Springer: Dordrecht, The Netherlands, 2008; pp. 127–148.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s42773-019-00013-6

	Introduction 
	Materials and Method 
	Description of the Study Area and Characterization of Biochar Used for the Experiment 
	Field Experimentation 
	Statistical Analysis 

	Results and Discussion 
	Influence of Biochar and Fertilizer on the Soil Hydro-Physical and Chemical Properties and Maize Yield 
	Relationship between Soil Properties and Maize Yield as Influenced by Biochar Application 
	PCA for the Biochar and Inorganic Fertilizer Addition to Soil under Irrigation 
	Factor Loading for the PCA 
	PCR for the Maize Yield Prediction in Soil Treated with Biochar with Inorganic Fertilizer under Irrigation 
	Soil Quality as Improved by Biochar and Inorganic Fertilizer Applications 

	Discussion 
	Conclusions 
	References

