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Assessing suitable tree species for biochar production and their performance in enriching soil quality and plant growth of Oryza sativa L. and Acacia auriculiformis A. Cunn. ex Benth.



ABSTRACT
	Aims: This study aims to identify suitable tree species for biochar production and evaluate their effectiveness in improving soil quality and the growth of Rice (Oryza sativa L.) and Akshmoni (Acacia auriculiformis A. Cunn. ex Benth). The findings will help determine the most effective biochar feedstock for sustainable agroforestry practices in tropical regions.
Study Design: The experiment was conducted using a Complete Randomized Block Design (CRBD) with six different tropical tree species as feedstock for biochar production. Biochar was applied as a soil amendment at a rate of 10 t/ha, with a control group for comparison.
Place and Duration of Study: The study was carried out at the nursery of the Department of Forestry and Environmental Science, Shahjalal University of Science and Technology (SUST) in Sylhet, Bangladesh over a specific period, focusing on biochar production and its impact on soil properties and plant growth.
Methodology: Six tropical tree species—Rain tree (Albizia saman), Kadam (Neolamarckia cadamba), Kathal (Artocarpus heterophyllus), Mango (Mangifera indica), Chambul (Terminalia arjuna), and Mahogany (Swietenia mahagoni)—were selected as feedstock for biochar production. A one-way ANOVA and Tukey HSD Post Hoc Test were used to determine statistical significance (α = 0.05) in evaluating biochar yield, soil quality improvement, and plant growth performance.
Results: Among the six species, Chambul (Terminalia arjuna) produced the highest biochar yield (41.6%) and exhibited the highest germination potential (88.3%). It also showed positive effects on plant growth performance. However, certain biochar types had adverse effects on plant growth, indicating that the choice of feedstock significantly influences biochar effectiveness.
Conclusion: The study highlights the importance of selecting appropriate feedstock species for biochar production. Chambul (Terminalia arjuna) biochar demonstrated the most promising results in terms of yield, soil quality enhancement, and plant growth. However, careful selection of tree species is crucial before biochar application to ensure optimal benefits for soil and plant health.
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[bookmark: _4f3eal3kmqwy]INTRODUCTION
Biomass has received a lot of attention recently as a source of renewable energy, because it is the only renewable source of fixed carbon [1,2]. Biomass has been recognized as a major world renewable energy source to supplement declining fossil fuel resources [3,4]. A lot of study has recently been done on finding suitable biomass species that can replace traditional fossil fuels and provide high-energy outputs. 
	
There are three basic reasons why biomass seems to be an attractive feedstock. First, it is a renewable resource that can potentially be developed sustainably in the future. Second, it looks to have extraordinarily good environmental qualities, with no net carbon dioxide emissions and a very low sulphur content. Third, assuming future increases in the price of fossil fuels, it appears to have enormous economic potential [5]. Biochar has extensive capability and could be used as a stimulus to achieve sustainable development goals (SDGs) for ecological legitimacy. Overall, biochar can be used as a driving force for polluted water remediation, carbon absorption, composting, soil modification and energy production [6].
The biomass energy potential can be recovered either by direct use in combustion systems or by upgrading into a more valuable and usable fuel or gas or higher-value products for the different industries. 
Many activities are currently focused on avoiding greenhouse gas emissions through a reduction in the use of fossil fuels, capturing carbon dioxide emitted from fossil fuel combustion and through changes in land-use and agricultural practices. Subsequently approaches to remove carbon dioxide from the air are of increasing interest [7]. One such potential measure is the sequestration of carbon in soils in a latent structure through pyrolysis biochar systems. Pyrolysis is a thermo-chemical procedure in which natural material is changed over into a carbon-rich solid (char) and volatile matter (liquids and gases) by heating without oxygen [8].
Biochar has been heralded as an amendment to rejuvenate debased soils, improve soil carbon sequestration and increase agronomic productivity. Biochar has a high stability potential, can remain in the soil for a very long period and contribute to sequestration of atmospheric carbon. Thus, the longer period of the stability of biochar can play an important role in reducing the emission of CO2 to the atmosphere [9]. At the point when biochar applied to the soil, it resists decaying, viably sequestering the applied carbon and mitigating anthropogenic CO2 emissions. It has been discovered that the use of biochar improves the physical and substance soil quality, upgrades nutrient accessibility and decreases the acidity [10,11,12]. Thus, biochar shows an extraordinary potential in agrarian use, for example, expanding soil productivity and yield output [13,14]. Investigation of the effects of biochar on crop growth has increased over the past years but has mainly focused on tropical soil [15,16,17,18,19,20,21,22]. 
Application of biochar alone has increased about 81% above-ground dry matter accumulation of the Hevea brasiliensis rootstock seedlings [23]. Again, application of biochar with NPK inorganic fertilizer showed significant correlation with stem diameter, seedling height and dry-matter accumulation [24,25]. Combination of biochar with compost enhanced foliar N, P and K concentration compared to control plants [26]. Biochar is very useful for increasing the diameter of slow-growing species compared with the addition of inorganic NPK fertilizer [27].
While most biochars positively affect plant growth, some may have unfriendly impacts because of the presence of phytotoxic compounds. Positive [28,29,30] and impartial [31,32] impacts of biochars were also found in different studies. To use biochar in a suitable way, it is necessary to have comprehensive knowledge of its properties. The type of raw material needed for biochar production is not limited to one source but rather to any organic waste, such as ecological waste, farming waste, timber, and solid remnants [33]. A biochar classification system related to its use as soil amendment has been proposed which has buildt upon: “Standardized product definition and product testing guidelines for biochar that is used in soil” [34] (aka IBI Biochar Standards), “Guidelines for biochar production: European Biochar Certificate” [35] (aka EBC Biochar Standards) and the “Biochar C stability test method for C market protocol development” [36] (aka IBI Stable C Protocol). The main thrust of this classification system is based on the direct or indirect beneficial effects that biochar provides from its application to soil. The potential beneficial effects of biochar application to soils have been classified into five categories with their corresponding classes, where applicable: C storage value, fertilizer value, liming value, particle‐size, and use in potting mixes and soilless agriculture [37].
From the consequences of these studies, it appears that feedstock of biochar, soil type and biochar concentrations in soil have a critical role in these parameters. Because of these potentially adverse impacts, there is a need to build up a quick and reliable technique to screen biochars for potential negative consequences for plant growth before large scale application. Specific analytical methods and property ranges for separating biochars into different classes depending on their effect on soil quality and plant growth are not yet established. This is a surprising limitation as the assessment of suitable species for biochar is likely to be one of the key factors affecting the performance of plant growth. This limitation spurred the objectives of the present study.
However, as biochar improves the soil nutrients as well as enhance plant growth then it will be effective in any forest plantation programme. Moreover, when the classification system of different biochar quality will be established, it will help to introduce biochar in the National Forest Policy and Forest Management. The main objective of the study is to assess the suitable species for biochar production and their performance in germination and growth of Rice and species and to assess the changes in soil properties by the addition of biochar.
[bookmark: _q1gucxxa2wux]MATERIALS AND METHODS
[bookmark: _3ujfibvlmlqa]STUDY AREA
The experimental study was conducted at the nursery of the Department of Forestry and Environmental Science (DFES), Shahjalal University of Science and Technology (SUST) in Sylhet, Bangladesh.
[image: C:\Users\User\Desktop\36992513_2030507266980345_314767063518281728_n.jpg]
Figure 1: Map of SUST showing the nursery of the DFES, SUST, Sylhet.
[bookmark: _Toc8591693]TEST SPECIES AND FEEDSTOCK SPECIES
For the experiment, two test species were purposively selected—one forest tree species and one agricultural species—both of which are widely used across the country for food, timber, and fuel. Additionally, six feedstock species were chosen for the study (Table 1). Healthy and disease-free seeds of all selected species were collected from the SUST campus and the Agricultural Institute (Ancholik Beej Bitan, Islampur, Sylhet). After collection, the seeds were transported to the nursery in airtight polybags. The fuelwood used as feedstock in this experiment was obtained from a local sawmill and subsequently dried under sunlight for two days to reduce excess moisture.
Table 1 Test species and feedstock species used in the study
	Name
	Scientific name
	Family

	Test species
	Amon BR-32
	Oryza sativa L.
	Poaceae

	
	Akashmoni
	Acacia auriculiformis A. Cunn. ex Benth.
	Fabaceae

	Feedstock
	Raintree
	Samanea saman (Jacq.) Merr.
	Fabaceae

	 
	Kadam
	Anthocephaslus chinensis (Lam.) Rich. ex Walp
	Rubiaceae

	 
	Chambul
	Albizia richardiana (Voigt) King & Prain
	Fabaceae

	 
	Kathal
	Artocarpus heterophyllus Lam.
	Moraceae

	 
	Mango
	Mangifera indica L.
	Anacardiaceae

	 
	Mahagani
	Swetenia mahagoni (L.) Jacq.
	Meliaceae



[bookmark: _Toc8591694]BIOCHAR PREPARATION
Biochar was produced using the Kon-Tiki biochar kiln, an invention of the Ithaka Institute. The kiln was constructed by stacking wood in a chimney formation at the center, extending up to approximately 25 cm below the highest point of the kiln. The "stacking wood chimney" was ignited from the top, allowing the fire to spread downward, creating a strong updraft that pulled air along the kiln’s edge walls. As the fire reached approximately one-third of the total stack height, the chimney structure was broken down, and the burning wood was leveled to create the first layer of char. Once the wood surfaces began to ash and the combustion temperature reached approximately 650°C, the first charring layer of wood was added. The kiln was progressively built-up layer by layer, ensuring that new wood was added each time the top layer began to ash. This process continued, with temperatures inside the blaze zone reaching up to 750°C, depending on the humidity of the feedstock. To extinguish the fire, the kiln was quenched either from the top—requiring additional water but enhancing volatile removal and partial activation of the biochar—or from the bottom using a water hose, as developed by Frank Strie from Kon-Tiki Tas.
To analyse biochar yield, the amount of biochar produced from each feedstock species was measured after pyrolysis. Each biochar type was produced using 20 kg of its respective feedstock.
[bookmark: _Toc8591700]PRE-SOWING TREATMENT OF SEEDS 
Prior to sowing, all seeds underwent specific pre-treatment procedures. The seeds were separated from their fruit and thoroughly washed to remove any remaining residues. Akashmoni seeds underwent a hot water bath treatment, while normal water treatment was applied to rice seeds, both of which were soaked for 24 hours.
[bookmark: _Toc8591701]PREPARING PLOT AND EXPERIMENTAL DESIGN
The soil used in the experiment was collected from agricultural fields on the SUST campus. Each experimental plot measured 2.5 meters, with seven treatment groups: a control group and six biochar treatments consisting of biochar derived from Rain tree (Albizia saman), Kadam (Neolamarckia cadamba), Chambul (Terminalia arjuna), Mango (Mangifera indica), Kathal (Artocarpus heterophyllus), and Mahogany (Swietenia mahagoni). Each treatment was replicated four times to enhance data precision. 
The experiment followed a Complete Randomized Block Design (CRBD), maintaining four blocks in total. Within each block, all treatments were applied to a single species, resulting in a total of 56 experimental units. Since each species was replicated four times, this approach increased the statistical efficiency of the study.
[bookmark: _Toc8591702]TREATMENTS
There were seven treatments, 10t/ha of 6 kinds of different biochar including control used in the study. The treatments were control, 10t/ha biochar of Rain tree, Kadam, Chambul, Mango, Kathal and Mahagoni. Each of the treatment was replicated four times for germination and growth performances. 100gm biochar was added at the surface of each part of a plot containing 3 kg soil for 10t/ha treatment.
GERMINATION AND GROWTH PARAMETERS
For germination analysis, 15 rice seeds and 10 Akashmoni seeds were planted in each experimental unit. In Rice, germination was recorded from day 4 to day 10, whereas in Akashmoni, data collection began on day 7 and continued until day 15.
Seedling length was measured at three-day intervals following germination. For Rice, seedling length was recorded for 10 days, while for Akashmoni, measurements continued for 30 days.
Additional growth parameters including shoot length, leaf number, leaf area, and collar diameter were recorded at seven-day intervals. Data collection continued for four months in Rice (covering both growth and reproductive development) and eight months in Akashmoni (focusing on vegetative growth). At the end of the experiment, fresh and dry weights of both shoots and roots were recorded. In the case of Rice, reproductive traits were also evaluated.
DATA COLLECTION PROCEDURES
[bookmark: _uwdjqxo6lns2]GERMINATION PERCENTAGE ESTIMATION
After sowing the seeds, the emergence of seedlings was recorded daily for each test species until the last germination. Following equations were used to measure the rate of germination and germination percentage.
1. Germination potential: The emergence of seedlings was observed every day to calculate the germination potential or germination percentage (GP). It is the estimation of the viability of seeds of a species (plant sciences, n.d). the equation used for calculating germination potential is
GP (%) = (Total number seeds germinated)/ (Total seeds) ×100
2. Seed vigor index: Seed vigor shows sum up the properties of seed that determines the performance of seed during germination or emergence. Seed vigor index was simply calculated by multiplying germination (%) and seedling growth [38]. The equation used for calculating the seed vigor index is
Seed vigor index = Germination (%) × Seedling length
3. Germination rate index: The seeds having greater germination index usually performs better than those with poor germination rate index (seed net India portal, 2018). The formula used for determining the germination rate index as follows
Germination rate index = (No. of germinated seeds (1st count))/ (Days of 1st count) +⋯ + (No. of germinated seeds (final count))/ (Days of final count)
[bookmark: _525zdktiwtfi]GROWTH SIMULATION
To assess seedling growth, a measuring tape was used to determine the height of shoots and roots. Data were collected at seven-day intervals to track periodic growth in height.
The number of leaves for each individual species was recorded manually on a data sheet. Leaf length and base measurements for rice seedlings were collected periodically, allowing leaf area to be estimated using the length-width method. For Akashmoni seedlings, leaf images were captured, and the leaf area was measured using ImageJ software.
To evaluate seedling growth, digital slide calipers were used to measure the collar diameter of seedlings. Measurements were taken every fifteen days to assess periodic growth in diameter.
Reproductive yield, specifically the number of grains produced by each rice plant, was measured periodically.
The relative water content (RWC) of fresh weight was calculated using the following formula:
RWC% = (Fresh Weight-Dry weight)/ (Fresh weight) × 100
DETERMINATION OF ABOVE AND BELOW GROUND BIOMASS
At the conclusion of the experiment, the above-ground and below-ground parts like leaves, shoots, roots and reproductive parts (Rice) of each seedling were detached, cut into pieces, and stored in paper bags. After recording the fresh weight, these samples were placed in an oven and dried at 65°C for approximately 24 hours. The final dry weight of each part was then measured using a digital weighing scale.
SOIL RESPONSE
During plot preparation, two initial soil samples were collected for analysis. At the end of the preliminary data collection phase, additional soil samples were taken from the experimental plots and tested in the laboratory.
The levels of nitrogen (N), phosphorus (P), and potassium (K) in the soil were assessed to evaluate the effects of each treatment. Soil sample analysis was conducted at the Soil Research Development Institute (SRDI) following its standardized protocols. Measurements were taken at two time points: initially, after the establishment of the experimental plots, and upon completion of the study.
The soil pH was measured using a Kelway Soil pH and Moisture Meter.
Soil moisture content represents the amount of water present in the soil. A 50g soil sample was dried in an oven at 105°C for 24 hours. The formula used for moisture content determination is as follows:
MC (%) = (Green Weight-Dry weight)/ (Dry weight) ×100
Organic Matter Content was measured by using loss ignition method. Soil OMC is measured by using the following formula:
OMC (%) = (Soil weight before combustion – Soil weight after combustion)/ (Soil weight before combustion) ×100
[bookmark: _q51udfsrhw7i]STATISTICAL ANALYSIS
The data sets were statistically organized using Microsoft Office Excel 365. The statistical software Excel Stat and R (version 3.5.1) were used to analyse data. Prior to conducting parametric tests, the normality of residuals was assessed using the Shapiro-Wilk test in R to ensure that the assumptions of ANOVA were met. A simple one-way analysis of variance (ANOVA) was conducted to compare treatment means. Differences among treatments for each of the tested variables were investigated using Tukey’s HSD post-hoc test (α= 0.05) to identify significant pairwise differences. Both ANOVA and Tukey HSD tests were performed using R software. Additionally, ImageJ software was used for determining the leaf area of Akashmoni, while the length-width method was used for estimating the leaf area of Rice [38].
[bookmark: _nzwgyb1l6z0v]RESULTS
[bookmark: _jl1kx226dr8u]BIOCHAR YIELD
[bookmark: _dtnq8hgbxu6m]The biochar yield test indicated that substantial differences among the six feedstocks. Among the feedstocks, Chambul biochar produced the highest yield (41.6%), while Raintree biochar yielded the lowest (13%) among all feedstocks (Table 2).
[bookmark: _Ref193493902]Table 2 Yield of biochar from different feedstock
	Selected Feedstock
	Biochar yield (%) (from per 20KG)

	Chambul
	41.60%

	Kadam
	23%

	Kathal
	34%

	Mahagoni
	32.50%

	Mango
	26.50%

	Rain tree
	13%


EFFECT OF BIOCHAR ON GERMINATION
The application of biochar significantly influenced seed germination parameters across treatments. According to Tukey’s HSD post-hoc test, the application of Chambul biochar (p < 0.05) significantly improved germination potential in both species compared to control and other treatments. In rice, the use of Chambul and Kadam biochar (p ≤ 0.001 for both) resulted in a highly significant increase in germination potential compared to the control and the Kadam treatment in Akashmoni (Figure 2). 
For the seed vigor index (Figure 3) and germination rate index (Figure 4), Chambul biochar (p < 0.001) and Kadam biochar (p < 0.01) in rice showed significantly higher results compared to control. The results indicate that application of biochar influenced the germination metrics compared to control and reinforcing the potential role of biochar improving seed performance.
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[bookmark: _Ref192636124]Figure 2: Effect of different biochar on the germination potential of two different species
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[bookmark: _Ref192636136]Figure 3: Effect of different biochar on seed vigor index of two different species
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[bookmark: _Ref192636149]Figure 4: Effect of different biochar on germination rate index of two different species
Effect of Biochar on Growth Parameters
Shoot and Root Length (cm)
The impact of biochar application on shoot and root length was statistically significant. Based on Tukey’s HSD post-hoc test, all biochar treatments (p < 0.001) significantly increased shoot length compared to the control in Akashmoni (Figure 5). For root length, Kathal biochar (p < 0.05) and Mango biochar (p < 0.001) showed significantly greater effects than most rice treatments. Additionally, Raintree biochar (p < 0.05) in Akashmoni led to a significant increase compared to the control, Kadam, and Raintree biochar in rice (Figure 6).
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[bookmark: _Ref192636179]Figure 5: Effect of different biochar on shoot length of two different species
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[bookmark: _Ref192636188]Figure 6: Effect of different biochar on root length of two different species
Leaf Number and Leaf Area
All Akashmoni treatments showed a significantly higher leaf number (p < 0.001) compared to the control (Figure 7). Furthermore, in Akashmoni, all treatments except Kadam (p < 0.01) resulted in a highly significant increase in leaf area (p < 0.001) compared to control, indicating a positive effect on canopy development (Figure 8).
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[bookmark: _Ref192636200]Figure 7: Effect of different biochar on leaf number of two different species
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[bookmark: _Ref192636208]Figure 8: Effect of different biochar on leaf area of two different species
Reproductive Number of Rice
An ANOVA test confirmed that biochar treatments had a highly significant effect (p < 0.001) on the reproductive number. Tukey’s HSD post-hoc test showed that Chambul biochar (p < 0.001) significantly differed from the control, Kadam, and Raintree biochar, and also from Mahagoni biochar (p < 0.05). Similarly, Kathal biochar (p < 0.05) exhibited significant differences comparable to Chambul biochar (Table 3).
[bookmark: _Ref193502042]Table 3 Effect of different biochar on reproductive number of Rice
	Treatments
	Reproductive number of Rice
	STD (+/-)

	Chambul
	13
	0.96

	Control
	7
	1.29

	Kadam
	7
	2.16

	Kathal
	12
	1.29

	Mahagoni
	8
	1.29

	Mango
	9
	2.38

	Rain tree
	7
	1.29



Relative Water Content (RWC%) of Leaf, Shoot, Root, and Reproductive Parts in Rice
For RWC% of leaves (Figure 9), the application of Chambul biochar (p < 0.001) in Akashmoni demonstrated significantly higher results than the control, Kadam, and Mahagoni treatments, as well as all rice treatments. Kathal and Mango biochar (p < 0.001 for both) also showed significantly increased RWC% compared to Kadam and Mahagoni in Akashmoni.
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[bookmark: _Ref192636230]Figure 9: Effect of different biochar on RWC (%) of the leaf of two different species
Figure 10 illustrates that ANOVA results clearly indicated a significant impact of biochar treatments (p < 0.001) and species (p < 0.001) on shoot RWC (%). All Akashmoni treatments (p < 0.001), except Mahagoni, exhibited significantly higher results compared to the control of Akashmoni.
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[bookmark: _Ref192636243]Figure 10: Effect of different biochar on RWC (%) of the shoot of two different species
According to Tukey’s HSD post-hoc test, all treatments (p < 0.001) except Raintree (p < 0.05) significantly increased root RWC% compared to the control (Figure 11). Additionally, all biochar treatments in Akashmoni (p < 0.001) showed significantly higher results compared to the control. In rice, Chambul biochar (p < 0.05) demonstrated significantly higher results compared to the control, while Kadam biochar (p < 0.001) significantly outperformed the control, Mango, Raintree, and Kathal biochar treatments.
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[bookmark: _Ref192636256]Figure 11: Effect of different biochar on RWC (%) of root of two different species
For RWC% of reproductive parts in rice, Mahagoni (p < 0.001) and Mango biochar (p < 0.01) significantly increased results compared to the control, Raintree, and Chambul treatments. These treatments also showed significant differences (p < 0.05) compared to Kathal and Kadam biochar (Table 4).
[bookmark: _Ref193502154]Table 4 Effect of different biochar on RWC% of reproductive parts of Rice
	Treatments
	RWC% of Reproductive parts of Rice
	STD (+/-)

	Chambul
	25.3
	7.21

	Control
	28.6
	5.86

	Kadam
	35.6
	8.58

	Kathal
	31.5
	8.61

	Mahagoni
	57.3
	9.52

	Mango
	52.6
	5.31

	Rain tree
	30.3
	8.72



Dry Weight of Shoot, Leaf, Root, and Reproductive Parts in Rice
Tukey’s HSD post-hoc test indicated that Chambul biochar (p < 0.05) significantly increased shoot weight compared to Mango biochar. In Akashmoni, both Chambul and Mahagoni biochar (p < 0.05 for both) resulted in significantly higher shoot weights than the Kadam and Mahagoni treatments in rice (Figure 12).
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[bookmark: _Ref192636282]Figure 12: Effect of different biochar on shoot dry weight of two different species
For leaf dry weight, all biochar treatments (p < 0.001) significantly increased results compared to the control. Kadam (p < 0.001) and Raintree biochar (p < 0.05) also exhibited significantly higher results compared to Mahagoni and Mango biochar. In Akashmoni, the application of Chambul biochar (p < 0.001) resulted in significantly higher leaf dry weight compared to the control and Mango biochar. Moreover, all Akashmoni treatments (p < 0.001) showed significantly higher results compared to the control and other rice treatments (Figure 13).
[image: A graph of different colored bars

AI-generated content may be incorrect.]
[bookmark: _Ref192636290]Figure 13: Effect of different biochar on leaf dry weight of two different species
According to Figure 14, Tukey’s HSD post-hoc test revealed that Kathal, Mahagoni, Mango, and Raintree biochar (p < 0.001) in rice significantly increased root dry weight compared to control. Additionally, Chambul biochar (p < 0.05) in rice demonstrated significantly higher results than the control, Kadam, and Mango biochar in Akashmoni.
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[bookmark: _Ref192636299]Figure 14: Effect of different biochar on Root dry weight of two different species
A one-way ANOVA test confirmed that biochar treatments had a highly significant effect (p < 0.001) on the dry weight of reproductive parts in rice. Based on Tukey’s HSD post-hoc test, Chambul biochar (p < 0.001) resulted in significantly higher dry weight compared to the control, Mango, and Mahagoni biochar treatments, as well as significantly higher results (p < 0.01) compared to Raintree and Kadam biochar. Additionally, Kathal biochar showed significantly higher results (p < 0.05) than Mahagoni biochar (Table 5).
[bookmark: _Ref193502288]Table 5 Effect of different biochar on the dry weight of reproductive parts of Rice
	Treatments
	Dry weight of reproductive parts of Rice
	STD (+/-)

	Chambul
	21.2
	5.75

	Control
	7.9
	1.35

	Kadam
	9.025
	4.26

	Kathal
	14.5
	4.99

	Mahagoni
	4.65
	2.27

	Mango
	7.55
	2.85

	Rain tree
	8.8
	3.35



[bookmark: _bn54ywjhyveg]Effect of Biochar on Soil Properties
ANOVA analysis of soil moisture content indicated a highly significant impact of biochar treatment (p < 0.001) and test species (p < 0.001). According to Tukey’s HSD post-hoc test, all biochar treatments, except for Mahagoni and Raintree (p < 0.05), significantly increased soil moisture content compared to the control. Additionally, Mango biochar (p < 0.05) showed a significant increase in soil moisture compared to Mahagoni and Raintree. In Akashmoni, Chambul and Kathal biochar (p < 0.05) demonstrated significant improvements over the control, while all biochar treatments in Rice (p < 0.05) significantly outperformed the control. Furthermore, Kadam biochar in Rice exhibited a significant (p < 0.05) increase in soil moisture compared to Mahagoni, Kadam, and Raintree (Figure 15).
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[bookmark: _Ref192636321]Figure 15: Effect of different biochar on the dry weight of reproductive parts of Rice
Tukey’s HSD post-hoc test also revealed that Chambul and Mango biochar significantly (p < 0.05) increased soil organic matter content compared to the control, Kadam, and Raintree. Additionally, Kathal (p < 0.05) and Mahagoni (p < 0.01) showed higher soil organic matter levels than all other treatments. Mahagoni exhibited a significantly higher (p < 0.001) soil organic matter content than Kadam and Kathal in Akashmoni, while Mango and Raintree (p < 0.001) outperformed Mahagoni. In Rice, all treatments (p < 0.001) significantly increased soil organic matter compared to Mahagoni (Figure 16).
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[bookmark: _Ref192636332]Figure 16: Effect of different biochar on Soil organic matter content (%) of two different species
ANOVA results further demonstrated that biochar treatment (p < 0.001) and test species (p < 0.01) both had a significant effect on soil pH. According to Tukey’s HSD post-hoc test, the application of Chambul biochar (p < 0.05) in Akashmoni significantly increased soil pH compared to other treatments in Rice, except for Raintree. Similarly, Raintree biochar (p < 0.05) exhibited significant effects compared to other treatments, except for Kadam. Across both plant species, Raintree biochar (p < 0.05) significantly increased soil pH compared to the Control, Mango, and Kathal (Figure 17).
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[bookmark: _Ref192636340]Figure 17: Effect of different biochar on soil pH of two different species
Effect of Time and Treatment on Soil Nitrogen (N), Phosphorus (P), and Potassium (K)
ANOVA analysis revealed that biochar treatment had a highly significant (p < 0.001) effect on soil nitrogen (N), phosphorus (P), and potassium (K) both before and after application. Tukey’s HSD post-hoc test showed that Chambul biochar (p < 0.001) significantly increased soil nitrogen compared to Kadam at the beginning of the treatment. Additionally, Kathal, Mahagoni, and Raintree (p < 0.05) exhibited significantly higher soil nitrogen levels than Kadam. Over time, all biochar treatments resulted in increased soil nitrogen levels, with Chambul biochar (p < 0.001) showing the most significant improvement across both plant species (Figure 18).
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[bookmark: _Ref193501110]Figure 18 Impact of time and treatment on soil N; Here T=0 means beginning of the experiment and T=1 means the end of the experiment
Regarding soil phosphorus, Tukey’s HSD post-hoc test indicated that at the beginning of the biochar application, Kathal biochar (p < 0.05) significantly increased available soil phosphorus compared to all other treatments. Over time, Kathal biochar (p < 0.01) continued to show significantly higher phosphorus levels compared to most treatments, except for Mahagoni biochar. Additionally, Mahagoni (p < 0.01) exhibited significantly higher phosphorus levels than Raintree and Kadam (Figure 19).
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[bookmark: _Ref193501040]Figure 19 Impact of time and treatment on soil P; Here T=0 means beginning of the experiment and T=1 means end of the experiment
For soil potassium, initial treatment results showed that Chambul (p < 0.05) and Kadam (p < 0.01) significantly increased soil potassium levels compared to the Control and Kathal. Raintree (p < 0.001) demonstrated a highly significant increase in soil potassium levels compared to all other treatments, except for Kadam. Over time, all biochar treatments (p < 0.01), except for Kadam, exhibited significantly higher soil potassium levels than the Control. Chambul (p < 0.001) also significantly outperformed the Control and Kadam, while Kathal (p < 0.01) showed significant improvements compared to all other treatments, except for Raintree and Chambul. Notably, Raintree (p < 0.001) exhibited the most substantial increase in soil potassium levels compared to the Control, Mahagoni, and Kadam (Figure 20).
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[bookmark: _Ref193500958]Figure 20 Impact of time and treatment on soil K; Here T=0 means beginning of the experiment and T=1 means end of the experiment
DISCUSSION
[bookmark: _3oahu1m1t8zd]Estimation of Biochar Yield and Suitability
The estimation of biochar yield is crucial for assessing its suitability. In this study, six different feedstock species were selected for biochar production: Kathal, Mango, Mahagoni, Chambul, Raintree, and Kadam. Among these species, the highest biochar yield was obtained from Chambul (41.6%), while the lowest yield was recorded for Raintree (13%). The remaining species produced biochar yields ranging from 23% to 34%.
The variability in biochar yield is influenced by the feedstock species, as well as the speed and temperature of thermal degradation. Research has shown that biochar derived from Chinese pine exhibited the best water retention capacity after being heated for three hours at 45–50°C, retaining approximately 0.78 grams of water per gram of biochar. Additionally, it was observed that as the Ethylene Blue Adsorption Value (ab.EBAV) increased, the biochar yield decreased. However, at the same time, both water absorption and water retention capacities improved [41].
[bookmark: _jpn7k6fmfglt]Effect of Biochar on Germination
Germination is a crucial stage in crop production. Three key parameters were used to assess the effects of biochar treatments: germination potential (GP), germination rate index, and seed vigor index. In terms of GP, Chambul biochar demonstrated significant effects (p< 0.05) for both species. In Rice, Chambul (88.3%) and Kadam (80%) biochar showed a highly significant increase (p≤ 0.001) in GP compared to the Control and Kadam biochar in the Akashmoni species. For seed vigor index and germination rate index, Kadam and Chambul biochar in Rice exhibited significant improvements (p< 0.001) over the Control and other treatments in Akashmoni species. These findings indicate that biochar derived from Chambul and Kadam enhanced germination parameters in Rice.
Previous research has reported no negative impact of biochar on Rice seed germination [42]. Other study has reported that the germination percentage of paddy increased in case of Raintree and Chambul biochar. On the other hand, Kadam biochar shows decrease in germination percentage and the study revealed that Raintree and Chambul biochar did not show any negative impact on seed germination while Kadam biochar caused a decrease in germination of paddy seeds [43]. Another study on forest seeds concluded that biochar application increases seed germination rates [44].
Effect of Biochar on Growth Parameters
Biochar application significantly affected various growth parameters, including shoot length, leaf number, leaf area, collar diameter in Akashmoni, root length, reproductive structures in Rice, relative water content (RWC%), and the dry weight of leaves, shoots, roots, and reproductive parts. In Akashmoni, all biochar treatments significantly (p< 0.001) influenced shoot length, leaf number, leaf area, and leaf dry weight.
For root length, all biochar treatments, except Chambul and Kadam, significantly (p< 0.001) increased root length in Akashmoni and root dry weight in Rice. Chambul biochar demonstrated a significant increase (p< 0.001) in the reproductive number of Rice, with a 10% improvement over the Control. It also resulted in a highly significant (p< 0.001) increase in leaf RWC% in Akashmoni compared to the Control and most Rice treatments.
Regarding RWC% in shoots and roots, most Akashmoni treatments showed a significant (p< 0.001) increase compared to most Rice treatments, while Mahagoni biochar demonstrated significant effects on the RWC% of reproductive parts in Rice. Above-ground biomass analysis revealed that Chambul and Mahagoni biochar treatments in Akashmoni led to significantly higher (p< 0.05) shoot dry weight compared to Kadam and Mahagoni biochar in Rice, showing a 7% increase over the Control. In terms of the dry weight of Rice's reproductive parts, Chambul biochar resulted in significantly (p< 0.01) higher values than all other treatments, with an 18% increase over the Control. However, no significant increase was observed in the collar diameter of the Akashmoni species.
These findings suggest that biochar application positively influenced growth parameters in both species. Previous studies have also demonstrated that biochar enhances plant growth, with maize production increasing by 198% and 98% compared to the Control, and soybean biomass increasing by 51% with the addition of 0.5 t/ha biochar [45][46]. While biochar additions to degraded soils have been highlighted for their agronomic benefits, some studies have reported negligible or negative effects [47].
Effect of Biochar on Soil Properties
Biochar treatments had a significant impact on soil properties, including soil moisture content, organic matter content, pH, potassium (K), phosphorus (P), and nitrogen (N). Soil moisture content increased significantly (p< 0.05) in all biochar treatments except Mahagoni and Raintree, compared to the Control. For organic matter content, all treatments, except Kadam and Raintree, demonstrated significantly (p< 0.05) higher results than the Control. Raintree biochar resulted in a significant (p< 0.05) increase in soil pH compared to other treatments, except Kadam.
Regarding soil nitrogen, Chambul biochar exhibited highly significant changes (p< 0.001) compared to other treatments in both species. In soil phosphorus, Kathal biochar application led to significant increases (p< 0.01) compared to all treatments except Mahagoni. Over time, all treatments, except Kadam, showed significantly (p< 0.01) higher potassium levels compared to the Control. By the end of the experiment, biochar treatments had significantly improved soil properties compared to the Control.
A related study reported that biochar application increased soil NPK levels compared to the Control [48]. Biochar has also been found to enhance soil cation exchange capacity (CEC) [49,50,51,52,53]. However, some studies suggest that biochar application may alter pH levels and influence the availability of essential soil nutrients such as calcium (Ca) and magnesium (Mg), which could limit maize growth in highly weathered tropical soils [54]. Additionally, biochar has been reported to impact the availability of boron (B) and molybdenum (Mo), which are crucial cofactors in biological nitrogen fixation [55].
CONCLUSION
Based on this study, it can be concluded that applying an appropriate amount of biochar can enhance seed germination, plant growth and soil nutrient availability, with notable variations depending on the feedstock species. Among the six selected feedstocks species, Chambul biochar exhibited the highest biochar yield (41.6%), significantly improved soil fertility and contributed to better plant growth. In contrast, Raintree biochar had the lowest yield (13%) and showed comparatively weaker effects.
The results indicate that Chambul and Kadam biochar significantly enhanced germination potential in Rice, with Chambul achieving an 88.3% germination rate. Growth parameters such as shoot length, leaf number, and dry weight were notably improved with Chambul biochar in Akashmoni, while Mahagoni and Kathal biochar contributed to enhanced soil nutrient levels. Soil properties were significantly influenced by biochar application, particularly with Chambul biochar increasing soil nitrogen levels (p < 0.001) and Kathal biochar improving phosphorus availability (p < 0.01). 
This study also emphasizes the economic and practical feasibility of biochar production using a rustic method, comparing with technologically advanced approaches. The findings emphasize that biochar characteristics are influenced by both feedstock selection and production techniques, making this study a crucial reference in optimizing biochar’s agronomic benefits. Therefore, Chambul biochar emerges as a promising soil amendment for improving soil fertility and plant growth and potentially incorporated into forest management and agricultural practices.
Further research is necessary to investigate the chemical properties of biochar that contribute to beneficial and harmful effects on soil and different plant species. Additionally, understanding how biochar application rates influence soil properties is essential for optimizing its agricultural and environmental benefits.
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