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The decline in soil productivity due to intensive cultivation, unbalanced fertilization and
climate change are key challenges to future food security. There is no significant research
conducted on the effect of organic amendments on soil properties and active carbon
fractions in organic-matter deficient soils under changing climate. Biochar (BC) is a
stabilized organic amendment produced from organic materials and is increasingly
recognized as being able to improve soil health and crop productivity. The present
study was conducted to determine the efficacy of compost (CM) (0.5%, 1%) (w/w)
and animal manure (AM) (0.5%, 1%) (w/w) alone and combined with 3% (w/w)
biochar, on soil carbon fractions, soil properties, and crop growth in a low-fertile soil.
The results revealed significant increased 46% plant height, 106% and 114% fresh and dry
shoot weight respectively, and 1,000-grain weight increased up to 40% when 3% BC with
1% CM was applied, compared to a control. Similarly, substantial increases in 69% soil
organic matter, and 70% carbon pool index were observed at 3% BC, and under 3% BC
with 1% CM increased 11% microbial biomass carbon compared to the control. Overall,
the results suggest that 3% BC addition along with 1% CM and AM (1%) had greater
potential to improve the soil carbon pool, microbial biomass, and soil health, all of which will
ultimately enhance maize yield when grown in low-fertility soil. The application of BC, CM,
and AM are a viable green approach, that not only boosts crop yields and improves soil
properties and but also contributes to a circular economy.
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INTRODUCTION

Soil is a non-renewable resource that performs a vital role in ecosystem services and acts as a medium
for plant growth by providing essential nutrients, water, gaseous exchange, and as an environmental
buffer, facilitating degradation and the reduction of natural and xenobiotic toxic substances
(Amoakwah et al., 2020). Intensive cultivation, together with injudicious fertilization and poor
cropping practices, results in declining soil health and crop productivity, thereby threatening
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future food security (Naeem et al., 2018). This situation is further
accelerated due to soil erosion, salinization, and desertification,
which leads to soil organic carbon loss, loss of microbial
biodiversity and, ultimately, loss of crop productivity (Gregory
et al., 2015). Similarly, poor management practices, such as
indiscriminate ploughing and burning or the complete removal
of crop residues, will further worsen soil organic matter (SOM)
degradation and deteriorate soil quality (Lal, 2015). The loss of
SOM through microbial degradation depletes the organic carbon
pool, microbial biodiversity, and increases greenhouse gases
(GHG) emissions (Shakoor et al., 2020). This situation demands
more suitable strategies to help ensure sustained soil health and
crop production in an eco-friendly manner. Synthetic fertilizers are
used to boost crop yields, but the continuous use of these fertilizers
will lead to soil degradation and the contamination of water bodies,
which is another significant concern (Haider et al., 2021). Low
organic-matter content in calcareous soils leads to lower nutrient
availability and the loss of biological activity. Soil quality can be
restored through proper management practices that enhance SOM
content and improve microbial biodiversity and soil properties,
thereby improving its productivity (Shakoor et al., 2020; Haider
et al., 2021). It has been established that the addition of organic
amendments to soil resulted in a higher SOMcontent, which serves
as the storehouse for many other plant nutrients (Srivastava et al.,
2020). Labile organic carbon (LOC) is highly active part of SOM
that decomposes abruptly after its application to soil and is vital to
the soil food web (Adnan et al., 2020). It is well known that the
direct addition of organic amendments (OAs) increases organic
carbon (OC) stock, provides food to microbial communities,
increases nutrient (nitrogen, potassium, phosphorus, calcium,
and magnesium) availability, prevents erosion, improves soil
aeration and soil structure, and decreases soil crusting and bulk
density (Obalum et al., 2017).

Traditionally, animal manure (AM), mulches, and other
organic wastes re-used as soil conditioners, and have been
recognized as effective means for improving nutrient supplies
to crops and microbial activity in soils (Kamara et al., 2015). The
AM is a rich consortium of plant-available nutrients, that reduce
bulk density, and improve soil aeration, aggregate stability, crop
production, and organic carbon reserve in soil but also affects
GHGs emissions (Zhou et al., 2017). However, there are some
drawbacks associated with the direct application of these OAs
including, but not limited to, fast decomposition and quick
release of nutrients, which results in nutrient leaching and
contributes to eutrophication and GHG emissions (Sutton
et al., 2014; Urra et al., 2019). Composting is another
technique in which organic waste (plant leaves and twigs, food
scraps, manure or sewage) is converted into a stable form and
remains in the soil for a period of time than untreated organic
wastes and compost application to soil improves nutrient
availability, aeration, and reduced bulk density, and thus
enhances soil structure but it also contains heavy metals (Al-
Omran et al., 2019; Niamat et al., 2019). Because of the usage of
animal wastes, biowastes, and biosolids used in composting can
include metals and antibiotics. Compost, biosolids, and biowastes
are used as soil amendments, and long-term usage of these
products may result in heavy metals build-up in soil and

antibiotic resistant in the environment (Arya et al., 2021; Peng
et al., 2021) which may contaminate soil and water bodies
through runoff and leaching, thus limiting the long-term use
of compost (Lillenberg et al., 2010). Therefore, these raw organic
materials must first be processed before direct application to soil,
and the conversion of readily decomposed AOs into BC is
another attractive alternative approach for addressing these
challenges (Rahman et al., 2020).

Biochar (BC) is a black carbonaceous material produced
through pyrolysis, which is the thermal decomposition of
organic materials in the absence of oxygen (Zhang et al., 2019).
In this regard, a variety of feedstock, such as agricultural wastes
(tree leaves, twigs, bark, straw, bagasse, husks, nutshells, corncob,
and corn stalks etc.), animal and bird waste (animal beds and
manure), industrial waste (bagasse and grain) have been
extensively used for BC production (Novotny et al., 2015;
Azeem et al., 2020; Naveed et al., 2020). In recent decades, the
application of BC to combat low soil fertility and climate change
has aroused the interest of many scientists due to its ability to
improve soil health, bio-energy generation, carbon sequestration,
and the immobilization of inorganic and organic pollutants
(Rehman et al., 2016). The addition of BC to soil also improves
soil water and nutrient retention capacity, soil aeration and soil
structure, and enhances nutrient availability to plants, which
ultimately increases plant growth and yield (Singh et al., 2019).
Moreover, the incorporation of BC into soil positively impacts
carbon sequestration, reduces greenhouse gas (GHG) emissions,
and increases carbon pools by altering microbial community
composition and providing substrates to microbes, and resistant
to decomposition (Hui, 2021). Its porous nature and large surface
area provide habitats to soil microbes under stress, as the ash
content in BC delivers nutrients to plants and microbes (Kocsis
et al., 2022). Combing BC with CM not only improve composting
efficiency and end-product quality and stabilize nutrient release
fromCMorAM from long time, but also increased BC surface area
and retain nutrient release (Rivelli and Libutti, 2022). Application
of such amendments in calcareous soils not only improve soil
properties and nutrient availability but also significantly enhances
organic carbon in soil (Abrar et al., 2020). Moreover, the
recalcitrance nature of BC and its long-term soil stability are its
main advantages over other OAs (Nguyen et al., 2018). In previous
studies, several authors only tested the application effects of BC,
CM or AM on crop growth and soil health. However, few
researchers have investigated the impact of combined
application of BC, CM or AM on crop growth and yield in
nutrient-depleted soils (Lashari et al., 2015; Sánchez-García
et al., 2016; Singh et al., 2019; Abbas et al., 2020; Pandit et al., 2020).

There are various areas where research on OAs requires
further exploration, and the major knowledge gap regarding
the combined impacts and application rates of BC, CM, and
AM on active soil components and the carbon management
index. We hypothesized that BC application CM or AM will
increase the active portions of soil carbon, including microbial
biomass carbon (MBC) and total carbon (TC) contents in
organic-matter deficient soil. This is because different OA
have different rates of decomposition and nutrient release, and
by combining it could lead to a more sustained improvement in
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soil properties over time. Additionally, more research is needed
for long time effects of these amendments on soil properties in
organic-matter deficient soil. The current study especially aims to
evaluate the cumulative impacts of BC, CM, and AM on maize
productivity, nutrient absorption, soil properties, and the carbon
management index under organic matter deficient soil.

MATERIALS AND METHODS

Biochar and Compost Preparation and
Characterisation
Corncob biochar (BC) was prepared from corncob feedstock at
350℃ using muffle furnace (Gallon Hop, England). Feedstock was
filled in pyrex flask having 2 L capacity and bear temperature up to
1,000°C. Silicon grease was used to prevent oxygen entering the
flask, and the flask outlet was attached to a bended glass rod to
remove water vapours and gasses from the furnace and work area.
Feedstocks were collected from the agronomy research field at the
University of Agriculture, Faisalabad (UAF), washed to remove
dust and other impurities, sun-dried to remove moisture, and
crushed into 2–5 mm sized particles for biochar preparation.
Sánchez et al. (2009) described procedure was followed for
biochar preparation. During pyrolysis, furnace temperature was
gradually increased by 15℃min−1 and 30-min residence time was
adjusted after attaining a maximum temperature of 350℃. The
furnace was then allowed to cool until the temperature dropped to
20℃. After that the lid was removed and prepared BC was
collected and stored in plastic bag for further analysis.

Animal manure was collected from the animal husbandry
farm of UAF, Pakistan. The collected AM was then dried,
crushed, and stored for future use. The compost was prepared
from vegetables and fruit waste in a locally fabricated composter
unit. The fruit and vegetable waste were collected from a local
market and sun-dried to remove extra moisture, unwanted
stones, and plastic materials and oven dried for 24 h to reduce
the water content by up to 15% and then crushed with a grinder.
The ground material was transferred to the composter for
compost preparation. For proper composting, a 40% moisture
level was constantly maintained, and the composter was rotated
at 50 rpm until an odourless dark-brown colour compost was
obtained (Naveed et al., 2021).

The physiochemical properties of OAs were shown in (Table 1).
Electrical conductivity (EC) and pH were measured using a soil:
water (1:20) suspension (Abbas et al., 2020; Naveed et al., 2021). The
NH4-acetatemethod was used for determination of cation exchange
capacity (CEC) (Gaskin et al., 2010), total organic carbon was
determined using a total organic carbon (TOC) analyser [TRL-
TOC, Turkey] (Aziz et al., 2021). Wet digestion method was used
for N, P, and K in which 0.5 g of sample was digested with 10mL
H2SO4 and add 2mL H2O2 and heated till clears solution was
obtained (Wolf, 1982). After digestion, the samples were stored for
testing. The total nitrogen was measured using the Kjeldahl method
and the flame photometer (PFP7, Jenway, Essex, UK) was used to
calculate K, while the spectrophotometer (UV-1201, Shimadzu,
Tokyo, Japan) was utilized to assess P using the vanadate-molybdate
procedure following ICARDA, 2013 (Estefan et al., 2013).

Experimental Design
A pot study was conducted at Soil Science Research Station,
University of Agriculture Faisalabad in a wire house under natural
conditions. For this purpose, the soil was collected from the Soil
Science research field (31.439082° N, 73.069365° E) and sieved with a
2mm sieve to remove plant roots, stones, and other unwanted
particles. The soil was homogenized, and 30 plastic pots (width
1.5 ft., height 2.5 ft.) were filled with soil, and each pot contained
18 kg soil and recommended NPK (220:160:120 kg ha−1) fertilizers
were mixed into the soil, comprising urea, diammonium phosphate,
and sulphate of potash. Ten different treatments; T0 (CK): control; T1
(CM-0.5): compost 0.5%; T2 (CM-1): CM 1%; T3 (BC-3): BC 3%; T4
(BC-3+CM-0.5): BC 3%+CM0.5%; T5 (BC-3+CM-1): BC 3%+CM
1%; T6 (AM-0.5): AM0.5%; T7 (AM-1): AM1%; T8 (BC-3+AM-0.5):
BC 3% + AM 0.5%; and T9 (BC-3+AM-1): BC 3% + AM 1% were
applied under completely randomized design (CRD) with three
replications of each treatment. Maize (variety FH-1046) was
obtained from the Maize Research Station, Ayyub Agricultural
Research Institute, Faisalabad, Pakistan, and used as a test crop
and 4 seeds were sown in each pot at field capacity. Pots were kept
under polythene sheet covered wire house to prevent rain and animal
attack. The pots were watered with water bucket as needed during the
entire growth period.

Soil Analysis
After soil homogenisation, soil samples were collected in plastic
bags for basic soil analysis. Soil pH was measured with a pHmeter
(JENCOModel- 671 p) after making saturated soil paste (Schofield
and Taylor, 1955). Soil texture was determined using the
hydrometer method (Bouyoucos, 1962). Soil moisture contents,
CEC and extractable K were measured using standard procedure
(United States Salinity Laboratory Staff. 1954). Walkley, (1947)
describedmethod was used for SOMdetermination in which 1 g of
soil mixed with 5 mL K2Cr2O7 and 10mL H2SO4 was added and
allowed the flask to stand for 30 min to cool and add 100–150 mL
distilled water. After that 3 mL of orthophosphoric acid (H3PO4),
5–10 drops of indicator, and titrate it against standardized ferrous
sulphate to bright green endpoint. Total N was measured using
Kjeldahl method (Bremner, 2016), and exchangeable P was
measured in which 2.5 g of soil was treated with 0.5 M
NaHCO3 extracting solution and shake for 30 min and
filtration. Pipette out a 5 mL aliquot in a 25-mL volumetric
flask, and 5 mL of colour development reagent. The intensity of
the blue colour is measured with 880 nm wavelength using
spectrophotometer (Olsen et al., 1954).

Agronomic Parameters
The maize was harvested at zodiac stage (R6). To assess maize
growth and yield, plant height and cob length were recorded
using scale, shoot fresh biomass after harvest and dry biomass and
total grain weight were weighted using weighing balance.

Measurement of Physiological Parameters
Infrared gas analyzer (IRGA, LCA-4, ADC, Hoddesdon, UK) was
used for physiological parameters measurement. Photosynthetic
rate, transpiration rate (Tr), water use efficiency (WUE) and
stomatal conductance (SC) (Ben-Asher et al., 2006). The SPAD-
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502 (Minolta, Osaka, Japan) was used to determine chlorophyll
contents in the leaves (Wellburn, 1994). Relative water content
(RWC) was measured by taking a fully expanded leaf from an
individual replicate. The fresh weight of the leaf was recorded
after being washed with distilled water. The leaf samples were
placed in test tubes containing 10 mL distilled water for 4 h.
Turgid weight was recorded after 4 h. Samples were oven dried
for 72 h. The RWC was calculated using the formula established
by Mayak et al. (2004).

RWC � FW −DW( )/ TW −DW( ) *100

Membrane Stability Index
For measuring the membrane stability index, a fully matured
younger leaf was put into a test tube containing 10 mL of distilled
water. Samples were heated in a water bath for 30 min at 40°C,
and then electrical conductivity (EC1) was recorded. The plant
samples were heated again in the water bath at 100°C for 10 min,
and then EC2 was recorded. The membrane stability index (MSI)
was calculated using the formula (Sairam et al., 2002).

MSI � [1 − (C1/C2)] *100

Plant Analysis
The plant samples were ground, sieved with 2 mm sieve after
drying and used for further analysis. For plants nitrogen, each
finely powdered sample was digested using concentrated
sulphuric acid (H2SO4) and hydrogen peroxide (H2O2) using
the Wolf (1982) method for digestion. Distilled water was used
for making the volume accordingly after cooling, followed by
filtration. Total nitrogen (TN) was estimated through the
Kjeldahl apparatus. Total P was determined using a
spectrophotometer (Milton Roy Company, United States), and
total K was analysed using flame photometer (Jenway PFP-7, UK)
(United States Salinity Laboratory Staff. 1954).

Post-Harvest Soil Analysis
At the end of the experiment, soil samples were collected and air-
dried for 72 h. Soil pH, CEC and SOC were measured using
United States Salinity Laboratory Staff. 1954. The results of these
analysis are presented in Figures 1–3.

Microbial Biomass Carbon and Microbial
Biomass Nitrogen Determination
A chloroform fumigation-extraction procedure was followed for
microbial biomass carbon (MBC) and microbial biomass
nitrogen (MBN) estimation in soil (Brookes et al., 1985). Two
different crucibles containing 10 g of moist soil were placed in
separate desiccators, one with 30 mL alcohol-free chloroform
(CHCl3) and another without CHCl3, covered and placed at
room temperature for 5 days (Anderson, 1993). After soil
fumigation, a 50 mL K2SO4 (0.5 M) solution was added and
shaken for 30 min at 200 rpm arbitral shaker speed to extract
MBC and MBN from lysed microorganisms and then filtered.
The MBC was measured on a spectrophotometer (ultraviolet-
visible [UV-VIS]/1,201, Shimadzu) at 600 nm, while the Kjeldahl
method was used for MBN determination. Both MBC and MBN
were calculated using previously determined equations (Sparling
and West, 1988).

MBC mg( ) � Ec/k

where Ec was extracted, C was a result of fumigation and k was
the biomass fraction, which was 0.35 for C and 0.45 for N (Ross
and Täte, 1993).

Carbon Management Index
Based on the variations in total carbon in the soil environment
and its lability (as determined by the oxidation of KMnO4),
the carbon management index (CMI) was calculated (Blair
et al., 1995). The carbon pool index (CPI) was calculated
according to changes in the TOC of the control and the
treatments.

CPI � TOCTreatment
TOCControl

The lability of carbon (L) was calculated according to the
fraction of carbon oxidised KMnO4.

L � Carbon oxidised by KMnO4
Carbon remaining unoxidised by KMnO4

Based on the changes in the proportion of labile carbon, the
lability index (LI) was calculated as follows:

TABLE 1 | Characterization of soil, CM, BC, and AM used in the experiment.

Characteristics Units Soil CM BC (350°C) AM

pH 7.94 ± 0.02 7.53 ± 0.01 6.97 ± 0.01 8.0 ± 0.06
EC dS m−1 1.12 ± 0.02 3.08 ± 0.02 0.87 ± 0.01 4.04 ± 0.09
CEC cmolckg

−1 6.12 ± 0.01 19.6 ± 0.87 41.2 ± 0.57 12.13 ± 0.55
OC % 0.61 ± 0.01 38.9 ± 0.61 56.57 ± 0.84 38.6 ± 0.78
Total N % 0.04 ± 0.00 1.48 ± 0.02 1.46 ± 0.04 1.14 ± 0.06
Exchangeable P mg kg−1 4.63 ± 0.20 0.31 ± 0.01 0.46 ± 0.03 0.42 ± 0.02
Extractable K mg kg−1 117 ± 1.31 1.67 ± 0.04 1.07 ± 0.03 0.91 ± 0.1
Yield % -- -- 49.27 ± 0.99 --
Ash content % -- -- 14.3 ± 0.41 --
C/N Ratio 13.93 ± 0.22 41.47 ± 1.24 13.73 ± 0.93
Textural class -- Sandy clay loam -- -- --

Data is an average of three replicates ± SD.
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LI � L of treatment
L of control

The CMI was calculated using two indices (CPI and LI)
as follows:

CMI � CPI × LI × 100

A higher CPI (>1) indicated a greater accumulation of organic
carbon, and a lower CPI (<1) reflected lower carbon
accumulation. Similarly, a higher LI (>1) indicated a higher
labile organic carbon content. In contrast, a lower LI (<1)
indicated a lower organic carbon content. The CMI served as
the expression of soil quality in increments of total carbon and the
portion of labile carbon fractions compared to a control (CMI =
100); CMI>100 reflected an increased soil carbon content.

Statistical Analysis
All data were statistically analyzed using Statistix 8.1® (Analytical
Software, Tallahassee, FL, United States) under completely
randomized design (CRD) with three replications. The data
were analyzed using one-way ANOVA and interpreted using
Tukey multiple comparison test to compare mean values (p <
0.05) (Steel et al., 1997). The influence of several treatments on
various physicochemical and biological parameters of the
modified soil was investigated using correlation and principal
component analysis (PCA) in Mini-Tab 18.1.0.

RESULTS

The Effect of CM, BC, and AM on
Postharvest Soil Properties
Physicochemical parameters of CM, BC, and AM and soil used in
this study are shown (Table 2). The highest soil pH (8.0 ± 0.05)
was observed in Ck. The addition of BC with CM and AM
fluctuate soil pH for a short time, but the decrease was not
significant shown in Figure 1A. The lowest pH (7.8 ± 0.04) was

observed under BC-3+AM-1 treatment, in which 0.2-unit
decrease was noted over Ck. A significant increase in soil CEC
were observed where BC-3+CM-0.5 and BC-3+CM-1 were used
(Figure 1B) and the maximum 31% increase in soil CEC was
observed under BC-3+CM-1 as compared to Ck.

Effect of CM, BC, and AM on Soil Quality
Parameters
Data concerning MBC, SOC, CPI, LI, and CMI are shown in
Figures 2A–F. The maximum 11% MBC increase was
recorded where BC-3+CM-1 was used as compared to Ck
(Figure 2A). The Figure 2B data revealed that the maximum
69% SOC increase was noticed under BC-3 while BC-3+CM-
0.5 and BC-3+CM-1enhanced SOC up to 64% and 56%
respectively.

The data (Figure 2C) showed the maximum increase in CPI
was 69% with BC-3 as compared to control. The addition of CM-
1+BC-3 improved the CPI up to 56%, and a similar result was
observed following the addition of AM-1+BC-3. Significant
decrease in labile carbon was observed with the addition of
BC with other OAs (p < 0.05) and the maximum reduction in
labile carbon 46% under BC-3+CM-1 (Figure 2D).

The maximum reduction was 76%, 84% and 77% in LI was
recorded with BC-3+CM-1, BC-3+AM-0.5 and BC-3+AM-
1 which was non-significant when compared to each other
(Figure 2E). Similarly, the maximum increase was 48% in
CMI observed where BC-3 was applied (Figure 2F).

Effect of CM, BC, and AM on Plant Growth,
Cob Length and 1,000 Grains Weight
Table 3 data showed the CM, BC, and AM effect on SFW, SDW,
LA, and PL. The application of BC-3+CM-1 increased plant
height by 46% as compared to control. The maximum 106%
SFW increase was noticed at BC-3+CM-1 application. It was
observed that the application of BC with either COM or AM

FIGURE 1 | Effect of CM, BC, and AM on soil pH (A) and CEC (B) after crop harvesting. Data is an average of three replicates and similar letter(s) in a graph shows
non-significant results at (p = 0.05). Note: T0 = Ck T1 = CM-0.5, T2 = CM-1, T3 = BC-3, T4 = BC-3+CM-0.5, T5 = BC-3+CM-1, T6 = AM-0.5, T7 = AM-1, T8 = BC-
3+AM-0.5, and T9 = BC-3+AM-1.
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increased SDW as compared to sole application, and the
maximum 114% SDW increase was recorded with the
combined application of BC-3+CM-1. Similarly, the highest
83% LA increase was recorded under BC-3+CM-1 as
compared to Ck.

Data regarding CL and 1000 GW showed maximum 71%
increase in CL and 74% improvement in GW was recorded
with the application of BC-3+CM-1 as compared to control.

Effect of CM, BC, and AM on the
Physiological Parameters of Maize
Data regarding physiological parameters of maize showed
BC-3+CM-1 application increased maximum 129% CC,

54% RWC, 128% PR, and 73% SC as compared to
Ck (Table 4).

Data regarding electrolyte leakage (EL) (Table 4) indicated
that the application of BC significantly decreased EL at all COM
and AM levels. Applying BC-3+CM-1 decreased electrolyte
leakage by 215%, compared to the Ck.

Effect of CM, BC, and AM on Maize
Nutrient Contents
It was noticed that BC, CM, and AM alone or in combination
significantly increased nutrient contents in maize shoot and grain
(Table 5). The maximum increase in straw N content was 72%
with BC-3+CM-1 application. Similarly, maximum 55% increase

FIGURE 2 | Effect of CM, BC, and AM (A)Microbial biomass carbon (B) Soil organic carbon (C) Carbon pool index (D) Carbon lability (E) Lability Index (F) Carbon
Management index. Data is an average of three replicates and similar letter(s) in a graph shows non-significant results at (p = 0.05). Note: T0 = Ck T1 = CM-0.5, T2 = CM-
1, T3 = BC-3, T4 = BC-3+CM-0.5, T5 = BC-3+CM-1, T6 = AM-0.5, T7 = AM-1, T8 = BC-3+AM-0.5, and T9 = BC-3+AM-1.
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in grain N was observed over control with BC-3+AM-1. The
maximum 83% increase in straw P contents was noted with the
sole BC-3 application, while 50% increase in grain P was observed

with BC-3+CM-1 and BC-3+AM-1. The maximum 29% increase
in straw K and 48% in grain K was observed with BC-3+CM-1 as
compared to control.

FIGURE 3 | Principal component analysis (PCA) performed on different maize growth, physiological and soil parameters. (A) represents PCA among treatments,
(B) depicts the PCA among different growth and physiological parameters, and (C) showed PCA among soil parameters, The abbreviations are as FW, fresh weight; DW,
dry weight; L, shoot length; CC, chlorophyll contents; EL, electrolyte leakage; LA, leaf area, RWC, relative water content; Ph, soil Ph; EC, electrical conductivity; CEC,
cation exchange capacity; CL, cob length; GW, grain weight; PR, photosynthetic rate; WUE, water use efficiency; SC, stomatal conductance; GN, grain nitrogen;
GP, grain phosphorus; GK, grain potassium; SN, straw nitrogen; SP, straw phosphorus; SK, straw potassium; SOC, soil organic carbon; CPI, Carbon pool index; LI,
Lability Index; and CMI, carbon management index. Note: T0 = Ck T1 = CM-0.5, T2 = CM-1, T3 = BC-3, T4 = BC-3+CM-0.5, T5 = BC-3+CM-1, T6 = AM-0.5, T7 = AM-
1, T8 = BC-3+AM-0.5, and T9 = BC-3+AM-1.

TABLE 2 | Effect of CM, BC, and AM on growth and yield parameters of maize.

Treatments SL (cm) SFW/pot (g) SDW/Pot (g) LA CL (cm) 1000 GW(g)

T0 84 ± 6.99f 124 ± 9.75f 44 ± 1.89f 198 ± 24.79f 3.6 ± 0.36e 299.0 ± 11.2e
T1 104 ± 4.29de 157 ± 15.61ef 52 ± 2.52e 246 ± 30.55def 4.5 ± 0.50cde 326.1 ± 23.4e
T2 116 ± 9.17cd 186 ± 5.05de 73 ± 2.52d 299 ± 41.56dcd 4.9 ± 0.60bcd 345.6 ± 32.9cde
T3 124 ± 3.95bc 209 ± 8.54bcd 88 ± 2.78c 326 ± 6.53abc 5.3 ± 0.29abc 394.9 ± 31.6abcd
T4 136 ± 3.08b 226 ± 16.78abc 96 ± 2.47b 353 ± 12.27ab 5.8 ± 0.29ab 397.9 ± 14.1abcd
T5 156 ± 5.19a 257 ± 10.33a 114 ± 2.86a 362 ± 11.82a 6.2 ± 0.29a 411.8 ± 10.0ab
T6 90 ± 3.97ef 155 ± 9.10ef 46 ± 3.50ef 213 ± 11.27ef 3.8 ± 0.21de 339.2 ± 35.0de
T7 100 ± 12.3def 170 ± 14.13e 53 ± 2.65e 269 ± 26.46cde 4.3 ± 0.29cde 351.3 ± 18.4bcde
T8 108 ± 2.93cd 203 ± 12.72cd 88 ± 2.52c 303 ± 12.71abcd 4.4 ± 0.53cde 405.3 ± 13.2abc
T9 116 ± 5.55cd 239 ± 7.53ab 96 ± 1.61b 323 ± 10.83abc 4.7 ± 0.29dec 418.9 ± 11.0a

SL, shoot length; SFW, shoot fresh weight; SDW, shoot dry weight; LA, leaf area; CL, cob length; 1000 GW, 1,000 grain weight. Data is an average of three replicates ± SD and similar
letter(s) in a column shows non-significant results at (p = 0.05). Note: T0 = Ck T1 = CM-0.5, T2 = CM-1, T3 = BC-3, T4 = BC-3+CM-0.5, T5 = BC-3+CM-1, T6 = AM-0.5, T7 = AM-1, T8 =
BC-3+AM-0.5, and T9 = BC-3+AM-1.
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Correlations (Pearson) and Principal
Component Analysis (PCA) Among Plant
and Soil Parameters
Correlations between different plant and soil attributes was done
and based on correlation analysis, it was observed that FW, SL
had a positive correlation with CC, LA, RWC, PR, and WUE and
whereas, significant negative correlation with EL and carbon
liability index (LI).

Principal component analysis (PCA) was performed on
different maize growth, physiological and soil parameters
(Figures 3A–C). The PCA of maize growth and physiological
parameters reveals that the first two principal components
(PC1 and PC2) accounted for 88% of the overall variance of
the treatments, with PC1 accounting for 87% of the variation.
However, in this study, almost all characters in the first
eigenvector had comparable effects on the total variance of the
treatments, suggesting that the first component is virtually a
measure of the whole characters. Further research revealed that
the combined application of biochar with compost and animal
manure (BC-3, BC-3+CM-0.5, BC-3+CM-1, BC-3+AM-0.5, and
BC-3+AM-1) used were primarily concentrated in the positive
end of PC 1 (Figure 3A). Simultaneously, the research indicated
that the maize growth and physiological indices focused on the
positive side of PC1 (Figure 3B).

The PCA plot (Figure 3C) revealed that two principal
components accounted for 76.9% of the observed variability in
the data set under examination (62.9% in PC1 and 14.6% in PC2).
Treatments demonstrated a significant impact on soil variables:
pH, EC, CEC, SOC, CPI, LI, and CMI. Similarly, soil parameters
such as soil pH, electrical conductivity, and Lability Index were
concentrated in the positive end of PC 2, and cation exchange
capacity, soil organic carbon, Carbon pool index, and carbon
management index were concentrated in the positive end of PC 1
(Figure 3C). The PCA findings confirmed that biochar and
biochar co-composts had varying degrees of benefit in
improving the deteriorated soil in this study.

DISCUSSION

The physical and chemical properties of soil are critical in
determining its crop productivity. Post-harvest soil properties
indicated that the addition of BC, COM, and AM influenced
soil pH, CEC, and TOC. This study showed a non-significant
change in soil pH when compared between treatments (Figure 1)
and a significant decrease was observed where AM-1 was applied.
Similar results were observed by Song et al. (2018), where a low
biochar addition did not significantly influence the pH of the
alkaline soil. Rehman et al. (2021) observed decrease in soil

TABLE 3 | Effect of CM, BC, and AM on physiological parameters of maize.

Treatments RWC % EL (%) Photo. R (mmol m−2 S−1) CC (mg g−1) SC (mmol m2S−1) WUE (μmol m-2s−1)

T0 49 ± 0.70d 60.83 ± 7.08a 10 ± 1.5f 22.35 ± 4.71c 146 ± 6.03e 2.33 ± 0.29d
T1 59 ± 8.53bcd 39.21 ± 1.21b 13 ± 1.0cdef 30.35 ± 1.89bc 159 ± 15.39de 3.17 ± 0.74bcd
T2 65 ± 1.21abc 36.39 ± 1.62bc 14 ± 1.2bcde 34.15 ± 7.27bc 178 ± 6.43cde 3.77 ± 0.87bcd
T3 66 ± 3.99abc 31.51 ± 2.18bc 17 ± 1.8abc 36.11 ± 2.03b 194 ± 10.21cd 4.83 ± 1.26abc
T4 70 ± 1.75ab 30.54 ± 2.14bc 19 ± 1.9ab 43.44 ± 3.26ab 238 ± 16.62ab 6.70 ± 0.36a
T5 76 ± 1.70a 19.30 ± 3.52d 22 ± 1.0a 51.19 ± 6.10a 253 ± 7.55a 6.83 ± 0.29a
T6 57 ± 4.32cd 40.80 ± 2.70b 10 ± 1.2ef 33.80 ± 3.39bc 158 ± 20.60de 2.83 ± 0.29cd
T7 60 ± 6.86bcd 36.79 ± 5.97bc 12 ± 1.2def 35.80 ± 1.57b 168 ± 14.1cde 3.77 ± 0.21bcd
T8 67 ± 2.05abc 34.42 ± 4.90bc 16 ± 2.0bcd 40.09 ± 3.05ab 199 ± 18.58bc 5.13 ± 0.91ab
T9 68 ± 4.56abc 26.85 ± 1.23cd 19 ± 2.5ab 41.73 ± 7.37ab 240 ± 12.66a 6.40 ± 0.87a

RWC, relative water contents; EL, electrolyte leakage; Photo. R, photosynthetic rate; CC, chlorophyll contents; SC, stomatal conductance;WUE, water use efficiency. Data is an average of
three replicates ± SD and similar letter(s) in a column shows non-significant results at (p = 0.05). Note: T0 = Ck T1 =CM-0.5, T2 =CM-1, T3 = BC-3, T4 = BC-3+CM-0.5, T5 = BC-3+CM-1,
T6 = AM-0.5, T7 = AM-1, T8 = BC-3+AM-0.5, and T9 = BC-3+AM-1.

TABLE 4 | Effect of CM, BC, and AM on nutritional status of maize.

Treatments Straw N Straw P Straw K Grain N Grain P Grain K

T0 0.21 ± 0.01e 0.59 ± 0.01e 2.35 ± 0.05f 0.45 ± 0.02f 1.11 ± 0.03f 3.7 ± 0.01f
T1 0.25 ± 0.01e 0.70 ± 0.01d 2.55 ± 0.05e 0.57 ± 0.02e 1.32 ± 0.03e 5.0 ± 0.05e
T2 0.32 ± 0.04d 0.78 ± 0.01c 3.01 ± 0.02c 0.63 ± 0.01d 1.39 ± 0.03d 5.6 ± 0.04d
T3 0.34 ± 0.01d 0.90 ± 0.02b 3.43 ± 0.05a 0.85 ± 0.01c 2.04 ± 0.02c 6.6 ± 0.02c
T4 0.44 ± 0.02c 0.99 ± 0.01a 3.44 ± 0.05a 0.90 ± 0.02b 2.16 ± 0.03b 6.8 ± 0.04b
T5 0.50 ± 0.01ab 1.02 ± 0.07a 3.52 ± 0.03a 0.92 ± 0.02b 2.21 ± 0.02ab 7.1 ± 0.11a
T6 0.25 ± 0.01e 0.65 ± 0.01de 2.76 ± 0.03d 0.61 ± 0.02de 1.30 ± 0.02e 5.0 ± 0.05e
T7 0.31 ± 0.02d 0.79 ± 0.02c 2.97 ± 0.03c 0.63 ± 0.03d 1.41 ± 0.02d 5.7 ± 0.07d
T8 0.45 ± 0.02ab 0.99 ± 0.01a 3.23 ± 0.14b 0.95 ± 0.02ab 2.19 ± 0.02ab 6.8 ± 0.05b
T9 0.52 ± 0.02a 1.01 ± 0.03a 3.52 ± 0.06a 0.99 ± 0.01a 2.23 ± 0.03a 7.1 ± 0.11a

N, nitrogen; P, phosphorus; K, potassium. Data is an average of three replicates ± SD and similar letter(s) in a column showed non-significant results at (p = 0.05). Note: T0 = Ck T1 = CM-
0.5, T2 = CM-1, T3 = BC-3, T4 = BC-3+CM-0.5, T5 = BC-3+CM-1, T6 = AM-0.5, T7 = AM-1, T8 = BC-3+AM-0.5, and T9 = BC-3+AM-1.
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pH because of AM and BC application, while increase in soil
pH was observed with rice straw and cotton stick BC. Changes in
soil pH in the rhizosphere modified the soil’s chemical
environment and boosted the nutrient supply to plants
(Hinsinger, 2001). The decrease in soil pH may have been due
to the presence of humic substances that were released because of
organic carbon decomposition (Singh et al., 2012) or ammonium
nitrification due to the applied amendments (Antolín et al., 2005).
It is well documented that pyrolysis temperature significantly
affects the pH and nutrient content of BC (Kaudal et al., 2015;
Rehrah et al., 2016). Generally, BC is alkaline in nature and its
alkalinity rises with temperature (Shakya and Agarwal, 2020).
Biochar prepared at low temperatures contains more acidic
functional groups such as carboxyl (-COOH), hydroxyl (-OH),
and methyl (-CH3) and these functional groups decrease as
temperature increases and enhance the inorganic and basic
oxide content, which increases the pH of biochar (Shaheen
et al., 2019). Various studies have shown the pH of BC is
between 5.9 and 12.3 (Ahmad et al., 2014; Kaudal et al., 2015;
Rehrah et al., 2016). In recent years, several studies have been
carried out to check the effect of BC on alkaline and sandy soils
(Blackwell et al., 2010; Song et al., 2014; Abbas et al., 2020).

Many researchers have found that BC and other OAs could
enhance soil quality and plant performance in degraded soil
(Kammann, et al., 2016; Głąb et al., 2018; Abbas et al., 2020). Our
results showed that BC, COM, and AM significantly increased
SOM in soil (Figure 3B), which may have been due to the high
carbon content of BC. The current study results showed BC,
COM, and significantly increased MBC in soil (Figure 3A),
which may have been due to the high carbon content of BC.
The aromatic structure of BC provides resistance to
decomposition, which increases SOM in soil (Wang et al.,
2016). Several authors have observed that OAs increase SOC
in soil (Wang et al., 2016; Schiedung et al., 2019; Wu et al., 2021).
This may have been due to increased water and nutrient
availability to soil microbes. The porous structure of BC
provides shelter to the microbes against abiotic and biotic
stresses. Various other properties, such as high porosity, large
surface area, pore size and distribution play a key role in nutrient
availability and retention, which can influence microbial activity
(Zhao et al., 2022). Fleming et al. (2013) observed that chicken
manure contains several nutrients that can increase soil nutrient
content, enhance soil aggregate structure and stability, and
increase soil microbial activity in degraded soil. Trupiano
et al. (2017) observed that the sole or combined application of
biochar and compost increased total organic carbon, more so
than in the non-amended soils, which indicated that BC and/or
compost applications to soils could improve C build-up and
sequestration. Moreover, recent studies indicated that the use of
OAs in soil improved organic carbon, which, in turn, improved
nutrient availability (Hille and den Ouden, 2005). Brtnicky et al.
(2019) observed an increase in MBC because of BC application to
soil. This increase may have been due to the availability of
nutrients and labile organic compounds. The labile part of
SOCs plays a key role in maintaining soil fertility, while the
recalcitrant fraction of SOM has a constructive influence on
environmental quality (Brtnicky et al., 2019).T
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This study showed that the application of BC, COM, and AM
positively affected maize growth and yield (Table 3) in less fertile
soil. Biochar has a porous structure, a large surface area, and a
high surface charge density, which are all beneficial for absorbing
soil moisture, enhancing soil porosity, lowering bulk density, and
producing an environment conducive to plant development (Hui,
2021). Biochar itself is a rich source of important macronutrients
(particularly N, P, and K), and certain metal ions (e.g., Ca+2 and
Mg+2) that supply nutrients for plant development, their addition
and complex interaction with soil releases plant nutrients from
the exchange site in a soil solution, it also retains plant nutrients
due to large surface area and greater C:N ratio (Biederman and
Harpole, 2013; Lehmann et al., 2015). Previous studies showed
that the addition of BC in soil increased biomass in lettuce and
Arabidopsis (Viger et al., 2015), maize (Uzoma et al., 2011) and
wheat (Solaiman et al., 2010). Al-Omran et al. (2019) observed
that compost application in soil improved soil aeration, water
retention capacity, reduced bulk density and improved soil
structure, which ultimately increased plant growth. Similarly,
Rawat et al. (2019) noted that the combined application of BC
and compost enhanced fertiliser-use efficiency (FUE) through the
controlled release of nutrients and reduced nutrient leaching
(Rawat et al., 2019).

Biochar and other AOs (AM and COM) and had positive effects
on crop growth and yield because they retain nutrients via adsorption,
binding, and co-precipitation (Lashari et al., 2015; Luo et al., 2017; Al-
Omran et al., 2019; Rahman et al., 2020). Similarly, the combined use
of compost and BC had positive effects on crop growth and yield
(Lashari et al., 2015; Luo et al., 2017; Al-Omran et al., 2019; Rahman
et al., 2020). In this study, the significant increases in maize growth
may have been due to an improvement in soil structure, soil aeration,
an increase in CEC, improved nutrient regulation and an overall
improvement in soil physiochemical properties. These changes in soil
supplied additional nutrients, improved water retention capacity, and
reduced nutrient leaching, resulting in improved plant growth, yields
and sustainable soil productivity (Agegnehu et al., 2015; Noor et al.,
2017; Cao et al., 2018; Radin et al., 2018).

The data presented (Table 4) indicate that the sole or combined
application of BC, CM, and AM significantly (p < 0.05) increased
chlorophyll content,WUE, RWC and EL, compared to the control.
Another experiment showed that the combined application of
wheat straw BC, biogas slurry and compost decreased RWC
and EL by 23% and 39%, respectively, while increasing TR, CC,
SC, andWUE by 77%, 90%, 49%, and 97%, respectively, compared
to the control (Rahman et al., 2020). Agegnehu et al. (2015)
observed a significant improvement in chlorophyll content
because of BC-compost with chemical fertilizer application in
soil. Water use efficiency is an important indicator of crop
productivity and water use in arid and semiarid areas (Batool
et al., 2015). Biochar addition has been shown to improve water
retention in soil, resulting in soil structure improvement by
reducing bulk density and protecting crops against drought
(Abel et al., 2013; Sun and Lu, 2014). Solaiman et al. (2010)
observed an increase in stomatal conductance because of BC
addition to soil. Similarly, a 3%–7% increase in moisture
content, which resulted in an increased rate of photosynthesis
because of BC (2%) in soil, was observed by Ippolito et al. (2012).

Carbon is the main component of biochar that contains
oxygen (O2), hydrogen (H), N, K, P, Mg, and other
micronutrients that, when directly available for plant uptake,
can improve crop yield in most crops (Seleiman et al., 2020).
Biochar’s large surface area and porous structure help to retain
applied nutrients and reduce nutrient leaching of N and P,
releasing them when needed (Abbas et al., 2020). The
application of BC and compost increased the P contents in
maize straw due to lower adsorption on the exchange site and
increased root growth. Recent studies indicated that BC amended
increased the K contents, resulting in higher plant growth (Steiner
et al., 2007). Overall, this study indicated that the use of biochar
with other OAs not only increased the FUE through the slow
release of nutrients but also acted as a soil conditioner that
improved soil properties. The application of biochar with
other amendments can thus provide a sustainable approach
that will support the restoration of soil fertility and crop
productivity and, hence, contribute to a circular economy.

The PCA results related to maize growth and physiological
parameters reveal that the PC1 and PC2 accounted for 88% of the
overall variance of the treatments, with PC1 accounting for 87% of
the variation (Figure 3B). Agegnehu et al. (2015) perform
correlation and PCA analysis on different growth parameter
under biochar and compost application and observed plant
height, root biomass, chlorophyll content, and specific leaf
weight were positively significantly correlated with maize shoot
biomass (r = 0.96, 0.98, 0.99, and 0.92, respectively). The PCA
found that the first two principal components (PC1 and PC2)
accounted for 91% of the overall variance of the treatments, with
PC1 accounting for 84% of the variation. Similarly, Tsai and
Chang, (2020) used different biochar rates (0%), 0.5%, 1.0%,
and 2.0% (w/w) along with 5% (w/w) poultry-livestock manure
compost. PCA was used to study the essential components in the
big data set, and several factors such as NO3-N, TIN, soil pH, EC,
DOC, TC, TN, C:N ratio, P and K were added as analysis variables
in the PCA at the beginning (day 3) and end (day 371) of the
incubation study. The PCA results revealed that the PC1 and
PC2 explained 34.5% and 21.3% of the total variance in slightly
acidic Oxisols (SAO), 30.2% and 23.4% of the total variance in
mildly alkaline Inceptisols (MAI), and 38.2% and 22.6% of the total
variance in slightly acid Inceptisols (SAI) soils at day 3, accounting
for 55.8%, 53.6%, and 60.8% of the total variance, respectively. At
day 371, PC1 and PC2 explained and accounted for 68.5%, 66.9%,
and 61.9% of the total change in SAO, MAI, and SAI soils,
respectively. Ye et al. (2023) applied PCA analysis on soil and
tea indexes measured after the application of various dosages of
sheep manure from 2018 to 2022, with PC1 contributing the most,
ranging from 84.7% to 97.6%. Further investigation found that the
low dose (6 t/hm2–12 t/hm2) were generally concentrated in the
negative end of PC1, however the high dosage (15 t/hm2-18 t/hm2)
was more concentrated in the positive end of PC1.

CONCLUSION

This study highlighted the potential of organic amendments,
especially BC, CM, and AM, as a sustainable option for
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increasing agricultural yields, improving soil qualities, and
contributing to a circular economy. Combining 3% BC with 1%
COM, and 1% AM proved to be a successful strategy, with
significant improvements in plant height, shoot weight, and
grain weight, carbon pool index, and microbial biomass carbon.
These findings not only indicate high yield, but also highlight the
ability of organic additions to restore even the most nutrient-
depleted soils. These OAs provide a ray of hope for sustainable
agriculture by tackling the issues of soil degradation caused by
intensive farming and climate change. By accepting these organic
solutions, we begin a path toward a robust and resilient food system
that will protect our future. Additional studies and field experiments
are needed to confirm these findings and investigate the long-term
impacts of organic additions on soil health and at variable rates and
with site and/or crop-specific fertiliser doses under field conditions.
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