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Abstract

Abiotic stresses such as drought and salinity remain among the formidable challenges to global crop productivity, threatening food
security under a changing climate. This study investigated the biochar weathering and biochar role in mitigating abiotic stresses in tomato.
Scanning electron microscopy and elemental analysis of biochar after six months of soil incorporation revealed changes in its structure
and composition. Pot experiment showed that 5% (v/v) biochar application mitigated biomass loss, limiting biomass reduction to 35%
under drought (compared to 50% reduction in the no biochar control). Under salinity stress, plants grown with 5% biochar amendments
showed 13% more biomass as compared to no biochar control. Moderate biochar application (5%) consistently outperformed to higher
rate (10%) in promoting growth and stress tolerance.
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Introduction

Biochar is a carbon-rich porous material produced through the pyrolysis of organic matter. It has gained significant attention
due to its potential benefits for soil and plant growth in a sustainable manner (Wang, et al. 2023). During pyrolysis, carbon in feedstock
becomes stable and remains in the soil for centuries. This carbon sequestration helps in countering CO, emission and climate change
mitigation in the long run (Liu, et al. 2015). Accumulation of Soil Organic Matter (SOM) further supports microbial activities and min-
eral retention in the rhizosphere. So, biochar positively influences the environment by enhancing SOM, reducing greenhouse gases,
and regulating microbial growth which speeds up nutrient cycling (Irfan and Mirara, 2024, Joseph, et al. 2021). Stable organo-mineral
complexes and rhizo-deposits on biochar surface contribute toward soil fertility in sustainable way (Li et al., 2020). Biochar application
in agriculture can solve the issues of food security, climate change, decreasing fertility, and reducing crop performance. On average
biochar may increase plant yield by 10%-42%, depending upon the soil, biochar and plant type (Rosada, 2024). Many advanced coun-
tries including China, Europe, Australia, and North America are utilizing biochar in agriculture (Robb, et al. 2020).

Physical properties of biochar effects the soil fertility by altering soil surface area, porosity, pore size, density, texture, struc-
ture (Blanco-Canqui, 2017). Biochar with high pH reduces the soil cations and improves nutrient mobility and their supply to the
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plants (Gul, et al. 2015). Biochar also reduces heavy metal toxicity in soils and plant tissue (Rawat, et al. 2019). Mycorrhizal association
is enhanced with the application of biochar, which leads to increased nutrient supply and plant growth (Solaiman, et al. 2010).

Biochar resists decomposition due to thermochemical reactions that transform biomass into aromatic compounds. A small
portion of biochar NPK get dissolved and available for plant utilization (Ippolito, et al. 2020). Biochar also undergoes weathering with
time due to physiochemical reactions in the soil, so the associated responses also evolve (Joseph, et al. 2021, Gul, et al. 2015).

Tomato (Solanum lycopersicum) holds significant economic importance (Viuda-Martos, et al. 2014). Drought and salinity are
significant abiotic stresses impacting tomato plants, affecting growth and yield (Tamreihao, et al. 2023).

Drought, a consequence of climate change and human activity, is a major factor affecting agricultural growth and yield (Os-
molovskaya, et al. 2018). Similarly, about 20% of cultivated and 33% of irrigated agricultural lands face high salinity in the world (Shrivas-
tava and Kumar, 2015). It is estimated that soil salinization is reducing 1.5 million hectares of farmland annually (FAOSTAT, 2023, Bina
and Bostani, 2017). Biochar, a carbon negative soil amendment, is known to improve soil quality, aiding plant growth, resistance to envi-
ronmental stresses and lowers the oxidative stress by improving soil texture, water-holding ability, pH buffering capacity and redox po-
tential (Eh) (Husson, et al. 2018). The improved plant nutrition and metabolism protect against abiotic stress resistance (Elad, et al. 2011).

This study addresses the impact of weathering on biochar’s physiochemical properties. We documented the changes associ-
ated with biochar weathering to understand its long-term utility. Besides this, we also assessed the biochar role in improving plant
growth and mitigating drought and salinity stress.

Materials and Methods
Physiochemical characterization of soil and biochar

Soil samples were finely ground and mixed with distilled water in 1:10 (w/v). After overnight equilibration, the pH and EC were
measured by immersing the respective probe. The mean with standard error was reported (Rajkovich, et al. 2012). Organic matter was
estimated using Walkley method (Walkley, 1947). Potassium was measured using flame photometer as described by (Richards, 1954).
The Olsen method was employed to determine phosphorus content (Olsen, 1954).CHNS (carbon, hydrogen, nitrogen, sulphur) analy-
sis was performed using the Vario MICRO cube elemental analyzer (elementar) (EA, 2017).

Biochar weathering analysis

In order to assess the weathering of biochar in soil, Scanning Electron Microscopy (SEM) along with Energy-Dispersive X-ray-
Spectroscopy (EDS) were utilized. Leaf-derived biochar and stem-derived biochar samples from six-month-old pots were recovered and
parallel unused biochar samples (both leaf and stem-derived) were compared with SEM-EDS for morphological and elemental analysis.

Impact of biochar on plant growth and stress mitigation

”

The plants were cultivated in four distinct soil amendments: “Soil (S),” the plain soil with no additional amendments; “S__
containing 20% (v/v) compost without biochar; “S_ _+5B” with 5% (v/v) biochar; and “S_ _+10B” including 10% (v/v) biochar.

m

Solanum lycopersicum cv. Rio Grande seeds were surface-sterilized with 2% sodium hypochlorite (NaOCI) and sown in the seed-
ling tray with a 16 h light/8 h dark photoperiod at a temperature of 24°C. Four-week-old seedlings were transplanted in the pots in the
glasshouse with 16h light/8h dark photoperiod and the temperature range of 25°C to 30°C. All pots were irrigated with 350 ml water
every second day, except where mentioned.

Drought treatment was induced as per previously reported by Akhtar, et al. 2014. Salinity stress was induced by irrigating the
plants with a 350 ml NaCl solution the concentration of NaCl gradually increased from 50 mM (6 dS/m) to 200 mM (21.9 dS/m). The
plants were harvested on the 40™ day after transplantation while displaying stress symptoms (Zhang, et al. 2018).

Statistical analysis

For statistical analysis, GraphPad Prism software version 8.1 was employed. One-way Analysis Of Variance (ANOVA) was per-
formed to assess the overall differences among treatment groups. Post hoc Tukey’s multiple comparison tests (Tukey’s HSD) were
applied to determine specific significant differences between treatment means. The significance level was set at p<0.05. Distinct
alphabets were used on bars of the graphs to show statistically significant differences.

Results

Physiochemical characterization of soil

Biochar density was 145 g/dm? with 40% carbon content. To assess the suitability of biochar for soil and plants, and to estimate
its stability as a soil amendment, the physiochemical characterization of biochar was conducted. Biochar exhibited an alkaline pH of
9.5+ 0.2, accompanied by an electrical conductivity of 22.5 + 2.3 dS/m, indicating its ionic properties. The biochar was rich in organic
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matter (71.7% + 3.6) although most of this was recalcitrant. A significant amount of phosphorus (108.3 ppm) and a high potassium
content of 920.6 ppm show the nutritional significance for plant.

The biochar amended soil was selected from the pots 60-days post-transplantation. It was found that 5 and 10% biochar appli-
cation increased the soil pH, Cation Exchange Capacity (CEC) potassium content and organic matter and carbon content. Pure soil (S)
exhibited an EC of 2.7 dS/m, while soil with 20% compost (S ) showed a higher EC of 5.4 dS/m compared to soil (S). The addition of
5% and 10% biochar to the soil-compost mix (S_ ) resulted in a slight decrease in Electrical Conductivity (EC). The soil (S) had a pH of
7.2, whereas the S__+5Band S__+10B amendments showed higher pH levels of 7.5 and 7.7, respectively. The organic matter content
in the 5% and 10% biochar amendments was 6.1% and 6.6%, respectively.

Biochar characterization

Elemental analysis of the biochar was conducted using a CHNS elemental analyser (Vario MICRO). The analysis showed that
biochar is composed of 1.91% nitrogen, 39.46% carbon, 2.461% hydrogen, and 0.320% sulphur. The Carbon-Nitrogen (C/N) ratio was
20.6, Carbon-Hydrogen (C/H) ratio was 16.03, Nitrogen-Carbon (N/C) ratio was 0.048, and hydrogen-carbon (H/C) ratio was 0.06.
These ratios indicate the biochar’s stability and the efficiency of the pyrolysis process.

The elemental composition analysis of leaf-derived and stem-derived biochar was conducted separately using Energy-Dis-
persive X-ray Spectrometry (EDS). EDS spectrum of the leaf biochar sample showed 55.13% carbon content, 38.96% oxygen, 4.6%
aluminium, and 2.63% magnesium. The average composition of wood biochar was determined to be 77.8% carbon, 20.73% oxygen,
0.96% calcium, and 0.42% magnesium. Leaf biochar exhibited a lower carbon content (55%) compared to stem biochar (77.9%). Stem
biochar showed more stability (O:C ratio of 0.26) than leaf biochar (O:C ratio of 0.70).

Biochar weathering in soil

Biochar samples recovered from 6 months old soil pots were examined for their weathering using SEM-EDS analysis. Biochar
without mixing in the soil behaved like “pre-weathering biochar”. The leaf-derived biochar exhibited well-defined leaf morphology
with distinct pore like features (Fig. 1). In the post-weathering state, the biochar surface displayed a roughened texture and EDS anal-
ysis confirmed the presence of new elements along with the dissolution of carbon compounds.

Before Weathering After Weathering

Figure 1. SEM analysis of leaf biochar weathering. Leaf biochar micrograph (500X) before (left) and after weathering process (right).

In Fig. 2, a similar analysis of stem-derived biochar weathering has been documented, and it indicates the impact of weather-
ing on stem-derived biochar. Before the weathering, the stem-derived biochar exhibited a preservation of the anatomical structures
of stem. However, as the ageing processing the soil progressed over time, these structures began to disintegrate.

Figure 2. Stem biochar weathering examination by 500X SEM micrographs.
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During the weathering process, stem biochar retained carbon up to 62%. This suggested that the efficient carbonization in
stem biochar with a substantial amount of carbon in a stable form makes it less prone to weathering in soil. This property may be
attributed to the lignin-rich structures of vascular bundles, which form a relatively stable carbon matrix. In contrast, leaves contain
lower levels of lignin and during pyrolysis, leaves produced less stable organic compounds that retained only 37% carbon after six
months of weathering. This phenomenon indicates the role of the initial feedstock in determining the stability of biochar in the soil
environment.

Before ageing, the leaf biochar sample exhibited the elemental composition of Al at 4.6%, C at 55.13%, Mg at 2.63%, and O at
38.96%. After ageing in soil, the composition changed with carbon loss and the emergence of new elements, such as Fe, K, Mg, Na, O,
and Si. Similarly, before ageing, the stem biochar sample had a composition of C (77.88%), Ca(0.965%), Mg (0.42%), and O (20.73%).
After ageing, the stem biochar displayed reduced carbon content along with the appearance of other elements like Ca, Mg, Mo, O,
and Si.

The analysis of leaf biochar weathering shows that carbon experienced a significant decrease of 18%, suggesting substantial
dissolution, degradation, or transformation of carbon compounds within the biochar during the weathering process. The emergence
of Fe and Si (4.86 and 4.9 %, respectively) demonstrated a biochar interaction with soil and possibly the formation of mineral-rich,
micro-agglomerated layers that often form with the ageing of biochar. Similarly, potassium and sodium exhibited minor increases of
0.47 and 1.75%, respectively. Magnesium experienced a slight decrease of 1.19%, indicating a minor reduction. The most noteworthy
change was observed in oxygen, with an increase of 6.82%, suggesting possible redox reactions.Fig. 3 shows the change in the elemen-
tal composition of leaf biochar and stem biochar.
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Figure 3. Impact of biochar weathering on its elemental composition.

Graph illustrates the % changes in elemental composition (mean values of duplicate EDS data) in leaf and stem biochar sam-
ples as a result of weathering. There are no bars for some elements, indicating no observable change.

Impact of biochar on plant growth and stress mitigation

This pot experiment was conducted from February 10, 2022, to April 20, 2022. It involved cultivating plants with four types
of amendments: “soil (S)” (plain soil with no amendment), “S___” (soil with 20% compost without biochar), “S__+sB” (soil with 20%
compost and 5% biochar), and “S__+10B” (soil with 20% compost and 10% biochar). Plants were exposed to drought followed by inves-

tigation of impact of biochar-based soil amendments on plant biomass.

Here we noted that (Tab. 1) in the absence of any stress, plants in “soil (S)” treatment showed minimum biomass (2.4 g) and
exhibited 31% biomass as compared to the “S__” control (7.7 g). However, the addition of 5 and 10% biochar increases plant biomass up
t09.9 g and 8.2 g respectively which corresponds to 23 and 6% increase in biomass as compared to the control. Drought stressed plants
showed reduced biomass as compared to unstressed plants. Soil (S) treatment under stress showed minimum biomass (1.9 g) that is
about 48% of the control S__ (3.9 g). Addition of 5% biochar significantly added plant biomass by 58% (6.2 g-3.9 g=2.3 g) as compared
to S with drought stress. Addition of 10% biochar increased plant biomass by 35.8% as compared to S_ _ control (Fig. 4).
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Table 1. Impact of biochar in drought stress mitigation.

Column1 Mean biomass (g) of Mean biomass (g) of % Decrease in bio- Mgan biomass of sa- % Decrease in l_)if':-
control plants drought plants mass due to drought linity stressed plants mass due to salinity
Soil (S) 24 1.9 -22.1 2.1 -13
Scom 7.7 3.9 -50 6.5 -15.2
S, 5B 9.5 6.2 -35.1 7.4 -22.1
Sc.t10B 8.2 5.3 -35.7 6.9 -16.1

Note: Comparison of tomato plant biomass under drought and salinity stress in 0% (S,,), 5% (S, +5B), 10% (S,,,+10B) Biochar and plain soil (S) is
given along the length of column. Impact of stress on plant biomass within the same soil condition is given horizontally

Biochar impact on plant biomass under drought stress
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Figure 4. Impact of biochar on tomato plant biomass in drought stress.

Plants were grown in plain soil (S), soil with 20% compost (S_ ), 5 and 10% biochar amendments [(S__+5B), (S
drought (orange bars) and normal condition (blue bars).

+10B)] under

com

While investigating the biochar potential in mitigating the salinity stress, we used the similar four soil treatments: “soil (S)”,
“Seom s “Scont5B”, and “S__+10B”. Salinity stress negatively impacted the plant growth; however, this impact was variable in different
soil amendments (Fig. 5). Salt stressed plants in “Soil (S)” showed only 32% of the biomass as compared to the plants with compost
(S,.,)- Addition of 5 and 10% biochar (S, _+5B, S__+10B) showed 13 and 6% more biomass as compared to control (S__) that showed 6.5
g biomass. Under salinity stress, the “soil (S)” treatment displayed a 13% decrease in plant biomass in comparison to the unstressed
counterpart. In the “S___”15.2% of plant biomass was reduced due to stress as compared to unstressed control. The inclusion of 5%
and 10% biochar in the soil compost mix decreased plant biomass up to 22.1% and 16.1%, respectively as compared to the unstressed
counterparts (Tab. 1). However, among all salt-stressed plants, the highest biomass was shown by 5% biochar (S__+5B) and showed

13.8% more biomass (i.e. 7.4 g-6.5 g=0.9 g) as compared to 0% biochar control (S_ ) under salinity condition.

Biochar impact on plant biomass under salinity stress
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Figure 5. Tomato plant growth response under salinity stress.
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Plants biomass under saline (orange bars) and unstress condition (blue bars) in unamended soil (S), soil-compost mix (S ),
5% (S, +5B),and 10% (S__+10B) biochar-based soil amendments. Error bars indicate standard error of mean and small letters of bars

show any significant difference according to Tuckey’s HSD test.

These observations show the potential of biochar in ameliorating the adverse effects of salinity stress on plant biomass. It is
worth noting that all differences between the unstressed and stressed groups within the same soil mix/amendments were found to
be statistically non-significant.

Discussion

Conventional agricultural practices involve the use of chemical fertilizers that contribute extensively to climate change through
greenhouse gas emissions (Sharma and Singhvi, 2017). Biochar provides an alternative option (Lehmann, et al. 2021) that has shown
promise in supporting plant growth and reducing biotic and abiotic stress in sustainable way (Joseph, et al. 2021).

Pyrolysis conditions should be optimized based on the intended application, as they significantly impact biochar properties
and potential agricultural uses (Huang et al., 2021). Biochar elemental composition analysis after weathering shows 5% silicon in
leaf biochar, which is likely to have an environmental origin rather than the original plant. Silicon has a role in enhancing resistance
against biotic (Sakr, 2016) and abiotic stresses (Ma and Takahashi, 2002, Artyszak, 2018, Munir, et al. 2024) and can activate the ex-
pression of genes associated with stress tolerance (Balakhnina and Borkowska, 2013). The observed improvements in soil pH, Cation
Exchange Capacity (CEC), and mineral contents show the impact of biochar in modifying soil chemistry (DeLuca, et al. 2015).

The increase in soil alkalinity can be attributed to biochar, this impact is expected to be more pronounced in acidic
soil (Ippolito, et al. 2020). Presence of phosphorus and potassium in biochar indicates its role in plant nutrition and can be used as
alternative to chemical fertilizers (Lustosa Filho, et al. 2020). An increase in phosphorus concentration in soil with increasing biochar
concentrations is aligned with previous studies and showed the release of soluble phosphorus into the soil (Dordas, et al. 2008).

The increase in dry mass at 5% biochar concentration in unstressed plants indicates a potential involvement of enhanced pho-
tosynthetic activity due to improved soil nutrient levels (He, et al. 2020). This observation emphasizes the need for careful optimi-
zation of biochar application for agricultural practices. Accumulation of various polycyclic aromatic hydrocarbons instigates several
biochemical reactions in the soil, which may negatively impact plant growth and beneficial microbial activity (Qadeer, et al. 2017).

The addition of 5% green waste biochar to the potting mix effectively alleviated drought and salinity stress in tomato plants,
resulting in a significant increase in biomass by up to 58.8% under drought stress and a non-significant increase of 13.8% under salin-
ity stress compared to plants without biochar. Biochar has been reported to effectively mitigate drought and salinity stress in several
plant species (Wu, et al. 2023, Bano, et al. 2023). During drought and salinity, there is an increased production of Reactive Oxygen
Species (ROS) that leads to physiological stress and limits plant growth and yield (Vijayaraghavareddy, et al. 2022, Igbal and Munir,
2024). Biochar ameliorates the harshness of stress by improving soil texture, water use efficiency, nutrient homeostasis and reducing
oxidative stress (Wu, et al. 2023).

The results in this study suggest promising benefits of biochar application in mitigating drought stress and improving plant
growth, further research is important to document its long-term effects on soil health, plant productivity, and ecosystem sustain-
ability. Careful consideration of biochar application rates and soil conditions is essential to maximize its efficacy and minimize any
potential negative consequences.

Conclusion

In conclusion, this study demonstrated the impact of biochar on physiochemical parameters of soil, thereby improving plant
growth, under both normal and stressed conditions. Biochar application considerably enhanced tomato plant biomass under drought
and saline stress. While biochar has a remarkable half-life spanning hundreds of years, its stability depends upon the nature of the
feedstock. Our investigation revealed that biochar derived from different plant tissues exhibits varying degrees of stability, with stem
biochar demonstrating higher stability and carbon sequestration potential compared to leaf biochar. Therefore, comprehensive pe-
riodic studies are essential for elucidating the benefits and challenges associated with biochar application in sustainable agronomy.
By enhancing our understanding of biochar’s long-term efficacy, we can not only improve its market value but also contribute to the
sustainable agricultural practices.
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