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Abstract: Different soil amendments are applied to improve soil properties and to achieve higher
crop yield under drought conditions. The objective of the study was to investigate the role of biochar
for the improvement of wheat (Triticum aestivum L.) growth and soil biochemical properties under
drought conditions. A pot experiment with a completely randomized design was arranged with four
replications in a wire house. Drought was imposed on two critical growth stages (tillering and grain
filling) and biochar was applied to the soil 10 days before sowing at two different rates (28 g kg−1 and
38 g kg−1). Soil samples were collected to determine the soil properties including soil respiration and
enzymatic parameters after crop harvesting. Results showed that water stress negatively affects all
biochemical properties of the soil, while biochar amendments positively improved these properties.
Application of biochar at 38 g kg−1 provided significantly higher mineral nutrients, Bray P (18.72%),
exchangeable-K (7.44%), soil carbon (11.86%), nitrogen mineralization (16.35%), and soil respiration
(6.37%) as a result of increased microbial activities in comparison with the 28 g kg−1 rate.

Keywords: biochar; drought; enzymatic activities; mineral nutrients; soil properties

1. Introduction

Wheat (Triticum aestivum L.) is the most demanding crop and the second most impor-
tant staple food crop after maize in the world. It also plays a vital role in the economy of the
agriculture sector [1,2]. Drought is the most damaging abiotic stress responsible for severe
yield reduction in wheat by imposing detrimental effects on seed germination, seedling
development, and overall crop physiology [3,4]. Climate variability from the last few years
leads towards the increase of average temperature and drier summer, especially in Pakistan.
More demand for water and less availability increases the drought risk in many areas of
the world. Drought stress is a main constrain in sustainable wheat production [2,4].

Increase in the atmospheric CO2 results in the change of the climate and also changing
of the rainfall pattern and seasonal drought conditions [5]. Drought is becoming a serious
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issue for crop production in changing climatic conditions so there is a need to manage
the crop production accordingly [4–6]. Drought stress can damage the root growth of the
wheat plant in the initial stages of plant growth germination. Poor hydraulic conductance
in the leaves and the root can alter the whole plant’s physiological and metabolic functions.
Global warming and food insecurity are forcing farmers to enhance crop production under
limited water conditions but it is very difficult to achieve under the current change in
climatic scenario [6]. Drought stress can also damage the nutrient uptake by the plant and
also disturb the fertilizer application for crop production as some fertilizers are volatile and
not available to the plant under dry conditions. Sowing and crop management, including
all agricultural practices, can affect drought stress [4].

Soil management with the optimum utilization of the resources by which farmers
can sustain the soil productivity is essential in current intensive agriculture. High use of
chemical fertilizers, pesticides, and other chemicals in crop production cause a decline
in soil fertility that is also damaging the chemical and physical properties of the soil [7].
Microbial activity and the decomposition of the various inorganic materials are damaging
due to the current use of chemicals [7,8]. There is a need to manage soil with the use
of organic matter by which we can retain soil fertility [9]. Soil quality plays a vital role
in higher crop production and its evaluation under drought conditions can identify the
problematic area for sustainable production and soil productivity [8]. Soil productivity
refers to the favorable environment for plant growth that has suitable nutrients and growth
medium. It also links with the soil quality and it can be determined by different indicators
such as chemical, biological, and physical properties. Good soil quality can produce better
crops [9]. The cation exchange capacity is also an indicator to investigate the soil texture.
Soil texture and structure are also dependent on the soil’s biochemical properties [10].

Improvement in soil properties with the application of organic amendments has
been suggested as a way to enhance productivity and also to mitigate the detrimental
impacts of drought [11]. Biochar, a pyrogenic carbon that is commonly derived from the
combustion of carbon-rich materials, has recently attracted considerable attention both as
a soil conditioner and as a buffer against drought stress [12]. The biochar addition to the
soil has been reported to increase the soil organic carbon, moisture contents, and porosity,
increase cation exchange capacity, as well as increase retention of polyvalent cations [10,13].
Biochar application in soil was reported by Baiamonte et al. [14] and Odugbenro et al. [15]
to increase the stability of soil texture and aggregates. Soil water retention can also be
effective by the aggregate stability, particularly under low soil water content [16]. However,
the water-retaining ability of biochar amended soils may vary with the soil type where it is
applied, the source and rate of biochar application, as well as with the biochar preparation
methods [17,18].

It is generally known that biochar application improves the soil properties under
limited water conditions under semiarid conditions [12,18]. However, limited studies exist
investigating the biochar application under limited water stress conditions. Therefore, the
present study aimed to elucidate the effect of biochar application on soil chemical properties
and wheat growth under drought stress conditions. We hypothesized that the biochar
addition in the soil as a soil amendment will improve the soil properties, water-related
parameters, and growth of a water-stressed wheat plant.

2. Materials and Methods
2.1. Experimental Site and Design

The experiment was conducted from 2018 to 2019 at the wire house of the Islamia
University Bahawalpur, Pakistan. Cultivar “Galaxy-2013”, an approved wheat seed variety
from Punjab Seed Corporation, was used in the experiment. Six wheat seeds were sown
into pots (2 × 2 × 2 feet) containing 35 kg of soil maintained. Soil analysis was also done
before the experiment, the soil was contained 0.74% organic matter, 29 mg kg−1 available-P
and 75 mg kg−1 available-K, 231 µS/cm electrical conductivity, 0.54% total soluble salts,
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and 36%, 40%, 24% sand, silt, clay contents, respectively. The average temperature and
humidity during the experiment are given in Table 1.

Table 1. Average temperature and humidity during the crop growth period.

Month Temperature (◦C) Humidity (%)

November 20 61
December 14 70

January 13 73
February 15 68

March 21 61
April 29 48

Biochar was used as soil amendments before 10 days of sowing wheat seeds. Biochar
was obtained from the COMSATS Institute of Information Technology, Islamabad. Biochar
used in the experiment was highly pyrolysis at a temperature of 700 ◦C. Biochar was
applied with different doses according to the treatments in pots (without biochar (B0), with
biochar applied at 28 g kg−1 (B1), 38 g kg−1 (B2). Drought was imposed at tillering stage
(D1) or grain filling stage (D2) of crop growth by completely withdrawing irrigation. Fully
irrigated (D0) crops were treated as control. Irrigation was applied at critical growth stages
and 3 inch pots were filled with water during the irrigation. Characteristics of used biochar
in the experiment are given in Table 2. All other inputs remain the same according to the
recommended dose. Planting pots were settled in a complete randomized (CRD) design
with four replications. The total planting period was 180 days.

Table 2. Properties of biochar applied.

Biochar Property Values

pH 10.1
Electric conductivity (µS cm−1) 938
TC (%) 67.2
TN (%) 0.65
Dichromate oxidizable organic C 4.54
Water Soluble Carbon 152
Water Soluble Nitrogen 94.23
Ash content (%) 3.31
Carbonates content (% CaCO3) 11.45
CEC (cmolc kg−1) 34.21
NH4-N sorption (mg NH4-N g−1) 2.12
NO3-N sorption (mg NO3-N g−1) N.S.

2.2. Soil Sampling

Soil samples were taken from the pots at different growth stages of the wheat crop and
stored in plastic bags before transporting to the laboratory. Additional pots were already
arranged to take the multiple soil samples from each growth stage that had the same
applications and growth conditions. Sampling was done at two different phonological
stages of wheat: tillering and grain filling. For that, different pots were prepared for soil
sampling at tillering and grain filling periods having the same conditions. After shifting of
the soil samples in the lab, it was sieved (<2 mm) and analyzed for soil moisture content.
After sieving, the soil was stored at 4 ◦C.

Bray P, SOC, and exchangeable K were determined with standard methods demon-
strated by Sparks et al. [19,20]. Soil pH was determined in a soil and water suspension. Total
N was determined by steam distillation as reported by Mulvaney [21]. Dissolved organic
nitrogen (DON) and carbon (DOC) were measured according to the procedure reported by
Smolander and Kitunen [22]. Nitrogen mineralization rate (NMIN) was calculated from
the soil before and after 10 days of incubation at 30 ◦C. Soil microbial biomass C, N, and
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P were measured by using fumigation extraction methods as reported by Vance et al. [23]
and Heinze et al. [24]. Soil Respiration (SR) was determined according to Dinesh et al. [20].
Soil enzyme activities such as urease (UR), dehydrogenase (DH), β-glucosidase (βG), and
acid phosphatase (AcP) activities in the soil were determined by the procedure described
by Tabatabai [25].

2.3. Statistical Analysis

Data were analyzed by using the Fisher’s test for analysis of variance with fixed
factors biochar amendment (unamended, 28 g kg−1 and 38 g kg−1) and moisture treatment
(constantly irrigated, a drought at tillering and grain filling stages). The least significant dif-
ference (LSD) was used to determine significant differences for the amendment × moisture
treatment interaction at 95% confidence level (p ≤ 0.05) [26].

3. Results

Growth and yield-related parameters of the wheat crop were significantly affected
by the drought and it was also noticed that biochar application has a significant effect to
enhance the growth and yield of wheat (Table 3). The highest values were noticed with the
application of biochar at a rate of 38 g kg−1 and the lowest was found when there was no
application of biochar. It was also found that the lowest plant height, spike length, and
the number of spikelets were noticed when drought was applied at the tillering stage but
a minimum number of grains, 1000-grain weight, and grain yield were observed when
drought stress was applied at the grain filling stage. The same kind of trends in the results
was noticed in the interaction with the biochar and drought stress was noticed.

Table 3. Effect of biochar on growth and yield-related parameters of wheat crop under water-limited stress condition.

Treatments Plant Height
(cm)

Spike Length
(cm)

Number of
Spikelets per

Spike

Number of
Grains per

Spike

1000-Grain
Weight (g)

Grain Yield
per Plant (g)

D0 97 A (±0.912) 10.45 A (±0.144) 24.33 A (±0.120) 46 A (±0.353) 35 A (±0.359) 1.48 A (±0.009)
D1 87 C (±0.938) 08.88 C (±0.074) 22.24 B (±0.087) 40 B (±0.678) 32 B (±0.359) 0.90 B (±0.015)
D2 93 B (±0.408) 09.55 B (±0.165) 19.43 C (±0.038) 37 C (±0.912) 28 C (±0.156) 0.50 C (±0.029)
B0 90 C (±0.707) 10.11 C (±0.047) 21.24 C (±0.010) 39 C (±0.496) 30 C (±0.370) 1.21 C (±0.013)
B1 95 B (±0.407) 11.23 B (±0.086) 23.35 B (±0.015) 43 B (±0.912) 33 B (±0.389) 1.34 B (±0.017)
B2 99 A (±0.410) 12.02 A (±0.062) 25.42 A (±0.019) 47 A (±0.577) 36 A (±0.131) 1.48 A (±0.007)

D × B
D0B0 96.12 c (±1.037) 10.27 c (±0.073) 22.33 c (±0.043) 43 c (±0.408) 34.33 c (±0.134) 1.25 c (±0.014)
D0B1 98.32 b (±1.178) 11.23 b (±0.062) 24.25 b (±0.055) 46 b (±0.341) 36.34 b (±0.073) 1.30 b (±0.012)
D0B2 99.85 a (±0.828) 12.02 a (±0.259) 26.47 a (±0.090) 48 a (±0.375) 38.23 a (±0.112) 1.46 a (±0.014)
D1B0 86.15 h (±0.582) 07.23 h (±0.089) 19.13 f (±0.062) 39 f (±0.408) 30.43 f (±0.212) 0.89 f (±0.004)
D1B1 88.53 g (±1.167) 08.25 g (±0.179) 20.54 e (±0.131) 41 e (±0.177) 31.34 e (±0.027) 1.02 e (±0.007)
D1B2 90.23 f (±0.256) 09.01 ef (±0.072) 21.43 d (±0.046) 42 d (±0.108) 33.31 d (±0.191) 1.11 d (±0.010)
D2B0 93.14 e (±0.402) 09.12 de (±0.046) 16.33 I (±0.032) 30 I (±0.361) 24.24 I (±0.088) 0.56 I (±0.012)
D2B1 95.16 d (±0.665) 09.98 d (±0.014) 17.23 h (±0.030) 33 h (±0.093) 26.22 h (±0.106) 0.67 h (±0.015)
D2B2 96.03 c (±0.724) 10.24 c (±0.172) 18.21 g (±0.009) 34 f (±0.410) 28.32 g (±0.080) 0.80 g (±0.009)

The different letter shows a significant difference in treatments at 5% probability level. D0 = Control, D1 = Drought at tillering stage,
D2 = Drought at grain filling, B0 = (No-Biochar), B1 = 28 g kg−1 Biochar, B2 = 38 g kg−1 Biochar. Values in brackets are standard error of
the mean (n = 4).

Soil pH, total N, Exchangeable K, and Bray P were highest in soil under full irrigation
with the highest biochar amendment but were lowest when drought was imposed at grain
filling without biochar addition (Table 4). Under different soil moisture conditions (full
irrigation or drought), high values of these soil parameters were found with the application
of the highest biochar rate but were lowest in un-amended soil. Generally, with or without
biochar amendment, these parameters were greatest in the soil of fully irrigated crops but
were lowest under drought at the grain filling stage. Except that Bray P did not differ in
biochar amended soil exposed to drought at both tillering and grain filling stages.
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Table 4. Effect of Biochar on Soil pH, Mineral N, Bray P and Exchangeable-K of under drought
stress condition.

Treatments Soil pH Mineral N
(mg kg−1) Bray P Exchangeable-K

D0 7.01 A (±0.018) 83.53 A (±0.086) 7.82 A (±0.013) 173.53 A (±0.115)
D1 6.85 B (±0.088) 80.17 B (±0.049) 7.43 B (±0.016) 155.14 B (±0.073)
D2 6.78 C (±0.067) 76.48 C (±0.015) 6.98 C (±0.028) 141.16 C (±0.083)
B0 6.72 C (±0.061) 66.81 C (±0.039) 6.45 C (±0.209) 105.79 C (±7.228)
B1 6.87 B (±0.070) 84.53 B (±0.088) 7.21 B (±0.414) 179.88 B (±8.461)
B2 7.05 A (±0.079) 88.84 A (±0.047) 8.56 A (±0.128) 193.17 A (±7.007)

D × B
D0B0 6.82 d (±0.011) 70.15 f (±0.092) 6.82 e (±0.014) 120.14 g (±0.093)
D0B1 7.01 b (±0.003) 88.30 b (±0.153) 7.82 c (±0.014) 196.26 b (±0.135)
D0B2 7.23 a (±0.017) 92.16 a (±0.080) 8.82 a (±0.014) 204.22 a (±0.124)
D1B0 6.72 e (±0.014) 67.18 g (±0.097) 6.43 f (±0.023) 100.11 h (±0.066)
D1B1 6.81 d (±0.009) 85.18 d (±0.096) 7.41 d (±0.008) 170.18 e (±0.095)
D1B2 7.02 b (±0.012) 88.14 b (±0.093) 8.44 b (±0.023) 195.11 c (±0.060)
D2B0 6.61 f (±0.008) 63.11 h (±0.061) 6.10 f (±0.052) 97.11 i (±0.066)
D2B1 6.81 d (±0.007) 80.11 e (±0.060) 6.42 ef (±0.014) 146.18 f (±0.092)
D2B2 6.92 c (±0.011) 86.23 c (±0.115) 8.43 b (±0.020) 180.18 d (±0.092)

The different letter shows a significant difference in treatments at 5% probability level. D0 = Control, D1 = Drought
at tillering stage, D2 = Drought at grain filling, B0 = (No-Biochar), B1 = 28 g kg−1 Biochar, B2 = 38 g kg−1 Biochar.
Values in brackets are standard error of the mean (n = 4).

Soil organic carbon (SOC), dissolved organic nitrogen (DON), dissolved organic
carbon (DOC), nitrogen mineralization (Nmin), and soil respiration (SR) were highest in
soil under full irrigation with the highest biochar amendment, but were lowest under
drought at grain filling stage without biochar addition, except SOC that was lowest under
drought at the tillering stage at 28 g kg−1 biochar rate (Table 5). Generally, with or without
biochar amendment, these parameters were greatest in the soil of fully irrigated crops, but
were lowest under drought at the grain filling stage, except SR that showed no difference
between both drought conditions at 28 g kg−1 biochar rate with the lower biochar rate.
Except that SR did not differ between both drought conditions with the lower biochar rate.

Table 5. Effect of Biochar on SOC (Soil organic C), DOC (Dissolved organic C), DON (Dissolved organic N), NMIN (Nitrogen
Mineralization), and SR (Soil Respiration) under water-limited stress condition.

Treatments SOC (g kg−1) DOC (µg g−1) DON (µg g−1) NMIN SR

D0 1.34 A (±0.0016) 143.83 A (±0.083) 21.85 A (±0.093) 77.52 A (±0.098) 23.86 A (±0.018)
D1 1.30 B (±0.0017) 138.48 B (±0.078) 19.81 B (±0.079) 65.14 B (±0.076) 22.38 B (±0.220)
D2 1.31 C (±0.0009) 133.56 C (±0.127) 15.81 C (±0.076) 51.85 C (±0.094) 21.24 C (±0.005)
B0 0.96 C (±0.0058) 129.48 C (±2.299) 16.46 C (±1.773) 53.53 C (±6.027) 20.85 C (±0.585)
B1 1.48 B (±0.0177) 135.17 B (±2.906) 19.48 B (±1.761) 65.16 B (±8.667) 22.42 B (±0.929)
B2 1.52 A (±0.0122) 151.21 A (±3.749) 21.53 A (±1.782) 75.82 A (±8.072) 23.85 A (±0.821)

D × B
D0B0 0.97 d (±0.0011) 133.11 ef (±0.060) 19.16 d (±0.080) 65.24 c (±0.121) 22.14 b (±0.012)
D0B1 1.52 ab (±0.0017) 140.18 d (±0.097) 22.19 b (±0.083) 80.18 b (±0.094) 24.25 ab (±0.014)
D0B2 1.54 a (±0.0021) 158.18 a (±0.093) 24.23 a (±0.116) 87.15 a (±0.078) 25.18 a (±0.031)
D1B0 0.96 de (±0.0012) 130.11 f (±0.066) 17.11 f (±0.066) 50.16 e (±0.105) 21.34 cd (±0.008)
D1B1 1.46 cd (±0.0024) 135.19 e (±0.102) 20.11 c (±0.068) 65.14 c (±0.073) 21.77 c (±0.665)
D1B2 1.52 ab (±0.0023) 150.11 b (±0.066) 22.18 b (±0.105) 80.12 b (±0.062) 24.03 b (±0.003)
D2B0 0.95 e (±0.0008) 125.22 g (±0.124) 13.12 h (±0.069) 45.19 f (±0.105) 20.13 e (±0.005)
D2B1 1.48 c (±0.0007) 130.12 f (±0.069) 16.16 g (±0.081) 50.16 e (±0.080) 21.23 d (±0.006)
D2B2 1.50 b (±0.0011) 145.33 c (±0.187) 18.16 e (±0.084) 60.20 d (±0.102) 22.35 c (±0.003)

The different letter shows a significant difference in treatments at 5% probability level. D0 = Control, D1 = Drought at tillering stage,
D2 = Drought at grain filling, B0 = (No-Biochar), B1 = 28 g kg−1 Biochar, B2 = 38 g kg−1 Biochar. Values in brackets are standard error of
the mean (n = 4).
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Microbial biomass carbon (MBC), phosphorus (MBP), and nitrogen (MBN) were
highest in the soil under full irrigation with the highest biochar amendment (38 g kg−1),
but were lowest when drought was imposed at grain filling without biochar addition
(Figures 1 and 2). Under the different soil moisture conditions (full irrigation or drought),
these soil parameters were greatest with the highest biochar rate but were lowest in
unamended soil. Generally, with or without biochar amendment, these parameters were
greatest in the soil of fully irrigated crops but were lowest under drought at the grain
filling stage.

Figure 1. Effect of Biochar on Microbial biomass-C of soil under drought.

Figure 2. Effect of Biochar on Microbial biomass-N and Microbial biomass-P of soil under drought.

Data regarding different enzymatic activities (Table 6) in the soil of wheat crop shows
that the highest soil dehydrogenase (DH), urease (UR), acid phosphatase (AcP), and β-
glucosidase (βG) were noticed when there is no drought followed by drought at grain filling
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and lowest was noticed when drought applied at grain filling stage. Biochar significantly
affects the soil enzymatic activities as highest soil enzymatic activities were noticed when
biochar applied with the rate of 38 g kg−1 followed by when applied biochar with the
rate of 28 g kg−1 and lowest enzymatic activities were observed in a treatment having
no biochar. A significant interaction was also noticed between biochar application and
drought treatments.

Table 6. Effect of Biochar on Soil dehydrogenase (DH), urease (UR), acid phosphatase (AcP), and β-glucosidase (βG)
activities in the soil of wheat crop under water-limited stress condition.

Treatments DH
(nmol TPF g−1 soil h−1)

UR
(µmol NH3-N g−1 h−1)

AcP
(µmol p-Nitrophenol g−1 h−1)

βG
(µmol p-Nitrophenol g−1 h−1)

D0 70 A (±0.816) 15.34 A (±0.278) 26.33 A (±0.247) 6.65 A (±0.064)
D1 35 C (±1.080) 09.32 C (±0.123) 17.45 C (±0.170) 2.45 C (±0.090)
D2 67 B (±0.912) 12.34 B (±0.108) 21.67 B (±0.141) 4.53 B (±0.067)
B0 67 C (±1.354) 16.12 C (±0.021) 24.54 C (±0.272) 5.25 C (±0.322)
B1 76 B (±1.020) 17.33 B (±0.086) 28.34 B (±0.236) 6.43 B (±0.237)
B2 82 A (±0.790) 21.35 A (±0.027) 32.23 A (±0.453) 6.90 A (±0.279)

D × B
D0B0 65 c (±0.912) 13.23 c (±0.099) 23.43 c (±0.113) 6.12 c (±0.094)
D0B1 70 b (±1.080) 16.34 b (±0.128) 27.76 b (±0.540) 6.86 b (±0.199)
D0B2 75 a (±0.912) 18.31a (±0.257) 31.33 a (±0.235) 7.02 a (±0.366)
D1B0 31 h (±1.354) 04.43 g (±0.257) 14.56 g (±0.536) 2.04 h (±0.138)
D1B1 35 gh (±0.707) 06.12 f (±0.069) 16.23 fg (±0.468) 3.12 gh (±0.042)
D1B2 39 g (±0.790) 08.34 ef (±0.057) 17.34 f (±0.703) 3.65 f (±0.165)
D2B0 61 f (±0.540) 09.45 e (±0.101) 17.43 f (±0.592) 3.89 e (±0.067)
D2B1 65 e (±0.472) 11.62 d (±0.099) 19.21 e (±0.459) 4.12 de (±0.131)
D2B2 70 d (±0.965) 12.77 c (±0.170) 21.65 d (±0.788) 4.67 d (±0.118)

The different letter shows a significant difference in treatments at 5% probability level. D0 = Control, D1 = Drought at tillering stage,
D2 = Drought at grain filling, B0 = (No-Biochar), B1 = 28 g kg−1 Biochar, B2 = 38 g kg−1 Biochar. Values in brackets are standard error of
the mean (n = 4).

4. Discussion

The study shows that drought stress at both tillering and grain filling stages signifi-
cantly lowered soil pH, whereas higher pH was maintained in constantly irrigated soils.
Similar results were reported by Siebielec et al. [11]. Zhang et al. [27] also found that soil
pH significantly decreased under water stress conditions, which was attributed to poor
solubilization of phosphate compounds.

Growth and yield-related parameters of the wheat crop are interlinked with each
other. The higher 1000-grain weight leads towards the higher grain yield per plant [2].
Zaheer et al. [4] reported that drought stress at any growth stage severely damages wheat
growth and yield as water is essential for plant growth and development. Under drought
stress, there is less availability of the soil nutrients and less production of the photosynthetic
material in the plant so there is less plant growth. Biochar is an effective soil amendment
as it improves soil properties and maintains long-term soil productivity [28]. Biochar
application as a soil amendment has a positive effect on plant growth and yield [29].
Biochar can enhance the soil carbon and organic matter contents in the soil, and it can also
improve the soil microbial activities that enhance the soil nutrients availability [30].

Under low soil water conditions, such as the drought condition, the accumulation of
organic matter may contribute to lower soil pH through the release of hydrogen ions [31].
Also, the increased polarity of accumulated cations due to soil drying may lower the soil
pH [32]. Song et al. [33] also showed that a decrease in soil pH during water stress could
indicate that moisture enhances the correlativity between phosphatase activity in the soil.

However, drought-induced decreases in soil pH were ameliorated with the addition
of biochar. Previous studies have also reported that biochar increased soil pH [34–38]. An
increase in soil pH due to biochar application has been attributed to the release of inherent
alkaline substances [39] and possibly high calcium carbonate content and the calcium
carbonate equivalent (CCE) [40]. According to Yuan et al. [36], the alkalinity of biochar is
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an important factor that affects their liming potential. In our study, the effect of biochar on
soil pH increased with increasing biochar rate across the different soil water conditions.

Exposure to drought significantly lowered nutrients (total N, mineral N, bray P,
and exchangeable K) concentrations in the soil, compared with constantly irrigated soils.
Under drought conditions, lower soil water content limits microbial activity, resulting in
reduced organic matter decomposition. Marschner [41] found that soil respiration and
phosphorus pools were lower in soil with low (−1.700 MPa) water content in comparison
with soil with optimum (−0.078 MPa) water content. Lower microbial activity and P
availability in soil exposed to drought compared with constantly irrigated soils [4]. Higher
soil nutrient content in constantly irrigated soils could suggest the effects of soil microbes
in decomposing soil organic matter, resulting in nutrient mineralization [2].

Biochar amendment increased soil nutrients (total N, mineral N, bray P, and ex-
changeable K) concentrations in both constantly irrigated and drought exposed soils when
compared with unamended soils. Similar results were observed in Karimi et al. [42].
Ahmed et al. [30] also corroborated that biochar application increased nitrogen retention
and soil organic matter in the soil, resulting in improved water use efficiency. The biochar-
induced increase in soil nutrient availability in the soil under regular watering and drought-
imposed treatments could be due both to the release of available nutrients from the biochar
itself or enhanced decomposition of native soil organic matter, referred to as “soil prim-
ing” [43]. Shen et al. [44] also showed that biochar application to the soil enhanced nutrient
availability and improved soil fertility. The biochar pyrolysis temperature and source
have been attributed to be significant factors in determining the concentration of nutrients
released into amended soil [28,29,45].

Drought stress condition decreases large macroaggregates of SOC pool which in turn
affects soil stability. Carbon metabolism is highly sensitive to soil moisture [46]. DOC,
SOC, and DON are related to the availability of soil moisture and they are all reduced
under water stress conditions. Conversely, Ritson et al. [47] found that water stress caused
an increase in DOC production from peatland. Hailegnaw et al. [48] reported that most
of the biochar is carbon so its addition to soil also enhances the SOC and DOC. Biochar
also enhances the organic matter contents in the soil and microbial activities, thereby
improving DON [49].

Bond-Lamberty et al. [50] reported that nitrogen mineralization is also affected by the
availability of soil moisture. Drought condition increases nitrogen loss due to the increase
in asynchronicity between the nitrogen released by the mineralization and its uptake by
the plant. Any soil amendments that can enhance organic matter in the soil could mitigate
the loss of nitrogen. The application of biochar also enhances soil organic matter and
slows down the loss of nitrogen, so its application enhances the nitrogen mineralization in
the soil [48].

Soil respiration is very important for sustainable plant growth, microorganisms, and
soil fauna. It indicates the rate of soil organic matter decomposition and microbial activi-
ties [49]. Findings from this study showed that SR decreased by 6.02% and 10.98% under
water stress conditions at the tillering and grain filling stage, respectively, but when biochar
was applied and then subjected to water stress at the same stages, significantly higher SR
was reported. This is in line with the work of Skopp et al. [51] who reported that the limited
soil moisture decreased the microbial activities in the soil and more of these microbes and
plant roots invest energy to produce protective molecules that decrease the soil respiration.
Smith et al. [52] noticed that biochar increases soil carbon, organic matter, and microbial
activities in the soil, which also enhances the soil respiration.

Soil microbial biomass plays a vital role in the decomposition of organic matter.
Higher microbial biomass enhances soil fertility and increases the availability of soil
nutrients. It also acts as the linkage of the source and sinks between soil nutrients [41].
Sanaullah et al. [53] reported that drought stress condition creates osmotic stress and causes
microbial death that creates microbial biomass reduction. More of this organic matter
decomposition also decreases with drought stress. Hailegnaw et al., [48], Smith et al. [52],
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Al-Wabel et al. [49], Martinsen et al. [54], Cornelissen et al. [55], and many other researchers
reported that biochar application enhanced the microbial activities, organic matter, and
nutrient content in the soil thereby improving the microbial biomass of the soil, which is
helpful in the improvement of soil fertility and plant growth.

Findings show that drought stress causes a considerable decrease in the soil enzymatic
activities. Li and Sarah [56] also reported that enzymatic activities in soil decreased due to
the climatic transect under limited water stress. Unavailability of the soil water decreases
the soil microbial activities involved in the recycling of various soil nutrients. Drought
stress at different growth stages of wheat has a different effect on the soil enzymatic
activities as there is a different level of soil nutrients status and different requirements for
plant growth. Mayor et al. [57] reported that limited Nitrogen availability under drought
conditions leads to a decrease in enzymatic activities. Our findings are in agreement with
previous researchers as phosphate activities, urease, β-glucosidase, and dehydrogenase
correlated with the availability of soil water [58,59], however, activities of urease under
limited availability of water are not always affected [60]. Biochar application also increases
the organic carbon that can be very helpful to enhance the soil microflora. Microbial
activities in the soil also enhance the organic matter and nutrients status of the soil. Many
researchers [61–68] also reported the increase of the organic matter in the soil due to
biochar also enhances the soil enzymatic activities and impact on crops [69]. Zhao et al. [70]
reported that biochar application as soil amendments increase the soil organic matter
contents that are helpful in the soil health and quality.

5. Conclusions

Biochar application was found to have a significant effect on the soil’s biochemical
properties. Most of the organic matter significantly increased with the application of
biochar. Biochar application under water stress conditions can improve the plant growth
and chemical properties of soil. Biochar application with the rate of 38 g kg−1 of soil under
water stress conditions is more beneficial in the comparison with 28 g kg−1 rate. Soil
carbon contents and mineral nutrients also increased with the application of biochar, so
it is recommended to farmers and other crop plant researchers to use biochar especially
under drought conditions to improve plant growth and also as an alternative means of
improving nutrient availability status for plant growth.
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