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Introduction


Drought stress severely threatens global agriculture by reducing crop productivity and compromising food security. Biochar derived from agricultural waste has emerged as a promising soil amendment to enhance plant resilience and mitigate drought impacts.







Methods


This study evaluated the effects of walnut shell biochar (WS biochar) at 3% and 5% (w/w) application rates on tomato (Solanum lycopersicum) growth under severe (45% field capacity) and moderate (75% field capacity) drought conditions. The biochar was characterized for physicochemical properties, and its impact on root architecture, biomass accumulation, and stress-related hormonal responses was assessed through greenhouse pot trials.







Results


WS biochar exhibited high conversion efficiency (58.8%), with favorable properties such as high fixed carbon content (98%) and porous macroporous structure enhancing soil water retention. The 5% biochar treatment increased plant height by 24%, improved leaf production, and mitigated a 92% biomass reduction under severe drought conditions. Root systems showed 30% longer primary roots and 25% higher lateral root density. Biochar treatments reduced oxidative stress markers, lowering proline accumulation by 18% and abscisic acid (ABA) levels by 22% under severe drought.







Discussion


Walnut shell biochar effectively enhances tomato drought resilience by improving root development, biomass, and physiological stress responses. These improvements likely stem from enhanced soil water retention and modified hormonal signaling. The findings support WS biochar’s potential as a sustainable, climate-smart amendment to improve crop performance in water-limited environments. Further field studies are recommended to confirm long-term benefits on soil health and yield.
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1 Introduction


Drought is one of the most significant challenges facing global agriculture, affecting nearly 40% of agricultural land worldwide and threatening food security for over 2 billion people (FAO, 2021) while prolonged droughts, heat stress, and climate change are increasingly impacting global crop production (Abbas et al., 2024). One of the main limiting factors impacting soil quality, abiotic stresses have had a considerable impact on global agricultural productivity. Over 50% of crop production losses are caused by abiotic stressors such drought, soil salinity, and heavy metal buildup, which impact 91% of the world’s cropland (Rathinapriya et al., 2025). Recent studies on drought indicate a growing trend in both the extent of droughts and the number of populations affected globally, highlighting the urgent need for focused drought research and management (Li et al., 2024). Intense drought stress, a nonbiological factor, impairs plant growth and productivity and poses significant challenges to agricultural output every year (Wang et al., 2024). An intense drought stress impairs plant growth and productivity,. Multiple studies showed that droughts are becoming more frequent an estimates suggest that by the 2090s, almost 30% of the world’s agricultural land may experience severe drought, which is an alarming point for the global agriculture industry and it is anticipated that these issues would result in a 10% rise in agricultural water demand (Rahman et al., 2025). Climate change has exacerbated the frequency and severity of droughts, and arid and semi-arid regions like Pakistan is among the most vulnerable. Prolonged water stress disrupts plant physiological processes, including nutrient uptake, photosynthesis, and root development, leading to a substantial reduction in crop yields (Hussain et al., 2023; Lu et al., 2024; Han et al., 2019). Drought represents a significant abiotic stressor that adversely affects global food security by limiting plant growth and yield. It causes osmotic stress, leading to increased proline accumulation and triggers abscisic acid (ABA) synthesis, which collectively mediate mechanical and hormonal responses to drought conditions (Dabravolski and Isayenkov, 2025).


It’s necessary to develop farming practices that increase soil fertility and minimize need of synthetic chemicals and innovative approach for instance climate-smart agriculture (CSA), these are the solutions to increase food production with less impact on the environment. A possible solution is to utilize biochar made from agricultural waste (Jatuwong et al., 2025; Food and Agriculture Organization of the United Nations, 2013). For variety of crops, biochar has been shown to increase plant growth and development, water-holding and -use capacity, and stress tolerance due to its porous in nature, large surface area, and potential to improve soil-water retention and nutrient accessibility (Taghizadeh-Toosi et al., 2012; Jing et al., 2020; Ma et al., 2024). Biochar is mostly made from the breakdown of organic biowaste at temperatures between 400 and 700°C and act as a crop supplement to provide crop resistance against drought (Chowdhury et al., 2024). Previous research has shown that biochar improves soil water-holding capacity by up to 20% and enhances root development and microbial activity (Jeffery et al., 2011). For this concern utilizing WSs as a biomass feedstock for carbon production not only promotes efficient resource utilization but also helps lower the production cost of activated carbon (AC). Therefore, WSs offer considerable potential as a promising carbon-rich biomass material for industrial applications (Liu and Zhang, 2023). A carbon-rich byproduct of biomass pyrolysis, WS biochar, in particular, offers unique benefits due to its high fixed carbon content, low ash content, hard porous structure, high lignin content, large surface area, and cost-effectiveness making it an excellent soil amendment (Waqas et al., 2018). During 2022–2023, Pakistan cultivated 1,721 hectares of walnut, and the walnut fruit production was recorded at 15,026 tonnes (GoP 2024). The substantial production of walnuts has generated a significant volume of WSs as a by-product. However, the current reuse and recycling of WSs remains minimal, leading to considerable resource wastage.


As a result, adapting to climate change has become essential for modern farming practices. Smart farming methods and correct management of soil and water resources are thought to be beneficial in this approach (FAO 2013). This study focuses on the biochar synthesis from nutshell and its characterization to estimate biochar employment on plant under water stress and examined root architecture using an examination of the proline and ABA of Solanum lycopersicum (tomato) to provide insights on biochar implication and its potential use as a sustainable solution for drought-prone agriculture. Tomato (Solanum lycopersicum), a major horticultural crop consumed and grown worldwide (Xing et al., 2024; Xu et al., 2024), is highly sensitive to drought stress, particularly during its early growth stages. Studies have demonstrated that drought can reduce tomato yields by up to 40%, highlighting the need for sustainable agricultural practices to mitigate water stress (Hayat et al., 2008; Akhtar et al., 2014).






2 Methodology





2.1 Experimental site and biochar preparation


Soil samples were collected from agricultural fields in the Islamabad region, and the soil texture was loamy, with 0.7 pH range, and 0.8 dS/m non-saline electrical conductivity. The controlled experiments were conducted in the Environmental Sciences Laboratory at Bahria University, Islamabad, where temperature (25 ± 2°C) and humidity (60 ± 5%) were maintained throughout the study period.


For biochar production, walnut shells (Juglans regia) were washed, oven-dried at 105°C for 24 hours, and pyrolyzed in a muffle furnace (Nabertherm GmbH) under limited oxygen conditions. The thermal treatment protocol involved: Pyrolysis temperature: 450°C (heating rate 10°C/min); Residence time: 20 minutes; Cooling phase: Gradual cooling to 50°C under N2 atmosphere (Bird et al., 2011; Waqas et al., 2018). This temperature regime was selected based on thermogravimetric analysis showing complete cellulose decomposition (300-400°C) and optimal aromatic carbon network formation (400-500°C) as documented in foundational biochar studies (Lehmann and Joseph, 2015). The resulting biochar underwent comprehensive characterization:





2.1.1 Proximate analysis


Following pyrolysis, the biochar underwent standardized post-treatment processing to ensure homogeneity for experimental applications. The material was mechanically ground using an agate mortar and pestle, then sieved through a 500 μm mesh to achieve uniform particle size distribution. This particle size optimization enhances biochar-soil contact while minimizing dust formation during handling, as recommended by Ahmad et al. (2017) for agricultural amendments. Moisture content(%) was determined using Equation 1:



MC 

(
%
)

 
=
 


(
Weight of Air dried biochar
)
−
(
weight of Oven dried biochar
)


Weight of air dried biochar


 
×
100


(1)


(Batool et al., 2015)


Volatile Content (VC): Determined by further heating the sample at 550°C in a muffle furnace for three hours (Equation 2), as per established protocols (Waqas et al., 2018).
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Ash Content (AC) (Equation 3)
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Fixed Carbon (FC): Calculated as the remainder after subtracting ash and volatile contents (Lehmann and Joseph, 2015) using Equation 4.
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2.1.2 Physicochemical analysis


Conversion efficiency or yield of the biochar was observed using following formula (Equation 5) (Hamdani et al., 2017).
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2.1.3 Instrumental analysis


The biochar’s structural and chemical properties were characterized using advanced analytical techniques. Scanning Electron Microscopy (SEM, JEOL JSM-6490LA) coupled with Energy Dispersive X-ray Spectroscopy (EDX) was employed to examine surface morphology and elemental distribution at 20 kV accelerating voltage with 10,000× magnification. Samples were gold-sputtered (20 nm coating) prior to imaging to enhance conductivity.


For functional group analysis, Fourier Transform Infrared Spectroscopy (FTIR, PerkinElmer Spectrum Two) was conducted in transmission mode (4000–400 cm−1 range, 4 cm−1 resolution). Sample preparation involved homogenizing 0.8 ± 0.1 mg of biochar with 100 mg anhydrous potassium bromide (KBr, Sigma-Aldrich, ≥99% purity) using an agate mortar, followed by pellet formation under 10-ton pressure in a hydraulic press (Specac Atlas) for 3 minutes. Background correction was performed using pure KBr pellets.







2.2 Pot experiment design


The experiment followed a completely randomized design with three biochar treatments w/w. Each treatment was subjected to two drought levels: Moderate stress (75% field capacity) and Severe stress (45% field capacity). The control group included 250g of soil, while the biochar3% and biochar5% treatments incorporated 3% (7.5g) and 5% (12.5g) biochar mixed with 242.5g and 237.5g of soil respectively. These compositions were designed to evaluate the effect of biochar on plant growth under drought stress. Tomato seedlings were transplanted into pots containing sandy soil mixed with the respective biochar concentrations. Drought stress was applied 20 days after sowing and maintained for three weeks. Daily measurements of pot weight were conducted using a digital field balance, and water was added as necessary to maintain the specified field capacities. Multiple physical parameters of plant roots were observed at two different field capacities (FCs).






2.3 Proline and ABA analysis


Proline concentrations were measured using the acid-ninhydrin method (Bates et al., 1973). Absorbance was recorded at 520 nm, and proline content was calculated using the formula:


[(µg proline/ml x ml toluene)/115.5 µg/µmole]/[(g sample)/5] = µmoles proline/g of fresh weight material. Abscisic Acid (ABA) levels were quantified using Liquid Chromatography-Mass Spectrometry (LC-MS). Roots were crushed and extracted in a methanol-based solution containing an internal standard. The extracts were centrifuged, and ABA concentrations were determined based on retention times and peak areas (Van Gijsegem et al., 2017).






2.4 Data analysis


The experimental data were subjected to rigorous statistical evaluation using IBM SPSS Statistics (Version 26.0). Analysis of Variance (ANOVA) with Tukey’s HSD post-hoc test (α = 0.05) was employed to determine significant differences (p< 0.05) between treatment groups.







3 Results and discussion





3.1 Biochar yield and physicochemical characteristics


The WS biochar exhibited a conversion efficiency of 58.8%, consistent with established trends where higher biochar yields are typically obtained at lower pyrolysis temperatures (Poo et al., 2018; Hernandez-Mena et al., 2014; Sohi et al., 2010). The moisture content (MC) of WS biochar was 4.5%, indicating optimal dryness, as excessive moisture can hinder aeration and pore functionality (Jain et al., 2018). Proximate analysis revealed that WS biochar had a high fixed carbon content (98%) and low volatile matter (2.4%), making it suitable for long-term soil amendment and carbon sequestration (Alfattani et al., 2021). Compared to other biochars (
Table 1
), WS biochar demonstrated superior carbon stability, with higher fixed carbon and lower volatile content than palm shell, coconut shell, almond shell, and wheat straw biochars.



Table 1 | 
Comparison between different FC and VC values.





	Types of biochar’s

	FC (%)

	VC (%)

	References






	Walnut shell char
	98
	2.4
	Present study



	Palm shell char
	88.5
	11.5
	
Windeatt et al., 2014




	Coconut shell char
	91.9
	8.1
	
Windeatt et al., 2014




	Almond shell char
	76.9
	21.2
	
Gonzalez et al., 2005




	Wheat straw char
	83.9
	7.3
	
Nanda et al., 2013








VC, Volatile content; FC, Fixed carbon.








3.2 Biochar characterization


The surface morphology of WS biochar was analyzed using scanning electron microscopy (SEM) at multiple magnifications. The SEM micrographs (
Figure 1
) revealed:


[image: Six scanning electron microscope images showing porous structures at various magnifications and scales: 2500x with annotations, 1000x, 5000x twice, 500x, and a final 2500x image, all with varying degrees of visible detail.]
Figure 1 | 
Scanning electron microscope (SEM) images of Walnut shell biochar at different magnifications.




Highly irregular surface texture, featuring uneven cracks and sparse, non-uniform pore distribution; Planar sheet-like structures with longitudinal pore channels, suggesting anisotropic carbonization patterns. Pore diameter range: 0.91–1.73 µm, consistent with previous WS biochar studies (El Hamdouni et al., 2022: 1.14–1.82 µm). The observed macroporous structure (pores >50 nm) contributes to enhanced surface area and water-holding capacity, while the fissured texture indicates thermal stress fracturing during pyrolysis. These morphological traits align with lignocellulosic biochars produced at moderate temperatures (400–500°C), where hemicellulose decomposition generates such pore architectures.


The elemental composition of the WS biochar was determined using Energy Dispersive X-ray Spectroscopy (EDX) coupled with SEM. The EDX spectrum (
Figure 2
) revealed distinct peaks corresponding to major elements: Carbon (C: 54.7%) and Oxygen (O: 41.2%). Minor/trace elements include Silicon (Si), Potassium (K), Calcium (Ca), Chlorine (Cl), and Aluminum (Al). The high carbon content (54.7%) confirms effective carbonization during pyrolysis, while the moderate oxygen content (41.2%) suggests retention of oxygenated functional groups (e.g., carboxyl, hydroxyl). This composition aligns with typical lignocellulosic biochars, where C% >50% indicates successful conversion of biomass into stable carbon matrices (Lehmann et al., 2011). O% ~40% reflects partial oxidation or inherent biomass lignin-oxygen bonds.


[image: Spectral graph displaying elemental composition with peaks labeled for carbon, oxygen, silicon, aluminum, phosphorus, and chlorine. Inset shows weight percentages: carbon 54.7%, oxygen 41.2%, silicon 2.2%, phosphorus 0.8%, chlorine 0.7%, aluminum 0.4%. Powered by Tru-Q.]
Figure 2 | 
EDX of walnut shell biochar.








3.3 Plant growth response to biochar under drought stress


The visualization of plant growth responses revealed significant morphological changes under drought stress conditions (45% and 75% field capacity) with biochar amendment (
Figure 3A
). Plant height exhibited notable variation across treatments, ranging from 7 cm to 14 cm, demonstrating clear treatment effects. Control plants (0% biochar) showed stunted growth with an average height of 8.3 cm, while biochar-treated plants displayed dose-dependent improvements, particularly with 5% biochar application which produced the most substantial enhancement (10.3 cm average height, representing a 24% increase over controls). This pronounced response suggests that optimal biochar concentrations can effectively mitigate drought stress impacts on plant elongation. Similarly, leaf development showed marked improvement with biochar supplementation, as evidenced by increased leaf counts in treated plants, with the 5% biochar treatment at 75% water potential yielding the highest leaf production (
Figure 3B
). These observations collectively demonstrate that biochar amendment, particularly at 5% concentration, positively influences multiple growth parameters including vertical elongation and leaf development under water-limited conditions. The consistent pattern of enhanced growth metrics in biochar-amended soils versus controls underscores the material’s capacity to improve plant drought resilience, likely through mechanisms involving improved water retention and nutrient availability in the root zone.


[image: Four bar charts labeled A, B, C, and D. Chart A shows plant height; chart B shows leaf development; chart C shows fresh weight; and chart D shows dry weight. Each chart compares values at three conditions: control (C), BC 3%, and BC 5%, with varying levels at 45% and 75% indicated by different colors. Error bars represent standard deviation.]
Figure 3 | 
Plant height (A), leaves (B), Fresh and Dry weight (C, D).




Biomass quantification revealed significant improvements in both fresh and dry weights for biochar-amended plants across all drought stress levels (
Figures 3C, D
). At 45% FC, biochar-treated plants maintained substantially greater biomass compared to non-amended controls, with the 5% biochar treatment showing particularly pronounced effects at both 45% and 75% FC. These findings align with fundamental plant physiology principles, where water constitutes 80-95% of fresh biomass and serves as the primary medium for metabolic and developmental processes (Pereira et al., 2009). The observed biomass enhancements demonstrate biochar’s capacity to mitigate drought impacts, contrasting sharply with the 92% reduction in tomato plant biomass observed at 45% FC without biochar amendment (Afaf et al., 2023). This protective effect is particularly noteworthy as drought stress typically induces severe biomass losses in both shoot and root systems (Khodabakhshi et al., 2023). The superior performance of 5% biochar treatment at 75% FC confirms its effectiveness in not only maintaining but actually improving growth parameters under water-limited conditions, substantiating its role as a valuable soil amendment for drought resilience. These collective results underscore biochar’s dual function in enhancing water retention while simultaneously supporting essential physiological processes that sustain biomass accumulation during drought stress.






3.4 Root architecture response to drought and biochar amendment


Drought stress represents one of the most significant environmental constraints affecting plant growth and development, profoundly altering various morphological and physiological processes (Afaf et al., 2023). Our observations revealed that biochar application significantly improved root system architecture under drought conditions. Compared to the non-amended control (0% biochar), plants treated with walnut shell biochar exhibited enhanced root elongation, with the most pronounced effects occurring at 5% biochar application under both moderate (45% FC) and severe (75% FC) drought stress (
Figure 4
). These findings align with previous reports demonstrating 34-35% increases in root length under drought conditions following biochar amendment (Khodabakhshi et al., 2023).


[image: Five images of root architectures under different conditions. Top row shows roots at 45 percent field capacity: left (C), center (3 percent), right (5 percent). Bottom row shows roots at 75 percent field capacity: left (C), center (3 percent), right (5 percent). Each root structure varies in density and spread.]
Figure 4 | 
Root architecture under 45% FC and 75% FC at different treatments.




The improved root architecture included not only greater primary root length (30% increase) but also enhanced lateral root development (25% increase in density), particularly under severe drought (
Figure 3
). This adaptive response is crucial for drought tolerance, as longer and more branched root systems enable plants to access deeper soil water reserves while maintaining metabolic efficiency. The mechanistic basis for these improvements appears due to biochar’s porous structure which enhanced soil aeration and water retention capacity (Jeffery et al., 2011; Bird et al., 2011), and promote drought-induced modulation pathways in plant (Khodabakhshi et al., 2023), along gravitropic growth and deeper rooting. Thecomplementary effects of biochar - physical soil improvement and potential physiological modulation - collectively contribute to more robust root architecture development under water-limited conditions, as summarized in 
Table 2
. The particularly strong response at 5% biochar concentration suggests this may represent an optimal amendment rate for enhancing drought resilience through root system modifications.



Table 2 | 
Plant root architecture parameter.





	Plant root architecture parameter




	Physical parameter

	FC 45%

	FC 75%




	Control

	±SD

	BC 3%

	± SD

	BC 5%

	±SD

	Control

	±SD

	BC 3%

	± SD

	BC 5%

	±SD






	Primary Roots
	10
	2.5
	9
	3.1
	13
	5.5
	9
	0.6
	10
	2
	15
	4.2



	Lateral Roots
	3
	0
	4
	1
	5
	2.9
	2
	1
	3
	1.2
	6
	1.5



	Secondary Roots
	10
	5.5
	9
	1.5
	14
	3.5
	7
	2.1
	9
	2.1
	7
	4.5



	Root Length (cm)
	3.2
	0.8
	5.5
	2.3
	6.2
	3.3
	5
	1
	6.71
	1.0
	10
	2.4










These findings align with previous research highlighting biochar’s role in enhancing plant growth and productivity under water-limited conditions (Akhtar et al., 2014). Maintaining a high-water status via growing roots, which increase a plant’s ability to absorb water is one of the processes by which plants respond to drought stress (Suryanti et al., 2023). When 3% and 5% biochar concentrations are compared under different FC (45% & 75%), the 5% biochar treatment at 75% FC resulted in more favorable improvement in root growth. Interestingly for both FC levels the average primary, lateral and secondary root growth was nearly the same between 3% and 5% biochar treatment. The addition of biochar provides favorable conditions for plant root growth and improve plant biomass, root length and root number (Sun et al., 2017). They also revealed that 5% biochar rate had produced a more extensive root system (thicker, longer root system). More number of secondary and tertiary roots were produced over a three-day watering interval. During drought stress plant roots produce additional secondary roots which increase their capacity to absorb water. This is a morphological adaptation that plants make in response to drought stress to ensure their survival (Suryanti et al., 2023).






3.5 ABA and proline analysis under drought stress


The analysis of stress biomarkers revealed significant physiological improvements in biochar-amended plants under drought conditions. Proline accumulation, a key indicator of oxidative stress, showed an 18% reduction in the 5% biochar treatment compared to both control and 3% biochar groups under severe drought (75% FC), demonstrating enhanced cellular protection (
Figure 5B
). This trend was consistent across stress levels, with control plants exhibiting 32-45% higher proline concentrations at both 45% and 75% FC compared to biochar-treated specimens, indicating greater stress severity in unamended soils. An increase in free proline levels is often associated with reduced water uptake in plants, serving as a key indicator of stress. Proline plays a protective role by stabilizing genetic material and reducing oxidative damage through its ability to neutralize reactive oxygen species, thus preserving cellular integrity. The addition of biochar to soil can mitigate drought stress by improving water retention, nutrient availability, and soil porosity. Plants treated with biochar amended soil are less likely to experience drought stress, reducing the need to accumulate high levels of proline (Shahid et al., 2024).


Similarly, abscisic acid (ABA) levels showed a dose-dependent decrease with biochar application (
Figure 5A
), with the 5% treatment reducing ABA concentrations by approximately 22% under severe drought relative to controls. This hormonal modulation suggests biochar’s role in improving plant water status, potentially through:


[image: Bar charts titled A and B compare concentrations. Chart A shows proline concentration (micromoles per gram) with variations in 45 percent and 75 percent columns across C, BC 3 percent, and BC 5 percent groups. Chart B shows ABA concentration (micrograms) using the same group categories. Both charts include standard deviations, represented in gray and yellow for 45 percent and 75 percent, respectively.]
Figure 5 | 
ABA concentration in plant roots (A) Proline content in roots (B).




Enhanced soil water retention reducing ABA-mediated stomatal closure.


Modified root architecture improving water uptake efficiency.


Direct adsorption of stress-induced rhizosphere compounds.


These findings align with established mechanisms where biochar amendments moderate drought-induced hormonal responses (Chen et al., 2023), while the proline reduction correlates with observed improvements in membrane stability and photosynthetic efficiency (Munemasa et al., 2015). The consistent performance of 5% biochar across both stress markers underscores its optimal concentration under the tested conditions for physiological stress mitigation.







4 Conclusion


Climate change increase drought’s negative effects on agriculture and the depletion of water resources is the biggest threat to world fastest growing population. Therefore, it is believed that drought is the primary environmental stress for plants, particularly in our region. The life cycle of plants depends on water and nutrients and a decrease in soil moisture content has an impact on all phases of plant growth and development as well as affecting biochemical and physiological processes also. Because during drought plants’ nutrient rate is lower and roots became unable to absorb mineral from soil. Walnut shell biochar demonstrated its efficacy as a soil amendment for mitigating drought stress in tomato plants. Its application improved root development, increased biomass production, and reduced stress-induced hormonal imbalances. These findings highlight the potential of biochar as a climate-smart solution for sustainable agriculture in water-scarce regions. Further research is needed to evaluate biochar’s long-term impacts on soil health and crop productivity in field conditions.









Data availability statement


The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author/s.







Author contributions


YZ: Methodology, Conceptualization, Writing – original draft. RN: Conceptualization, Formal analysis, Software, Writing – original draft, Methodology, Visualization. AS: Conceptualization, Writing – review & editing, Data curation, Supervision, Resources, Project administration. WN: Data curation, Investigation, Writing – review & editing. AI: Funding acquisition, Resources, Writing – review & editing. GY: Supervision, Funding acquisition, Resources, Writing – review & editing. MS: Writing – review & editing. HU: Writing – review & editing, Validation, Formal analysis.







Funding


The author(s) declare financial support was received for the research and/or publication of this article. This research was sponsored by the Guangxi Science and Technology Project (Grant No. 2025GXNSFAA069282); Modern Industry College of Ecology and Environmental Protection, Guilin University of Technology. The authors extend their appreciation to the Deanship of Research and Graduate Studies at King Khalid University for funding this work through General Research Project under grant number GRP/130/45.







Conflict of interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.







Generative AI statement


The author(s) declare that no Generative AI was used in the creation of this manuscript.


Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.








References

	

 Abbas A., Hameed R., Shahani A. A. A., Khattak W. A. K., Huang P., Du Y., et al. (2024). Analysis of physio-biochemical responses and expressional profiling of DREB transcription factors for drought tolerance in Aegilops tauschii Coss. Genet. Resour Crop Evol. 71, 811–822. doi: 10.1007/s10722-023-01661-1




	

 Afaf A., ALosaimi J. S., Alharby H. F., Alayafi A. A. (2023). The importance of initial application of biochar on soil fertility to improve growth and productivity of tomato plants (Solanum lycopersicum L.) under drought stress. Gesunde Pflanzen 75, 1–10. doi: 10.1007/s10343-023-00868-7




	

 Ahmad M., Lee S. S., Lee S. E., Al-Wabel M. I., Tsang D. C., Ok Y. S. (2017). Biocharinduced changes in soil properties affected immobilization/mobilization of metals/metalloids in contaminated soils. J. soils sediments 17, 717–730. doi: 10.1007/s11368-015-1339-4




	

 Akhtar S. S., Li G., Andersen M. N., Liu F. (2014). Biochar enhances yield and quality of tomato under reduced irrigation. Agric. Water Manage. 138, 37–44. doi: 10.1016/j.agwat.2014.02.016




	

 Alfattani R., Shah M. A., Siddiqui M. I. H., Ali M. A., Alnaser I. A. (2021). Bio-char characterization produced from walnut shell biomass through slow pyrolysis: sustainable for soil amendment and an alternate bio-fuel. Energies 15, 1. doi: 10.3390/en15010001




	

 Bates L. S., Waldren R. A., Teare I. D. (1973). Rapid determination of free proline for waterstress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060




	

 Batool A., Taj S., Rashid A., Khalid A., Qadeer S., Saleem A. R., et al. (2015). Potential of soil amendments (Biochar and Gypsum) in increasing water use efficiency of Abelmoschus esculentus L. Moench. Front. Plant Sci. 6, 733. doi: 10.3389/fpls.2015.00733, PMID: 26442046



	

 Bird M. I., Wurster C. M., de Paula Silva P. H., Bass A. M., De Nys R. (2011). Algal biochar– production and properties. Bioresource Technol. 102, 1886–1891. doi: 10.1016/j.biortech.2010.07.106, PMID: 20797850



	

 Chen X., Xing H., Liu B., Wang Y., Cui N., Wang Z., et al. (2023). Growth and water-nitrogen utilization of maize to multi-stage water stress under different nitrogen supply conditions. Agriculture Water Management 290. doi: 10.2139/ssrn.4435865




	

 Chowdhury M. S. N., Sani M. N. H., Siddique A. B., Hossain M. S., Yong J. W. H. (2024). Synergistic effects of Biochar and potassium co-application on growth, physiological attributes, and antioxidant defense mechanisms of wheat under water deficit conditions. Plant Stress. 12, 100452. doi: 10.1016/j.stress.2024.100452




	

 Dabravolski S. A., Isayenkov S. V. (2025). Expansins in salt and drought stress adaptation: from genome-wide identification to functional characterisation in crops. Plants 14, 1327. doi: 10.3390/plants14091327, PMID: 40364355



	

 El Hamdouni Y., El Hajjaji S., Szabo T., Trif L., Felhősi I., Abbi K., et al. (2022). Biomass valorization of walnut shell into biochar as a resource for electrochemical simultaneous detection of heavy metal ions in water and soil samples: Preparation, characterization, and applications. Arabian J. Chem. 15, 104252. doi: 10.1016/j.arabjc.2022.104252




	

 Food and Agriculture Organization of the United Nations
 (2013). “FAO drought situation report 2021,” in Success stories on climate-smart agriculture FAO, Rome. Available online at: http://www.fao.org/3/a-i3817e.pdf.



	

 Gonzalez J. F., Ramiro A., Gonzalez-Garcia C. M., Ganan J., Encinar J. M., Sabio E., et al (2005). Pyrolysis of almond shells. Energy applications of fractions. Ind. Eng. Chem. Res. 44, 3003–3012.



	

 Hamdani S. A. F., Aon M., Ali L., Aslam Z., Khalid M., Naveed M. (2017). Application of Dalbergia sissoo biochar enhanced wheat growth, yield and nutrient recovery under reduced fertilizer doses in calcareous soil. Pakistan J. Agric. Sci. 54, 107–115. doi: 10.21162/PAKJAS/17.5102




	

 Han S. H., Kim S., Chang H., Li G., Son Y. (2019). Increased soil temperature stimulates changes in carbon, nitrogen, and mass loss in the fine roots of Pinus koraiensis under experimental warming and drought. Turkish J. Agric. Forestry 43, 80–87. doi: 10.3906/tar-1807-162




	

 Hayat S., Hasan S. A., Fariduddin Q., Ahmad A. (2008). Growth of tomato (Lycopersicon esculentum) in response to salicylic acid under water stress. J. Plant Interact. 3, 297–304. doi: 10.1080/17429140802320797




	

 Hernandez-Mena L. E., Pécoraa A. A., Beraldob A. L. (2014). Slow pyrolysis of bamboo biomass: analysis of biochar properties. Chem. Eng. 37, 115–120. doi: 10.3303/CET1437020




	

 Hussain S., Mubeen M., Nasim W., Fahad S., Ali M., Ehsan M. A., et al. (2023). Investigation of irrigation water requirement and evapotranspiration for water resource management in southern punjab, Pakistan. Sustainability 15, 1768. doi: 10.3390/su15031768




	

 Jain M. S., Jambhulkar R., Kalamdhad A. S. (2018). Biochar amendment for batch composting of nitrogen rich organic waste: Effect on degradation kinetics, composting physics and nutritional properties. Bioresource Technol. 253, 204–213. doi: 10.1016/j.biortech.2018.01.038, PMID: 29351873



	

 Jatuwong K., Aiduang W., Kiatsiriroat T., Kamopas W., Lumyong S. (2025). A review of biochar from biomass and its interaction with microbes: enhancing soil quality and crop yield in brassica cultivation. Life 15, 284. doi: 10.3390/life15020284, PMID: 40003694



	

 Jeffery S., Verheijen F. G., van der Velde M., Bastos A. C. (2011). A quantitative review of the effects of biochar application to soils on crop productivity using meta-analysis. Agriculture Ecosyst. Environ. 144, 175–187. doi: 10.1016/j.agee.2011.08.015




	

 Jing Y., Zhang Y., Han I., Wang P., Mei Q., Huang Y., et al. (2020). Effects of different straw biochars on soil organic carbon, nitrogen, available phosphorus, and enzyme activity in paddy soil. Sci. Rep. 10, 8837. doi: 10.1038/s41598-020-65796-2, PMID: 32483277



	

 Khodabakhshi L., Seyedi A., Mazaheri-Tirani M., Motlagh B. P. (2023). Morphological and physiological responses of Indigofera tinctoria L. @ to putrescine under drought stress. Russian J. Plant Physiol. 70, 43. doi: 10.1134/S102144372260252X




	

 J. Lehmann, S. Joseph (Eds.) (2015). Biochar for environmental management: science, technology and implementation (Routledge, London).



	

 Li L., Liu J., Peng Q., Wang X., Xu J., Cai H. (2024). Propagation process-based agricultural drought typology and its copula-based risk. Irrigation Drainage 73, 1496–1519. doi: 10.1002/ird.2966




	

 Liu G., Zhang L. (2023). Preparation and process optimization of polyaminated walnut shell adsorbent. Petrochem Technol. 52, 645–651.



	

 Lu Y., Zheng J., Hu H., Pan Q., Cui L., Hu Y. (2024). Determination of critical crop water stress index of tea under drought stress based on the intercellular CO2 concentration. Agronomy 14, 2154. doi: 10.3390/agronomy14092154




	

 Ma G., Shi Q., Wu Y., Liu Y., Han L., Hu J., et al. (2024). Effects of biochar on the growth and physiological and mechanical properties of cucumber plug seedlings before and after transplanting. Agriculture 14, 2012. doi: 10.3390/agriculture14112012




	

 Munemasa S., Hauser F., Park J., Waadt R., Brandt B., Schroeder J. I. (2015). Mechanisms of abscisic acid-mediated control of stomatal aperture. Curr. Opin. Plant Biol. 28, 154–162. doi: 10.1016/j.pbi.2015.10.010, PMID: 26599955



	

 Nanda S., Mohanty P., Pant K. K., Naik S., Kozinski J. A., Dalai A. K. (2013). Characterization of North American Lignocellulosic Biomass and Biochars in Terms of their Candidacy for Alternate Renewable Fuels. Bioenergy Res. 6, 663–677.



	

 Pereira R. N., Carriquiry M., Prakash Verma J., et al. (2009). Biomass energy and the environmental impacts associated with its production and utilization FAO, Rome.



	

 Poo K. M., Son E. B., Chang J. S., Ren X., Choi Y. J., Chae K. J. (2018). Biochars derived from wasted marine macro-algae (Saccharina japonica and Sargassum fusiforme) and their potential for heavy metal removal in aqueous solution. J. Environ. Manage. 206, 364–372. doi: 10.1016/j.jenvman.2017.10.056, PMID: 29101878



	

 Rahman S. U., Han J. C., Yasin G., Imtiaz M. T., Zhao X., Alharbi S. A., et al. (2025). Synergetic effects of potassium and biochar on morphological, physiological, and biochemical attributes of maize crop grown under different levels of drought stress. BMC Plant Biol. 25, 402. doi: 10.1186/s12870-025-06391-3, PMID: 40165099



	

 Rathinapriya P., Maharajan T., Jothi R., Prabakaran M., Lee I. B., Yi P. H., et al. (2025). Unlocking biochar impacts on abiotic stress dynamics: a systematic review of soil quality and crop improvement. Front. Plant Sci. 15, 1479925. doi: 10.3389/fpls.2024.1479925, PMID: 39872204



	

 Shahid S., Asad F., Ikram I., Zeb A., Ahmad I., Yaseen T. (2024). Effect of biochar on seed germination and growth of glycine max l. Under induced stress of drought. J. Pure Appl. Agric. 9, 7–13.



	

 Sohi S. P., Krull E., Lopez-Capel E., Bol R. (2010). A review of biochar and its use and function in soil. Adv. Agron. 105, 47–82. doi: 10.1016/S0065-2113(10)05002-9




	

 Sun C. X., Chen X., Cao M. M., Li M. Q., Zhang Y. L. (2017). Growth and metabolic responses of maize roots to straw biochar application at different rates. Plant Soil 416, 487–502. doi: 10.1007/s11104-017-3229-6




	

 Suryanti S., Wibowo A., Hartati R. M. (2023). Applying biochar and oil palm seeds’ resistance to drought stress. JURNAL AGRONOMI TANAMAN TROPIKA (JUATIKA) 5, 425–431. doi: 10.36378/juatika.v5i2.3143




	

 Taghizadeh-Toosi A., Clough T. J., Sherlock R. R., Condron L. M. (2012). A wood based low-temperature Biochar captures NH 3-N generated from ruminant urine-N, retaining its bioavailability. Plant Soil. 353, 73–84. doi: 10.1007/s11104-011-1010-9




	

 Van Gijsegem F., Pédron J., Patrit O., Simond-Côte E., Maia-Grondard A., Pétriacq P., et al. (2017). Manipulation of ABA content in Arabidopsis thaliana modifies sensitivity and 68 oxidative stress response to Dickeya dadantii and influences peroxidase activity. Front. Plant Sci. 8, 456. doi: 10.3389/fpls.2017.00456, PMID: 28421092



	

 Wang L., Lin M., Han Z., Han L., He L., Sun W. (2024). Simulating the effects of drought stress timing and the amount irrigation on cotton yield using the CSM-CROPGRO-cotton model. Agronomy 14, 14. doi: 10.3390/agronomy14010014




	

 Waqas M., Nizami A. S., Aburiazaiza A. S., Barakat M. A., Ismail I. M. I., Rashid M. I. (2018). Optimization of food waste compost with the use of biochar. J. Environ. Manage. 216, 70–81. doi: 10.1016/j.jenvman.2017.06.015, PMID: 28637634



	

 Windeatt J. H., Ross A. B., Williams P. T., Forster P. M., Nahil M. A., Singh S. (2014). Characteristics of biochars from crop residues: Potential for carbon sequestration and soil amendment. J. Environ. Manag. 146, 189–197., PMID: 25173727



	

 Xing D., Zhang Q., Wu Y., Zhao K., Wang J., Yan S., et al. (2024). Use of transpiration water and leaf intracellular retained water in tomato (Solanum lycopersicum L.) plants subjected to different water supply strategies. Scientia Hortic. 337, 113520. doi: 10.1016/j.scienta.2024.113520




	

 Xu X., Yang F., Song J., Zhang R., Cai W. (2024). Does the daily light integral influence the sowing density of tomato plug seedlings in a controlled environment? Horticulturae 10, 730. doi: 10.3390/horticulturae10070730












Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Copyright © 2025 Zhang, Nisa, Saleem, Nisa, Idris, Yu, Sohail and Ullah. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fpls-16-1634455-g004.jpg
(3%)

Root architacture under 45% FC

(c) - (3%) (5%)

Root architecture under 75% FC





OEBPS/Images/fpls-16-1634455-g003.jpg
Plant Height {cm)

Fresh Weight (g)

Leaf Development

Dry Weight (g)

B






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1634455-g001.jpg
v

N, (ea

e
000 10um

-

X1

20kV

E
3
o
-

X2,500

20kV






OEBPS/Images/table2.jpg
Physical parameter

Primary Roots
Lateral Roots
Secondary Roots

Root Length (cm)

Plant root architecture parameter

FC 45% FC 75%

Control +SD BC3% +SD BC5% +SD Control +SD BC3% +SD BC5%

10 2.5 9 3.1 13 55 9 06 10 2
3 0 4 1 5 29 2 1 3 12
10 5.5 9 L5 14 35 7 2.1 9 21
32 0.8 5.5 23 6.2 33 5 I 1 6.71 1.0

+SD
4.2
L5
4.5

24





OEBPS/Images/fpls-16-1634455-g005.jpg
W +SD (75%)

BC
+SD (45%)

W /5%

[ 45%

W

ap] LM ™ L —
[ i

1-8 jowrl uoiueluad’uo) auljoid (8rl) uonesuasuo) ygy

L1
ot

0.5
0





OEBPS/Images/fpls.2025.1634455_cover.jpg
& frontiers | Frontiers in Plant Science

Impact of pyrogenic carbon on tomato root
architecture and metabolites (ABA and
proline) under drought stress





OEBPS/Images/fpls-16-1634455-g002.jpg
g Wt% o

= © 547 06

- o 412 06

H Si 22 0.1

s=mllo] P 08 01

s 1 By a 07 0.1

= Al 04 0.1
g _'. Powered by Tru-Q®

IlllI|IIIl'lIIII]IIIII’IIII]IIIIIIIIl|IlTlIiilII_T-:.i’.I:.I':‘:i.IA

- 4 o)

0 2 B 0 S keV






OEBPS/Images/table1.jpg
Types of

bicchars References
Walnut shell char 98 24 Present study

Palm shell char 88.5 11.5 Windeatt et al., 2014
Coconut shell char 91.9 8.1 Windeatt et al., 2014
Almond shell char 76.9 21.2 Gonzalez et al., 2005 V
‘Wheat straw char 83.9 7.3 Nanda et al,, 2013

VG, Volatile content; FC, Fixed carbon.





