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Improving maize yield and drought
tolerance in field conditions
through activated biochar
application

Muhammad Bilal Naeem?, Summera Jahan'2*“, Audil Rashid®, Anis Ali Shah3**,
Vaseem Raja* & Mohamed A. El-Sheikh®

Amidst depleting water resources, rising crop water needs, changing climates, and soil fertility decline
from inorganic modifications of soil, the need for sustainable agricultural solutions has been more
pressing. The experimental work aimed to inspect the potential of organically activated biochar in
improving soil physicochemical and nutrient status as well as improving biochemical and physiological
processes, and optimizing yield-related attributes under optimal and deficit irrigation conditions.
Biochar enhances soil structure, water retention, and nutrient availability, while improving plant
nutrient uptake and drought resilience. The field experiment with maize crop was conducted in
Hardaas Pur (32°38.37'N, 74°9.00’E), Gujrat, Pakistan. The experiment involved the use of DK-9108,
DK-6321, and Sarhaab maize hybrid seeds, with five moisture levels of evapotranspiration (100% ETC,
80% ETC, 70% ETC, 60% ETC, and 50% ETC) maintained throughout the crop seasons. Furthermore,
activated biochar was applied at three levels: 0 tons/ha (no biochar), 5 tons per hectare, and 10 tons per
hectare. The study’s findings revealed significant improvements in soil organic matter, bulk density,
nutrient profile and total porosity with biochar supplementation in soil. Maize plants grown under
lower levels of ETC in biochar supplemented soil had enhanced membrane stability index (1.6 times
higher) increased protein content (1.4 times higher), reduced malondialdehyde levels (0.7 times lower),
improved antioxidant enzyme activity (1.3 times more SOD and POD activity, and 1.2 times more CAT
activity), improved relative growth (1.05 times more) and enhanced yield parameters (26% more grain
and stover yield, 16% more 1000-seed weight, 29% more total seed weight, 33% more apparent water
productivity) than control. Additionally, among the two biochar application levels tested, the 5 tons/ha
dose demonstrated superior efficiency compared to the 10 tons/ha biochar dose.

Keywords Soil health, Drought tolerance, Water use efficiency, Crop evapotranspiration, Penman-Monteith
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Global environmental challenges are intensifying due to urbanization, altering climatic patterns, and exponential
population growth; Pakistan is particularly vulnerable to the repercussions of these developments'2. Water
scarcity is one of the consequences of these unusual weather patterns, mostly brought on by the increase in
temperature. This has a direct impact on quality and quantity of agricultural productivity®. Drought conditions
have become increasingly prevalent worldwide over the last century?. Numerous regions in Pakistan have been
confronted with drought conditions ranging from moderate to severe®. The Pakistan Council of Research in Water
Resources (PCRWR) predicts Pakistan will experience its worst water shortage by 2025°. Because of rising crop
water demand and decreasing water supply, ensuring a sufficient food supply becomes an enormous challenge
in the long run’. Elevated levels of CO, and temperature stimulate increased evapotranspiration; consequently,
plants demand a greater quantity of water to meet their fundamental growth requirements®. Moreover, rising
food demand can be met by overharvesting, but this can lead to soil deterioration and soil infertility if harvesting
and crop sowing are not managed appropriately®. A variety of soil amendments, including manure, organic
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matter, lime, and gypsum, are utilised for the purpose of enhancing soil fertility'®. However, integrating biochar
into the soil is the most efficient and environmentally beneficial method for preserving soil fertility!!. The
biochar is generated through the process of pyrolysis of organic waste underneath anaerobic conditions and
the resultant solid product with a highly recalcitrant carbon proportion is called biochar!2. Biochar has many
potential benefits as a soil amendment it improves soil structure, decreases bulk density of soil, and neutralizes
acidic soil'®. It also improves pore volume and soil porosity, enhances soil cation exchange capacity'?, and
facilitates a positive change in soil organic matter'®, and increases the plant’s available water level by improving
the water retention capability of soil, improving properties of soil'®!7. The biochar stores carbon in the organic
matter of soil, thus mediating in carbon sequestration'®. It also helps to reduce the release of greenhouse gases
in atmosphere!®. Biochar improves water retention by increasing soil porosity and enhancing water-holding
capacity, which helps plants survive during drought®. It also promotes nutrient cycling by enhancing microbial
activity, creating a more favorable environment for microorganisms that break down organic matter and release
essential nutrients like nitrogen and phosphorus?!. These mechanisms collectively improve soil structure, water
availability, and plant health, particularly under water-stress conditions. These are the reasons that give a clear
win-win indication about the use of biochar for yield improvement of crops under drought conditions®2.

To augment the efficacy of utilization of biochar in soil modification, the activation of biochar is an effective
approach. The activation of biochar improves its surface area, pore size, and absorption ability?’. This process of
activation can be physical?*, chemical®, or biological?®. Different types of gases and steam are used in physical
methods to activate biochar, but they can produce some hazardous chemicals in the environment?’. For the
chemical activation of biochar, zinc chloride?®, hydrogen peroxide?, and sodium hydroxide® are used. These
chemicals may increase the porosity of biochar!%, but the disadvantages are cost-effectiveness and leakage of
chemicals during the process. The organic activation of biochar by extracellular enzymes secreted by microbes
present in vermicompost effectively increases the pore size and biochar surface area’, While perlite is volcanic
glass and further boosts the water retention capacity of biochar®. Together, these materials were deemed optimal
for biochar activation to address soil improvement under drought conditions.

Maize is grown widely for food, medicine, and industrial purposes®. As per the International Production
Assessment Division (IPAD) of United States Department of Agriculture (USDA), the global production of maize
was 1.16 billion MT in 2022 which is 8% lower than the previous year, while Pakistan comes at 15th number
in the production ranking with annual maize yield of 9.2 million MT, which is less than 1% of global maize
production. Pakistan’s maize yield has decreased by 9.4% (5.8 tons/ha) since the last year’s yield was 6.4 tons/ha.
According to USDA, the decline in corn production in the year 2022 was due to delayed planting and a recent
drought scenario. Therefore, to minimize the effects of drought on food security, using activated biochar could
be a beneficial approach to handle the declining yield due to water stress. Due to increased agricultural activities
and crop production to fulfill the needs of food for an increasing population, the soil is becoming less fertile,
and its water retention capacity is getting poor!. Moreover, semi-arid and arid areas are becoming vulnerable to
water stress due to changing climatic patterns®. Therefore, an easily accessible approach should be devised that
can increase the yield and, at the same time, prevent soil from degradation. Thus, using organically activated
biochar for maize under drought conditions could be helpful in problems addressed earlier. Despite biochar’s
documented benefits, there is a significant gap in research on its practical application in field settings, especially
under drought conditions in regions like Pakistan. Most existing studies focus on controlled environments,
which limits our understanding of how biochar performs in real-world scenarios. This study addresses this gap
by evaluating organically activated biochar in field conditions and examining its effects on maize growth, soil
properties, and crop productivity. The present work addresses how does organically activated biochar influence
maize’s physiological and biochemical responses under varying moisture levels? The research innovatively uses
comprehensive biochemical, physiological, and yield parameters to assess biochar’s impact and identifies the
optimal amendment levels to enhance crop productivity under water-stressed conditions.

Materials and methods

Biochar production and activation

Arabic tree (Acacia nilotica L.) timber chips were utilized to produce biochar. The reactor was heated at an
average ramp of 20 C until reaching 450 ‘C, sustaining pyrolysis for three hours. The surface characteristics
of biochar were further modified by the activation process, through a blend with vermicompost tea and perlite
(1:1:1 ratio). For accelerated activation, a 2-liter liquid molasses solution was included, and the mixture was
blended daily to clinch proper aeration. This process continued for two weeks until excess moisture disappeared,
yielding a glossy black solid soil amendment*.

Characterization of research site

The experiment was conducted in two successive years 2023-2024 to determine the optimal level of activated
biochar under varying moisture conditions. The soil of the research site was a loam with little higher clay ratio
(280 g/kg silt, 390 g/kg clay and 330 g/kg sand). Soil pH at the 0.00-0.15-meter layer was determined by ISO
10,390 (2021) and soil EC was determined by the method of Rayment & Higginson*. Elemental and structural
analysis of soil samples (Fig. 1) was perfumed by SEM (scanning electron microscope) JSMS910 (JEOL, Japan).
Soil saturation percentage, bulk density by core method, particle density, soil total porosity, soil organic matter,
nitrogen, available potassium and phosphorus, oxidizable carbon and total organic carbon were determined
by the Estefan method®. The initial properties of the soil indicate a loamy texture, a pH of 7.6, 0.8 ds m~!
EC, saturation percentage 30%, and 62% porosity, with very low organic matter (0.36%) and total carbon
content (0.21%), along with moderate nutrient levels. The activated biochar exhibited a pH of 7.82, an electrical
conductivity (EC) of 0.4 dS m™, a saturation percentage of 62%, and a porosity ranging from 75 to 78%. The
biochar’s organic matter content ranged between 0.69% and 0.85%, with a total carbon content of 0.4-0.49%.
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Fig. 1. SEM & EDX analysis of 0 tons/ ha, 5 tons/ha, and 10 tons/ha biochar supplemented soil showing
particles, porosity and elemental composition.

1 T1 ETC 100%, 0 tons biochar
2 T2 ETC 80%, 0 tons biochar
3 T3 ETC 70%, 0 tons biochar
4 T4 ETC 60%, 0 tons biochar
5 T5 ETC 50%, 0 tons biochar
6 T6 ETC 100%, 5 tons biochar
7 T7 ETC 80%, 5 tons biochar
8 T8 ETC 70%, 5 tons biochar
9 T9 ETC 60%, 5 tons biochar
10 T10 ETC 50%, 5 tons biochar
11 T11 ETC 100%, 10 tons biochar
12 T12 ETC 80%, 10 tons biochar
13 T13 ETC 70%, 10 tons biochar
14 Ti14 ETC 60%, 10 tons biochar
15 Ti15 ETC 50%, 10 tons biochar

Table 1. Experiment treatments repeated in triplicates with three maize hybrid DK-9108, DK-6321 and
Sarhaab. ETC is indicating evapotranspiration

The water content retention curve was fitted by using a non-linear Van Gunechten model® by adjusting the
van Gunechtan parameters utilizing SWRC Excel solver function developed by Anlauf*. The saturated hydraulic
conductivity was determined by constant head method (Klute 1965). The unsaturated hydraulic conductivity
was estimated by the Mualem-van Genuchten Model®.

Experiment design and treatments

The successive field experiments were managed in the village Hardaas Pur, Gujrat, Pakistan (32°38.37'N,
74°9.00’E) to determine the optimal level of activated biochar under varying moisture conditions. Maize
hybrids (DK-9108, DK-6321, and Sarhaab) seeds were sourced from Bayer, Corporate Lahore, Pakistan. Biochar
was applied at three levels in the 20 cm of soil top layer: no biochar (control, 0 tons per hectare), 5 tons per
hectare, and 10 tons per hectare. The experiment utilized a split-plot design with 45 subplots (2 m by 2 m), each
comprising three rows spaced 30 cm apart. Each maize hybrid was sown in a separate subplot, with seeds planted
at alevel of 3-5 cm and a frequency of 14 seeds per row. Experiment consists of 45 treatments with five moisture
levels (100%, 80%, 70%, 60%, and 50% ETC) and three biochar application rates (0 t/ha, 5 t/ha, and 10 t/ha) as
outlined in Table 1.
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Crop water management and irrigation strategy
The crop water need was computed by the following equation projected by Food and Agriculture Organization
for United States (FAO).

IN=ETC — Pe

Where; IN is the net water requirement, ETc is crop evapotranspiration, and Pe represents effective rainfall.

Moreover, the evapotranspiration was calculated by using this expression®’,

ETe = ET() X KC
ETo is reference evapotranspiration, and Kc is crop coeflicient. Reference evapotranspiration was calculated by
using Penman Monteith Eq. 4*!,

0.41A (RN — G) +v [900/ (T + 273)] U2 (es — ea)

ETo =
¢ Aty (1+0302)

Where; mean daily temperature at a height of 2 meters (°C), RN symbolizes net radiation, G represents the heat
flux of soil in MJm?/day, A represents gradient of the vapor pressure-temperature curvature in k.Pa (°C) 71, y
is psychometric constant (kPa°C~!), U2 denotes daily wind rate at 2-meter elevation in meters per second, ‘es’
denotes the average saturation vapor pressure, while ‘ea’ signifies the real vapor pressure.

Calculations for ETo were performed in CROPWAT 8.0, entering geographic information (location,
year, altitude (m), latitude (°), longitude (°), and weather variables including minimum temperature (°C),
maximum temperature (°C), relative humidity (%), speed of wind (m/s), and sunlight hours. These variables
for the experimental site were obtained from the Earth Observing System and Data Analytics (EOSDA, 2023), a
satellite-based crop monitoring platform (Fig. 2). Crop stage-specific coeflicients (Kc values) for maize, derived
by*2, were employed in the experiment, varying from 0.35 to 1.20 based on the crop stage. Effective rainfall was
estimated using the FAO/AGLW dependable rain formula in CROPWAT 8.0,

Pe= (0.6 x P)—3.33

If P<70 mm.
Pe is effective rainfall, while P is the total precipitation in mm.

Relative growth and yield analysis
Relative increase in leaf area
The proportional growth in leaf area was deduced by the following expression by*?

Relative increase in leaf area = logeL - loge Ly

Ty =Ty
L, Leaf area of initial harvesting, L, Leaf area of the next harvesting, T,, Number of days of initial harvesting,
and T, Number of days of the next harvesting.

For leaf area (cm?), pictures of plant leaves were taken and processed in Image]J software (NIH, v. 1.8.0_345
64-bit, Bethesda, MD, USA) using polygon selection in the software**.

o log.ws _ log
Relative change in leaf fresh/dry weight ( & ) — D672 OBW1

day Ty —T4
w, Leaf fresh weight of the initial harvesting, and w, Leaf fresh weight of the next harvesting.
Relative increase in shoot/root weight

The proportional expansion in root and shoot fresh and dry weight was calculated by using the following
formula by*’;

g \ _ log,wy_log,wy
day) = To—Ty

Relative increase in shoot or root fresh /dry weight (

While, the fresh and dry weight of root and shoot was recorded by electrical weighing balance.

Relative growth rate
The relative growth rate was deduced by the formula given below*S,

g \ _ log,Wy_log, W
day ) Ty —T4

Relative growth rate (

W, Initial dry matter of initial harvesting, and W, Initial dry matter of the next harvesting.
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Weather Data Comparison (2023 vs 2024)
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Fig. 2. Weather data comparison of experimental site during the maize seasons (2023 and 2024) obtained from
Earth Observing System and Data Analytics (EOSDA) satellite-based precision agriculture platform (a) Wind
Speed (b) Average sun hours per day (c) Mean daily temperature (d) Mean daily humidity (e) Total rainfall.

Net assimilation rate
The net assimilation rate of the maize plants was calculated by*.

1

Wy

W,

m
Net assimilation rate or E (—g;)
cm

" log.Ls — log.Ly  To—

T

W, Primary dry matter of plant, Wz, Final dry matter of plant, L1, Primary leaf area, Lz, Final leaf area, and T2 -

T1, Time interval difference between harvestings.

Plant sampling for relative growth analysis was taken three times with the interval of 15 days between each

sampling, starting from the starting of vegetative stage.
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Physiological and biochemical analysis

Cell membrane stability index assessment

The cell membrane stability index was calculated by the method of Premachandra et al.¥’, and the
modifications by Sairam*. The Bradford’s method* was used to find the protein content. Lipid peroxidation
or malondialdehyde content in the leaf was determined by following the method of Prochazkova et al.*®. The
2 ml of 0.1% trichloroacetic acid (TCA) was added to (100 mg) grounded leaf material. Then, the mixture was
centrifuged. The top layer was separated and 4 ml of 0.5% TBA (thiobarbituric acid) and 1 ml of 20% TCA was
mixed in it and warmed in a water bath for about 30 min at 95 °C. The absorbance values were noted at 600 nm,
532 nm, and 440 nm, the malondialdehyde level was evaluated by using the following formula:

A Mol. A of Sucrose at 532 nm
MDA = [< Ab532 — Ab600> — [<Ab440 — Ab600> (MOL A ofSuvros:: a: :1)4[) nm)} % 106
) 15700

Antioxidant activity assessment

To assess antioxidant enzyme activity, leaf material was pulverized in a clean mortar using 5 ml phosphate buffer
by keeping in an ice bath. Following this, the mixture was separated at 13,000 g for 20 min at 4 °C, and the
resulting top layer was analysed for antioxidant enzyme activity.

Superoxide dismutase activity
The photochemical reduction of nitro blue tetrazolium (NBT) inhibition was measured to assess the activity of
SOD by using the Beauchamp & Fridovich®! approach. Each reaction sample included 0.5 ml phosphate buffer,
0.2 ml of triton X, 0.1 ml of riboflavin (0.002 mM), 0.1 ml of enzyme extract, and 0.1 ml of methionine (13 mM).
At 560 nm, the samples’ absorbance was measured by UV spectrophotometer. To calculate SOD activity, the
following formulas was used:

U — absorbance < 100
50

IU is a global unit for enzyme activity

U

SOD = ——M—
mass of protein

Peroxidase activity

The process designated by Vetter et al.>> was employed for the assessment of peroxidase activity, incorporating
adjustments as suggested by Gorin & Heidema®. The reaction combination consisted of 0.2 ml of enzyme
extract, 1.8 ml of a 100 mM phosphate buffer (pH 7), 0.3 ml of 3 mM H,0O,, and 0.1 ml of an aqueous solution
containing 1% w/v p-phenylenediamine. The variations” absorbance was recorded for three minutes at 485 nm
by UV spectrophotometer, and the peroxidase activity was evaluated using the formula:

AKRR
POD = — 21
mg of protein
Catalase activity
To evaluate the catalase activity within the leaf sample, a reaction blend (3 ml) was organised, consisting of
0.2 ml enzyme extract, 2.6 ml potassium phosphate buffer with a pH of 7.2, and 0.2 ml of 15 mM H,0,.To stop
the reaction, 2 ml of titanium reagent was added after 5 min. After centrifuging, the mixture for 10 min, values
of absorbance at 410 nm were taken by UV spectrophotometer. This formula was used to determine the catalase
activity:

caT = — 2410
mg of protein

Yield analysis

After harvesting of maize crop, following yield parameters were recorded such as cob length (cm), cob weight
(g), and kernel number per cob, cob yield per plant, hundred grain weight, stover yield, and apparent water
productivity.

The cob length (cm) was measured by processing the images of corn cobs in a java-based software, Image]
(NIH version 1.8.0_345 64-bit, Bethesda, MD, USA)*!. The cob weight (g) and thousand seed weight (g) were
measured by electrical weighing balance, kernel number per cob were counted manually. Stover yield was
calculated as the dry biomass after harvesting the cobs.

The grain yield of a plant was estimated by taking the weight of seeds per cob. Further, yield per hectare was
estimated by multiplying the plant density according to layout by grain yield per plant.

k
Yield (1—g) = Grain yield per plant x planting density
1a
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Area of plot (1112)
R — R Spacing (m?)

Planting density per hectare =

The next formula was used to calculate the evident water productivity by following Shabbir et al.>

Grain Yield (kg
Apparent water productivity (kg /m3) =AWP = — ,I in Yield (ks )
Irrigation water supply (m3)

Statistical analysis

The statistical analyses for the study were executed by using Minitab software (Ver. 21.2). Three-Way Analysis
of Variance (ANOVA) in the framework of a General Linear Model (GLM) was employed to measure the
influence of various growth, biochemical, physiological, and yield attributes. The main purpose of this analysis
was to observe how the factors of amendments, evapotranspiration (ETC) levels, and maize hybrid influenced
the growth, biochemical, and yield related parameters. To further explore significant differences among factor
levels, Tukey Pairwise Comparison tests with a 95% Confidence Interval were conducted. This post-hoc analysis
allowed a detailed examination of specific differences between factor levels while maintaining a high level of
confidence. The covariance and correlation analysis of variables were performed in Visual Studio Code using
Python libraries (kernel=Python 3.11.9) by constructing Principal Component Analysis (PCA) biplot and
heatmap.

Results

Soil characterization

The results of soil physicochemical properties are presented in Table 2. Soil bulk density and particle density were
considerably lower (13-23%; 9-23%) in 5 T/ha and 10 T/ha biochar supplemented soil respectively. However,
the highest total porosity was recorded in soil amended with 10 tons/ha biochar amended soil that is 26% higher
than the soil with no biochar supplementation. The EC (13-45%), organic matter, nitrogen, total organic carbon
and oxidizable carbon significantly enhanced with biochar supplementation in the soil by 87-130%. Similarly,
available phosphorus (5-9%) and potassium (26-34%) also improved considerably in biochar supplemented
soil. Biochar supplementation in soil caused no significant effects on C/N ratio but caused a bit increase in pH
from 7.6 to 7.9 in contrast to non-supplemented soil. The SEM-EDX analysis of soil mineral profile indicates
a considerable improvement in O, C, Mg, Si, K, Ca, and Fe by 17.3-21%, 34-63%, 3-7.3%, 2-4%, 2-7%, 1-5%,
and 7-8% in 5 tons/ha and 10 T/ha biochar supplemented soil, respectively, in contrast to soil without biochar
supplantation. However, titanium content decreased in biochar supplemented soil. The SEM images of the soil
samples also (Fig. 1) revealed an array of macro, meso and micropores in biochar supplemented soil. The water
content (cm’/cm?) at five pressure heads was determined by pressure plates extractors and the fitted curve

Parameter

0 Tons per hectare

5 Tons per hectare

10 Tons per hectare

Saturation percentage (%)

302 (c)

35+1.5(b)

40+ 1.16 (a)

Bulk density (Mg m~3)

1.75+0.042 (a)

1.53+0.036 (b)

1.38+0.05 (¢)

Particle density (Mg m~)

2.84+0.22 (a)

2.58+0.16 (b)

2.18+0.28 (c)

Total porosity (%) 62+5.2(¢) 75+4.7 (ab) 78+1.3 (a)
EC (ds m™') 0.827+0.031(c) | 0.93+0.03 (b) 1.2+0.13 (a)
pH 7.63+0.015 (b) 7.68+0.015 (b) 7.97+0.06 (a)

Organic matter (%)

0.363+0.032 ()

0.69+0.01 (b)

0.85+0.06 (a)

Available phosphorus (mg kg™') | 6.67 +0.15 (b) 7+0.06 (a) 7.3+0.1 (a)
Available potassium (mgkg™!) | 62.3+2.5 (b) 78+1 (a) 83+2.7 (a)
Total organic carbon (%) 0.21+0.019 (¢) 0.4+0.0058 (b) 0.49+0.037 (a)
Oxidizable carbon (%) 0.158+0.014 (¢) 0.3+0.004 (b) 0.37+0.028 (a)
Nitrogen (%) 0.024 +0.002 (c) 0.046+0.0001 (b) | 0.056+0.004 (a)

Oxygen (%)

20.55+1.21 (b)

24.1+0.95 (a)

24.89+1.32 (a)

Carbon (%)

48+0.13 (c)

6.42+0.21 (b)

7.82+0.14 (a)

Magnesium (%)

1.51+0.04 (c)

1.56+0.062 (ab)

1.62+0.01 (a)

Aluminum (%)

10.05+0.02 (a)

9.31+0.01 (b)

10.05+0.031 ()

Silicon (%) 38.17+0.45 (b) 39.06+0.54 (a) 39.57+0.47 (a)
Potassium (%) 4.43+0.035 (c) 45140034 (bc) | 4.75+0.047 (a)
Calcium (%) 6.26+0.023 (b) 6.29+0.032 (b) 6.56+0.04 (a)

Titanium (%) 1.083+0.12 (a) 0.85+0.028 (b) 0.93+0.032 (b)

Ferric (%)

9.18+0.15 (c)

9.82+0.02 (ab)

9.895+0.013 (a)

Carbon/nitrogen ratio

8.75+0.09 (a)

8.7+0.12 (ab)

8.75+0.17 (a)

Table 2. Physicochemical and nutrient status of soil. + value indicates standard error of three replicates while

different letter in parenthesis indicates significant differences at 95% confidence interval.
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(from pF 0 to pF 4.5) is shown in Fig. 3a. The biochar supplemented treatments showed more water retention
content as compared to non-biochar supplemented one. The mean saturated hydraulic conductivity is seemed
to be decreased in biochar amendments as compared to control. 66.72 cm/day, 43.83 cm/day, and 51.30 cm/day
saturated hydraulic conductivity has been noted in 0 tons/ha, 5 tons/ha and 10 tons/ha treatments respectively.
The fitted curve for unsaturated hydraulic conductivity is represented in Fig. 3b.

Soil Water Retention Curve estimated by fitting Van
Genuchten parameters
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Fig. 3. (a) Estimation of Soil Water Retention Curve fitted by van Genuchten model parameters adjustments
(b) Unsaturated hydraulic conductivity curve fitted by using the Mualem-van Genuchten Model.
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Crop water balance

The water balance of maize during the spring seasons is pictured in Fig. 4. The effective rainfall during the season
was 102.95 mm in 2023 season, and only 5.78 mm in 2024. The total water deficit during the crop duration
was 576.8 mm in 2023 season, and 714.73 mm in 2024 season. The water deficit met by manual irrigation
by 576.8 mm, 453.2 mm, 391.3 mm, 329.5 mm, and 267.7 mm in 2023 season, and 714.73 mm, 573.97 mm,
503.59 mm, 433.21 mm, 362.83 mm in 2024 season, respectively in 100% ETC, 80% ETC, 70% ETC, 60%
ETC, and 50% ETC sub-plots. The water deficit is dependent on the environmental conditions as well as crop
coefficient (stage of crop growth). It has been seen that the highest water deficit from the crop was noticed at the
dough stage in both seasons (12th week on charts) where the crop coeflicient was highest (Kc=1.20) with the
counteract of other variables, like humidity, temperature, wind speed, and sunlight duration.

Relative growth analysis

The relative growth in fresh and dry weight of maize roots and shoots is summarized in Table 3. Water stress
conditions led to a notable decrease in the relative weight gain of maize roots and shoots. However, soils enriched
with biochar exhibited significantly improved results, with a 42% increase in root weight and a 34% increase
in shoot weight. Notably, treatments at 80% ETC showed a greater relative increase in root and shoot weight
compared to the 100%, 70%, 60%, and 50% ETC levels, with improvements of 1.02, 1.09, 1.51, and 1.97 times,
respectively. The highest relative increase in fresh and dry weight of the maize plant was observed in the DK-
6321 variety, cultivated in soil amended with 5 tons/ha of biochar under 80% ETC conditions. This resulted in a
1.68-fold increase over its respective control treatment.

Table 4 highlights the significant variations in the relative increase in maize leaf weight and leaf area (P < 0.05).
Similar to the root and shoot findings, water stress reduced the relative gains in leaf weight and area. However,
plants grown in biochar-supplemented soil outperformed the control, showing a 45% higher leaf weight and a
54% increase in leaf area. Additionally, 80% ETC treatments outperformed the other water regimes, improving
leaf weight by 1.15, 1.18, 1.71, and 2.27 times, and leaf area by 1.11, 1.20, 1.70, and 2.47 times, for 100%, 70%,
60%, and 50% ETC, respectively. The maximum increase in maize leaf weight and leaf area was again seen in the
DK-6321 variety, cultivated in 5 tons/ha biochar-amended soil under 80% ETC conditions, showing a 2.05-fold
increase in comparison to its control treatment.

Furthermore, the net assimilation rate (NAR) and relative growth rate (RGR) for maize hybrids are displayed
in Table 4. Water stress had a detrimental effect on both NAR and RGR, while biochar-supplemented treatments
led to improvements, boosting NAR by 46% and RGR by 35%. As with other parameters, the 80% ETC treatments
outperformed other ETC levels, increasing NAR by 1.14, 1.13, 1.57, and 2.27 times, and RGR by 1.17, 1.08, 1.31,
and 1.66 times compared to 100%, 70%, 60%, and 50% ETC, respectively. The highest values for both NAR and
RGR were found in the DK-6321 variety, cultivated in 5 tons/ha biochar-amended soil at 80% ETC, with NAR
increasing 2.10 times and RGR rising 1.76 times compared to its control treatment. Among the three maize
hybrids, DK-6321 consistently led in all relative growth parameters, followed by Sarhaab and DK-9108.

Biochemical and physiological parameters
The analysis of variance for biochemical and physiological parameters at both the vegetative and reproductive
stages revealed significant outcomes (Tables 5 and 6).

At the vegetative stage, biochar-amended soil showed significantly enhanced physiological and biochemical
attributes compared to non-amended soil. The maize grown in biochar-supplemented soil exhibited 1.62 times
higher membrane stability index (MSI), 1.43 times more protein content, and increased antioxidant enzyme
activities, with superoxide dismutase (SOD) up by 1.47 times, peroxidase (POD) by 1.24 times, and catalase
(CAT) by 1.21 times. In contrast, malondialdehyde (MDA) levels were substantially higher in non-amended
maize, with a 0.63-fold increase compared to biochar-treated maize. When comparing different ETC levels, the
80% ETC treatments resulted in greater MSI and protein content, with MSI increasing by 1.01, 1.11, 1.33, and
1.72 times, and protein content rising by 1.21, 1.15, 1.62, and 2.05 times compared to 100%, 70%, 60%, and 50%
ETC, respectively. However, MDA levels, as well as SOD, POD, and CAT activity, were highest under 50% ETC,
with MDA increasing by 1.46, 1.32, 1.23, and 1.16 times over 100%, 80%, 70%, and 60% ETC. Similarly, SOD,
POD, and CAT activity at 50% ETC were elevated by 4.39, 3.63, 2.75, and 1.51 times, 4.54, 3.73, 2.85, and 1.44
times, and 2.49, 2.02, 1.76, and 1.46 times, respectively, compared to the other ETC levels.

At the reproductive stage, biochar amendments again resulted in higher MSI, protein content, and antioxidant
enzyme activities. Maize grown in biochar-enriched soil had 1.61 times higher MSI, 1.39 times more protein
content, and increased SOD, POD, and CAT activities by 1.13, 1.38, and 1.22 times, respectively, compared to
non-amended maize. MDA content was higher in non-biochar-amended plants, with an 77% increase compared
to biochar-amended ones. The ETC comparison at the reproductive stage mirrored the vegetative stage findings,
with 80% ETC treatments leading to improvements in MSI (by 1.17, 1.12, 1.33, and 1.70 times) and protein
content (by 1.20, 1.14, 1.53, and 2.01 times) compared to 100%, 70%, 60%, and 50% ETC. The 50% ETC showed
the highest MDA levels, with increases of 1.37, 1.28, 1.22, and 1.14 times compared to the other ETC treatments.
The 50% ETC also showed significantly higher SOD activity (by 2.95, 2.43, 1.75, and 1.24 times), POD activity
(by 3.52, 2.85, 2.28, and 1.40 times), and CAT activity (by 2.15, 1.99, 1.73, and 1.35 times) compared to 100%,
80%, 70%, and 60% ETC.

Across both stages, the 5 tons/ha biochar amendment consistently exhibited superior responses in biochemical
and physiological parameters compared to 10 tons/ha and 0 tons/ha treatments. Among the ETC levels, 80%
ETC proved to be the most effective, outperforming 100%, 70%, 60%, and 50% ETC. In terms of maize varieties,
DK-6321 showed the best performance, followed by Sarhaab and DK-9108.
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Maize Crop Water Dynamics Visualization (Season 2023)
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Fig. 4. Visualization of maize crop water dynamics during the crop growing seasons by using data from the
EOSDA crop monitoring platform (a) Season 2023 (23rd March to 25th June), (b) Season 2024 (15th March to
17th June).
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Relative increase
Relative increase in root fresh weight | Relative increase in root dry weight | Relative increase in shoot fresh | in shoot dry
Treatment (g/day) (g/day) weight (g/day) weight (g/day)
V1, E 100%, 0T 0.088 +0.002 (k-m) 0.086 +0.002 (k-m) 0.099 +0.002 (k) 0.098 +0.002 (k)

VI,E80%, 0T

0.069+0.003 (q-s)

0.067 +0.003 (q-s)

0.069 +0.002 (0-q)

0.067 +0.002 (0-q)

V1,E70%,0T

0.05+0.003 (u-w)

0.049 +0.003 (v-x)

0.06+0.003 (q-r)

0.058+0.003 (q-r)

V1,E60%,0T

0.046 +0.003 (v-w)

0.045+0.003 (w-x)

0.049 +0.002 (u-v)

0.047 +0.002 (u-v)

V1,E50%,0T

0.033+0.002 (x)

0.032+0.001 (y)

0.037+0.003 (x)

0.036+0.003 (x)

(
(q-
(
(
(
(
(
(d-

V1,E100%,5T | 0.102+0.002 (g-j) 0.101+0.002 (g-j) 0.106+0.003 (h-k) 0.105+0.003 (h-k)
VI1,E80%,5T 0.1190.003 (a-c) 0.117 +0.003 (a-c) 0.122+0.003 (b-e) 0.1210.002 (b-e)
V1,E70%,5T 0.108+0.002 (d-h) 0.106+0.001 (d-h) 0.115+0.003 (e-h) 0.1140.001 (e-h)

VI1,E60%,5T

0.0810.003 (m-o0)

0.08+0.003 (m-

0.074+0.003 (m-o0)

0.073+0.001 (m-o0)

VI1,E50%,5T

0.066+0.003 (r-s)

0.065+0.002 (r-

0.05+0.002 (t-v)

0.049 +0.002 (t-v)

V1, E 100%, 10 T

0.095+0.003 (j-k)

o)
s)
0.094 +0.003 (j-k)

0.1010.002 (j-k)

0.1+0.003 (j-k)

VI1,E80%, 10 T

0.111£0.003 (c-g)

0.109+0.003 (c-g)

0.117 £0.003 (d-g)

0.115+0.003 (d-g)

V1,E70%,10 T

0.103+£0.003

0.102+0.003 (f-j)

0.108 +0.003 (g-j)

0.107 +0.002 (g-j)

VI1,E60%,10 T

0.074+0.003 (o-r)

0.073 +0.003 (o-r)

0.063+0.003 (p-r)

0.062+0.002 (p-r)

VI1,E50%, 10 T

0.0550.002 (t-v)

0.041+0.003 (v-x)

0.04+0.002 (v-x)

V2,E 100%,0 T

0.097 £0.003 (i-k)

0.095+0.004 (i-k)

0.108+0.003 (h-k)

0.106 +0.004 (h-k)

V2,E80%,0T

0.078+0.003 (n-q)

0.076 +0.003 (n-q)

0.082+0.003 (I-m)

0.08+0.002 (I-m)

V2,E70%,0T

0.062+0.002 (s-t)

0.061+0.002 (s-t)

0.072+0.003 (n-p)

0.0710.003 (n-p)

V2,E60%,0T

0.057 +0.002 (t-u)

0.055+0.002 (t-v)

0.064+0.003 (p-r)

0.063+0.004 (p-r)

V2,E50%,0T

0.049+0.003 (u-w)

(
G
(c
(f
(
0.053+0.002 (t-w)
@
(
(
(
(

0.048 +0.003 (v-x)

0.045+0.002 (u-x)

0.043+0.002 (u-x)

V2,E 100%, 5T

0.112+0.003 (c-f)

0.1140.002 (c-f)

0.119+0.003 (d-f)

0.118+0.003 (d-f)

V2,E80%,5T

(
(
(
(
(
(
@G
(c
(£5)
(
(
@i-
(
(
(
(
(
(

0.128+0.003 (a)

0.126+0.003 (a)

0.136+0.003 (a)

0.134+0.004 (a)

V2,E70%,5T

0.116+0.002 (b-d)

0.115+0.002 (b-d)

0.129+0.003 (a-c)

0.128+0.003 (a-c)

(
V2,E60%,5T | 0.09+0.002 (k-1) 0.089+0.002 (k-1) 0.087+0.003 (1) 0.085 +0.004 (1)
V2,E50%,5T | 0.075+0.003 (0-q) 0.074+0.003 (0-q) 0.071+0.002 (0-p) 0.069 0.002 (0-p)
V2, E 100%, 10 T | 0.105+0.002 (e-i) 0.103 +0.003 (e-i) 0.114+0.003 (e-h) 0.112+0.003 (e-h)
V2,E80%,10T | 0.116+0.003 (b-d) 0.115+0.003 (b-d) 0.125+0.003 (b-d) 0.123+0.003 (b-d)
V2,E70%, 10 T | 0.11+0.003 (c-g) 0.109+0.003 (c-h) 0.119+0.003 (d-f) 0.118 +0.004 (d-f)

V2,E60%,10 T

0.082+0.002 (I-0)

0.08+0.002 (I-0)

0.072+0.003 (n-p)

0.07 +0.003 (n-p)

V2,E50%, 10 T

0.069 +0.002 (p-s)

0.059+0.001 (r-t)

0.0580.001 (r-t)

V3,E100%,0 T

0.091+0.002 (k-1)

0.068 +0.002 (p-s)
0.089+0.003 (k-

0.104+0.003 (i-k)

0.1020.004 (i-k)

V3,E80%, 0T

0.061+0.003 (s-t)

0.059+0.003 (s-u)

0.075+0.003 (m-o)

0.074+0.003 (I-n)

V3,E70%,0T

0.055+0.003 (t-v)

(
(k-1)
(
(

0.054+0.002 (t-w)

0.066+0.003 (0-1)

0.0650.002 (o-1)

V3,E60%,0T

0.052+0.003 (u-v)

0.05+0.002 (u-w)

0.0510.003 (s-t)

0.049+0.003 (s-u)

V3,E50%, 0T

0.0420.003 (w)

0.041+0.003 (x)

0.04+0.003 (w-x)

0.038+0.003 (w-x)

V3,E100%, 5T

0.104+0.003 (e-j)

0.102+0.003 (e-j)

0.113+0.002 (e-h)

0.1120.001 (e-h)

V3,E80%,5T | 0.122+0.003 (a-b) 0.1240.003 (a-b) 0.13+0.002 (a-b) 0.128 +0.002 (a-b)
V3, E70%,5 T b-e) 0.111+0.003 (b-e) 0.124+0.003 (b-d) 0.123+0.003 (b-d)
V3,E60%,5T | 0.0850.003 (I-n) 0.083 +0.003 (I-n) 0.08+0.003 (I-n) 0.079+0.003 (I-m)
V3,E50%,5T | 0.071+0.004 (p-r) 0.07+0.004 (p-r) 0.059 +0.002 (r-s) 0.058 +0.003 (r-s)

V3, E 100%, 10 T | 0.101+0.003 (h-j) 0.1+0.003 (h-j) 0.107 +0.003 (h-k) 0.106 +0.003 (h-k)

V3,E80%, 10 T

0.112+0.003 (c-e)

0.111+0.003 (c-e)

0.12+0.003 (c-f)

0.119+0.003 (c-f)

V3,E70%, 10 T

0.106+0.003 (e-i)

0.104+0.002 (e-i)

0.112+0.003 (£-i)

0.111+0.003 (£-i)

V3,E60%, 10 T

0.078+0.003 (n-p)

0.077 £0.004 (n-p)

0.068+0.002 (0-1)

0.066+0.003 (0-r)

V3,E50%, 10 T

(p-
(
(
(
(
(
(
(
0.113 +0.003 (
(
(p
(h
(
(
(
(

0.0610.003 (s-t)

0.06+0.003 (s-t)

0.049 +0.003 (u-w)

0.047 +0.003 (u-w)

Table 3. Impact of activated acacia wood biochar amendment on relative increase in root and shoot growth of
three maize hybrids under varied moisture conditions. Note: The different letters in parenthesis after standard
deviation represent significant variations among the treatments, as determined by the Tukey test and 95%
confidence interval. Abbreviations: V1; DK-9108, V2; DK-6321, V3; Sarhaab, E; Evapotranspiration, T; tons
biochar per hectare
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Treatment

weight (g/day)

Relative increase in leaf fresh

Relative increase in leaf dry

weight (g/day)

Relative increase in leaf area

(cm?/day)

NAR (gcm—2day™!)

RGR (g/day)

V1,E 100%,0 T

0.043 +0.002 (j-k)

0.042+0.002 (I-m)

0.032+0.001 (n-p)

4.61+0.215 (m-o0)

0.071+0.004 (j-q)

V1,E80%,0T

0.035+0.003 (I-0)

0.033+0.002 (n-q)

0.025+0.001 (s-u)

3.95+0.207 (i-k)

0.061+0.004 (p-t)

V1,E70%,0T

0.031+0.002 (n-r)

0.029+0.002 (p-t)

0.019+0.001 (v-x)

3.74+0.225 (I-n)

0.057 +0.005 (r-u)

V1,E60%,0T

0.026 +0.002 (p-s)

0.025+0.002 (s-u)

0.015+0.001 (y-aa)

2.94+0.132 (x)

0.051+0.005 (t-v)

V1,E50%,0T

0.02+0.002 (s)

0.019+0.002 (u)

0.01+0.001 (ab)

2.35+0.246 (u-x)

0.035+0.003 (w)

V1, E 100%, 5T

0.056 +0.003 (g-i)

0.053+0.002 (i-k)

0.039+0.001 (j-m)

6.37+0.291 (w-x)

0.082+0.003 (h-j)

V1,E80%,5T

0.072+0.002 (c-d)

0.071+0.002 (c-e)

0.054+0.001 (c-e)

8.14+0.123 (u-x)

0.111+0.003 (a-c)

V1,E70%,5T

0.06+0.002 (f-h)

0.058 +0.002 (g-i)

0.042+0.001 (i-k)

7.62+0.16 (r-v)

0.097 +0.005 (d-f)

V1,E60%,5T

0.038+0.001 (k-m)

0.037+0.001 (m-o0)

0.029+0.001 (p-r)

4.25+0.228 (t-w)

0.077+0.004 (h-n)

V1,E50%,5T

0.031+0.002 (m-r)

0.029 +0.002 (p-t)

0.018+0.001 (w-z)

3.17+0.176 (p-t)

0.066+0.005 (I-r

V1,E100%, 10 T

0.052+0.003 (i)

0.051+0.002 (j-k)

0.036+0.001 (m-n)

5.33+0.262 (0-1)

0.075+0.004 (i-0)

V1,E80%,10 T

0.063 +0.003 (e-g)

0.061+0.002 (f-h)

0.048+0.001 (f-g)

7.45+0.264 (p-t)

0.095+0.004 (d-g)

V1,E70%,10 T

0.054+0.002 (h-i)

0.052+0.002 (i-k)

0.038+0.001 (k-m)

5.78 +0.204 (0-1)

0.0890.003 (e-h)

V1,E60%,10 T

0.03240.002 (m-p)

0.0310.002 (0-s)

0.024+0.001 (s-u)

3.72+0.14 (n-p)

0.071+0.003 (j-q)

VI1,E50%, 10 T

0.025 +0.002 (q-s)

0.023+0.001 (t-u)

0.013+0.001 (aa-ab)

2.74+0.28 (0-1)

0.046 +0.005 (u-w)

V2,E 100%,0 T

0.051+0.002 (i)

0.049 0.002 (j-k)

0.043+0.001 (h-i)

5.9+0.262 (k-m)

0.076 +0.004 (h-o)

V2,E80%,0T

0.043 +0.002 (j-k)

0.042+0.002 (I-m)

0.031£0.002 (0-q)

4.35+0.242 (i)

0.067 +0.005 (k-r)

V2,E70%,0T

0.0380.003 (k-m)

0.036+0.002 (m-o0)

0.027+0.001 (q-t)

3.92+0.256 (i-k)

(-
(
(
(
(
(
(
(
(
(
@
(
(
(-
(
(
(k-
(

0.064 +0.003 (0-s)

V2,E60%,0T

0.031+0.002 (m-q)

0.029 +0.002 (p-t)

0.021+0.001 (u-w)

3.36 +£0.22 (v-x)

0.059 +0.005 (q-u)

V2,E50%,0T

0.027 +0.001 (p-s)

0.026+0.001 (r-t)

0.016+0.001 (x-aa)

2.850.302 (t-w)

0.05+0.002 (t-v)

V2,E 100%, 5T

0.066+0.002 (d-f)

0.065 +0.002 (e-g)

0.055+0.001 (c-d)

7.7 £0.209 (u-x)

0.097 +0.004 (d-f)

V2,E80%,5T

0.089+0.003 (a)

0.087+0.002 (a)

0.063+0.001 (a)

9.15+0.143 (p-t)

0.118+0.003 (a)

V2,E70%,5T

0.075+0.001 (b-c)

0.074+0.002 (b-d)

0.058+0.002 (b-c)

8.45+0.256 (j-1)

0.106+0.004 (a-d)

V2,E60%,5T

0.053+0.003 (h-i)

0.052+0.002 (i-k)

0.04+0.002 (i-])

6.45+0.249 (n-p)

0.085+0.005 (f-i)

V2,E50%,5T

0.035+0.002 (I-n)

0.034+0.002 (n-p)

0.031+0.002 (0-q)

3.91+0.277 (i-k)

V2,E 100%, 10 T

0.062+0.003 (e-g)

0.061+0.002 (f-h)

0.051+0.002 (e-g)

6.35+0.126 (f-g)

0.084 +0.005 (g-i)

V2,E80%, 10 T

0.077 +0.002 (b-c)

0.076+0.001 (b-c)

0.058+0.002 (b-c)

8.32+0.202 (i-j)

(
(a-
(
0.078 +0.005 (h-m)
(
0.107 +0.004 (a-

d)

V2,E70%,10 T

0.066+0.003 (d-f)

0.065 +0.002 (e-g)

0.047 +0.001 (g-h)

7.37+0.169 (e-g)

0.11+0.003 (a-c)

V2,E60%, 10 T

0.043 +0.002 (j-k)

0.042+0.002 (I-m)

0.036+0.002 (I-m)

5.36+0.282 (b-d)

0.079+0.003 (h-k)

V2,E50%, 10 T

0.033+0.002 (m-p)

0.031+0.002 (0-1)

0.024+0.002 (s-u)

3.13+0.205 (c-g)

0.066 +0.005 (m-r)

V3,E100%, 0T

0.049 +0.002 (i-j)

0.047 +0.002 (k-1)

0.036+0.002 (I-m)

4.91+0.25 (i)

0.074+0.004 (i-p)

V3,E80%,0T

0.04+0.001 (k-1)

0.039+0.001 (m-n)

0.027 +0.001 (g-t)

420197 (d-g)

0.064+0.004 (0-s)

V3,E70%,0T

0.035+0.002 (I-n)

0.034+0.002 (n-p)

0.023 +0.002 (t-v)

3.8+0.175 (g-h)

V3,E60%,0T

0.029+0.002 (n-r)

0.027 +0.002 (q-t)

0.019+0.002 (w-y)

3.1640.252 (s-w)

0.065+0.003 (n-s)

V3,E50%,0T

0.024+0.003 (r-s)

0.023 +0.002 (t-u)

0.014+0.002 (z-aa)

2.5+0.149 (0-s)

0.039+0.003 (v-w)

V3,E100%, 5T

0.064+0.002 (e-f)

0.062+0.002 (f-g)

0.044 +0.002 (h-i)

7.12+0.253 (q-u)

0.078+0.002 (h-m)

V3,E80%,5T

0.08+0.003 (b)

0.078 +0.002 (b)

0.06+0.002 (a-b)

8.55+0.215 (n-q)

0.113+0.004 (a-b)

V3,E70%,5T

0.068+0.003 (d-e)

0.066+0.002 (e-f)

0.051+0.002 (e-g)

7.97+0.252 (h-i)

(
(
(i
(
0.0610.003 (g-t)
(n
(
(
(
(

0.099+0.004 (c-e)

V3,E60%,5T

0.049 +0.003 (i-j)

0.048 +0.002 (k-1)

0.035+0.001 (m-o)

5.73+0.143 (i-k)

0.08 +0.004 (h-j)

V3,E50%,5T 0.033+0.002 (m-p) 0.031+0.002 (o-r) 0.025+0.001 (r-u) 3.57+0.211 (d-g) 0.0710.003 (j-q)
V3,E100%, 10 T | 0.056 +0.002 (g-i) 0.055+0.002 (h-j) 0.041+0.002 (i-k) 5.93+0.249 (a-c) 0.079+0.004 (h-1)
V3,E80%, 10T | 0.071+0.002 (c-d) 0.069 +0.002 (d-e) 0.052+0.001 (d-f) 7.76 +£0.164 (b-f) 0.101+0.003 (b-e)
V3,E70%, 10T | 0.06+0.002 (f-h) 0.058 +0.002 (g-i) 0.043+0.001 (h-j) 6.09+0.27 (b-e) 0.095+0.003 (d-g)

V3,E60%, 10 T

0.035+0.003 (I-0)

0.033+0.002 (n-q)

0.028 +0.001 (g-s)

4.37+0.177 (a)

0.0740.005 (i-o0)

V3,E50%,10 T

0.028 +0.002 (o-r)

0.026 +0.002 (r-t)

0.018+0.001 (w-z)

2.93+0.262 (a-b)

G
(
(
(
@
(

0.053+0.003 (s-u)

Table 4. Impact of activated acacia wood biochar amendment on relative increase in leaf growth, and leaf
area of three maize hybrids under varied moisture conditions. Note: The different letters in parenthesis after
standard deviation represent significant variations among the treatments, as determined by the Tukey test and
95% confidence interval. Abbreviations: V1; DK-9108, V2; DK-6321, V3; Sarhaab, E; Evapotranspiration, T;

tons biochar per hectare
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Treatment

Membrane stability Index (%)

Malondialdehyde (nmol/ml)

Protein content (mg/g)

MSI Veg

MSI Rep

MDA Veg

MDA Rep

PC Veg

PC Rep

V1,100% E, 0T

48.08 +2.52 (j-m)

38.08+2.52 (Im)

4.34+0.11 (c-e)

5.74+0.22 (d-f)

4.35+0.21 (n-q)

4.71+0.21 (n-q)

V1,80%E, 0T

33.07+2.3 (op)

27.57+2.3 (n-q)

4.87+0.11 (c)

6.26+0.22 (b-e)

3.83+0.22 (p-w)

4.19+0.25 (p-u)

V1,70% E, 0T

27.31+2.77 (p-1)

23.81+1.77 (0-q)

5.61+0.21 (b)

7.01+0.21 (a-b)

3.23+0.23 (u-y)

3.59+0.23 (t-w)

V1,60%E, 0T

23.05+2.19 (qr)

20.05+1.22 (q)

6.13+0.12 (a-b)

7.534+0.25 (a)

3.48+0.28 (s-x)

3.93+0.23 (r-v)

V1,50% E, 0T

11.11+2.14 (s)

11.87+1.22 (r)

6.23+0.13 (a)

7.63+0.24 (a)

3.56+0.24 (r-w)

3.84+0.28 (s-v)

V1,100% E, 5T

54.84 +1.24 (e-k)

40.12+1.96 (j-m)

4.07+0.31 (e)

5.47+0.23 (e-f)

6.05+0.24 (g-i)

6.43+0.21 (g-i)

V1,80%E, 5T

(
(
(
(

58.32+1.77 (d-g)

50.65+2.39 (d-g)

4.1940.13 (d-e)

5.59+0.26 (d-f)

7.85+0.21 (c-d)

8.23+0.19 (c-¢)

V1,70% E, 5T

54.9+1.4 (e-k)

47.5+2.16 (e-j)

4.28+0.11 (d-e)

5.68+0.21 (d-f)

7.39+0.24 (d-e)

7.74+0.25 (de)

V1,60%E, 5T

47.94+1.77 (k-m)

41.74+2.25 (i-m)

4.32+0.21 (c-¢)

6.03+0.22 (c-f)

4.86+0.2 (I-0)

5.21+0.21 (I-0)

V1,50% E, 5T

28.55+2.12 (no)

4.73+0.21 (c-d)

6.37+0.24 (b-d)

3.09+0.22 (v-y)

3.44+0.24 (u-w)

V1,100% E, 10T

(k
33.85+2.28 (op)
50.22+2.75 (h-1)

39.22+1.91 (Im)

4.05+0.17 (e)

5.45+0.24 (f)

5.45+0.23 (i-1)

5.81+0.23 (i-1)

V1,80%E, 10T

57.6+2.27 (e-h)

50.8 +£2.27 (d-g)

4.3540.29 (c-e)

5.79+0.25 (d-f)

6.13£0.22 (g-i)

6.52+0.19 (g-i)

V1,70% E, 10T

53.92+1.76 (e-k)

48.22+1.76 (e-i)

4.44+0.28 (c-e)

5.84+0.25 (c-f)

6.13+£0.24 (g-i)

6.49+0.23 (g-1)

V1,60% E, 10T

41.97+1.84 (mn)

37.77+1.84 (Im)

4.58+0.16 (c-e)

6.16+0.23 (c-f)

4.01+0.25 (p-t)

4.38+0.25 (p-s)

V1,50% E, 10T

26.98+1.49 (p-r)

23.28+2.34 (0-q)

4.84+0.14 (c)

6.63+0.21 (b-c)

3.09+0.22 (w-y)

3.46+0.24 (u-w)

V2,100%E, 0T |5535+2.1 (e-k) | 4235+29 (h-) | 1.68+0.12(i-) |2.75+0.22(-) |5.39+0.23 (i-)) | 5.83+0.25 (i-1)
V2,80%E, 0T | 43.5+2.52(Im) | 39+2.52(Im) 1.89+0.1 (i) |297+024(-l) |5.13+0.23 (k-m) | 5.59+0.22 (j-m)
V2,70%E,0T |30.82+2.1(op) |27.32+2.1(n-qQ) |2.06+0.11 (i-j) |[3.14+0.23 (i-) |5.05+0.25(-n) | 5.47+0.24 (k-m)
V2,60%E, 0T |31.18+2.6(op) |28.1842.6(no) |2.16+0.13 (h-i) |3.44+0.26 (h-k) | 2.71+£0.24 (x-y) |4.32+0.24 (p-t)

V2,50% E, 0T

28.14+2.23 (o-1)

27.6+2.23 (n-p)

3.37+0.11 (f)

4.47£0.25 (g)

3.87+0.24 (p-v)

3.16+0.25 (v-w)

V2,100% E, 5T

61.23+2.82 (c-€)

47.23+1.82 (e-k)

0.48+0.14 (r-s)

1.58+0.26 (0)

7.05+0.24 (e-f)

7.53+0.25 (ef)

V2,80%E, 5T

76.24+2.19 (a)

69.57 +2.26 (a)

0.64+0.18 (q-s)

1.74+0.28 (0)

9.86+0.22 (a)

10.36+0.21 (a

V2,70% E, 5T

72.22+1.61 (a-b)

64.82+2.23 (a-b)

0.7+0.11 (g-s)

1.82+0.22 (n-0)

7.84+0.22 (c-d)

)
)

V2,60% E, 5T

55.54+2.52 (e-

49.34+2.52 (e-h)

0.74+0.25 (q-s)

1.89+0.3 (m-0)

5.89+0.24 (g-k)

6.35+0.24 (g-j)

V2,50% E, 5T

47.31+2.69 (e-k)

0.97+0.11 (o-1)

2.85+0.24 (j-1)

3.36+0.23 (t-x)

3.79+0.22 (s-v)

V2,100% E, 10T

j)
52.61+2.69 (f-k)
57.7142.19 (e-g)

44.71+2.19 (£1)

0.41+0.32 (s)

2.33+0.23 (-0)

5.9240.23 (g-j)

6.33+0.22 (g-j)

V2,80% E, 10T

59.31+2.56 (bc)

0.74+0.1 (g-s)

2.59+0.22 (I-n)

8.68+0.23 (b)

9.11+0.23 (b)

V2,70% E, 10T

59.76 £2.51 (c-

54.06+2.51 (c-e)

0.86+0.08 (p-s)

2.78+0.24 (j-1)

6.49+0.22 (f-g)

6.95+0.22 (fg)

V2,60% E, 10T

53.03+1.83 (f-

48.83+2.83 (e-i)

1.06 +0.17 (n-q)

2.79+0.24 (j-1)

4.37+0.24 (m-p)

4.84+0.24 (m-p)

V2,50% E, 10T

43.76 +2.34 (Im)

40.06 +2.34 (j-m)

1.12+0.1 (m-q)

3.11+0.26 (i-])

3.9240.22 (p-u)

4.4140.22 (p-s)

V3,100% E, 0T

51.63+2.18 (g-k)

39.63+2.18 (Im)

2.65+0.14 (g-h)

3.88+£0.35 (g-i)

5.17+0.24 (j-1)

5.58+0.24 (j-m)

V3,80%E, 0T

(c-

(

(

(

(

(e-g
65.78 +2.48 (b-d)

(c-f)

(f-k)

(

(

(

35.03 +2.78 (no)

34.53 +2.78 (mn)

2.7+0.15 (g-h)

3.92+0.23 (g-i)

4.89+0.23 (I-0)

5.31+0.23 (k-0)

V3,70% E, 0T

30.22+1.7 (0-q)

26.72+2.69 (0-q)

2.99+0.14 (f-g)

424022 (g-h)

4.25+0.24 (0-s)

4.64+0.25 (o-1)

V3,60% E, 0T

27.45+1.98 (p-1)

2445+ 1.5 (o-q)

3.11+0.12 (f-g)

44+0.24 (g)

3.69+0.24 (p-w)

4094023 (p-u

=

V3,50% E, 0T

21.08+2.33 (1)

20.54+1.4 (pq)

4.39+0.1 (c-e)

5.6+0.21 (d-f)

2.56+0.22 (y)

2.99+0.23 (W)

V3,100% E, 5T

57.58 +£2.35 (e-h)

43.58+2.35 (g-1)

1.42+0.11 (k-o0)

2.64+0.4 (k-m)

6.33+0.25 (f-h)

6.75+0.25 (g-h)

V3,80% E, 5T

66.79+2.11 (bc)

57.89+2.11 (b-d)

1.56£0.17 (j-n)

2.7820.29 (j-1)

8.25+0.23 (b-c)

8.66+0.23 (bc)

V3,70% E, 5T

60.05+2.71 (c-f)

52.65+2.71 (c-e)

1.63+0.13 (i-m)

2.8620.2 (j-1)

7.53+0.21 (c-e)

7.924+0.22 (c-e)

V3,60% E, 5T

43.69+1.27 (g-)

1.67+0.19 (i-m)

3.11+0.22 (i-1)

4.91+0.22 (I-0)

5.31+0.22 (k-0)

V3,50% E, 5T

43.01+2.48 (Im)

37.71+2.48 (Im)

2.05+0.19 (i-j)

3.53+0.24 (h-j)

3.2110.24 (u-y)

3.64+0.24 (s-w)

V3,100% E, 10T

53.77 +2.83 (e-k)

42.77+2.83 (h-1)

1.34£0.11 (I-p)

2.56+0.23 (I-n)

5.63+0.24 (h-1)

6.02+0.24 (h-k)

V3,80% E, 10T

60.56 +2.64 (c-e)

53.76 +2.64 (c-e)

1.69+0.11 (i-1)

2.91+0.24 (j-1)

7.45+0.24 (d-e)

7.87+0.24 (de)

V3,70% E, 10T

57.02+2.29 (e-i)

51.32+2.29 (d-f)

1.7940.19 (i-1)

3.02+0.22 (j-1)

6.28+0.24 (f-h)

6.71+0.24 (g-h)

V3,60% E, 10T

44.04+2.28 (Im)

39.84+2.28 (k-m)

1.97+0.18 (i-k)

3.4240.21 (h-k)

4.31+0.25 (n-r)

473£0.25 (n-q)

V3,50% E, 10T

(p-
(
(
(
(
49.89:+1.27 (i-])
(
(
(
(
(
(

28.17+1.98 (o-r)

24.47 +1.98 (0-q)

2.15+0.13 (h-i)

4.17+0.22 (g-h)

3.59+0.23 (q-w)
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3.98+0.24 (q-u)

Table 5. Impact of activated acacia wood biochar amendment on membrane stability index, malondialdehyde,

and protein content of three maize hybrids under varied moisture conditions. Note: The different letters in
parenthesis after standard deviation represent significant variations among the treatments, as determined
by the Tukey test and 95% confidence interval. Abbreviations: V1; DK-9108, V2; DK-6321, V3; Sarhaab, E;

Evapotranspiration, T; tons biochar per hectare
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Treatment

Superoxidase dismutase (U/mg)

Peroxidase (U/mg)

Catalase (U/mg)

SOD Veg

SOD Rep

POD Veg

POD Rep

CAT Veg

CAT Rep

V1,100% E, 0T

3.08+0.49 (s)

30.67 +2.95 (z)

3.08+0.49 (v)

4.72+1.09 (s)

16.59+1.19 (t)

36.52+1.99 (w)

V1,80%E, 0T

5.74+0.81 (p-r)

35.92+2.15 (w-z)

5.74+0.81 (s-u)

7.33+0.82 (p-s)

19.49+1.07 (q-t)

42.28 +2.27 (v-w)

V1,70% E, 0T

9.07+0.86 (j-o)

50.65+2.83 (r-u)

8.0120.91 (¢-0)

8.91+0.35 (m-q)

23.43+1.52 (m-r)

54.35+2.89 (p-u)

V1,60%E, 0T

10.06 +0.83 (h-k)

63.2+2.68 (n-q)

11.06 + 1.1 (n-p)

18.92£0.72 (e-g)

2322+ 1.2 (m-1)

67.12+2.1 (k-m)

V1,50% E, 0T

12.5+0.95 (f-h)

90.09 +2.44 (h-j)

14.89+0.89 (k-1)

22.14+0.79 (d)

38.71+1.08 (e-f)

85.32+3.54 (g-i)

V1,100% E, 5T

5.1940.34 (r-s)

33.57+3.1 (x-2)

5.1940.67 (u-v)

6.54+0.73 (q-s)

21.03+1.12 (p-t)

55.3+3.33 (p-u)

V1,80%E, 5T

6.86+0.84 (o-1)

42.39+2.17 (u-x)

6.87+0.49 (r-u)

10.73 047 (j-n)

26.41+1.3 (k-n)

62.93+3.51 (l-0)

V1,70% E, 5T

7.44+0.64 (I-r)

59.26+2.41 (o-r)

7.44+0.58 (q-u)

12.3+0.86 (h-k)

29.48 +1.76 (i-])

68.01+2.87 (k-1)

V1,60%E, 5T

16.19+0.96 (e)

90.45+3.19 (g-k)

18.05+0.64 (j)

20.81+0.3 (d-e)

37.81+1.33 (e-f)

81.59+3.1 (h-j)

V1,50% E, 5T

284+1.11 (c)

101.34+3.09 (d-f)

26.3440.73 (e-f)

26.05+0.97 (c)

54.46 +1.51 (b)

115.73+3.28 (c)

V1,100% E, 10T

5.11+0.88 (r-s)

3119432 (z)

5.11%0.53 (u-v)

5.08+0.65 (s)

19.22+ 1.8 (r-t)

48.74+2.43 (u-v)

V1,80%E, 10T

40.5+3.07 (v-y)

5.91+0.78 (s-u)

6.47 +0.59 (q-s)

21.61+1.41 (o-s)

52.5+2.48 (r-u)

V1,70% E, 10T

8.01+1.01 (k-p)

54.34+2.78 (q-s)

9.07+0.92 (p-1)

6.83+0.77 (q-5)

26.09+1.00 (I-o0)

59.05+2.89 (m-s)

V1,60% E, 10T

(r-
5.9140.59 (p-r)

(

(

13.3240.7 (f-g)

79.75+2.38 (k-)

14.37+0.83(k-m)

11.38+0.91 (j-m)

32.55+1.19 (g-)

77.2+3.14 (i-])

V1,50% E, 10T

22.68+0.94 (d)

93.79+2.79 (f-))

22.45+0.54 (g-h)

17.99.+0.94 (f-g)

48.84+1.72 (c-d)

111.32+3.08 (c-d)

V2,100% E, 0T

6.2+0.57 (p-r)

36.67+3.25 (w-z)

6.18+0.49 (s-u)

9.54+0.8 (I-p)

21.05+1.62 (p-t)

50.79+2.78 (s-v)

V2,80%E, 0T

7.2+0.84 (m-r)

44234293 (t-w)

7.2+1.14 (q-u)

10.25+0.29 (j-0)

29.08+ 1.11 (i-1)

51.05+2.64 (r-u)

V2,70% E,0T | 9.35+0.62 (j-n) |63.61+3.24 (n-p) |11.51£0.91 (n-p) | 12.14+£0.49 (h-1) |33.12+1.14 (g-i) | 62.87+3.08 (I-p)
V2,60%E, 0T | 14.69+0.49 (e-f) | 94.14+3.63 (f-i) |24.31+£0.47 (f-g) | 19.51+£0.72 (d-g) | 3592+ 1.41 (e-g) | 83.88£2.74 (h-i)
V2,50%E, 0T | 20.59+0.7 (d) 118.59+2.46 (b-c) | 24.69£0.58 (f-g) | 30.57+£0.63 (b) |5532+1.18(b) | 103.79+2.7 (d-e)
V2,100%E, 5T |6.9+0.6 (n-r) 47.6242.51 (s-v) | 6.9+0.32 (r-u) 11.02+£0.55 (j-n) |29.12+1.23(-]) |61.32+3.17 (I-q)
V2,80%E, 5T |7.92+0.78 (k-q) | 54754227 (p-s) |7.92£0.55(q-t) | 13.38+£0.96 (h-j) |36.4+1.67 (e-g) |67.99£3.11 (k-1)
V2,70% E, 5T | 11.51+0.76 (g-) | 77.25+3.17 (k-m) | 9.3520.62 (p-r) | 18.56£0.59 (e-g) | 36.35%1.45 (e-g) | 79.71£3.13 (i-j)
V2,60%E,5T | 26.92+0.68(c) | 103.57+3.28 (d-e) | 28.59+0.94 (d-e) | 26.39+0.65(c) |47.3+1.21(d) 95.75+2.9 (e-f)
V2,50%E, 5T | 38.58+0.7 (a) 134.67+2.86 (a) | 34.8+0.58 (a) 36.62+1.07 (@) | 63.13+1.41 (a) 128.84+3.11 (a)

V2,100% E, 10T

7.36+0.4 (I-r)

41.26 +3.00 (v-y)

7.36+0.86 (q-u)

10.63+0.7 (j-0)

22.04+1.22 (n-1)

53.25+2.95 (q-u)

V2,80% E, 10T

7.45+1.02 (I-r)

47.35+1.98 (s-v)

7.45+0.79 (q-u)

9.55+1.09 (-p)

27.58+1.04 (k-m)

57.56+2.6 (0-t)

V2,70% E, 10T

12.08+0.45 (g-i)

70.47 +2.29 (m-n)

12.09 +0.99(m-0)

11.58+0.85 (i-1)

34.45+0.94 (f-h)

66.31+3.25 (k-n)

V2,60% E, 10T

21.31+0.62 (d)

99.37+3.24 (d-g)

19.1640.94 (i-j)

17.28+0.84 (g)

45.03+1.3 (d)

90.14+3.22 (f-h)

V2,50% E, 10T

32.46+0.67 (b)

126.74+2.84 (a-b)

31.46+0.55 (b-c)

25.13+1.08 (c)

54,14+ 1.59 (b)

118.1+2.56 (b-c)

V3,100% E, 0T

5.51+0.53 (q-s)

44.91+2.14 (t-w)

5.47+0.93 (t-v)

6.25+0.85 (r-s)

17.49+1.02 (s-t)

48.5+3.02 (u-v)

V3,80%E, 0T

7.76+0.82 (k-q)

51.75+ 1.7 (r-t)

6.83+0.82 (r-u)

8.09+0.28 (0-1)

21.75+1.85 (0-s)

50.85+2.19 (s-v)

V3,70% E, 0T

7.41+0.34 (I-r)

68.69+2.62 (m-n)

7.41+0.76 (q-u)

10.85+0.36 (j-n)

25.18 +1.11 (I-p)

55.68 +2.97 (p-u)

V3,60% E, 0T

12.6 +0.59 (f-g)

95.64+2.14 (e-i)

12.6 +0.59 (I-n)

20.3+0.87 (d-f)

29.25+1.82 (i-])

73.12+2.94 (j-k)

V3,50% E, 0T

16.52+0.64 (e)

117.29+2.18 (c)

23.05+0.93 (g-h)

26.95+1.02 (c)

47.34+1.73 (d)

97.29+2.03 (e-f)

V3,100% E, 5T

6.97+0.68 (n-r)

33.1+2.83 (y-2)

6.97 +1.09 (r-u)

8.87+0.92 (m-r)

25.12+1.11 (I-p)

59.48+2.73 (I-1)

V3,80% E, 5T

8.11:£0.66 (k-p)

42.74+2.11 (t-w)

8.11+1.05 (q-s)

11.21 £ 1.06 (j-n)

30.64+0.95 (h-k)

64.36+2.36 (1-0)

V3,70% E, 5T

9.78 +0.85 (i-1)

57.26+2.54 (o-1)

9.78+0.85 (0-q)

14.3+0.57 (h)

34.2+1.63 (f-h)

73.28+3.12 (j-k)

V3,60% E, 5T

21.61+0.64 (d)

84.99+2.92 (j-1)

20.94+1.04 (h-i)

21.61+0.84 (d)

39.81+1.16 (e)

93.58+2.32 (f-g)

V3,50% E, 5T

33.2+1.06 (b)

98.85+2.62 (d-h)

32.1+0.62 (b)

31.83+0.65 (b)

62.86+1.28 (a)

124.94+3.17 (a-b)

V3,100% E, 10T

6.35+0.37 (p-1)

36+1.95 (w-2)

6.35+0.65 (s-u)

4.93+0.93 (s)

20.43+1.26 (q-t)

50.34+1.73 (t-v)

V3,80% E, 10T

6.87+0.58 (0-1)

46.46+2.93 (s-v)

7.97 +£0.48 (q-1)

6.6+1.06 (q-s)

23.81+1.35 (m-q)

54.07 +3.11 (q-u)

V3,70% E, 10T

9.5420.5 (j-m)

63.86+3.21 (n-0)

9.33£0.79 (p-r)

8.64+0.74 (n-r)

28.35+0.82 (j-1)

58.45+2.33 (n-t)

V3,60% E, 10T

16.8+0.71 (e)

88.53+2.44 (i-k)

16.94+0.81 (j-k)

14.07 +1.05 (h-i)

36.55+1.44 (e-g)

80.63 +2.64 (i-j)

V3,50% E, 10T

26.52+1.03 (c)

106.86 +2.28 (d)

29.21+1.09 (c-d)

20.63+0.42 (d-e)

52.72+1.55 (b-c)

114.68 +3.25 (c)

Table 6. Impact of activated acacia wood biochar amendment on antioxidant enzymes (SOD, POD, and CAT)
assay of three maize hybrids under varied moisture conditions. Note: The different letters in parenthesis after
standard deviation represent significant variations among the treatments, as determined by the Tukey test and
95% confidence interval. Abbreviations: V1; DK-9108, V2; DK-6321, V3; Sarhaab, E; Evapotranspiration, T;
tons biochar per hectare
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Yield analysis

The three-way ANOVA of maize hybrids, biochar supplementation levels, and moisture regimes revealed
significant effects on thousand seed weight and total seed weight (Fig. 5). Reduced water availability led to
a decrease in both 1000-seed weight and total seed weight of the maize hybrids. However, the application of
biochar mitigated these reductions, significantly enhancing seed weights. Specifically, soil amended with 5 tons/
ha of biochar increased the 1000-seed weight by 16% and total seed weight by 29% compared to non-amended
soil. Moreover, treatments at 80% ETC resulted in higher seed weights than at 100%, 70%, 60%, and 50% ETC.
The 1000-seed weight increased by 1.04, 1.05, 1.42, and 1.73 times, respectively, while the total seed weight
improved by 1.07, 1.08, 1.46, and 1.98 times compared to the other ETC levels.

Water deficit conditions also resulted in reduced grain and stover yields of maize hybrids. However, biochar
supplementation significantly improved these yields (Fig. 6). Soil amended with 5 tons/ha of biochar elevated
grain yield and stover yield by 26% compared to non-amended soil. The 80% ETC treatments showed superior
yields over 100%, 70%, 60%, and 50% ETC. Grain yield increased by 1.13, 1.10, 1.42, and 1.90 times, while stover
yield improved by 1.02, 1.08, 1.38, and 1.68 times, respectively, compared to other ETC treatments.

The apparent water productivity (AWP) declined significantly under deficit irrigation (Fig. 7). However, the
incorporation of biochar greatly enhanced AWP in maize hybrids. Soil amended with 5 tons/ha of biochar led
to a 33% increase in AWP compared to non-amended soil. Interestingly, 70% ETC resulted in the highest AWP,
surpassing 100%, 80%, 60%, and 50% ETC by 1.50, 1.18, 1.08, and 1.05 times, respectively.

Principal component analysis (PCA) and heatmap

The PCA biplot (Fig. 8) shows the first two principal components (PC1 and PC2), explaining 70.28% and 20.56%
of the variance, respectively. The arrows indicate each variable’s contribution to the principal components.
Variables pointing in the same direction (e.g., membrane stability index, growth rate, weights, net assimilation
rate, yield parameters) are positively correlated and mainly contribute to PC1. Variables in opposite directions
(e.g., malondialdehyde content, stress indicators) are negatively correlated. The arrow length shows the variable’s
contribution strength. Ellipses represent 95% confidence intervals for treatment groups, highlighting variability.
The red ellipse (0 t/ha Biochar) is distinct from the blue (10 t/ha Biochar) and green (5 t/ha Biochar) ellipses,
indicating treatment differences. Higher Biochar treatments (5 t/ha and 10 t/ha) cluster together, separate from
0 t/ha, showing significant treatment effects. Different point shapes (triangles, squares, circles) denote the impact
of ETC and variety on principal components, with clustering within ellipses suggesting intertwined effects with
biochar treatments.

The heatmap (Fig. 9) shows the relationships between treatments and various biochemical, physiological,
and yield parameters for maize. Darker colors (black/purple) indicate lower values, while lighter colors (yellow)
indicate higher values. The combination of 5 t/ha biochar and 80% ETC yields the highest values across most
parameters, suggesting it is the most favorable treatment. Water stress (50% ETC) significantly reduces growth
and yield but increases stress-related biochemical responses. Different maize varieties respond uniquely to
moisture and biochar levels, with DK-6321 showing the best tolerance to water stress, followed by SARHAAB
and DK-9108.

Discussion

Soil physicochemical properties

This study yielded significant findings regarding the effects of biochar on several key soil physicochemical
properties, including bulk density, particle density, total porosity, electrical conductivity, pH, organic carbon,
organic matter, oxidizable carbon, phosphorus, and potassium levels. The most notable improvements were
evident in soils amended with activated biochar compared to non-amended soils. However, the slight increase in
electrical conductivity and pH observed in biochar-treated soil may be due to the salts present in biochar’s ash
content, consistent with findings by Liang et al.>> and Saeed et al.>*. While an increase in pH can be beneficial
for nutrient availability in acidic soils, the long-term effects of increased electrical conductivity warrant further
investigation to avoid potential salinity issues.

Biochar’s influence on soil microbial activity is one of the key mechanisms driving these changes. Biochar
creates a conducive environment for microbial colonization by providing a porous habitat that enhances
microbial activity, thereby promoting the decomposition of organic residues and influencing the turnover of soil
organic matter™’. This microbial stimulation plays a vital role in nutrient cycling, increasing the availability of
essential nutrients like nitrogen, phosphorus, and potassium. Furthermore, biochar’s impact on soil properties,
such as improved water infiltration and reduced runoff, can lead to an increased saturation percentage®®, thus
improving water availability for crops, particularly in water-limited environments.

The observed increase in organic carbon and oxidizable carbon content signifies a positive impact on soil
health and fertility. Organic carbon plays a crucial role in nutrient retention, water-holding capacity, and overall
soil structure. Biochar’s ability to act as a stable organic carbon pool helps sequester carbon in the soil, thereby
influencing carbon dynamics®*. This finding underscore biochar’s potential role not only in improving soil
fertility but also in contributing to climate change mitigation by serving as a long-term carbon sink.

In addition, biochar’s enhancement of nutrient levels, including nitrogen, phosphorus, and potassium, can
be attributed to its high cation exchange capacity (CEC), which allows it to retain and release nutrients more
efficiently®!. By increasing the CEC of soil particles, biochar ensures that essential nutrients remain available for
plant uptake, which is especially beneficial in soils with low fertility.

SEM-EDX analysis revealed that the major elements in the soil were carbon, oxygen, magnesium, silicon,
potassium, calcium, aluminum, and iron, with trace amounts of sodium and titanium. This elemental composition
aligns with the typical mineral content of soils dominated by silicate minerals like feldspar and quartz®2. The
presence of high Si and O concentrations in silica particles (SiO,) indicates the significant quartz content, which
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Fig. 5. Impact of activated acacia biochar amendment on (a) thousand seed weight and (b) total seed weight in
maize hybrids under varied moisture conditions. Note: Different letters on bars represent significant variations
among the treatments, as determined by Tukey Pairwise Comparison of ETC X Amendment X Variety at 95%
confidence interval.

constitutes nearly 50% of the soil’s mineral makeup®. Additionally, the presence of alkali feldspars, particularly
potassium and sodium, highlights the soil's mineralogical diversity.

The carbon content detected in all samples, including those from non-amended soils, is likely due to peat
formation®®. However, the highest carbon content observed in soils supplemented with 10 tons/ha of biochar
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Fig. 6. Impact of activated acacia biochar amendment on (a) grain yield and (b) stover yield in maize hybrids
under varied moisture conditions. Note: Different letters on bars represent significant variations among the
treatments, as determined by Tukey Pairwise Comparison of ETC X Amendment X Variety at 95% confidence
interval.
can be attributed to the recalcitrant carbon added by biochar®. This recalcitrant carbon is more resistant to
decomposition and thus contributes to long-term carbon storage in the soil.
Moreover, biochar’s ability to improve soil structure is well-established. By enhancing soil aggregation, biochar
increases the soil’s water retention capacity®, which is particularly beneficial in arid and semi-arid regions.
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Fig. 7. Impact of activated acacia biochar amendment on apparent water productivity in maize hybrids

under varied moisture conditions. Note: Different letters on bars represent significant variations among the
treatments, as determined by Tukey Pairwise Comparison of ETC X Amendment X Variety at 95% confidence
interval.

However, the presence of fine particles in biochar may reduce the saturated hydraulic conductivity of soils®’,
indicating the need for careful selection of biochar types and application rates to avoid any negative impact on
soil water movement. Biochar’s porous structure improves soil aeration and reduces compaction, promoting
better root growth. Enhanced root development allows plants to access water and nutrients more effectively,
especially in drought-prone soils. The improvement in root biomass leads to better nutrient uptake, contributing
to higher crop yields®®7!. Increased microbial activity in biochar-amended soils plays a crucial role in nutrient
cycling. Biochar offers a protective environment for beneficial soil microorganisms, such as nitrogen-fixing and
phosphorus-solubilizing bacteria, which improve nutrient availability. This microbial enhancement can also lead
to better decomposition of organic matter, releasing more nutrients into the soil 7>7%. Biochar’s high surface
area and cation exchange capacity (CEC) allow it to adsorb and retain nutrients like nitrogen, phosphorus, and
potassium. The study’s findings of increased phosphorus and potassium levels in biochar-amended soils suggest
biochar actively enhances nutrient availability while reducing leaching losses. This leads to sustained fertility
over time and reduces the need for synthetic fertilizers >7°.

Influence of biochar supplementation on maize growth

Abiotic stress significantly reduces plant growth by disrupting physiological processes leading to lower the plant
growth’®. Insufficient water availability leads to a notable reduction in root and shoot biomass, as well as a
comparative decline in growth rates in plants. This reduction can be attributed to multiple factors, including
limited water uptake due to reduced soil moisture accessibility, oxidative stress-induced root and shoot cell
damage, the reallocation of resources to prioritize critical survival functions over root and shoot development,
and impaired nutrient absorption’’. Additionally, water stress inhibits cellular expansion and division, which
further limits plant growth”s.

Conversely, the application of biochar into the soil significantly improved root and shoot dry and fresh weight
under water stress conditions. This improvement can be explained by several key factors. Biochar’s porous
structure enhances soil moisture retention by acting as a sponge, which increases water availability to plant roots
even during periods of water deficit’®. Moreover, biochar’s ability to improve the soil’s cation exchange capacity
(CEC) helps increase nutrient availability, ensuring a steady supply of essential nutrients such as nitrogen,
phosphorus, and potassium to the plants®®. These nutrients are critical for root and shoot growth, particularly
under stress conditions. Additionally, biochar’s positive influence on soil structure reduces compaction and
provides a more aerated environment, supporting healthier root development®!.

Biochar also helps to mitigate oxidative stress by reducing the accumulation of reactive oxygen species
(ROS), which are responsible for cellular damage in plant tissues during drought®2. Furthermore, biochar fosters
the growth of beneficial soil microbial communities, including symbiotic fungi like arbuscular mycorrhizal fungi
(AMF), which can help plants access nutrients more effectively, particularly under water-limited conditions®.
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Fig. 8. Biplot of principal component analysis showing the various physiological and biochemical attributes
of maize hybrids grown in biochar amended and non-amended soil under different moisture levels of ETC.

Abbreviations: rfw: root fresh weight, rdw: root dry weight, sfw: shoot fresh weight, sdw: shoot dry weight, 1fw:
leaf fresh weight, Idw: leaf dry weight, la: leaf area, nar: net assimilation rate, rgr: relative growth rate, v_msi:
vegetative membrane stability, r_msi: reproductive membrane stability, v_mda: vegetative malondialdehyde

content, r_mda: reproductive malondialdehyde content, v_pc: vegetative protein content, r_pc: reproductive
protein content, v_sod: vegetative superoxidase dismutase activity, r_sod: reproductive superoxidase dismutase

activity, v_pod: vegetative peroxidase activity, r_pod: reproductive peroxidase activity, v_cat: vegetative catalase

activity, r_cat: reproductive catalase activity, tsw: total seeds weight, thsw: thousand seed weight, gy: grain
yield, sy: stover yield, awp: apparent water productivity.

These mutual benefits create a more conducive environment for roots to access water and nutrients and for
shoots to maintain photosynthesis and growth. As a result, biochar application leads to increased root and shoot

biomass, even when facing water stress challenges.

Water stress typically causes a decline in leaf live and dehydrated mass weight, as well as a reduction in leaf
area. These effects result from the plant’s limited ability to maintain turgor pressure, which is crucial for cell
expansion and overall leaf growth. Additionally, water stress can induce oxidative stress in leaves, damaging their

cellular structure and further hindering growth?®*. Reduced leaf area compromises the plant’s capacity to capture
sunlight and carry out efficient photosynthesis, leading to lower growth rates.

However, when biochar is applied to the soil, it has been shown to mitigate these negative effects. Studies
indicate that biochar application results in increased leaf live and dehydrated mass weight, as well as an

expansion of leaf area, even under water stress conditions®. This improvement is due to biochar’s ability to

retain soil moisture and improve the availability of essential nutrients like nitrogen and potassium, which are

critical for leaf development®. Additionally, biochar has been shown to reduce the impact of oxidative stress on
leaf cells, promoting healthier and more vigorous leaves®’. By improving both water and nutrient availability,

biochar ultimately enhances leaf growth and biomass, allowing the plant to maintain larger leaf areas under

water-restricted conditions.

Scientific Reports|  (2024) 14:25000 | https://doi.org/10.1038/s41598-024-76082-w nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Treatments

0 t/ha 100% DK-9108
0 t/ha 80% DK-9108

0 t/ha 70% DK-9108

0 t/ha 60% DK-9108

0 t/ha 50% DK-9108

5 t/ha 100% DK-9108
S5 t/ha 80% DK-9108

5 t/ha 70% DK-9108

5 t/ha 60% DK-9108

5 t/ha 50% DK-9108
10 t/ha 100% DK-9108
10 t/ha 80% DK-9108
10 t/ha 70% DK-9108
10 t/ha 60% DK-9108
10 t/ha 50% DK-9108
0 t/ha 100% DK-6321
0 t/ha 80% DK-6321

0 t/ha 70% DK-6321

0 t/ha 60% DK-6321

0 t/ha 50% DK-6321

5 t/ha 100% DK-6321
5 t/ha 80% DK-6321

5 t/ha 70% DK-6321

5 t/ha 60% DK-6321

5 t/ha 50% DK-6321
10 t/ha 100% DK-6321
10 t/ha 80% DK-6321
10 t/ha 70% DK-6321
10 t/ha 60% DK-6321
10 t/ha 50% DK-6321
0 t/ha 100% SARHAAB
0 t/ha 80% SARHAAB
0 t/ha 70% SARHAAB
0 t/ha 60% SARHAAB
0 t/ha 50% SARHAAB
5 t/ha 100% SARHAAB
5 t/ha 80% SARHAAB
5 t/ha 70% SARHAAB
5 t/ha 60% SARHAAB
5 t/ha 50% SARHAAB
10 t/ha 100% SARHAAB
10 t/ha 80% SARHAAB
10 t/ha 70% SARHAAB
10 t/ha 60% SARHAAB
10 t/ha 50% SARHAAB

Heatmap of Treatments vs Variables

(X3 3 03 04 03 04 05 05
0.4 04 03 0. 3 02 03 03 03
02 02 0. ; 1 03 02 0.2
01 01 01 01 O. 1 01 02 02 01
0.0 0.0 0. ; .0 0.0 00 00 0.0

0.7 06 05
- 0.9 0.6 0.7
- 08 .6 0. 0.6 06
05 05 04 04 03 03 04 03 05 05 05
0.3 0. ; 03 03
0.7 05 05
-08 i 0.6 107
E0.7. 0078 .5 05 05 0.5 07 06 0.6
0.4 04
0.2 0.2
0.6 05
0.4 05
03 03
03 03
02 03
0.7° 0.6
1.0 1.0
0.8 0.9

102 02 0.0
02 01
01 0.1 02

0.1 01 0.2

0.1 0.2 0.2 05

02 03 04 03 C

0.4 JOFX] o.0

0.2 0.1 0.2 j0i6
02 03 0.2 105
0.2 04 03

05 04 05

0.2 §0:3000.3

03 04 03

0.4 04

-1.0

-0.8

-09 09 09 09 08 08 09 09 09
BRI - B K- SO F: 0.7 0.7 N0 7RO Xl 0.6 BOMM 0.1 0.2 05 05 03 04 03

0.6 0.6
0.6 06
0.6 06
0.8 |8 .8 0.8 ) 2 0.1

02 0.1
02 02
0.2 04
0.5 0.4 (06 0.6
(PR 0.8 0.9 0.9 [N 0.8 0.9 |
04 01 00 01 00 00 0.1
03 01 01 01 01 01
02 01 03 01 02 02
0.1 ‘03 o503
0.0 0.4 [0FN0%
SI0SY 01 01 0.1
2 01 02 02
N0 0.2 0.4 0.2
0.3 05 [06] 06 05 0.5 [0
(B9 08 08 09 08 10 1.0
047 01 01 01 0.0
09 0.1 02 0.2
0.5 02 03 02

0.3

g
2 3 2 & 5 5 B o oa & & Y u B ¥ = 3z 0z S e
g€ 3 &2 &8 £ 3 g P g g 2 2 5 5 8 8 8 B a © @
o & 5 & & b g JF g st o -
<
Variables

Fig. 9. Heatmap showing the relation of maize hybrids, biochar amendments and plants growth attributes

at vegetative, reproductive and maturity stages. Abbreviations: rfw: root fresh weight, rdw: root dry weight,
sfw: shoot fresh weight, sdw: shoot dry weight, Ifw: leaf fresh weight, Idw: leaf dry weight, la: leaf area, nar:
net assimilation rate, rgr: relative growth rate, v_msi: vegetative membrane stability, r_msi: reproductive
membrane stability, v_mda: vegetative malondialdehyde content, r_mda: reproductive malondialdehyde
content, v_pc: vegetative protein content, r_pc: reproductive protein content, v_sod: vegetative superoxidase
dismutase activity, r_sod: reproductive superoxidase dismutase activity, v_pod: vegetative peroxidase activity,
r_pod: reproductive peroxidase activity, v_cat: vegetative catalase activity, r_cat: reproductive catalase activity,
tsw: total seeds weight, thsw: thousand seed weight, gy: grain yield, sy: stover yield, awp: apparent water
productivity.

Water stress also leads to a decline in the net assimilation rate (NAR) of plants, as the limited availability
of water restricts stomatal opening, thereby reducing CO2 intake and hindering the photosynthesis process®.
As a result, carbon assimilation is reduced, leading to lower biomass production and consequently a decline in
NAR®. In drought conditions, photosynthesis is further impaired by the overproduction of ROS, which damages
the photosynthetic machinery and reduces the plant’s ability to fix carbon®”.

However, biochar application has been found to significantly boost NAR under water stress conditions. This
enhancement is largely driven by biochar’s ability to improve soil water retention, which alleviates drought-
induced limitations on photosynthesis®’. Moreover, biochar promotes nutrient availability, particularly nitrogen,
which is a critical component of chlorophyll and plays a central role in photosynthesis®. By creating favorable
conditions for leaf development and reducing oxidative stress, biochar enables plants to maintain higher rates
of carbon assimilation, thereby increasing NAR even under hydric stress. Furthermore, biochar-induced
improvements in stomatal regulation help to optimize gas exchange and maintain photosynthetic efficiency

during drought conditions®.

Influence on physiological, biochemical, and yield attributes
Water stress typically leads to an increase in oxidative stress within plant cells, which can result in membrane
damage and instability due to lipid peroxidation. This finding that a reduction in the Membrane Stability Index

Scientific Reports |

(2024) 14:25000

| https://doi.org/10.1038/s41598-024-76082-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(MSI) of dehydrated plants, as reactive oxygen species (ROS) accumulate and disrupt cellular functions is
consistent with the reports®’. When plants face limited water availability, the imbalance of ROS can damage
cell membranes, disrupting ion transport, and leading to cell dehydration. In contrast, biochar-amended soil
offers a more favorable growing environment under these stress conditions. Biochar’s water-retentive properties
and ability to improve nutrient availability play a critical role in maintaining cell turgor pressure and reducing
oxidative stress, as the outcomes mirrored by the insight®®. Enhanced soil aeration and a balanced nutrient profile
help plants maintain structural integrity even during periods of hydric stress. This explains why plants grown
in biochar-amended soil exhibit higher MSI values, even under drought conditions, compared to non-amended
counterparts. Furthermore, biochar improving the plant’s ability to cope with water scarcity by mitigating the
stress experienced during the reproductive stage, where plants generally exhibit lower MSI values than during
the vegetative phase due to the heightened sensitivity to water stress during reproduction, is echoed by the
finding®®.

The abiotic stress also stimulates oxidative damage in plants, leading to an accumulation of malondialdehyde
(MDA), a marker of lipid peroxidation and cellular injury, as reported®”-8. Elevated MDA levels are an indicator
of severe oxidative stress in plant tissues, often resulting in compromised physiological processes. However, the
application of biochar significantly alleviated the impact of water stress on MDA accumulation by enhancing
soil water retention, thereby reducing the severity of the drought stress experienced by plants, in parallel to the
finding®. Additionally, biochar fosters a favorable rhizosphere environment by promoting beneficial microbial
communities and improving nutrient availability, which together strengthen the plant’s resilience to oxidative
damage!®. Consequently, biochar-treated plants tend to exhibit lower MDA levels compared to untreated
plants under similar conditions, highlighting biochar’s role in reducing oxidative stress. Moreover, it is well-
documented that plants in the reproductive stage tend to accumulate more MDA compared to the vegetative
stage, which reflects the increased vulnerability of reproductive tissues to water stress!%!. This reduction in
oxidative damage underscores biochar’s potential as a soil amendment that enhances plant health and tolerance
to environmental challenges.

Protein content is another critical biochemical attribute negatively affected by water stress. Under drought
conditions, plants often exhibit a reduction in protein content, primarily due to a slowdown in metabolic
processes such as protein synthesis!2. The hydration-deficiency caused by water stress limits the ability of plants
to perform essential cellular functions, resulting in lower protein production. This reduction compromises
a plant’s capacity to respond to stress and maintain physiological activity. However, biochar application has
shown promising results in mitigating the decline in protein content. Biochar-enhanced soils provided better
water retention and nutrient availability, enabling plants to maintain metabolic processes, including protein
synthesis, under limited moisture conditions, as reportedm. As a result, plants grown in biochar-amended soils
exhibit higher protein levels compared to those in non-amended soils, even under drought stress. Furthermore,
protein content often peaks during the reproductive stage due to stress-induced expression of proteins involved
in protecting plants from environmental stresses, similar to the reports °41%, This demonstrates biochar’s role
in maintaining protein levels and sustaining plant metabolism during critical growth stages.

Water stress also induces a heightened production of antioxidant enzymes such as superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT). These enzymes are key components of the plant’s defense system
against oxidative stress caused by ROS overproduction!%. Under drought conditions, these antioxidant enzymes
help scavenge excess ROS, mitigating potential damage to cellular structures. However, the addition of biochar
into the soil moderated the impact of water stress on antioxidant enzyme activity by improving soil water
retention and reducing the need for extensive ROS scavenging, in mirror to the finding'%’. As a result, biochar-
treated plants exhibit a more balanced ROS-detoxifying enzyme profile. Not only does biochar directly enhance
soil conditions, but it also indirectly affects enzyme activity by improving nutrient availability and fostering
microbial communities!%®. The activity of these enzymes fluctuates between plant growth stages, with peroxidase
and catalase levels tending to increase during the reproductive stage, while SOD activity decreases, finding
showing similarity to reports %110, This differential enzyme activity across growth stages further highlights
biochar’s ability to support plants under stress by influencing the antioxidant defense system.

In terms of yield, water stress exerts a detrimental effect on several yield components, including cob length,
cob weight, kernel number, grain yield per hectare, stover yield, and apparent water productivity!''!. The
reduction in soil moisture interferes with critical physiological processes, such as photosynthesis and nutrient
translocation, resulting in lower crop productivity. However, biochar application has been shown to mitigate
these yield losses by improving soil moisture retention, enhancing nutrient availability, and promoting beneficial
microbial interactions!!2. Biochar’s ability to enhance soil structure also creates a more favorable environment
for root growth and nutrient uptake, contributing to better crop performance even under suboptimal water
conditions.

Interestingly, the study observed that biochar application at a dosage of 5 tons/ha resulted in better
physiological, biochemical, and yield outcomes than a higher dosage of 10 tons/ha. This suggests the possibility
of diminishing returns with excessive biochar use, likely due to nutrient imbalances, such as nitrogen uptake
limitation at higher biochar doses!!®. The optimal biochar dosage appears to strike a balance between promoting
plant responses and avoiding nutrient saturation, underscoring the importance of fine-tuning biochar
application rates in agricultural practices. This fine-tuning ensures that the benefits of biochar are maximized
without causing adverse effects, thus highlighting biochar’s potential as a sustainable tool for improving plant
resilience and productivity under water stress conditions.

The findings of this study have significant implications for agriculture and environmental sustainability.
Biochar’s ability to improve soil structure, nutrient retention, and water-holding capacity makes it a valuable
tool for enhancing crop productivity, particularly in regions with poor soil fertility or limited water resources
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14115 Ttg potential to sequester carbon also positions biochar as a viable strategy for mitigating climate change,
as it can lock atmospheric carbon dioxide in stable soil carbon pools for extended periods!®.

Additionally, biochar can reduce the need for chemical fertilizers by enhancing the availability of essential
nutrients, promoting more sustainable agricultural practices. This reduction in fertilizer use can lower input
costs for farmers while minimizing the environmental impact associated with excessive fertilizer application,
such as nutrient runoff and water pollution!'’.

Conclusion

In conclusion, this study demonstrates the effectiveness of organically activated biochar in improving maize
growth, biochemical, physiological traits, and yield under both optimal and water-deficit conditions. The research
provides scientifically valuable insights into the potential of biochar as a soil amendment, particularly under
field conditions where drought stress poses a significant challenge. By comparing different biochar amendment
levels, we found that 5 tons per hectare was more effective than 10 tons per hectare, offering a practical guideline
for future biochar application strategies. The scientific contributions of this work extend to the enhancement
of soil properties, such as water retention, organic matter content, and nutrient availability, which are critical
for sustainable crop production under climate stress. However, the study is limited by its short-term scope;
further longer-term field experiments are required to assess the enduring impacts of biochar on soil health and
crop yield. Future research should explore biochar’s effects across different soil types and climates, focusing on
its integration with other sustainable agricultural practices. Policy implications include encouraging the use of
biochar in drought-prone regions to improve food security, soil fertility, and water management. Furthermore,
this work advocates for the development of guidelines and incentives for farmers to adopt biochar, contributing
to sustainable agricultural systems.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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