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Abstract 

Drought stress is a critical constraint to crop health, productivity, and soil 

functional stability in arid and semi-arid agroecosystems. This study evaluated 

the potential of Hibiscus cannabinus-derived biochar to enhance physiological 

resilience and soil biochemical functioning in barley (Hordeum vulgare L., cv. 

‘TJ-70’) under water deficit conditions imposed at tillering and grain-filling 

stages. A controlled pot experiment was conducted with biochar incorporated 

at 30 and 40 g kg⁻¹ soil prior to sowing. Water deficit markedly impaired crop 

health by reducing biomass accumulation, chlorophyll content, photosynthetic 

rate, and grain yield, while elevating oxidative stress and suppressing soil 

enzymatic activities and microbial-associated biochemical indicators. Biochar 

amendment significantly alleviated drought-induced damage by improving 

photosynthetic performance, chlorophyll retention, and antioxidant defense 

systems, including superoxide dismutase, catalase, and peroxidase activities, 

thereby minimizing oxidative injury. In parallel, biochar application enhanced 

soil biochemical attributes, reflecting improved microbial functionality and soil 

health under moisture-limited conditions. The higher application rate (40 g kg⁻¹) 

consistently produced greater improvements in both plant physiological 

performance and soil biochemical stability. Overall, these findings demonstrate 

that H. cannabinus-derived biochar effectively enhances crop health by 

integrating plant stress tolerance with soil functional restoration, highlighting 

its potential as a sustainable management strategy for drought-prone cropping 

systems. 

Keywords: Hibiscus cannabinus-biochar, soil microbial activity, soil traits, soil 

biofilm, barley, water stress 

 

 

1. Introduction 

Barley, scientifically known as Hordeum vulgare, is a highly vigorous crop and the most crucial staple crop 

globally [1]. Furthermore, it assumes a crucial function in the economic dynamics of the agricultural industry 

[2]. Drought stress is a major abiotic stress that causes a substantial decrease in barley yield by adversely 

affecting seed germination, growth of seedlings, and physiological processes of crops [3]. The increased 

demand for water, coupled with diminished availability, intensifies drought susceptibility in some areas. 

Drought-induced stress constitutes a significant barrier to attaining sustainable barley output [4]. An increase 

in atmospheric carbon dioxide results in climate change, modifications in precipitation patterns, and seasonal 

drought stress [5]. The increasing severity of drought in response to shifting climatic events necessitates the 

use of appropriate crop production management strategies [6]. Drought stress can hinder the root development 

of barley plants during the initial growth stages. Insufficient hydraulic conductivity in the roots and leaves 

might impair the physiological and metabolic functions of the crop [7]. Food insecurity and global warming 

are compelling farmers to adopt strategies to increase agricultural productivity in the face of restricted water 

resources [8]. This work is exceedingly difficult due to persistent climate change. Water stress not only hinders 

nutrient absorption in plants but also interferes with fertilizer application, as many fertilizers become volatile 

and unavailable to plants in arid conditions. The processes of planting and crop management, which include 
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all agricultural operations, might affect drought stress [9]. Efficient soil management, entailing the effective 

use of resources to sustain soil productivity, is essential in modern agriculture [10]. The widespread use of 

chemical fertilizers and insecticides in agriculture results in soil fertility reduction, adversely affecting the 

soil's physicochemical properties [11]. Microbial activities and the decomposition of different inorganic 

substances are detrimental as a result of the present use of pesticides [12]. The introduction of organic material 

for soil management is essential to maintain soil fertility [10]. Assessing soil quality in water-stressed 

conditions can identify critical regions for sustainable productivity and soil health, essential for increased crop 

yields [13]. Soil productivity pertains to the optimal conditions for plant development, characterized by an 

appropriate growth medium and nutrients [14]. 

The addition of organic supplements has been suggested to enhance soil properties, thus boosting productivity 

and mitigating the negative impacts of drought [15]. Recently, biochar, a carbonaceous product produced from 

the incineration of carbon-based resources, has garnered significant interest as an amendment to the soil and a 

protector under drought [16]. The biochar application in the soil was found to improve soil organic carbon 

levels, moisture content, and porosity. Furthermore, it enhances the cation exchange capacity and improves 

the retention of polyvalent cations. Kabir et al. [17] documented the impact of biochar application on 

improving soil texture stability and aggregate stability. In instances of low soil moisture, aggregate stability 

can significantly improve soil water retention [18]. Nevertheless, the water retention volume of soils altered 

with biochar may vary depending on soil type, feedstock type, and biochar addition rate, and the procedures 

used to produce the biochar [19]. 

Application of biochar is well recognized for enhancing soil characteristics in semiarid regions with restricted 

water resources [20]. The purpose of this work was to scrutinize the influence of Hibiscus cannabinus-biochar 

addition on chemical traits of soil and barley growth, as well as physiological and oxidative enzyme levels in 

drought-stressed environments. Published research has not analyzed the invasive species Hibiscus cannabinus-

biochar for mitigating drought stress in barley. We utilized this biochar to enhance barley growth under drought 

conditions, aiming to provide insights for the future enhancement of this biomass biochar. We hypothesized 

that the addition of Hibiscus cannabinus-biochar to the soil would improve soil properties and barley growth 

due to improvement in biochemical and physiological parameters under drought conditions. 

 

2. Materials and Methods 

2.1. Study Site and Experimental Design 

The study was performed at Islamia University of Bahawalpur, IUB, Punjab, Pakistan. The trial utilized the 

barley seed variety "TJ-70" from NIAB, Pakistan. Eight barley seeds were cultivated in each pot, each filled 

with 4 kg of soil. Before the experiment, analysis of the soil found the presence of 0.80% organic matter, 80 

mg kg−1 available potassium, 30 mg kg−1 available phosphorus, EC 229 (µS/cm), TSS (0.49%), and 23%, 39%, 

and 38% clay, silt, and sand levels, respectively. The average humidity and temperature recorded throughout 

the experiment are provided in Table 1. 

 
Table 1. Average humidity and temperature levels during the barley-growing phase. 

Month Temperature, oC Humidity level 

November 19 59 

December 15 69 

January 12 72 

February 14 67 

March 20 60 

April 30 49 

 

Biochar was applied as a soil supplement just 10 days before planting barley seeds. Biochar was made from 

Hibiscus cannabinus biomass (known as non-wood biomass). The experiment utilized biochar produced by 

the pyrolysis process at 550 °C. The applications of biochar varied in dose based on the treatments in pots: 

BC0 (no biochar), BC1 (30 g kg−1), and BC2 (40 g kg−1). To induce water stress, irrigation was withheld at both 

the tillering phase (WS1) and grain-filling phase (WS2) of barley growth. Fully irrigated (WS0) plants were 

designated as the control group. Irrigation/watering was administered at crucial growth phases, and 4-inch 

containers were filled with water throughout irrigation. Properties of the Hibiscus cannabinus-biochar utilized 
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in the trial are provided in Table 2. Totally, other components remained consistent with the recommended 

dose. A complete randomized (CRD) design with 4 replications was applied to settle the planting pots. 

 
Table 2. Characteristics of the applied biochar. 

Biochar traits Values 

pH 9.11 

Ash level (%) 3.29 

CEC (cmolc kg-1) 35.19 

EC (µS cm-1) 941 

Total carbon (%) 70.1 

Total Nitrogen (%) 0.70 

SSA (m2 g-1) 113.6 

Water soluble C (%) 149 

Water soluble N (%) 89.54 

Cr2O7
2- oxidizable organic carbon (%) 4.61 

Carbonate level (%) 12.31 

 

2.2. Plant Harvesting and Quantification of Biomass 

Upon reaching physiological maturity, which occurs after 125 days of germination, the plant was collected 

and divided into roots, branches, and spikes. After washing with distilled water, the plant components were 

meticulously rinsed with tap water. Initially, the root samples were rinsed with 1% hydrochloric acid solution. 

Each sample was divided into several components, including height of plant, length of spike, number of 

spikelets per spike, per spike grain numbers, 1000-grain weight, and per plant grain yield. The samples were 

dried in an oven at 70 °C until grasped a consistent weight. Dry biomass of each component was then measured 

individually, crushed, and kept for further analysis. 

 

2.3. Determination of Gas Exchange Parameters and Photosynthetic Pigments 

After 70 days of sowing, chlorophyll levels and gas exchange-related parameters were assessed by removing 

one plant from each treatment. The chlorophyll level was quantified with a spectrophotometer (Shimadzu UV-

1800) at wavelengths of 470 nm, 647 nm, and 664.5 nm once samples were extracted with 85% (v/v) acetone 

(CH3COCH3) in the absence of light at 4 °C for 24 hours, followed by centrifugation at 4000×g for 15 minutes 

[21]. Stomatal conductance (Gs), water use efficiency (WUE), transpiration rate (Tr), and photosynthetic rate 

(Pn) were measured with a non-dispersive infrared gas analyzer (LI-6800). These variables were recorded 

during the period from 10:30 - 11:30 a.m. while barley plants were totally functional. 

 

2.4. Quantification of H2O2, Malondialdehyde, and Electrolyte Leakage Levels 

After 70 days of planting, electrolyte leakage in shoots was measured through uprooting one plant from every 

treatment. Samples were sliced into small pieces and positioned vertically in tubes containing 10 mL of DI 

water. The solution’s initial EC was measured after a 2-hour incubation period at 30 °C. The samples were 

subjected to another autoclaving process for 25 minutes at 120 °C. The solution’s final EC was measured after 

cooling the sample to 27 °C. Then, the electrolyte leakage was calculated with the equation suggested by 

Cuesta et al. [22]. 

 

𝐸𝐶 = (𝐸𝐶1/𝐸𝐶2) × 100 (1) 

 

The malondialdehyde concentration quantification was conducted with an approach outlined by Mendes et al. 

[23]. To a 0.5-gram fresh sample, 5 mL of a 0.1% solution of thiobarbituric acid (TBA) was mixed. After 

centrifuging the aliquot for ten minutes at 12,000×g at 4 °C, the supernatant was obtained. After adding 4 mL 

of a 20% trichloroacetic acid solution (including 0.5% thiobarbituric acid) to 1 mL of supernatant, the mixture 

was immersed in boiling water at 95 °C for 30 minutes. The solution was then rapidly cooled in an ice bath 

and centrifuged at 10,000×g for 10 minutes. Samples were measured for absorbance at 532 nm, and non-

specific absorbance at 600nm was subtracted. MDA levels were then determined with an extinction coefficient 

of 155 mM−1 cm−1. 

To quantify hydrogen peroxide, a 3 mL phosphate buffer solution (50 mM) was mixed with 50 mg of leaf 

samples to create a uniform mixture. The mixture was then centrifuged at 6000×g for 25 minutes at 4 °C. 
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Subsequently, the extracted solution was combined with 1 mL of 0.1% TiO (SO₄) in 20% (v/v) sulfuric acid. 

The resulting mixture was subjected to centrifugation at 6000×g for 20 minutes at a consistent temperature of 

4 °C. Supernatant absorption was quantified at a wavelength of 410 nm. An extinction value of 0.28 μmol−1 

cm−1 was employed to measure the amount of hydrogen peroxide. 

 

2.5. Quantification of Antioxidant Enzymes 

APX, CAT, POD, and SOD activities were measured using spectrophotometric instruments. For this purpose, 

shoot samples were pulverized in liquid nitrogen with a pestle and mortar. Standardizing the samples with a 

0.05 M phosphate buffer at a pH of 7.8, the solution was filtered and centrifuged for 15 minutes at 12,000×g 

at 4 °C. The resulting supernatant was gathered and used for analysis. Peroxidase (SOD) and peroxidase (POD) 

activity were measured using the Pan et al. [24] technique. 

The activity of catalase (CAT) was evaluated using the Ge et al. [25] technique. In summary, a 3 mL test 

mixture was prepared by adding 100 μL of enzyme extract, 100 μL of 250 mM hydrogen peroxide, and 2.8 

mL of 50 mM phosphate buffer with 2 mM of CA at a pH of 7. Absorbance reduction at 240 nm was quantified 

to determine catalase activity. A reaction mixture containing 100 μL of enzyme extract, 100 μL of ascorbate 

(7.5 mM), 100 μL of Hydrogen peroxide (300 mM), and 2.7 mL of 25 mM tribasic potassium phosphate buffer 

with 2 mM CA was used to determine the activity of APX. Ascorbate oxidation activity was quantified by 

detecting at 290 nm (ε = 2.8 mM−1cm−1), following the Ge et al. [25] method. 

 

2.6. Soil Analysis 

Samples of soil were gathered from pots at various stages of barley growth and after that preserved in plastic 

bags before their transportation to the lab. Supplementary containers were already prepared to gather soil 

samples from each phase of growth that underwent identical treatments and growing conditions. Phonological 

sampling was conducted at two distinct periods of barley growth: the tillering stage and the grain-filling stage. 

To accomplish this, many containers were set up for soil samples during the tillering and grain-filling stages, 

while maintaining equal conditions. Once the soil samples were moved to the laboratory, they were sifted 

through a sieve with a mesh size of less than 1.5 mm and then examined for soil moisture level. Once sieved, 

the soil was kept at a temperature of 4 °C. 

The values of SOC, Bray P, and exchangeable potassium were calculated using established techniques as 

proposed by Sparks et al. [26]. Measurement of the soil pH level was conducted in a suspension of water and 

soil. The determination of total nitrogen was conducted through steam distillation, as documented via 

Mulvaney [27]. The quantification of carbon (DOC) and dissolved organic nitrogen (DON) was conducted 

following the methodology introduced by Smolander and Kitunen [28]. The nitrogen mineralization (NMIN) 

rate was determined by analyzing the soil both before and after a 10-day incubation period at a temperature of 

30 °C. N, C, and P levels in the soil microbial biomass were quantified via fumigation extraction techniques 

as stated by Vance et al. [29]. Soil respiration (SR) was measured following the method described by Cuesta 

et al. [22]. The soil enzyme activities, including acid phosphatase (AcP), β-glucosidase (βG), dehydrogenase 

(DH), and urease (UR), were measured using the Tabatabai method [30]. 

 

2.7. Statistical Analysis 

An analysis of variance was performed on data with Fisher's test with fixed factors biochar treatment 

(unamended, 30 g kg−1, and 40 g kg−1) and moisture treatment (continually irrigated, water stress during the 

tillering stage, and grain-filling phase). The Least Significant Difference (LSD) test was employed to identify 

significant differences in the interaction between amendment and moisture treatment at 95% confidence level 

(p ≥ 0.05) (Steel et al., 1997). 

 

3. Results 

3.1. Barley Growth and Yield Parameters 

The drought stress had a significant impact on the barley growth indices and yield parameters. Additionally, it 

was detected that the addition of Hibiscus cannabinus-biochar had a notable effect in improving the barley 

growth as well as yield, as shown in Table 3. The best results were observed when biochar was applied at a 
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dose of 40 g kg−1, whereas the lower levels were obtained when no biochar was applied. The study revealed 

that the application of drought during the tillering stage resulted in the lowest spikelet numbers, spike length, 

and plant height. Conversely, the drought stress application during the grain-filling stage led to the lowest grain 

numbers, 1000-grain weight, as well as yield of grain. Similar patterns were observed in the results when the 

Hibiscus cannabinus-biochar was used in conjunction with drought stress. 

 
Table 3. Evaluation of the impact of Hibiscus cannabinus-biochar on growth parameters and yield attributes of barley in conditions 

of drought-induced stress. 

Application Height of plant 

(cm) 

Length of spike 

(cm) 

Spikelet No. per-

spike 

Grains No. 

per-spike 

1000-grain 

weight (g) 

Grain yield 

per-plant (g) 

WS0 99 a (±0.889) 11.1 a (±0.139) 25.12 a (±0.119) 47 a (±0.349) 36 a (±0.360) 1.50 a (±0.008) 

WS1 88 c (±0.844) 8.77 c (±0.069) 23.07 b (±0.090) 39 b (±0.680) 33 b (±0.360) 0.89 b (±0.016) 

WS2 94 b (±0.399) 9.21 b (±0.159) 20.39 c (±0.040) 38 c (±0.909) 30 c (±0.160) 0.49 c (±0.030) 

BC0 89 c (±0.699) 10.09 c (±0.051) 22.31 c (±0.011) 38 c (±0.501) 31 c (±0.369) 1.19 c (±0.014) 

BC1 94 b (±0.398) 11.19 b (±0.090) 24.21 b (±0.020) 44 b (±0.909) 34 b (±0.401) 1.29 b (±0.020) 

BC2 98 a (±0.409) 12.11 a (±0.059) 26.39 a (±0.021) 48 a (±0.580) 37 a (±0.129) 1.50 a (±0.009) 

WS0BC0 95.87 a (±1.041) 11.30 c (±0.069) 23.29 c (±0.039) 44 c (±0.399) 35 c (±0.140) 1.19 c (±0.010) 

WS0BC1 97.41 b (±1.180) 12.19 b (±0.059) 25.30 b (±0.060) 47 b (±0.339) 37 b (±0.080) 1.29 c (±0.020) 

WS0BC2 98.98 a (±0.932) 13.31 a (±0.260) 27.50 a (±0.089) 49 a (±0.380) 39 a (±0.109) 1.50 a (±0.010) 

WS1BC0 85.40 h (±0.579) 8.19 h (±0.090) 20.10 f (±0.059) 40 f (±0.398) 29 f (±0.207) 0.90 f (±0.003) 

WS1BC1 89.45 g (±1.159) 9.13 g (±0.180) 21.49 e (±0.129) 39 e (±0.180) 32 d (±0.030) 1.01 e (±0.008) 

WS1BC2 89.61 f (±0.260) 10.14 f (±0.069) 22.39 d (±0.038) 40 d (±0.110) 34 e (±0.189) 1.09 d (±0.009) 

WS2BC0 92.99 e (±0.388) 10.10 f (±0.049) 17.29 i (±0.029) 29 i (±0.359) 25 i (±0.090) 0.60 i (±0.006) 

WS2BC1 94.32 d (±0.659) 10.99 d (±0.009) 18.19 h (±0.028) 34 h (±0.089) 27 h (±0.110) 0.70 h (±0.017) 

WS2BC2 95.12 c (±0.630) 11.19 c (±0.169) 19.18 a (±0.008) 35 f (±0.409) 29 g (±0.079) 0.79 g (±0.010) 

 

3.2. Analysis of Chlorophyll Levels and Gas-Exchange Characteristics 

Quantification of chlorophyll a and b levels in barley showed a significant decline under drought stress (Figure 

1). Both chlorophyll a and b showed a maximum reduction of around 40% in the presence of drought stress 

compared to the control group. The chlorophyll levels were significantly increased by biochar addition in 

comparison with the drought and control groups. 40 g kg−1 biochar treatment had the highest chlorophyll a and 

chlorophyll b levels, measuring around 81% and 72%, respectively, in comparison to the control. Water-

induced stress reduced the values of WUE, Tr, Gs, and Pn in comparison to the control (Figure 1). The gas 

exchange-related parameters were significantly influenced by the biochar application in comparison to the 

comparable treatments without biochar. The highest increase in WUE, Tr, Gs, and Pn was recorded in 40 g 

kg−1 biochar, with values of approximately 55%, 89%, 49%, and 57% greater than the control samples, 

respectively. 
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Figure 1. Evaluation of chlorophyll levels and gas exchange characteristics in barley cultivated under water stress, then subjected to 

escalating amounts of biochar. Values are means ± standard deviation (n = 4). Varying lowercase letters indicate a statistically 

significant difference among biochar treatments when the p-value is < 0.05. 
 

3.3. Assessment of Oxidative Stress and Antioxidant Enzymes 

Figure 2 depicts the data for oxidative stress, such as H2O2, EL, and MDA, as well as antioxidant enzymes, 

including CAT, POD, and SOD, in leaves. Drought stress resulted in elevated levels of H2O2, EL, and MDA 

in leaves compared to controls. Treatment with drought stress resulted in the highest increase in H2O2, EL, and 

MDA levels, with around 24%, 19%, and 29%, respectively to control. The biochar addition markedly 

decreased levels of H2O2, EL, and MDA compared to the similar drought application without biochar (Figure 

2). The lowest levels of H2O2, EL, and MDA were detected in the 40 g kg−1 biochar. Reduced CAT and SOD 

activities and increased POD activity were observed during drought compared to the control. Application of 

biochar reduced POD activity and increased CAT and SOD activities in comparison to the drought application 

without biochar (Figure 2). 
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Figure 2. Evaluation of H2O2, EL, and MDA levels and antioxidant enzymes in barley cultivated under water stress, and then 

subjected to escalating amounts of biochar. Values are means ± standard deviation (n = 4). Varying lowercase letters indicate a 

statistically significant difference among biochar treatments when the p-value is < 0.05. 
 

3.4. Soil Analysis 

The soil pH level, total nitrogen, exchangeable potassium, as well as Bray phosphorus, recorded their 

maximum values in the soil under full irrigation with an elevated biochar treatment. Conversely, these values 

were lower when drought stress was applied at the grain-filling stage without biochar, as shown in Table 4. 

Under varying soil moisture circumstances (drought or full irrigation), higher doses of biochar resulted in high 

levels of various soil characteristics, whereas the lowest levels were observed in untreated soil. In general, both 

without and with biochar addition, these metrics were highest in the soil of plants that were completely irrigated 

but were lowest during the grain-filling phase under drought stress. No significant difference was observed in 

Bray phosphorus in biochar-added soil under drought during both the tillering and grain-filling stage. 

 
Table 4. Impact of Hibiscus cannabinus-biochar on soil pH value, mineral nitrogen, phosphorus, and exchangeable potassium levels 

under water stress. 

Treatments pH of soil Mineral nitrogen (mg 

kg−1) 

Bray phosphorus Exchangeable 

potassium 

WS0 7.10 a (±0.020) 84.60 a (±0.090) 7.79 a (±0.014) 169.49 a (±0.120) 

WS1 6.79 b (±0.090) 79.20 b (±0.050) 7.39 b (±0.017) 149.23 b (±0.069) 

WS2 6.80 c (±0.070) 75.50 c (±0.016) 6.89 c (±0.030) 139.34 c (±0.079) 

BC0 6.69 c (±0.059) 67.79 c (±0.040) 6.39 c (±0.210) 110.80 c (±6.321) 

BC1 6.90 b (±0.069) 85.49 b (±0.090) 7.19 b (±0.399) 180.99 b (±7.503) 

BC2 7.06 a (±0.080) 89.90 a (±0.050) 8.60 a (±0.130) 189. 21 a (±6.118) 

WS0BC0 6.79 d (±0.012) 69.09 f (±0.088) 6.79 e (±0.015) 119.28 g (±0.088) 

WS0BC1 7.02 b (±0.004) 90.29 b (±0.149) 7.79 c (±0.015) 197.00 b (±0.140) 

WS0BC2 7.19 a (±0.020) 93.20 a (±0.079) 8.77 a (±0.015) 213.11 a (±0.131) 

WS1BC0 6.69 e (±0.015) 66.23 g (±0.088) 6.39 f (±0.019) 99.63 h (±0.071) 

WS1BC1 6.79 d (±0.008) 86.20 d (±0.089) 7.37 d (±0.007) 169. 20 e (±0.089) 

WS1BC2 7.00 f (±0.011) 89.21 b (±0.099) 8.33 b (±0.019) 197.32 c (±0.059) 

WS2BC0 6.59 e (±0.007) 64.09 h (±0.059) 6.09 f (±0.049) 98.31 i (±0.071) 

WS2BC1 6.79 d (±0.006) 79.27 e (±0.058) 6.39 e (±0.015) 150.20 f (±0.086) 

WS2BC2 6.89 c (±0.010) 87.16 c (±0.120) 8.39 b (±0.019) 179.45 d (±0.054) 
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Soil respiration, nitrogen mineralization, dissolved organic carbon, dissolved organic nitrogen, and soil organic 

carbon were greatest in the soil under full irrigation and the higher rates of biochar amendment. Contrariwise, 

these values were lowest in the absence of biochar addition at the grain-filling stage under drought stress, 

except for soil organic carbon, which was lowest under drought environments at the tillering phase at a biochar 

dose of 30 g kg−1 (as shown in Table 5). Both without and with biochar addition, these characteristics were 

highest in soil of completely watered plants and lowest at the grain-filling stage under drought stress, except 

for soil respiration, which exhibited no difference between the two water-stress conditions at a biochar dose of 

30 g kg−1 and the low biochar level. No significant difference in soil respiration was observed between the two 

water-stress conditions when the biochar amount was reduced. 

 
Table 5. Impact of Hibiscus cannabinus-biochar on soil respiration, nitrogen mineralization, dissolved organic N, soil organic 

carbon, and dissolved organic carbon in conditions of drought stress. 

Treatments SOC (g kg-1) DOC (µg g-1) DON (µg g-1) Mineralization of 

nitrogen 

Soil respiration 

WS0 1.29 a (±0.020) 139.75 a (±0.079) 22.12 a (±0.089) 78.77 a (±0.099) 24.17 a (±0.020) 

WS1 1.26 b (±0.0021) 136.52 b (±0.0080) 20.07 b (±0.080) 66.76 b (±0.080) 23.12 b (±0.219) 

WS2 1.24 c (±0.0007) 131.21 c (±0.130) 16.39 c (±0.080) 49.52 c (±0.089) 22.19 c (±0.006) 

BC0 0.89 c (±0.0060) 127.07 c (±1.214) 17.31 c (±1.801) 52.76 c (±5.591) 21.99 c (±0.401) 

BC1 1.50 b (±0.0181) 134.19 b (±2.175) 20.21 b (±1.806) 66.76 b (±7.989) 23.11 b (±0.843) 

BC2 1.49 a (±0.0180) 149.12 a (±3.680) 22.39 a (±1.811) 77.54 a (±7.997) 24.98 a (±0.711) 

WS0BC0 98 d (±0.0013) 134.30 f (±0.059) 20.29 d (±0.079) 66.30 c (±0.119) 23.09 b (±0.021) 

WS0BC1 1.49 b (±0.0020) 139.19 d (±0.089) 23.30 b (±0.078) 79.76 b (±0.089) 25.30 ab (±0.022) 

WS0BC2 1.55 a (±0.0019) 160.31 a (±0.094) 25.50 a (±0.120) 88.89 a (±0.080) 26.20 a (±0.029) 

WS1BC0 0.97 d (±0.0014) 129.19 f (±0.067) 18.10 f (±0.059) 49.76 e (±0.112) 22.29 cd (±0.009) 

WS1BC1 1.51 d (±0.0025) 136.13 e (±0.099) 21.49 c (±0.070) 66.43 c (±0.069) 22.88 c (±0.711) 

WS1BC2 1.51 ab (±0.0024) 149.14 b (±0.071) 23.39 b (±0.110) 79.09 b (±0.059) 25.12 b (±0.004) 

WS2BC0 0.97 e (±0.0007) 130.10 g (±0.130) 14.29 h (±0.070) 46.21 f (±0.119) 21.21 e (±0.006) 

WS2BC1 150 c (±0.0008) 133.99 f (±0.070) 17.19 g (±0.079) 49.43 e (±0.079) 22.15 d (±0.007) 

WS2BC2 1.51 b (±0.0010) 147.19 c (±0.190) 19.18 a (±0.079) 59.19 d (±0.099) 23.41 c (±0.004) 
Values in brackets are the standard error of the mean (n = 4). 

 

Under full watering with the maximum biochar treatment (40g kg−1), the soil exhibited the highest levels of 

microbial biomass C (MBC), microbial biomass N (MBN), and microbial biomass P (MBP). Conversely, when 

drought stress was introduced at grain-filling without biochar application, these values were the lowest (Figures 

3 and 4). Across various soil moisture circumstances (drought or full irrigation), the soil indices exhibited the 

highest values when the biochar level was at its maximum, but the lowest values in untreated soil. In general, 

both without and with biochar addition, these metrics were highest in the soil of plants that were completely 

irrigated, but were lowest during the grain-filling stage under water stress. 

Figure 3. Impact of Hibiscus cannabinus-biochar on soil microbial biomass carbon under water stress conditions. 
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Figure 4. Impact of Hibiscus cannabinus-biochar on microbial biomass phosphorus and microbial biomass nitrogen and of the soil 

under water-stress conditions. 

 

The data presented in Table 6 indicate that the soil β-glucosidase (βG), acid phosphatase (AcP), urease (UR), 

and dehydrogenase (DH) concentrations were highest in the absence of water stress, followed by drought at 

the grain-filling phase. Conversely, the lowest levels were observed when water stress was employed during 

the grain-filling stage. The biochar incorporation at a dose of 40 g kg−1 yielded the maximum soil enzymatic 
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activity, followed by the biochar addition at a level of 30 g kg−1. The treatment without biochar showed the 

lowest enzyme activities. A significant interaction was observed between the administration of Hibiscus 

cannabinus-biochar and water-stress treatments. 

 
Table 6. Impact of Hibiscus cannabinus-biochar on soil β-glucosidase (βG), acid phosphatase (AcP), urease (UR), and 

dehydrogenase (DH) concentrations in conditions of drought stress. 

Applications 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) 

WS0 69 a (±0.799) 16.29 a (±0.280) 27.12 a (±0.250) 7.70 a (±0.059) 

WS1 34 c (±1.120) 10.28 c (±0.119) 18.07 c (±0.169) 3.39 c (±0.089) 

WS2 66 b (±0.897) 13.29 b (±0.110) 22.39 b (±0.139) 5.49 b (±0.070) 

BC0 66 c (±1.432) 17.09 c (±0.019) 25.31 c (±0.269) 6.76 c (±0.319) 

BC1 77 b (±1.112) 18.19 b (±0.090) 29.21 b (±0.240) 7.76 b (±0.240) 

BC2 83 a (±0.872) 22.12 a (±0.030) 33.39 a (±0.502) 8.54 a (±0.089) 

WS0BC0 64 c (±0.872) 14.30 c (±0.089) 23.29 c (±0.109) 7.30 c (±0.091) 

WS0BC1 69 b (±1.112) 17.19 b (±0.130) 28.30 b (±0.499) 7.76 b (±0.200) 

WS0BC2 76 a (±0.873) 19.29 a (±0.260) 32.50 a (±0.229) 8.89 a (±0.407) 

WS1BC0 29 h (±1.431) 5.39 g (±0.260) 15.10 g (±0.529) 3.76 h (±0.140) 

WS1BC1 36 g (±0.699) 7.13 f (±0.070) 17.49 g (±0.470) 4.43 g (±0.050) 

WS1BC2 40 g (±0.801) 9.13 e (±0.060) 18.39 f (±0.699) 4.09 f (±0.059) 

WS2BC0 59 f (±0.439) 10.10 e (±0.099) 18.29 f (±0.601) 4.21 e (±0.070) 

WS2BC1 66 e (±0.399) 12.99 d (±0.100) 20.19 e (±0.501) 5.43 d (±0.129) 

WS2BC2 69 d (±0.857) 13.19 c (±0.169) 22.18d (±0.811) 5.87 d (±0.120) 

 

4. Discussion 

Current research shows that water-induced stress during the tillering stage and the grain-filling stage 

significantly reduced the soil pH level, while soil pH remained higher in continually watered soils. Similar 

findings were documented by Katohar et al. [31], Ashfaq et al. [32] observed a significant reduction in soil pH 

when exposed to drought stress, ascribed to insufficient phosphate solubilization. The parameters associated 

with the growth and yield of the barley plants are interconnected. An increased 1000-grain weight results in a 

greater grain yield per plant [33]. Seleiman et al. [34] found that drought stress, observed at any stage of 

growth, significantly impairs barley growth and production due to the key role of water in the development 

and growth of plants. Drought stress leads to reduced availability of nutrients from the soil and decreased 

synthesis of photosynthetic components in crops, resulting in reduced growth of plants. The biochar addition 

in the soil enhanced barley growth and plant biomass, except in the case of drought, when biochar was not 

effective. Enhancing the quantity of biochar incorporation showed an improvement in barley plant growth 

under conditions of water scarcity [35]. Furthermore, multiple studies have revealed the enhancement of 

growth-related parameters with biochar in the presence of water deficit conditions [36]. The positive impact 

of biochar on barley yield and biomass in stressed environments was attributed to the enhancement of soil 

physicochemical characteristics in response to drought stress [37]. 

Drought stress resulted in a reduction in chlorophyll levels and gas exchange characteristics. The reduction in 

chlorophyll content is attributable to chloroplast damage induced by reactive oxygen species. Drought stress 

induces the generation of reactive oxygen species (ROS), including O2
- and H2O2, resulting in the degradation 

of chlorophyll [38]. Conversely, the application of biochar enhanced barley plant chlorophyll levels and gas 

exchange characteristics more than control and drought treatments (Figure 1). Several reasons are rooted in its 

distinctive characteristics and interaction with plants and soil. Biochar improves nutrient accessibility in the 

soil, facilitating the uptake of vital elements including nitrogen, potassium, and phosphate. These nutrients are 

essential for synthesizing chlorophyll, the primary photosynthetic pigment in crops [39]. Studies have shown 

that the use of biochar under drought stress leads to an increase in chlorophyll levels, Gs, and Pn in the leaves 

of different plants, including wheat, barley, maize, and potato [40]. Similarly, biochar application enhanced 

photosynthesis in crops experiencing drought stress [41]. Biochar serves as an effective technique for 

increasing photosynthesis in crops experiencing drought stress by promoting water retention, nutrient 

accessibility, soil structure, and overall plant vitality. It alleviates the detrimental impacts of drought, 

guaranteeing that plants possess the necessary resources to sustain effective photosynthesis, resulting in 

improved agricultural yields even in water-scarce conditions [42]. The enhancement of photosynthesis 
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observed with biochar addition under drought stress may be attributed to the ultrastructural alteration of barley 

seedlings. This is because the stress induces significant damage to the chloroplasts [43]. 

Oxidative stress affects various cellular processes in crops by promoting lipid peroxidation and inducing 

structural damage to nucleic acids [44]. The generation of reactive oxygen species (ROS) in crops is 

counteracted by important antioxidant enzymes found in crops, including superoxide dismutase (SOD), 

peroxidase (POD), and catalase (CAT). Sodium oxidase (SOD) transforms O2
•− into hydrogen peroxide (H2O2), 

catalase (CAT) directly converts hydrogen peroxide to water and O2, and peroxidase (POD) catalyzes the 

dissociation of hydrogen peroxide. Therefore, plants undergo ROS detoxification in this manner, and a proper 

balance is necessary between the generation and breakdown of ROS for crop functioning [45]. Nevertheless, 

in stressed conditions, plants are incapable of eliminating the reactive oxygen species, and so, oxidative stress 

increases in crops [46]. In this work, drought was found to elevate the levels of H2O2, MDA, and EL and 

suppress the POD activity in barley seedling leaves, while reducing activities of CAT and SOD compared to 

the control (Figure 2). Drought stress frequently results in an imbalance between reactive oxygen species 

(ROS) generation and the plant's capacity to neutralize them via antioxidant enzymes such as peroxidase 

(POD), hence diminishing its ability to detoxify hydrogen peroxide (H2O2) and other ROS [47]. The observed 

elevation in oxidative stress and decrease in CAT and SOD activity under drought stress have significantly 

impaired the plant's antioxidative system. Choudhury et al. (2022) revealed that drought stress leads to an 

elevation of APX, POD, and CAT activities while causing a decrease in SOD activity in Poaceae plants. The 

research findings indicate that drought stress leads to a rise in MDA levels and activities in POD and CAT in 

maize leaves under drought stress compared to the control [47]. Drought-induced oxidative stress increased 

MDA levels in Castor and Indian mustard, with the particular reaction varying bestowing to the species and 

development phase duration [48]. Ishfaq et al. [49] observed that drought stress induces a dose-additive rise in 

the CAT, POD, SOD, O2
•−, H2O2, and MDA activities in both the shoot and root of the Poaceae family 

compared to the control group. The application of Hibiscus cannabinus-biochar to barley plants under water-

stress conditions can lead to improved physiological responses and antioxidant enzymatic activity. The biochar 

treatment can enhance the plant's antioxidant defense system, increasing the activity of enzymes such as 

superoxide dismutase, catalase, and peroxidase, which help mitigate oxidative stress caused by water stress. 

Additionally, kenaf-biochar can improve plant water status, reducing the negative impacts of drought on plant 

growth and physiology. The treatment can also modulate physiological responses, such as increasing stomatal 

conductance, photosynthetic rate, and chlorophyll content, ultimately leading to improved plant growth and 

resilience under water-stress conditions. By enhancing antioxidant enzymatic activity and physiological 

responses, kenaf-biochar can help barley plants better cope with water stress. 

Biochar is a highly efficient soil supplement that enhances soil characteristics and effectively sustains soil 

production over a long period [50]. The application of biochar as a soil supplement has a beneficial impact on 

the plant’s growth and development [51]. As biochar can elevate soil organic carbon (SOC) and soil organic 

matter (SOM) levels, while also augmenting the activity of soil microbes that facilitate nutrient availability 

[52]. In conditions of low soil water content, including drought stress, the buildup of OM can lead to a decrease 

in soil pH by releasing H+ ions [53]. Furthermore, increased polarity of deposited cations caused by soil drying 

can induce a decrease in the soil pH values [54]. Furthermore, Chanthini et al. [55] revealed that a reduction 

in soil pH under drought stress may suggest that moisture increases the relationship between phosphatase 

activities in soil. 

Nevertheless, biochar addition improved water-induced reductions in soil pH levels, primarily because of its 

alkaline nature and buffering capacity, along with its ability to influence soil properties and microbial 

communities [56]. The increase in soil pH resulting from biochar addition has been ascribed to the release of 

intrinsic alkaline compounds [19], as well as potentially elevated levels of calcium carbonate equivalent and 

calcium carbonate [57]. Su et al. [58] stated that biochar alkalinity is a critical determinant of its liming ability. 

The biochar addition impact on soil pH shows a positive correlation with biochar dose application under 

various soil water treatments in the current study. 

Exposure to drought stress greatly reduced the nutrient levels (total nitrogen, mineral nitrogen, bray 

phosphorus, and exchangeable potassium) in soil, as compared to soils that were consistently irrigated, due to 

several interconnected physical, chemical, and biological processes such as (a) reduced nutrient mineralization, 

(b) impaired nutrient solubility and mobility (c) soil Drying and nutrient leaching (d) soil compaction and root 

activity (e) reduced cation exchange capacity that occur in the soil under water-limited conditions [59]. Under 
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drought stress, decreased soil water level impedes microbial activity, leading to diminished breakdown of 

organic waste, according to Doroski et al. [60]. Phosphorus pool and soil respiration were reduced in soil with 

a lower water level (-1.700 MPa) compared to soil with an optimal water level (-0.078 MPa). Dry soil has 

reduced microbial activity and phosphorus availability in comparison to soils that are consistently irrigated 

[61]. The presence of higher nutrient levels in soil continuously watered soils may indicate the influence of 

soil microorganisms on the breakdown of SOM, leading to nutrient mineralization [62]. 

Biochar enhanced nutrient levels (mineral nitrogen, total nitrogen, Bray phosphorus, and exchangeable 

potassium) in both drought-stressed and continuously irrigated soils compared to untreated soils. Biochar is an 

effective amendment that boosts soil nutrient levels, improving plant growth and resilience in both drought-

stressed and continuously irrigated soils by increasing nutrient availability and preventing nutrient losses [63]. 

Comparable findings were noted in the study conducted by Luo et al. [64]. Bankole et al. [65] also confirmed 

that the use of biochar enhanced the retention of nitrogen and SOM in the soil, leading to enhanced soil WUE. 

The increased soil nutrient availability caused by biochar under consistent drought and watering-imposed 

treatments may be attributed to either the release of existing nutrients from char or the accelerated breakdown 

of soil organic matter, known as "soil priming" [66]. Furthermore, Priya et al. [67] revealed that biochar 

addition to the soil increased nutrient availability and improved soil fertility. Significant influence on the 

nutrient levels released into amended soil, attributed to the biochar production temperature as well as feedstock 

[63]. The application of Hibiscus cannabinus-biochar can positively impact microbial activity and nutrient 

cycling in soil. The biochar provides a habitat for beneficial microorganisms, increasing microbial abundance 

and diversity, which can enhance nutrient cycling and availability. Kenaf-biochar's porous structure and high 

surface area can also adsorb and retain nutrients, reducing leaching and making them available to 

microorganisms and plants. This can lead to improved soil fertility, structure, and overall ecosystem health. 

Additionally, the biochar can stimulate microbial processes, such as nitrogen fixation, decomposition, and 

solubilization of minerals, further enhancing nutrient cycling and availability for plant uptake. By promoting 

beneficial microbial activity and nutrient cycling, kenaf biochar can contribute to a more sustainable and 

resilient soil ecosystem 

Drought stress reduces the size of macroaggregates in the soil organic carbon pool, which subsequently impacts 

soil stability [68]. Biological carbon metabolism is extremely responsive to soil moisture levels [69]. Dissolved 

organic carbon (DOC), soil organic carbon (SOC), and dissolved organic nitrogen (DON) are interconnected 

with soil moisture availability and are all diminished under drought stress. Conversely, Nazir et al. [70] 

concluded that drought stress led to a rise in dissolved organic carbon (DOC) generation from marshland. Bai 

et al. [71] found that biochar contains carbon, so its incorporation into the soil also improves the soil's organic 

carbon and DOC. Furthermore, biochar increases organic matter levels in soil and promotes microbial activity, 

therefore enhancing the dissolved organic nitrogen levels. Biochar facilitates habitats for microorganisms 

owing to its porous structure and by encouraging the development of stable soil micro-aggregates. Biochar 

functions as a source of carbon and nutrients. Biochar modifies the physical and chemical characteristics of 

soil, establishing optimal conditions for microbial diversity [72]. The influence of soil moisture availability on 

nitrogen mineralization was documented by Naorem [68]. These conditions lead to a surge in nitrogen loss 

because of increased synchronicity between nitrogen generated via mineralization and its uptake by plants. 

Any soil additives capable of augmenting soil OM have the potential to alleviate nitrogen loss. By enhancing 

SOM and reducing nitrogen loss, the use of biochar also promotes nitrogen mineralization in soil [72]. 

Therefore, soil respiration is crucial for the long-term development of plants, microbes, and soil fauna. This 

parameter quantifies the speed at which SOM breaks down and the activities of microbes [73]. In this work, 

soil respiration was reduced by 7.11% and 11.01% during the tillering and grain-filling stages, respectively, 

under drought stress. However, after biochar was utilized and then exposed to drought stress at similar stages, 

much greater soil respiration was observed. The findings of Raj et al. [74] demonstrated that reduced soil 

moisture leads to a decline in soil microbial activity. Therefore, a higher number of microbes and roots of 

plants allocate energy towards the synthesis of protective chemicals, which in turn reduce soil respiration.  

The soil microbial biomass is crucial in the process of organic matter decomposition. Enhanced soil fertility 

and increased soil nutrient availability are facilitated by higher microbial biomass. Furthermore, it acts as an 

association between soil nutrient sources and sinks [75]. Prasad et al. [76] documented that drought stress 

induces osmotic stress, leading to microbial mortality and a decrease in microbial biomass. A significant 

reduction in organic matter decomposition was observed under drought stress. Numerous studies have 
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documented that biochar addition has the potential to increase microbial activities, nutrient levels, and organic 

matter in soil. Thus, this leads to an enhancement in soil microbial biomass, hence promoting plant growth and 

soil fertility. 

Research findings indicate that drought stress leads to a significant reduction in soil enzymatic activities. 

Furthermore, Chen et al. [77] observed a decline in enzymatic activity in soil due to a climatic gradient under 

conditions of limited drought stress. Insufficient soil water availability reduces soil microbial processes 

responsible for recycling different soil nutrients. Various levels of soil nutrient availability and plant growth 

requirements at various phases of barley growth of barley result in distinct impacts of water stress on soil 

enzymatic activity. A reduction in enzymatic activity is found when there is nitrogen availability during 

drought stress, as described by Muhammad et al. [78]. Consistent with previous studies, our results indicate 

that dehydrogenase and phosphate activities, β-glucosidase, and urease are positively associated with soil water 

availability [79]. The biochar addition also enhances organic carbon content, which can greatly benefit the 

improvement of soil microflora [80]. Microbial processes in soil also improve the organic matter and nutrient 

content of soil. Several studies have also documented that biochar addition in soil leads to an increase in 

organic matter, which in turn improves soil enzymatic activity and yields positive effects on plants [81]. Babur 

et al. [82] presented that biochar addition as a soil conditioner enhances the levels of soil organic matter, which 

improves soil quality and health. 

 

5. Conclusion 

The current study results indicated that the application of biochar soil effectively enhanced barley growth and 

yield while alleviating the impact of drought stress on the plants. Under conditions of drought stress, biochar 

addition reduced oxidative stress and increased the activity of antioxidant enzymes. In comparison to control 

and drought treatments, the chlorophyll levels and gas exchange characteristics were enhanced. The biochar 

addition was observed to have a significant impact on the soil biochemical characteristics. The majority of 

organic matter exhibited a significant increase with biochar application. The biochar application under 

drought-stress environments has the potential to enhance both plant growth and soil chemical characteristics. 

Under drought stress, biochar addition at a dose of 40 g kg−1 of soil is more beneficial compared to a rate of 

30 g kg−1. Therefore, it is advisable for farmers and researchers exploring crops to employ biochar, particularly 

under drought stress, to enhance plant growth and as an alternative technique for enhancing nutrient availability 

for plant growth. 
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