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(S I N

Abstract: Biochar improves soil physical, biochemical, and microbial properties, leading to the ame-
lioration of soil fertility, which, in turn, results in better growth and yield in crop plants. The current
study aimed to evaluate whether using different levels of biochar can enhance soil characteristics
and plant attributes. Accordingly, an experimental study was conducted in 2022 using a randomized
complete block design with four replications (n = 4) in the experimental glasshouse of the University
of Zanjan, in which two regimes of irrigation (DO, full irrigation as the control; D1, water scarcity
was applied immediately after the flowering stage for two weeks) and four levels of natural mineral
biochar (0% as the control treatment, 0.25, 0.5, and 1% of soil weight) were applied. The results
indicated that drought substantially decreased the organic carbon content of the soil and the grain
yield while increasing the available phosphorous, soil carbohydrate content, and microbial biomass
of the soil. Biochar could considerably alter the means of the studied soil quality parameters and the
barley grain yield. Adding biochar could be considered a valid strategy to increase the resistance of
plants to drought.

Keywords: soil; organic carbon; available phosphorous; microbial biomass; grain yield; withhold-
ing irrigation

1. Introduction

Barley (Hordeum vulgare L.) is the fourth most cultivated cereal and one of the most
strategic crop plants produced almost all over the world as a source of staple food and
animal feed [1]. It was reported that world barley production in the 2021-2022 cultivation
season has decreased by 8.1% compared to 2020-2021 probably due to climate change and
its repercussions, such as drought stress [2].

Food uncertainty is a comprehensive obstacle that has become a serious hazard world-
wide, particularly in developing countries, due to overpopulation and dwindling accessibil-
ity of croplands, water, and other resources related to agriculture scopes [3-6]. Additionally,
the amplification of greenhouse gases such as carbon dioxide (CO;), methane (CHy), and
nitrous oxide (N;0O), as well as atmospheric temperature and the evacuation of water
resources, resulting from anthropogenic activities, have driven climate alteration, resulting
in drought stress as one of the most important results of climate change [7-10]. Indeed,
drought is defined as a situation in which the soil’s total water capacity is between 12-20%
for approximately 16 days, which differs from a water deficit in which the water capac-
ity is less than 30% [7]. Under such circumstances, most plants cannot absorb abundant
water, which is required for optimized growth [11]. Plant growth trends depend on soil
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conditions. Water availability directly affects plants” morphological, physiological, and
biochemical attributes [12]. Therefore, water shortage is considered the most vital abiotic
stress [13,14]. Reduced stomatal conductance, low transpiration rate, lack of biological
nitrogen fixation, prevention of abscisic acid activity, absorption of macronutrients and mi-
cronutrients, the decline in chlorophyll concentration, low root elongation, high electrolyte
leakage, and ethylene accumulation are some of the major consequences of water scarcity
that affect plants” physiological responses [11,15-17]. Such destructive effects on plants
cause a massive decrease in plant functions and yield attributes [18].

Drought is one of the most destructive stresses for wild plants and agronomic
crops [4,5,17]. Drought stress affects crop yields, especially in arid and semi-arid regions
of the world [8,10]. The intensity and frequency of drought periods are increasing due to
climate change, as recently reported [19,20]. Scarce rainfall induces different physiological
and metabolic responses in plants such as the closure of the stomata, resulting in reduced
growth and a low photosynthetic rate [21]. The first biological mechanisms compromised
by drought concern the reduction in cell expansion and cell divisions, two primary pro-
cesses involved in plant growth [6,16]. If water stress continues, the impairment is more
profound and conditions such as photosynthesis and cellular respiration influence critical
processes, such as germination, emergence, leaf expansion, root and shoot development,
dry matter accumulation, floral initiation, pollination, fertilization, seed growth and seed
yield [16,22,23]. Indeed, water stress, by reducing the size and number of cells, leads
to reduced leaf area and reduced plant height and stem development. Furthermore, a
shortening of the period from floral initiation was observed, resulting in a lower yield
in terms of seed production [17,24,25]. In addition to its effects on plants, drought can
effectively change soil’s microbial, biochemical, and physical properties, eventually leading
to restriction in crop growth and production [4,6,26,27]. It was proposed that the negative
impacts of drought on soil’s microbial properties decrease the enzymatic activity of the soil
and decrease nutrient cycling, soil fertility, and plant production [7,26,27]. It was proposed
that the microbial population is decreased under drought because of restricted nutrient
mineralization and respiration [7,28]. The destructive effects of water shortage on the
microbial community and soil activity lead to lower enzymatic activity, lower nutrient
uptake, and consequently, lower productivity [29]. For instance, the availability of some
fertilizers may be affected by water shortages in the soil, consequently, disturbing nutrient
uptake by plants, particularly carbon, nitrogen, and phosphorous [23,30]. Soil quality plays
a critical role in the maintenance of high crop productivity. If the organic matter in the
soil, such as organic carbon, is reduced, the sustainable production of farming activities is
negatively affected [3]. This means that higher soil organic matter activates an appropriate
soil microbial community, improves soil structure, increases beneficial nutrients, enhances
crop water use efficiency, and increases productivity [31,32]. The overuse of chemical
fertilizers, pesticides, and herbicides has diminished microbial activity and respiration,
enzymatic activity, decomposition of various organic and inorganic materials, and soil
productivity. Therefore, suitable soil management using healthy resources of fertilizers is a
fundamental part of agricultural activities [30].

It was proposed that boosting soil properties and productivity requires healthy re-
sources of amendments, such as organic substances, which can also be highly advantageous
for mitigating the adverse effects of drought stress. Biochar, a product of biomass pyrol-
ysis, is used as a carbon-rich material to elevate soil C sequestration and reduce CO,
emissions [33-37]. Soil microorganisms use it as a C source, which increases the organic
mass in the soil, leading to the reduced application of chemical fertilizer [38]. It was also
reported that using biochar increases soil organic carbon, because of more sustainable soil
aggregates [39]. Moreover, as biochar has considerable porosity, it provides an appropriate
habitat for microorganisms, which causes a more effective decomposition of organic matter
in the soil [40]. In addition, several researchers have reported that using biochar as a
valuable soil conditioner improves soil water holding capacity, cation exchange capacity,
soil texture stability, and soil aggregates [3,33-37,40-49].
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Several experimental studies have argued how biochar affects soil properties and
plant attributes under drought stress conditions. However, no single study has assessed
the effect of mineral biochar (extracted from natural mines) on soil microbial activity and
plant growth under drought stress. Therefore, this study was undertaken to determine the
ameliorating effect of biochar on the adverse effects of drought on soil biochemical and
physical characteristics and barley plant attributes. We hypothesized that the addition of
biochar into the soil mitigates the detrimental impacts of drought stress on soil microbial
activity and respiration, soil organic carbon, and other parameters. The results would de-
termine the optimum level of biochar in alleviating the negative impacts of water shortages
on soil and crops.

2. Materials and Methods
2.1. Site Description and Experimental Design

A pot study was conducted in the 2021-2022 cultivation season, in the experimental
glasshouse of the University of Zanjan, Iran, using a randomized complete block design
(n=4). The experimental soil was sieved (2 mm) and oven-dried to evaluate its phys-
iochemical parameters at the agricultural research center of Zanjan, Iran (Table 1). The
physical and chemical properties of the experimental biochar are listed in Table 2. Barley
(Hordeum vulgare L. var. Jolgeh) seeds were sown on 22 October 2021. The seeds were
soaked in pots containing 10 kg of loamy sand soil (dry weight equivalent). Two regimes
of irrigation, namely, non-stress conditions (full irrigation as a control treatment, D0) and
withholding irrigation for two weeks at the flowering stage (D1) were applied as the main
factors. Natural mineral biochar, a coal product, was mixed with the soil at the beginning
of the experiment at four levels (B0, B0.25, B0.5, B1) with the soil amendment 0% (without
biochar) as the control, 0.25%, 0.5%, and 1% w/w. Biochar was obtained from a natural
mine in the Koohbanan region of Kerman Province, Iran. In fact, the used biochar in this
experiment is a natural product that is extracted from the mine, and after it is ground and
becomes powder, it becomes usable for any activity including agricultural activities. The
recommended doses of NPK fertilizers (100, 60, 45 kg ha™!, respectively) were used for
barley based on the recommendations of the agricultural organization of Zanjan, Iran. The
growth conditions in the glasshouse were as follows: 420 ppm of CO;, relative humidity of
60% £ 5%, 16-21 °C (minimum-maximum), and natural light condition day/night cycle of
14/10 h photoperiod (using fluorescent lamps providing PAR). Each plastic pot (28 cm top
diameter and 30 cm height) contained 10 kg of loamy, sandy soil (dry-weight equivalent).
All pots were irrigated equally until the flowering stage, after which the drought stress
treatment was initiated. Pots were weighed precisely several times during the drought
period; their weight was recorded, a soil moisture curve was drawn, and sampling was
performed when the soil water potential reached under 2 mega pascals.

Table 1. Physical and chemical properties of the soil.

Unit Fe Mn Zn Cu EC x 10° H o.Cc K S.p N Sand  Silt Clay
mg/kg mg/kg mg/kg mg/kg mS/cm P % mg/kg  mg/kg % % % %
Quantity 2.79 4.20 0.38 0.28 1.20 8.17 0.12 181 5.6 0.012 72 16 12
Fe, Mn, Zn, Cu, EC, pH, O.C, K, S.P, and N represent iron, magnesium, zinc, coppet, electrical conductivity,
potential hydrogen, organic carbon, potassium, soluble phosphorus and nitrogen, respectively.
Table 2. Chemical properties of the biochar.
Unit Pb N SP K o.C - EC x 10° cd Cu Zn Mn Fe
mg/kg % % % % P mS/cm mg/kg mg/kg mg/kg mg/kg mg/kg
Quantity 0.58 1.38 0.15 0.13 13.85 6.4 1.23 0.02 0.56 1.74 3.42 4.15

Pb, N, SP, K, O.C, pH, EC, Cd, Cu, Zn, Mn, and Fe represent lead, nitrogen, soluble phosphorus, potassium, organic
carbon, potential hydrogen, electrical conductivity, cadmium, copper, zinc, magnesium, and iron, respectively.
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2.2. Soil Sampling and Measurements

At the end of the cultivation season, after harvesting grain yield, 250 g of soil sample
from each treatment was collected in June 2022, transferred to the soil analysis laboratory
in sealed plastic bags, and stored on dry ice immediately after collection. The studied soil
parameters were determined and measured in the Soil Physics Laboratory of the University
of Zanjan, Iran.

Determination of Soil Biochemical and Microbial Properties

In this experiment, the soil parameters included the organic carbon content of the
soil (OC%), available phosphorous (AP), sulfuric acid carbohydrate (SAC), hot water soil
carbohydrate (HWSC), microbial biomass (MB), the trend of soil microbial respiration (MR)
on the 1st, 2nd, 5th, 12th, 19th, 26th, and 33rd days, and substrate-induced respiration
(SIR) on the 1st, 2nd, 5th, and 12th days after sampling. The grain yield of the barley was
measured at the end of the growing season. The OC was estimated using the Walkley
and Black dichromate oxidation procedure [50], and AP was determined using the Olsen
method [51]. The carbohydrate content was estimated in two types of soil extracts, that
is, dilute acid-soluble extract using 1 g of soil mixed with 10 mL of 0.25 M H,504 and
shaken in a plane rotary shaker for 16 h and hot water-soluble extract using 1 g of soil
mixed with 10 mL of hot distilled water (85 °C) and heated for 2.5 h [51]. Each suspension
was centrifuged (30 min at 3000 rpm), and 2 mL of the supernatant solution was used
to determine the carbohydrate concentration using the phenol-sulfuric acid method de-
scribed by Nielsen [52], using glucose as the calibration curve. The absorbance of each
supernatant solution was measured using a spectrophotometer at 490 nm. The amount
of CO; respired in NaOH was titrated against standardizing HCI at different intervals
using phenolphthalein as the indicator [29]. Microbial biomass carbon was estimated by
the fumigation—extraction method.

2.3. Statistical Analysis

Two-way ANOVA with Siddk multiple comparison tests was performed. Statistical
analyses were performed using the GraphPad Prism 8 software (San Diego, CA, USA). Data
are presented as mean + S.E.M (standars error of mean), with the statistical significance
level set at p < 0.05.

3. Results

The results of the present study illustrated significant effects of drought and biochar
and their interaction (p < 0.05) on some of the studied soil factors, as well as the grain
yield of barley. Regarding organic carbon (OC%), drought stress and biochar significantly
affected this index. Drought decreased the OC compared with normal irrigation by 5.6%
in non-amended soils. However, adding biochar both in normal irrigation and under
drought stress improved the concentration of OC in the amended soil compared with the
control (Figure 1). The application of 1% biochar to the soils significantly enhanced the
OC more than all other biochar treatments. According to the results, the highest OC (27%)
was observed under normal irrigation conditions with 1% mineral biochar, and the lowest
value (17%) was detected in soil not amended with biochar and subjected to drought stress
(Figure 1).
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Figure 1. Effects of biochar and drought treatment on soil organic carbon (OC). Data are shown as
mean £ S.E.M, and different letters denote statistically significant differences between experimental
groups at the p < 0.05 level according to two-way ANOVA with Siddk multiple comparison test.

There were no significant effects for drought stress, biochar and their interaction on
the available phosphorus content (Figure 2). However, drought stress increased the AP
content in the absence of biochar; nonetheless, the application of mineral biochar even
under drought conditions increased this parameter. The application of B0.25, B0.5, and By
levels in not stressed soils improved the AP compared to the control treatment. The highest
AP value was obtained using 0.25% biochar (4.66 ppm) under normal irrigation and the
lowest in the same level of biochar but in drought-exposed soils (Figure 2.)

a Bl Drought O
a a B Drought 1

Phosphorus
Ppm

BO B 0.25 B 0.5 B1

Figure 2. Effects of biochar and drought treatment on the concentration of soil available phosphorous
(AP). Data are shown as mean + S.E.M, and different letters denote statistically significant differences
between experimental groups at the p < 0.05 level according to two-way ANOVA with Siddk multiple
comparison test.

The response of hot water soil carbohydrates (HWSC) to the drought stress was not
significant (p < 0.05). However, the application of biochar substantially increased the content
of HWSC in the soil (Figure 3). We observed that although the effect of using B0.25 was
not positive, increasing the level of biochar resulted in improved HWSC compared to soils
without biochar. Moreover, drought stress increased the content of HWSC compared with
the non-treated soils (D0-B0) treatment. Nonetheless, adding 1% biochar decreased HWSC
in drought-treated soils. The highest HWSC (162.1 mg/kg soil) was detected in the D0-B1
treatment, and the lowest content (86.9 mg/kg soil) was observed in the D0-B0.25 treatment.
In addition, withholding irrigation and biochar did not have any substantial effect on
sulfuric acid carbohydrates (SAC), as shown in Supplementary Figure S1. However, it
seems that amending soils with biochar in the soil somehow increased the SAC compared
with the lack of biochar under drought-stress conditions.



Land 2023, 12, 559 6 of 15

200 a a
Bl Drought 0

@ 150- . Em Drought 1
g b b
s 2
%’a 100
E
&
O 50

0_

BO B 0.25 B 0.5 B1

Figure 3. Effects of biochar and drought treatment on the concentration of soil carbohydrates
(extracted with hot water). Data are shown as mean + S.E.M, and different letters denote statistically
significant differences between experimental groups at the p < 0.05 level according to two-way
ANOVA with Sidék multiple comparison test.

The effects of drought and biochar on microbial biomass (MB) were significant
(p < 0.01, Figure 4). The overall MB content, regardless of the biochar level, was increased
by 385.1% in drought-treated soil compared with normal irrigation. Interestingly, the MB
was greater in drought-stressed, non-amended soil (D1-B0), and the opposite was true
in DO-B1 treatment. The MB in D1-B0 was greater than non-stressed, non-amended soil
(D0-B0) but it was greater in D0-B1 than D1-B1. The biochar increased the MB in the B1
treatment in normal irrigated soils 2560% in comparison to the control treatment (without
biochar in normal irrigation). In addition, drought increased MB compared to normal irri-
gation, but the effect was not significant (Figure 4). The highest MB (94.7 mg C/100 g soil)
was observed in normal irrigation conditions due to the application of 1% of biochar into
the soil, while the lowest MB (3.56 mg C/100 g soil) was detected in normal irrigation
conditions because of not using biochar.

150
mm Drought O

a
E= Drought 1
100
b
50 b P
b
b b
-5 ui I
Lo
BO B 1

B 0.25 B 0.5

Microbial biomass
(mgC/100gr soil)

Figure 4. Effects of biochar and drought treatment on the soil microbial biomass. Data are shown as
mean + S.E.M, and different letters denote statistically significant differences between experimental
groups at the p < 0.05 level according to two-way ANOVA with Sidak multiple comparison test.

MR and SIR were significantly affected by biochar application and drought stress
(Figures 5 and 6). In this experiment, it was found that MR and SIR decreased slightly
under both normal irrigation and drought conditions. On the 33rd day, MR values in soils
amended with different levels of biochar were significantly greater in soils under normal
irrigation conditions than in drought stressed soil (Figure 5).
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Figure 5. The alterations of microbial respiration of the soil affected by the application of mineral
biochar in normal irrigation conditions (A) and under drought stress (B). D-0 corresponds to control
groups with full irrigation; D-1 refers to the experimental groups in which watering was suspended
for two weeks in the flowering stage. B0, B0.25, B0.5, B1 correspond to biochar 0% (control group),
0.25%, 0.5%, and 1% w/w, respectively.

Furthermore, we observed that the addition of substrate (glucose) to the soil effectively
increased SIR up to five days. After 5 days, however, SIR started to decline. On the 12th day,
SIR slightly decreased in both irrigation conditions compared to at 5 days. After 12 days.
The SIR in irrigated soils was significantly higher in soil amended with 0.5% biochar than
the other biochar treatment. In drought stressed soil, however, the SIR was significantly
greater in both 0.25% and 0.5% biochar than in non-amended soil and that amended with
1% biochar (Figure 6).

At the end of the cultivation season, grain yield was estimated. Although withholding
irrigation significantly reduced the grain yield, the application of biochar both in normal
irrigation and in drought-stressed soils significantly increased the yield (Figure 7). Drought
reduced the overall grain yield by 69%, regardless of biochar level, compared with normal
irrigation. Nevertheless, amending the soils with 0.25%, 0.5%, and 1% of biochar increased
the grain yield under normal irrigation conditions by 74.5%, 38.1%, and 20.7%, respectively,
compared to the non-amended soils. The highest grain yield (8.43 g/pot) was observed
in soils amended with 0.25% mineral biochar under normal irrigation conditions, and the
lowest (1.5 g/pot) was observed under drought-stressed plants grown in soils without
biochar (Figure 7).
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Figure 6. The effects of mineral biochar on substrate-induced respiration in normal irrigation (A) and
drought-stressed soil (B). D-0 corresponds to control groups with full irrigation; D-1 refers to the
experimental groups in which watering was suspended for two weeks in the flowering stage. B0,
B0.25, B0.5, Bl correspond to biochar 0% (control group), 0.25%, 0.5%, and 1% w/w, respectively.
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Figure 7. The effects of mineral biochar and drought on grain productivity (grams per pot) of
barley plants. Data are shown as mean + S.E.M, and different letters denote statistically significant
differences between experimental groups at the p < 0.05 level according to two-way ANOVA with
Sidak multiple comparison test.
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4. Discussion
4.1. Soil Organic Carbon Content

The present study showed that biochar considerably increased OC under normal
and withholding irrigation conditions. Such a result is aligned with many previous re-
ports [37,45,48,53]. Biochar is a carbon-rich substance that directly elevates the OC content
and improves the physical, biochemical, and microbial properties [41]. Biochar is re-
ported to increase soil OC content because it has a stable structure that reduces surface
OC oxidation and degradation of microbial communities and prevents carbon mineral-
ization [48,54,55]. Consequently, using biochar in the soil increases OC in a short time,
sustainably benefiting soil organic carbon [41]. In addition, drought decreased OC content
in the absence of biochar. Similarly, Deng and colleagues reported that drought caused a
remarkable reduction in OC content in the soil because it lowered water availability for
microorganisms, which, in turn, reduced the plant litter input into the soil [56,57]. Other
researchers have also reported a negative effect of drought stress on soil organic carbon
content [58,59].

4.2. Soil Available Phosphorus

Our results showed that the effects of drought and biochar on the AP were insignif-
icant. However, drought slightly increased the AP, which is consistent with the results
of Li et al. [46] and Xiao et al. [60]. In this study, we found that adding biochar at some
levels increased AP both under normal irrigation and drought stress compared to the
non-amended soil, but the effect was greater under normal irrigation compared to drought-
stressed soil. Other authors have reported similar results regarding the impact of using
biochar in improving the AP content of the soil under drought stress [3,11,30,42,61]. It
appears that although the initial pH of biochar is an important factor in changing the soil
pH, as a whole, biochar enhances soil pH and consequently reduces Al and Fe availability,
improving the soil’s AP. In reality, biochar decreases soil exchangeable acidity, Al, and
H and increases the soil exchangeable K, Na, Ca, Mg, and CEC [62]. The slight effect of
biochar on improving AP could be probably due to the rapid absorption of phosphorus by
the plants or to the phosphorus mineralization by soil microorganisms, as noted previously
by other authors [13,33]. Moreover, biochar increases soil AP through interaction with soil
in the short term such as through adsorption and desorption, dissolution, precipitation,
and redox reactions [63].

4.3. Soil Carbohydrate

Soil carbohydrate levels were significantly affected by biochar treatment. Carbohy-
drates comprise approximately 15% of soil organic matter and are the major source of
available soil organic carbon [37]. Similar to the results of the present study, many authors
reported that adding biochar improved soil carbohydrate content and increased the soil
organic matter [35,64,65]. Moreover, biochar is believed to enhance soil physical structure
and improve the quality and quantity of soil aggregates, resulting in higher organic carbon
and carbohydrates in the soil [66]. Furthermore, it was claimed that the appropriate specific
surface area of biochar increases the microbial communities as it offers a suitable great
habitat for them [67,68].

4.4. Soil Microbial Biomass

Our study indicated that the microbial biomass increased owing to the application
of biochar, which agrees with the findings of Jabborova and colleagues [44]. Numerous
researchers have reported that biochar improves microbial biomass under drought and
normal irrigation conditions [26,36,61,69]. It was proven that biochar addition improves
the activity of certain enzymes, such as protease and alkaline esterase in the soil, which
enhances the soil nutrient availability required for plant growth both under normal and
drought conditions [44,70]. The increase in MB with the addition of biochar in this study is
consistent with the results reported by other researchers [45,48]. It seems that the increase
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in the MB in response to the addition of biochar is due to the effect of biochar on microbial
community growth, which is accelerated due to using biochar and inhibiting organic matter
degradation [41]. In addition, it was reported that a higher quantity of biochar in the soil
accelerates the soil respiration rate, improving nutrient cycling and nutrient absorption
and enhancing crop yield [34,41,49,71-74].

4.5. Microbial Respiration and Substrate Induced Respiration of the Soil

The lowest levels of microbial respiration were observed under water-stressed soils,
as reported by several authors [26,71,75,76]. The microbial decomposition of soil plays a
critical role in soil microbial respiration [41]. Moreover, it was claimed that in addition
to temperature, one of the most vital factors for microbial activity in the soil is adequate
moisture of the soil [41,71,74,77]. Water shortage reduces the soil microbial biomass and
organic matter, leading to lower soil respiration [78]. However, any change in soil’s
microbial community has a negative effect on the microbial activity, microbial respiration,
and enzymatic activity of the soil [71,79]. In this study, biochar application promoted
microbial respiration and substrate-induced respiration under both normal and drought
irrigation conditions. Additionally, the respiration rate in the soil samples including mineral
biochar decreased much more slowly during measurement. This may be because biochar
increases the respiration rate of the soil or maintains respiration at a higher level because
it contains a large amount of organic matter. Indeed, soil microorganisms break down
organic matter, causing an increase in the processes associated with microbial respiration.
All these findings agree with those reported by other authors [34,41,73,80]. Furthermore,
increased soil respiration impacts carbon decomposition processes leading to increased
carbon mineralization [49]. Our data confirmed that biochar application increased soil
organic carbon, increasing labile carbon mineralization.

4.6. Grain Yield

Water shortage is one of the most critical hindrances affecting the yield and productiv-
ity of barley crops. Based on the two-way ANOVA, withholding irrigation significantly
decreased the grain yield in the plants of non-amended soil. However, the barley grain
yield was significantly increased in soils amended with the different biochar levels com-
pared to that in non-amended soil. Other studies have also reported that using different
levels of biochar increased the yield of other crops grown under normal irrigation and
drought conditions [2,81-85]. It is claimed that drought stress results in premature flower-
ing, quick completion of the growing season, less seed production, fewer seeds, and less
thousand-seed weight, eventually leading to lower economic yield [86]. Analogously, in
agreement with our results, other scientists have reported the beneficial effect of biochar
in increasing the grain yield in maize [46], Chinese cabbage [43], wheat [87], and rice [88].
Thus, the use of biochar increases water retention, microbial activity, carbohydrate content,
and microbial biomass, all parameters that improve plant growth and production [46,89].
Furthermore, biochar increases nutrient availability, uptake transformation, and utilization
efficiency for plants, leading to higher rates of photosynthesis, which, in turn, results in
increased production [80,89,90].

5. Conclusions

In conclusion, our results strongly confirm the efficiency of using biochar in enhancing
soil quality, fertility, and plant productivity. Specifically, the application of biochar had
stimulating effects on the soil microbial biomass and respiration, as well as the organic
carbon content of the soil, which eventually led to enhanced grain yield. The adding of
mineral biochar can be advantageous under both normal irrigation and drought conditions
in improving soil microbial and biochemical properties, leading to improved production.
However, there was no significant impact on some soil attributes in soils amended with
biochar, suggesting that mineral biochar does not always have a positive effect. Other stud-
ies have used different mixtures, types, and concentrations of biochar with results that are
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not always clear and definitive [91-93]. It is conceivable that the use of more heterogeneous
soil mixtures together with biochar can improve the yields of the studied plants [94-96].
However, it is necessary to conduct further experimental studies to determine the best type
of biochar (mineral or organic) and the optimal level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1and 12030559 /51, Figure S1: Concentration of soil carbohydrate
(extracted with sulfuric acid) affected by the application of mineral biochar under drought stress.
Data are shown as mean &+ S.E.M, and different letters denote statistically significant differences
between experimental groups at the p < 0.05 level according to two-way ANOVA with Siddk multiple
comparison test.
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