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Abstract: Biochar enhances soil fertility by improving the soil physical, chemical and microbiologi-
cal properties. The aim of this study was to investigate the impact of corn cob-derived biochar on
soil enzymatic activity, organic carbon, aggregate stability and soil microbial biomass carbon under
drought stress. Biochar was prepared from crushed corn cobs pyrolyzed at 300 °C and 400 °C and
applied at a ratio of 1% (w/w) and 3% (w/w) filled in pots. In each pot, three field capacity (FC) levels,
i.e,, 100, 70 and 40%, were maintained gravimetrically. Results showed that biochar application im-
proved the growth (plant height and root length) and relative water content in maize leaves under
drought stress, while it reduced electrolyte leakage compared to a control treatment. Aggregate
stability was significantly (p < 0.05) higher in biochar amended soil. Moreover, microbial biomass
carbon and soil water also increased under drought stress at 70% FC and 40% FC, respectively,
where 3% w/w (400 °C) biochar was applied. Among enzymes, 3-glucosidase and alkaline phospha-
tase activity were improved with biochar application. The maximum organic carbon (240%, 246%
and 249%, 254% more than control) was calculated in soils where 3% biochar pyrolyzed at 400 °C
and 300 °C was mixed with soil, respectively. Similarly, the carbon pool index (CPI) and carbon
management index (CMI) were also higher in biochar-amended soil as compared to control treat-
ment. Conclusively, biochar amendment could effectively improve soil quality and maize growth
under drought stress.

Keywords: biochar; drought; soil quality; aggregate stability; B-glucosidase; phosphatase

1. Introduction

Food insecurity is a global issue and a more severe threat to developing countries in
particular due to increasing populations and the declining availability of agricultural
lands, water and other resources related to agricultural settings [1,2]. Soil quality is a de-
terminant of improved crop production. An increase in crop production and sustainable
agronomic approaches are thus required to ensure food security under changing climate
[3]. Soil organic matter is a potential indicator for soil productivity that can be improved
with better management practices and by adding organic materials and crop residues.
Soil organic carbon is vital for sustainable productivity as it improves the soil structure,
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provides nutrients, retains water and improves soil microbial diversity [4,5]. It also acts
as a good binding agent for soil aggregates [6].

Organic manure can be an important source of organic carbon in soil. However, its
production as fertilizer for agricultural soils is decreasing, resulting in the need to explore
different sources of soil organic carbon [7]. We should focus on the other sources to main-
tain a sufficient balance of organic substances in the soil. The application of biochar into
the soil as an organic amendment could be an innovative approach for solving the prob-
lem in low-quality soils [8]. Biochar is a fine-grained and highly porous material that holds
carbon produced under relatively high temperatures in the presence of low oxygen [9].
Moreover, biochar particles bind with the soil particles to develop stable soil aggregates,
resulting in a favorable structure [10].

Soil enzymes are involved in many biochemical reactions, such as nutrient cycling,
carbon mineralization, and organic matter decomposition [11]. Several factors influence
enzyme activity in the soil, including soil structure and texture, soil moisture, pH and
temperature [12,13]. Biochar has a large surface area, which improves soil structure, re-
tention capacity, and influences soil pH [14,15]. These changes in soil properties associ-
ated with biochar amendment can thus influence enzyme activities. In the literature, sev-
eral studies have reported that the application of biochar significantly improved the anti-
oxidant enzyme contents, e.g., superoxide dismutase (SOD), peroxidase (POD) and ascor-
bate peroxidase (APX) together with a decrease in reactive oxygen species (ROS), e.g.,
malondialdehyde (MDA), and electrolyte leakage (EL) in plants under stress conditions
[16]. In a recent study, Zhang et al. [8] revealed that the soil amendments with biochar
increased antioxidant enzyme activity and decreased the MDA content in sugar beet (Beta
vulgaris L.) under stress conditions.

Although several research studies documented that the application of biochar causes
a significant improvement in soil structure, soil enzyme activity, organic carbon content,
and soil quality for better crop production, much of this work has been done under normal
conditions. However, little work has been explored regarding the enzymatic activity for
soil conditioning under drought stress. The objective of the present study was to evaluate
the impact of biochar on maize growth and soil characteristics, including enzyme activity,
aggregate stability, organic carbon and soil microbial carbon under drought stress.

2. Materials and Methods
2.1. Preparation and Characterization of Biochar

For biochar preparation, the corn cobs were taken from the Institute of Soil and En-
vironmental Sciences research area, University of Agriculture Faisalabad, Pakistan. After
sun and oven drying at 65 °C in a forced-air oven (Eyela WFO-600ND, Tokyo Rikakikai,
Japan), cobs were crushed into small 2-5 mm pieces having moisture content of up to 10—
15%. Feedstock (crushed corn cobs) was put in a muffle furnace and pyrolyzed at 300 °C
or 400 °C. Temperature was increased by 8-9 °C min and residence time was 15-20 min
[17]. Biochar electrical conductivity (EC) and pH were determined after shaking a suspen-
sion at 1:20 ratio (biochar: deionized water) for 90 min on a mechanical shaker. Heating
was performed up to 107 °C, and this temperature was maintained until the constant
weight of the biochar sample was obtained; weight loss was recorded as moisture in bio-
char. Moreover, the size, shape and morphology of biochar were evaluated using scanning
electron microscopy (SEM) (TM 1000 Hitachi, Tokyo, Japan), transmission electron mi-
croscopy (TEM) (1230 JEOL, Japan) and energy dispersive spectroscopy (EDS) (Oxford
Instruments, UK).

2.2. Experimental Design

A pot study was performed in a glasshouse at the Institute of Soil and Environmental
Sciences, UAF, Pakistan. The experimental soil samples were (2 mm) sieved and air-dried
for evaluation of physicochemical properties (Table 1). The soil texture was estimated
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through a hydrometer according to Bouyoucos et al. [18]. Furthermore, soil physicochem-
ical properties were measured using the method previously described by Walkley and
Black [19]. Biochar was mixed at 1% and 3% separately in the soil before filling the pots.
Seven-kilogram soil was used in each pot; for control, one set of pots was filled with soil
without biochar. Levels of field capacity at 100%, 70% and 40% FC were maintained grav-
imetrically. Fifteen treatments with three repeats (total pots, 45) were arranged in factorial
arrangement using a completely randomized design (CRD). The recommended amount
of NPK (220:180:120 kg ha') was mixed in the soil at the time of sowing. Five seeds of
maize were sowed and after germination, three plants were maintained in each pot.

2.3. Measurement of Plant Growth and Physiological Parameters

Maize crop was harvested after 50 days of sowing. Plant roots were separated from
the soil with tap water after cutting the stem. Maize stalk height and root length were
measured using standard procedures, and relative water content (RWC) in maize leaves
was analyzed using the formula given below [20].

RWC (%) = M (1)
Wit —wd

Wf (Fresh weight), Wd (Dry weight), Wft (full turgid weight gained when leaves were
held in 100% humidity conditions for 48 h at 4 °C in the dark) were measured.

The leaf samples (0.5 g) were placed in a 10 mL tube with 5 mL deionized water and
incubated at 27 °C for 4 h, and the conductivity in solution was measured by a conduc-
tometer (R1). Afterward, samples were heated for 10 min in a boiling water bath, and
conductivity was measured again after the samples had cooled to 27 °C (R2). Electrolyte
leakage (EL) was calculated using the following formula.

R1
Electrolyte leakage (%) = VRS 100 )

Malondialdehyde (MDA) content was estimated from leaves (200 mg) homogenized
with 4 mL (0.1%) trichloroacetic acid. Homogenized samples were centrifuged for 15 min
at 10,000 rpm and supernatant separated. A mixture containing 1 mL supernatant and 2
mL each of trichloroacetic acid (20%) and thiobarbituric acid (0.5%) was prepared. The
mixture was cooled in ice after heating (95 °C) for 0.5 h, and MDA content was calculated
after measuring absorbance at 532 nm using a visible spectrophotometer according to
Nakano and Asada [21].

For ascorbate peroxidase activity, the sample mixture was prepared using 20 uL of
leaf extract, 660 pL ascorbic acid solution (0.5 mM), 660 uL potassium phosphate buffer
(50 mM, pH 7.0) and 660 puL H202. H20: was added at the end, and APx activity was
estimated as a decrease in absorbance at 290 nm due to reduction in ascorbate by H20:as
previously described by Nakano and Asada [21] The activity of APx was expressed as
nmol ascorbate min™ mg™' protein.

2.4. Soil Quality Analysis
2.4.1. Measurement of Soil Aggregate Stability and Moisture Content

A small rainfall simulator was used to measure water stable aggregation (WSA) in
soil samples collected from each pot. After air drying, samples were oven-dried at 40 °C
after sieving through an 8 mm sieve. Stacked sieves (0.25 mm and 2 mm) and catch pan
were used to shake the samples on a mechanical shaker for 10 s. Aggregates having size
0.25-2 mm were oven-dried again at 40 °C to achieve constant moisture content and meas-
ure water-stable aggregate. After drying, a single layer of aggregate was spread on a mesh
sieve (0.25 mm) and placed 0.5 mm below the rainfall simulator with a diameter of 0.59
mm. About 1.9 joules of energy was used through simulated rainfall for a period of 300 s
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as recommended by [22], and the remaining fraction of soil particles (>0.25) in the sieve
was used to determine WSA using the following formula.

Weight of stable aggregate

Water stabl tes =
ater stable aggrgates Weight of total aggregate ©

where,

Weight of stable aggregates = Weight of total aggregate — (Weight of slaked + Weight of stones) (4)

Weight of slaked is the weight of total aggregate slaked out of sieve, and stones are
the particles remaining in the sieve after the test.

Moisture content was determined by oven-drying (65 °C) 100 g of soil sample from
each pot in an oven (Eyela WFO-600ND) until reaching constant weight, and soil moisture
content was calculated as

wright of fresh soil sample — weight of over dried soil

X 100

Soil moisture content % =
% weight of oven dried soil (5)

2.4.2. Measurement of Soil Microbial Biomass

Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were deter-
mined through chloroform fumigation. A crucible was placed in a desiccator containing
soil sample (10 g), and dish containing chloroform (30 mL) was placed near it; one soil
sample without chloroform was also placed in separate desiccator as control for 5 d at
room temperature [23]. After fumigation, soil samples were extracted for microbial C and
N using K2SOs solution (0.5 M). For calculations, k-factor 0.35 used for MBC [24], while
0.45 was used for MBN, and the calculation for microbial biomass was performed with
the equations [25,26] given below.

Extracted Carbon (EC)

MB bon = 6

carbon X (6)
Exracted Nitrogen (EC

MB nitrogen = X gen (EC) )

where, K = fraction of extracted carbon or nitrogen from fumigated microbial biomass

2.4.3. Soil Biochemical Analysis

Modified universal buffer (MUB) was prepared at pH 11 for alkaline phosphatase
assay and 6.5 for acid phosphatase assay (4 mL each); 1 mL solution of o-nitrophenyl
phosphate (PNP) was prepared in that buffer. After treating 1 g of soil with toluene (0.25),
the contents were incubated at 37 °C for 1 h. After incubation completed, 4 mL of 0.5 M
NaOH and 1 mL of 0.5 M CaClz were added into the incubated samples. In the control
sample, 4 mL of 0.5 M NaOH and 1 mL of 0.5 M CaClz were added before PNP and just
before filtration. After filtration, the absorbance of the filtrate was measured at a wave-
length 400 nm [27].

For p-glucosidase, 1 g of soil sample was treated with 0.25 mL toluene and placed in
a flask containing MUB buffer (4 mL) and 1 mL o-nitrophenyl, 3-glucosidase (PNG) solu-
tion and incubated at 37 °C for 1 h. After incubation, samples were treated with 4 mL of
pH 12 tris buffer (hydroxyl-methyl amino-methane) solution and 1 mL CaClz (0.5 M). The
control sample was treated with PNG first, before adding the pH 12 tris buffer (hydroxyl-
methyl amino-methane) solution and 1 mL of 0.5 M CaClz and color intensity was ob-
served at A 400 nm [28].

2.4.4. Carbon Management Index

Carbon lability and changes in total carbon of the soil were used to develop a carbon
management index (CMI) through KMnO4 oxidation [29]. The calculation for CMI was
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performed by taking soil samples as treatments along with control as a reference treat-
ment; accordingly, the carbon pool index (CPI) was calculated by measuring changes in

total organic carbon among control and treatments as given below:
TOCtreatment
CPl=——— 8)
TOCcontrol

Lability of carbon (L) was calculated using C fraction oxidized by KMnO4 (POXC),
as follows:

Carbon in sample oxidized by KMnO,

~ Carbon in sample unoxidized by KMnO, ©)
Labile carbon (L) was used to calculate the lability index (LI), as follows:
Ltreatment
Ll=—— (10)
Lcontrol
CMI was calculated as the product of CPI and LI, as follows:
CMI = CPI x LI x100 (11)

2.5. Statistical Analysis

Data were arranged using Microsoft Excel 2013® (Microsoft Corporation, Redmond,
WA, USA), Statistix 8.1® (Analytical Software, Tallahassee, FL, USA). The data from the
pot experiment were analyzed through one-way ANOVA by using the Statistix software
suite (version 8.0), and Tukey’s multiple comparison test was used to compare the mean
values (p <0 0.05).

3. Results
3.1. Characterization of Biochar

The present study presented the physicochemical properties of crushed corn cob bi-
ochar (Table 1). Moreover, SEM, TEM and EDS analysis revealed the size, shape and sur-
face morphology of corn cob biochar samples pyrolyzed at 300 °C and 400 °C (Figure 1).
The SEM results for biochar produced at 300 °C showed a smaller pore size and higher
surface area compared with the biochar pyrolyzed at 400 °C. Similarly, TEM images of
biochar pyrolyzed at 300 °C showed that particle size was larger than that of the biochar
pyrolyzed at 400 °C. In addition, EDS analysis demonstrated the elemental composition
of biochar. The biochar pyrolyzed at 300 °C consisted of 74.45% C, 0.79% N, 23.81% O,
0.33% Mg, 0.10% P and 0.52% K. However, the sample pyrolyzed at 400 °C consisted of
79.83% C, 18.32% O, 0.61% N, 0.31% Mg, 0.24% P and 0.69% K.

Table 1. Physicochemical properties of crushed corn cob biochar and soil.

Biochar
Characteristic Units Values at 300 °C Values at 400 °C

Yield % 47-50 42.45
pHizo - 6.38 7.88
ECi:20 dSm! 0.21 1.23
Ash content % 12.3 14.8
Moisture content % 3.21 1.84
CEC cmole kg 38.40 52.55
Carbon % 55.31 61.87
Nitrogen % 1.78 2.93
Phosphorus % 0.38 19.38
Potassium % 0.97 1.02

Soil
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Characteristic Units Values

pHs - 8.12

ECe dS m-! 1.34

Organic matter (OM) % 0.63
Total N % 0.049
Available P mg kg 4.46
Available K mg kg 128
Field capacity (FC) % 10.9

Texture of soil - Sandy clay loam

Weight% - Weight%
74.45 = 79.83
0.79 5 0.61
2381 > 10 1832
0.33 z - 031
0.10 0.4

0.52 i 0.69
100.00 - (|° 100.00
- Mg

- (L
- [NINe] P K

o -
-p 2

0 st e s = T T T

Figure 1. Characterization of corn cob biochar samples pyrolyzed at 300 °C and 400 °C. (a) SEM
analysis of biochar pyrolyzed at 300 °C, (b) SEM analysis of biochar pyrolyzed at 400 °C, (c¢) TEM
analysis of biochar pyrolyzed at 300 °C, (d) TEM analysis of biochar pyrolyzed at 400 °C, (e) EDS
analysis of biochar pyrolyzed at 300 °C, (f) EDS analysis of biochar pyrolyzed at 400 °C.

3.2. Effect of Biochar on Maize Growth and Physiological Parameters

Drought stress significantly (p < 0.05) affects plant growth in terms of shoot and root
length (Table 2). Maximum shoot length at 100% of field capacity (FC) was measured with
1% biochar (300 °C), which was increased by 12% compared to control. Under drought
stress, highest shoot length was measured with 3% biochar (400 °C) at 70% and 40% FC,
and was increased by 35% and 51% compared to control, respectively. Highest root length
was measured where 1% and 3% (300 °C) and 1% (400 °C) biochar was applied at 100%
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FC compared to control without biochar (Table 2). However, the maximum increase in
root length at 70% FC was measured with 3% (400 °C) biochar, and was increased by 5%
compared with control, while at 40% FC the highest root length was observed in the con-
trol, where no biochar was applied.

Table 2. The effect of biochar on root and shoot length of maize under drought stress.

Treatments Shoot Length (cm) Root Length (cm)
100% FC 70% FC 40% FC 100% FC 70% FC 40% FC
Control 93.05+1.73 a— 7137 +5.03ef  5224+240g 51.17+153de 59.42+088ab 57.02+1.20a-d

Biochar 1% 104.10+3.21 a 86.33+296cd  63.03+1.45fg 54.06+0.88b—e 56.38+120b-d 52.12+0.88 c—e
Temperature 300 °C .

Biochar 3% 102.31+2.60ab  92.13+145a—c 7235+1.73ef 5411+1.00b—e 58.14+1.00ab 51.35+1.20de

Biochar 1%  100.03+0.88a—c 89.00+1.53b-d 67.01+2.96ef 5440+176b-e 56.33+1.15a-d 49.27+0.67e
Temperature 400 °C .

Biochar 3% 9642 +2.19a—c  9640+0.88a—c 78.41+0.58de 53.25+1.20b-e 6220+0.58a  53.35+1.00 b—e

Data are the means of three replications + Standard Error (SE). Means sharing similar letters for each parameter (shoot
length and root length) are not significantly different at p <0.05.

There was no significant difference in electrolyte leakage (EL) among all treatments
with biochar and control without biochar at 100% FC (Table 3). However, a significant (p
< 0.05) reduction in EL was observed at FC 70% and 40% with biochar application at 3%
(400 °C), decreasing by 28% and 36% as compared to control, respectively. The highest
relative water content was measured in the treatment where biochar was applied at 3%
(400 °C) and increased by 7%, 36% and 51%, respectively, compared to the control treat-
ment without biochar, at 100%, 70% and 40% of field capacity (Table 3). Reduction in MDA
content was observed with biochar addition in soil under drought (Table 3). Maximum
reduction was observed with 3% biochar (400 °C) at 70% FC and 40% FC, and was 28%
and 17%, respectively, compared to control without biochar. APx activity was increased
under drought; however, biochar reduced the activity of APx under drought stress, and
the reduction was 32% and 42% at 70% FC and 34% and 42% at 40% FC where biochar
was applied at 3% (300 °C and 400 °C) respectively, compared to control (Table 3).
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Table 3. The effect of biochar on electrolyte leakage, relative water content, MDA content and APx activity in maize plants under drought stress.

Treatments Electrolyte Leakage (%) Relative Water Content (%)
100% FC 70% FC 40% FC 100% FC 70% FC 40% FC
Control 5.32+0.35h 8.15+0.34 cd 11.80+0.25a 66.22 +0.85b 51.01 £ 0.64 ef 39.00£0.75h
o Biochar 1% 4.77+022h 7.35+0.20 de 10.02+0.32b 69.03 = 0.90ab 57.02+0.95 cd 46.12+1.02¢g
Temperature 300 °C . N
Biochar 3% 4.87+0.18 h 6.67£0.12 e—g 8.31£0.16 cd 71.00 +0.32 ab 66.18+0.46 b 55.35+1.45 de
o Biochar 1% 4.80+0.20h 7.04+0.27 d—f 9.21+0.21 bc 70.10 + 0.90ab 59.25+0.69 c 47.00 £ 0.90 fg
Temperature 400 °C . o
Biochar 3% 5.72£0.21 gh 5.90 £ 0.15 f-h 7.53£0.15de 71.04 +0.28a 69.33£0.72 ab 59.04£0.73 c
Treatments MDA Content umol g' FW APx nmol Ascorbate min~' mg! Protein
100%FC 70%FC 40%FC 100%FC 70%FC 40%FC
Control 5.28 £0.38 fg 8.25+0.76 de 6.76 £0.47 a 624+035¢g 121+048d 22.23+0.30a
o Biochar 1% 5.04 £ 0.48 fg 7.02£0.52 ef 6.03 £ 0.44 ab 6.00+£044 g 9.85+035e 17.00+0.31b
Temperature 300 °C . o
Biochar 3% 486+0.18¢g 6.36 £0.40 e—g 5.61+0.52 bc 589+021¢g 824+0.20e 14.72£0.16 ¢
Temperature 400 °C Biochar 1% 5.16 £ 0.46 fg 6.55+0.39 e-¢g 5.86 +0.62 bc 6.15+£045¢ 9.01 £0.34 ef 16.57 +0.27 b
emperature Biochar 3% 532+0.15 fg 5.97 +0.63 fg 5.64+032 cd 6.19+0.15¢g 7.01 +0.24 fg 12.90+0.34d

Data are the means of three replications + Standard Error (SE). Means sharing similar letters for each parameter (electrolyte leakage, relative water content, MDA content
and APx activity) are not significantly different at p <0.05.
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3.3. Effect of Biochar on Soil Quality Parameters

A significant (p < 0.05) increase in aggregate stability was observed in biochar
amended treatments compared to unamended control treatment (Table 4). Maximum ag-
gregate stability was 30% where biochar was applied at 3% (400 °C) and 3% (300 °C), re-
spectively at 100% FC as compared to control (17%) without biochar (Table 4). However,
with increasing drought level, from 100% FC to 40% FC, the results were statistically at
par among all biochar treatments. At 40% FC, aggregate stability of 32% was measured
with 3% (400 °C) biochar, followed by 31% with 3% (300 °C) and 19% with the control
(19%) treatment. Similarly, the highest soil moisture content was measured with 3% bio-
char (400 °C) at all field capacity levels, yielding 59%, 42% and 26%, respectively, at 100%,
70% and 40% FC (Table 4). This increase in soil moisture was 104%, 132% and 125%, re-
spectively, as compared to control treatment without biochar.

Biochar addition into the soil significantly (p < 0.05) increased the MBC under
drought stress (70% and 40% FC); however, under 100% FC, the results were statistically
at par among all treatments with or without biochar (Table 4). At 70% FC, the maximum
MBC was 197 mg kg and 171 mg kg™ with 3% biochar (400 °C) and 3% biochar (300 °C)
respectively, compared to control (126 mg kg™) without biochar. Similarly, at 40% FC, the
MBC was 141 mg kg'and 113 mg kg'with 3% biochar (400 °C) and 3% biochar (300 °C),
respectively, compared to control (64 mg kg™) treatment. MBN was also non-significant
(p < 0.05) within each treatment at 100% FC (Table 4). The highest values for MBN were
24 mg kg'and 23 mg kg at 70%FC, and 20 mg kg'and 17 mg kg at 40% FC, for biochar
treatments applied at 3% (400 °C) and 3% (300 °C), respectively, compared with control
treatment (15 mg kg and 7 mg kg™') where no biochar was applied (Table 4).
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Table 4. The effect of biochar on aggregate stability, soil moisture content, soil microbial carbon and nitrogen under drought stress.

Treatments Aggregate Stability (%) Soil Moisture Content (%)
100% FC 70% FC 40% FC 100% FC 70% FC 40% FC
Control 1728 £1.06 b 18.02+126b 19.19+1.26b  29.06 +0.65 ef 18.37 £ 0.19 jj 12.00 £ 0.31 k
Temperature 300 °C Biochar 1% 28.33+1.14a 29.05+1.38a 3041+128a 36.37+1.33d 23.25+0.17 gh 16.39£0.18
Biochar 3% 30.00+1.08 a 30.37+1.10a 31.08+1.03a 50.31+0.59b 34.00+0.88d 22.24 +0.56 hi
Temperature 400 °C Biochar 1% 28.17+0.98 a 3022+1.6la 3026+1.68a 43.06+1.15c 30.18+0.33 e 17.45+0.31]
Biochar 3% 30.01+1.05a 3216+1.16a 32.09+1.0la 59.25+0.99a 42.40+1.00 c 26.30+0.58f g
Microbial Biomass Carbon Microbial Biomass Nitrogen
Treatments . :
(mg kg Soil) (mg kg Soil)
100% FC 70% FC 40% FC 100% FC 70% FC 40% FC
Control 223.15+3.02ab  12636+5.11ef 64.45+897h 26.22+0.90 a—c 15.25 £ 0.97gh 7.00+0.751
. Biochar 1% 239.45+3.53 a 14127 £5.69ef 9518+539g 27.45+1.08 ab 18.10+1.04 e-g 1221+1.35h
Temperature 300 °C .
Biochar 3% 23322+3.11a 171.00 £ 4.00 cd 113.22 +4.61 fg  28.00+0.59 a 23.32+0.88 b—d 17.33£0.59 fg
Temperature 400 °C Biochar 1% 227.00+7.03ab  144.31+451de 96.09+356g 27.37+091ab 22.43 +0.48c—e 14.01 £0.73 gh
Biochar 3% 220.06+6.05ab  197.01+6.52bc 141.31 +6.11ef 26.01 £0.76a—c  24.21 + 0.41a—d 20.40 +0.64 d—f

Data are the means of three replications + Standard Error (SE). Means sharing similar letters for each parameter (aggregate stability, soil moisture content, microbial biomass
carbon and microbial biomass nitrogen) are not significantly different at p < 0.05.
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3.4. Effect of Biochar on Soil Biochemical Attributes

The data showed that drought significantly (p < 0.05) affects soil alkaline phosphatase
(Figure 2b) and p-glucosidase activity in biochar amended soil (Figure 2c). However, soil
acid phosphatase activity was statistically at par among all the treatments (biochar
amended as well as a control without biochar) at 100%, 70% and 40% FC, respectively
(Figure 2a). Soil alkaline phosphatase activity showed a non-significant (p < 0.05) relation
among all the treatments at 100% FC. However, under drought stress at 40% FC, the ad-
dition of 3% and 1% biochar produced at 400 °C to the soil significantly (p <0.05) improved
the activity of alkaline phosphatase, and the improvement was 95% and 62% respectively,
compared with the control treatment without biochar. Although [-glucosidase activity
was also improved with the addition of a lower concentration of biochar (1%) produced
at the lower temperature (300 °C) at 100% FC, at 40% and 70% FC, 3-glucosidase activity
was improved with the application of the higher concentration of biochar (3%) produced
at the higher temperature (400 °C), compared to control with no biochar added (Figure
20).
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Figure 2. The effect of biochar on soil (a) acid phosphatase activity, (b) alkaline phosphatase activity,
(c) B-glucosidase activity, and (d) organic carbon under drought stress. Data with different letters
are considered significantly different (p <0.05).
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3.5. Effect of Biochar on Soil Organic Carbon Composition

Biochar addition into the soil significantly (p < 0.05) increased the organic carbon in
the soil (Figure 3d). The highest values of organic carbon measured at 100%, 40% and 70%
FC were obtained with the treatment where biochar was applied at 3% (400 °C), and were
266%, 254% and 246% or more, respectively, compared to the control where no biochar
was applied. Moreover, the results with each biochar treatment were statistically at par at
100%, 70% and 40% FC. Carbon lability was reduced significantly (p < 0.05) with biochar,
and minimum carbon lability (0.52, 0.54 and 0.54) was calculated at 40% FC with 3% bio-
char (400 °C) compared to control (0.86, 0.91, and 0.94), respectively (Figure 3a). A similar
trend was observed in the case of the lability index, and the minimum lability index (0.58)
was measured at 100% FC where 3% (400 °C) biochar was applied (Figure 3b). Data on
carbon pool index (CPI) showed that biochar significantly (p < 0.05) increased CPI when
applied at a higher rate, and the maximum value of CPI was calculated with 3% biochar
(400 °C), which was 3.58, 3.51 and 3.47 at 40% 70% and 100% respectively, followed by the
results with 3% biochar (300 °C), where the CPI value was calculated as 3.45 3.42 and 3.24
at 70%, 40% and 100% FC, respectively, compared to control without biochar (Figure 3c).
Similarly, the carbon management index (CMI) achieved a maximum value of 246 with
biochar applied at 3% (400 °C) at 40% FC (Figure 3d). This result was similar to the values
at 70% and 100% FC, where the CMI was 239 and 214, respectively. However, statistically,
there were no significant differences among all the treatments except for the control (Fig-
ure 3d).
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Figure 3. The effect of biochar on (a) carbon lability, (b) lability index, (c) carbon pool index, and (d)
carbon management index under drought stress. Data with different letters are considered signifi-
cantly different (p <0.05).

4. Discussion

Plant growth is adversely affected by drought, which causes plant cell dehydration,
consequently inhibiting cell division and elongation, stem elongation, leaf size, root pro-
liferation and plant water [30-32]. In the present study, we observed that biochar addition
into the soil significantly affected plant growth under drought stress. However, at 70% FC
and 40% FC, biochar application at a higher rate (3% w/w produced at 400 °C) significantly
enhanced maize plant height, which could be due to more soil moisture as biochar retains
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more water due to its high porosity and high surface area [33,34]. Root length was in-
creased with 3% w/w biochar pyrolyzed at 400 °C under drought stress at 70% FC (Table
2). That could be the result of biochar supplementation that improved the soil’s biological
and physicochemical properties, which favor roots. Glaser et al. [35] and Abiven et al. [36]
documented that biochar addition into the soil yielded improved length, wider root sys-
tems and lateral roots (primary and secondary) by providing more nutrients to specific
zones [37], specifically for nutrients that are immobile, such as phosphorus [38]. The root
length significantly increased due to the availability of more water to the plant, which
could help the photosynthesis machinery improve chlorophyll content under drought
stress [39]. Similarly, biochar addition improved the growth, and especially the roots, of
Phragmites karka under drought stress [40].

The present study demonstrate higher relative water content in maize leaf in biochar
amended soil under drought stress (Table 2), which could be due to the significant in-
crease in water uptake from soil to maintain the plants’ water status [41]. Improvement in
water status was observed by Abideen et al. [40], with biochar application in soil; other
researchers also reported similar findings [42,43]. The relation between MDA content/li-
pid peroxidation was very strong, as more electrolyte leakage occurred with higher MDA
accumulation under drought stress because higher accumulation of MDA and lipid pe-
roxidation cause reduction in membrane stability [44]. We investigated higher electrolyte
leakage with higher drought levels (70% FC and 40% FC). However, biochar addition at
3% (300 °C and 400 °C pyrolyzing temperatures) caused reduction in membrane leak-
age/MDA content under drought as documented by Abideen et al. [40]. A reduction in
MDA content was also reported in maize leaves when poultry manure was applied with
pyroligneous solution [45]. Biochar application into the soil reduced the oxidative stress
and antioxidant enzyme activity compared to control [46]. For example, reduction in
ascorbate peroxidase activity and other antioxidant enzyme activity, e.g., glutathione re-
ductase (GR), in maize was documented in biochar amended soil under oxidative stress
[47]. Improvements in plant physiology were also reported [41] with higher rates of bio-
char compared to lower rates.

We observed higher carbon content in soil amended with biochar, which is consistent
with previous studies [48,49]. These higher levels of carbon content and lower carbon la-
bility together reflected that biochar carbon remains in the soil for longer periods com-
pared to other organic matter [50]. Several researchers reported similar findings [31,51].
In the present study, we investigated the significant increase in aggregate stability in bio-
char (1% and 3% w/w) amended soil under drought stress (70%, 40% FC). Lei and Zhang
[52] observed a 17-18% increase in macroaggregates with biochar (woodchip and dairy
manure) addition into the soil compared to control. The formation of water-stable
macroaggregates with rice husk and corn cob biochar was also reported [53,54]. The or-
ganic carbon present in biochar has a potential role in increasing soil aggregate stability
due to its recalcitrant nature and generally produces more stable macroaggregates [52].

In this study, maximum soil moisture content was measured (Table 3) in treatments
where biochar was applied at 3% w/w (pyrolyzed at 400 °C), which could be due to more
surface area and porosity, as biochar with higher surface area and porosity stores higher
water content [55]. The soil application of biochar significantly improved soil fertility,
which influenced the soil’s capacity to retain water available for plants [56-58]. Several
studies revealed that the combination of biochar with soils could improve soil structure,
increase porosity, decrease bulk density, and enhance aggregation and water retention
[59,60]. Improvement in soil water content/soil moisture was also reported by many re-
searchers [61-64]; however, the improvements depend on the feedstock used for pyroly-
sis, the pyrolysis method and conditions, and the rate of biochar applied [65].

Our results showed an increase in microbial biomass (MB) C and N with biochar
application into the soil under drought stress. This increase in microbial biomass was pos-
sible because biochar provides natural habitat to the microbes in the soil environment [66—
69] and also provides macro and micronutrients to the soil microbes for their proliferation
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[70,71]. Several studies also reported that biochar incorporation into the soil increases the
microbial population [72,73]. However, the composition and abundance of different mi-
crobes may vary in response to biochar applications [66,74]. The distribution of various
minerals present in biochar, as well as the pore size and surface area, depend on certain
conditions, e.g., temperature [75]. A higher temperature creates more pores and higher
surface area, and increases the carbon content in biochar [76].

Enzymes are potentially involved in certain biochemical processes in soils, such as
organic matter mineralization and the carbon, nitrogen, and phosphorus cycles [77]. The
activity of phosphatase in soil reflects the activity of the soil enzymes associated with liv-
ing and dead plant cells, free phosphatase in soil solution, humic substances and microbes
[78], and stimulates the transformation of organic into inorganic forms in soil, which are
radially available to plants [79]. The highest alkaline phosphatase activity was found in
soil amended with 3% w/w (400 °C) biochar at 70% FC and 40% FC, while acidic, alkaline
activity was not improved (Figure 2). This change in enzymatic activity is associated with
changes in soil moisture and oxygenation [80]. Gong et al. [81] reported an increase in the
enzymatic activity of microbes with biochar addition into the soil. This difference in the
promoting effect of biochar could be due to the physicochemical properties of the biochar
used; the available proportion of nutrients in biochar can be a good source for microor-
ganisms [82]. Our results showed an increase in [3-glucosidase activity (Figure 2c). Smith
et al. [83] and Bailey et al. [84] also reported increases in 3-glucosidase activity when 2%
(w/w) biochar pyrolyzed at 500 °C was applied to sandy, loamy soil. Similarly, Ouyang et
al. [85] showed an increase in 3-glucosidase activity in soil amended with dairy manure
biochar during the initial incubation period. The activity of various enzymes was altered
because biochar influences soil water holding capacity, specific surface area, gas exchange
and other physicochemical properties of the soil [66]. We found in our experiment that
organic carbon increased significantly with the addition of biochar (3% pyrolyzed at 400
°C) under drought stress (Figure 2d); this increase in organic carbon was attributed to the
more recalcitrant nature of biochar as a stable source of organic carbon [8]. Improvements
in total organic carbon in soil amended with biochar were also reported by other authors
[86,87]. Recently, Agegnehu et al. [88] and Cross et al. [89] documented the biochar con-
tribution to carbon sequestration, as biochar addition into the soil increased organic car-
bon content. Biochar produced at higher temperatures contains less degradable and more
stable matter (high aromatic C-C bonds), resulting in higher chemical recalcitrance and
stability [85]. On the other hand, biochar produced at lower temperatures contains less
stable and more easily degradable matter (high aliphatic C-H bonds) [90].

5. Conclusions

In the present study, we observed that application of biochar significantly improved
maize plant growth under drought stress conditions. Similarly, relative water content in
maize leaves, soil aggregate stability and soil moisture content were increased signifi-
cantly with biochar amendment under drought stress as compared to control. Among soil
enzymes, the activity of (3-glucosidase and alkaline phosphatase activity was improved
under drought stress, while acid phosphatase activity showed non-significant results
compared to control. Biochar increased organic carbon in soil and reduced carbon lability
under drought stress. Moreover, the carbon pool index and carbon management index
were also increased in biochar-amended soil. Overall, biochar is a good approach to im-
proving maize physiology, soil enzyme activity, soil aggregate stability, microbial bio-
mass carbon and nitrogen, organic carbon and soil quality.
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