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Improving soil microbiology and water retention, as well as increasing fertilizer efficiency, are some of the basic issues facing agricultural practices. The productivity of agricultural soils has long been increased by the use of synthetic fertilizers, some of which release greenhouse gases (GHG) into the atmosphere. A nutrient-rich product made from biomass, biochar is becoming more and more popular as a soil supplement to increase crop yields and sequester carbon. Biochar has been shown to be a helpful amendment in recent years for reducing greenhouse gas emissions from the soil to the environment and sequestering carbon. As a result, it may lessen the effects of climate change. According to certain research, adding biochar to agricultural soils boosts crop yields. Increased soil aeration and water-holding capacity, improved microbial activity and plant nutrient status in soil, and changes to some significant soil chemical properties are the mechanisms of biochar. Presenting a critical scientific analysis of the state of the art on how applying biochar affects the characteristics, operations, and functions of soil. The production and processing of biochar are contextualized with broader challenges, such as air pollution and occupational health and safety. The primary goals of this study are to suggest additional research on the use of biochar to soils, and offer a solid scientific foundation for policy formation.
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Introduction
Drought, fertilizer leaching, and a lack of food security are global anthropogenic consequences of climate change and unsustainable agriculture (Glaser and Birk, 2012). Biochar may hold the key to creating a sustainable future while incorporating valuable items into the circular economy model, addressing current and impending issues. By using biochar as a soil amendment, researchers hope to enhance soil quality and increase agricultural sustainability (Alling et al., 2014). 
Texture, the ability to hold and maintain microbial activity, and the capacity to hold onto moisture and nutrients are all characteristics of high-quality soil (Novotny et al., 2015). Although biochar is typically used untreated, new study indicates that it may be utilized to enhance performance by being chemically or physically changed. While maintaining the integrity of the soil, biochar has been shown to improve plant yields and soil health. One difficulty for contemporary sustainable farming practices is the ability to boost yields without the use of artificial fertilizers or soil additives (Weber and Quicker, 2018). Retention of water and nutrients in agricultural soils are essential characteristics to address in order to attain sustainability (Weber and Quicker, 2018). 
Research on the integration of organic and/or organically generated materials into sustainable agriculture has significantly increased in the last several years. Certain eco-friendly biostimulants have the potential to improve yield and resilience to various biotic and abiotic stressors. Organo-mineral fertilizers (Rady et al., 2016), humic and fulvic acids (Barakat etal., 2015), and biochar (Akhtar et al., 2015) are the most promising options because they can effectively increase soil fertility, encourage plant growth, and foster plant tolerance to unfavorable conditions. Furthermore, these methods promote a variety of ecosystem services and boost agronomic production.
Biological leftovers from organic materials created by burning methods (pyrolysis) in which oxygen is either completely or partially excluded are known as biochars. At present, biochars are garnering interest as a potentially beneficial agricultural input to enhance soil fertility, support sustainable farming practices, and mitigate the negative impacts of various biotic and abiotic stressors (Akhtar et al., 2014; Akhtar et al., 2015). Old fruit trees and other woody materials are still being slowly pyrolyzed to create charcoal in traditional Egyptian kilns. 
Applications of biochar may be a crucial component for maintaining productivity while also lowering pollution and fertilizer dependency, according to the growing body of research (Lehmann and Joseph, 2015; Sohi et al., 2009).  Recent research has demonstrated that adding biochar to soils can boost crop yields and reduce plant stressors related to heavy metals (Karunanayake et al., 2018), salinity (Akhtar et al., 2015), and drought (Akhtar et al., 2014).
Nevertheless, there are numerous barriers to the widespread use of biochar in sustainable agriculture, even in spite of the growing variety of proven advantages of its usage. The wide range of variations in biochars is concerning; not only do they vary in terms of pH and nutrient availability, but also in terms of their chemical and physical properties (it supplies variable amounts of phosphorus, potassium, calcium, and trace elements depending on feedstock) (Gwenzi et al., 2014). These variations depend on the type of feedstock, the conditions of pyrolysis, whether it is enriched with other substances, and/or how finely it is ground (Barrow, 2012).
A thorough scientific assessment of the relationship between biochar's properties and their effects on soil parameters, plant growth, yield, and resilience to biotic and abiotic challenges is necessary given recent developments in our understanding of the material. Given the growing body of research on some possible uses of biochars in sustainable agriculture, the review's main goal is to present a state-of-knowledge analysis of a few chosen, peer-reviewed scientific publications about the effects of biochar as a soil amendment and on plant growth and resistance to biotic and abiotic stresses.

Chemical properties of biochar 
The pH of the majority of biochars described in the literature is alkaline. (Song and Guo 2012). Biochar is responsive to pyrolysis conditions rather than the type of feedstock used because its pH rises as the pyrolysis temperature rises (Table 1). On the other hand, the feedstock used has a greater influence on the CEC of biochar than the temperature during pyrolysis. The loss of some acidic surface functional groups of biochar at higher pyrolysis temperatures may be related to this process (Zhao et al., 2013). Table 1 displays the CEC of various biochars. As the pyrolysis temperature rises, the CEC of biochar marginally drops. Crop straw-derived biochar had a higher CEC than biochar obtained from manure (Table 1). It is hypothesized that during pyrolysis, the feed biomass's K, Na, Ca, Mg, and P encourage the development of O-containing functional groups on the biochar surface, raising the biochar's CEC (Agrafioti et al., 2013). 
The feedstock and pyrolysis temperature have an impact on the amount of ash in various biochars (Table 1). Feedstock is more sensitive compare to the tempure used for biochar preparation. In contrast to biochar made from crop residue, which may have a relatively lower ash level, biochar made from biomass, such as animal manures, chicken litter, and sewage sludge, had a higher ash concentration. According to Zhao et al. (2013), there is a correlation between the biomass's higher mineral content and the biochar's higher ash concentration. According to certain reports, biochar that contains more ash, like biochar made from manure, may have a higher CEC (Zhao et al., 2013). Conversely, biochar derived from soft wood had higher carbon content but less ash. According to a number of published research, the ash content of biochar rises as the pyrolysis temperature rises. This phenomenon has been connected to a stronger volatilization of the biomass's organic components at higher temperatures. According to Zhao et al. (2013), biochar with a higher ash concentration has been found to contain more vital plant nutrients including P and K. 
Table 1: Chemical properties of diﬀerent biochars
	Pyroly-sis type
	Biomass
	Pyroly-sis temp
	pH
	EC (dsm-1)
	CEC (cmol+ kg-1)
	Ash (g kg-1)
	VM (g kg-1)
	Reference

	Slow
	Poultry litter
	350
450
550
	10.20
10.45
10.75
	25.0
27.0
30.0
	47.00
40.00
30.00
	Unavailable
Unavailable
Unavailable
	Unavailable
Unavailable
Unavailable
	Song and Guo 2012

	Slow
	Rice straw
	300
400
500
	9.19
9.96
10.45
	Unavailable
Unavailable
Unavailable
	56.90
61.60
32.00
	229.0
288.0
318.0
	402.0
252.0
233.0
	Wu et al 2012

	Slow
	Farm manure
	550
	9.70
	0.14
	13.0
	Unavailable
	Unavailable
	Slavich et al. 2013

	Slow
	Soybean straw
	
	9.02
	Unavailable
	98.00
	Unavailable
	Unavailable
	Uzoma et al. 2011

	Slow
	Wheat straw
	350
	8.69
	Unavailable
	87.20
	14.70
	313.0
	Zhao et al. 2013 

	Slow
	Cow manure
	500
	10.20
	Unavailable
	149.0
	67.5
	172.0
	Zhao et al. 2013 



A material's electrical conductivity (EC), which is correlated with the amount of dissolved salt in water, is its ability to conduct electrical current. Table 1 indicates that the EC of the biochar produced from woody feedstock and agricultural waste is low to moderate. However, biochar made from dung has a higher EC (Slavich et al., 2013). The greater concentrations of Na+, K+, and Mg2+, as well as the presence of SO42− and PO43−, which are all thought to be necessary for crop growth, were cited by the authors as the reasons for the biochar's greater EC. As seen in (Table 1), biochar made from poultry litter has the greatest EC ever recorded. 
As indicated in Table 2, biochar also contains several vital plant nutrients like P and K in addition to carbon. Thus, adding biochar to agricultural soils could lessen the demand for artificial fertilizers. Because of its larger surface area, biochar may also lessen the amount of plant nutrients that are leached from the soil by irrigation water. Generally speaking, biochar made from manure has more P than biochar made from crop debris or grass. On the other hand, biochar made from grass and crop debris contains more K than biochar made from manure (Zhao et al., 2013). 
Table 2: Essential plant nutrients content in diﬀerent biochars 
	Pyrolysis type
	Biomass
	Pyrolysis temp
	C (g kg-1)
	N (g kg-1)
	P  (g kg-1)
	K  (g kg-1)
	Reference

	Slow
	Sewage sluge
	300
500
	397.0
98.0
	71.0
21.0
	Unavailable
Unavailable
	Unavailable
Unavailable
	Agrafioti et al 2013

	Slow
	Poultry litter
	350
450
	Unavailable Unavailable 
	32.2
22.2
	24.0
26.0
	74.5
85.7
	Song and Guo 2012

	Slow
	Rice straw
	300
400
500
	721.0
772.0
828.0
	15.5
1.74
17.7
	0.05
0.06
0.03
	Unavailable Unavailable Unavailable
	Wu et al 2012

	Slow
	Farm manure
	550
	440.0
	6.1
	6.0
	Unavailable
	Slavich et al. 2013

	Slow
	Soybean straw
	
	541.0
	36.2
	7.2
	Unavailable
	

	Slow
	Wheat straw
	350
	589.0
	0.042
	2.94
	Unavailable 
	Zhao et al. 2013

	Slow
	Cow manure
	500
	437.0
	0.64
	1.0
	Unavailable
	Zhao et al. 2013



Surface structure of biochar
The surface area of biochar is an important property in relation to the absorption of water and other chemical compounds. Table 4 displays the surface area and pore volume of various biochars. According to published research, the surface area of various biochars varies; some made at lower temperatures have a smaller surface area than those made at higher temperatures. A greater pyrolysis temperature can result in higher-surface-area biochar, but the production of biochar is reduced. The biochar made from sewage sludge had a Brunauer–Emmett–Teller surface area (BET) of 32.24 m2 g-1 (Table 4), 81% more than the original sewage sludge. The existence of mesopores in the generated biochar was linked to this. An investigation of the characteristics of several feedstock biochars was carried out. Table 4 shows that the surface area of the various biochars ranged from less than 2 to more than 300 m2 g-1. 
Characteristics of Biochar
Biochar is a combination of the terms "bio" and "char." Bio refers to organic materials (wood, crop waste, animal manures, plant leftovers, etc.) and is biological or life-related. Char refers to anything being partially burned and turned black. Biochar literally translates to "charred biomass." It is a carbonaceous or carbon-rich solid that is produced by thermochemically converting biomass from a variety of sources, such as wood, leaves, or manure, at temperatures between 300 and 1000 °C in an anaerobic or partial environment (Xie et al. 2015). Heat, power, fuel, and/or chemicals could be the end products of this process. Pyrolysis, gasification, hydrothermal carbonization, and microwave carbonization are the thermochemical methods used to produce biochar. When made from woody biomass, biochar is referred to as charcoal.
Biochar is a stabilized organic C molecule that is resistant. Biochar is made from a variety of biomass sources. Numerous investigations have been conducted to characterize biochars that come from various sources. Forest species like acacia, gmelina, eucalyptus, and pine (Suárez et al. 2017; Zhang et al. 2018) as well as animal manures like yak and chicken manures (Zhang et al. 2018 and Domingues et al. 2017) and agricultural field crop by-products like rice husk, coffee husk, and sugarcane bagasse (Domingues et al. 2017) can be used to make biochar. Biochar also has a range of application as wide as its sources. It is used in agriculture for fertility enhancement and amendment of soil acidity (Zhang et al. 2018), C sequestration (Domingues et al. 2017), wastewater treatment and environmental application for bioremediation.
Table 3. Characterization of biochar
	Index
	Value
	Index
	Value

	Specific surface area (m2/g)
	6.86
	pH
	10.09

	Micropore area (m2/g)
	0.17
	C (wt%)
	48.45

	Total pore volume (mm3/g)
	22.29
	H (wt%)
	1.78

	Micropore volume (mm3/g)
	0.02
	N (wt%)
	1.47

	Ash (wt%)
	42.25
	S (wt%)
	0.78


Chen et al. (2014)
The physicochemical characteristics of biochar determine whether it can be used for any particular purpose. The type of feedstock used and the operating temperature have a significant impact on the physiochemical characteristics of biochar (Suárez et al. 2017; Zhang et al. 2018; Domingues et al. 2017). The pyrolysis temperature has been kept between 300 and 1000 °C in the majority of the investigations (Zhang et al. 2018). Pyrolysis has been employed in numerous research to produce biochar (Zhang et al. 2018; Domingues et al. 2017). In addition, processes such as torrefaction and flash carbonization have been employed.
 
Characterization of Biochar
The Breuner Emmet and Teller (BET) physio-sorption method is primarily used to determine the morphological and physical characteristics of biochar, such as its surface area and pore size distribution (Suárez et al. 2017). Energy Dispersive X-ray (EDX) and Scanning Electron Microscope (SEM) can be utilized for elemental analysis and surface properties (Jindo et al. 2014; Bouraoui et al. 2015).  Fourier Transform Infrared (FTIR) Spectroscopy can be used to assess the structural characteristics and chemical bonding of biochar (Askeland et al. 2019). Atomic Absorption Spectrometers (AAS) and Inductively Coupled Plasma Mass Spectrometers (ICP MS) are used to identify contaminants and heavy metals in biochars (Askeland et al. 2019). The CHN analyzer can be used to evaluate structural constituents C, H, and O. Additionally, biochars can be distinguished and classified according to elemental ratios such as H/C, O/C, or C/N. The total pore volume (22.29 mm3/g), micropore volume (0.02 mm3/g), micropore area (0.17 m2/g), and specific surface area (6.86 m2/g) of biochar. From (Table 3), the pH and ash concentration were found in biochar 10.09 and 42.25%, respectively. As indicated in (Table 3), the elements' contents are C (48.45%), H (1.78%), N (1.47%), and S (0.78%).
Table 4. The removal of heavy metals by biochar and their effects 
	Contaminants
	Biochar type
	Source
	Effects
	References

	As, Cr, Cd, Cu, Ni, Pb, and Zn

	Sewage sludge (500–550 °C)

	Soil
	Immobilization of As, Cr, Ni, and Pb due to rise in soil pH. Mobilization of Cu, Zn, and Cd due to highly available concentrations in biochar
	Khan et al. (2013)

	Cd, Cu, and Pb 

	Chicken manure and green waste (550 °C)
	Soil
	Immobilization due to partitioning of metals from exchangeable phase to less bioavailable organic-bond fraction
	Park et al. (2011)

	Pb 

	Dairy manure (450 °C)
	Soil
	Immobilization by Hydroxyl- pyromorphite formation
	Cao et al. (2011)

	Pb 
	Rice straw
	Soil
	Non-electrostatic adsorption
	Jianga et al. (2012)

	Cd(II) and Pb(II)
 

	Dairy manure (300 °C)
	Soil
	Removal from soil by precipitation as carbonate minerals complexation with surface functional carboxyl and hydroxyl groups
	Chen et al. (2019)



Biochars effects as soil amendment
According to recent data, biochar amendments enhance soil fertility and quality, decrease nutrient leaching from the soil, improve nutrient cycling, and increase soil microbial activity in addition to sequestering carbon (C). A thorough overview of recent research detailing the various effects of biochars as amendments on soil characteristics is provided in (Table 4). It is becoming more widely acknowledged that the types of feedstock, the conditions of pyrolysis, whether it is enhanced with other chemicals, and/or how finely it is ground can all significantly affect the chemical and physical characteristics of biochars (Alburquerque et al., 2014). The characteristics of biochar support its use as a soil amendment. Their effects on soil systems can be directly or indirectly linked to their physical and chemical properties (Downie et al., 2009). The physical characteristics of the soil system may be significantly altered by the incorporation of biochar, which affects the soil's bulk density, water-holding capacity, surface area, porosity, pore-size distribution, and penetration resistance. Additionally, applying biochar can indirectly impact a variety of soil chemical and biological characteristics (De la Rosa et al., 2018).
Because it regulates all of the vital aspects of soil fertility, such as microbial activity, aeration, and the ability to hold water and nutrients, soil surface area is a crucial soil property (Batool et al., 2015). The comparatively tiny surface area of sandy soil particles contributes to its reduced ability to retain water and nutrients (Troeh and Thompson, 2005). According to Troeh and Thompson (2005), soils with a high percentage of clay may be able to hold a lot of water and nutrients, but they may not have enough aeration. 
When added as an amendment, biochar will enhance the total soil specific surface area since its surface area is often greater than that of sand and on par with or more than that of clay (Downie et al., 2009). In comparison to neighboring soils, adding biochar to soil can increase its surface by up to 4.8 times. The physical quality of the soil surface that has been modified with biochar can be improved in part by its high porosity. When applied to barren soil, biochar's porous internal structure, as well as its size and shape, promote porosity (Sparkes and Stoutjesdijk, 2011). Over time, the combined effects of clay, soil organic matter, and biochar may cause micro-aggregates to develop, increasing the porosity of the soil (Cheng et al., 2006). Biochar may be able to hold onto more moisture due to its increased porosity and surface area. According to some research, biochar's low bulk density (~300 kgm-3) and highly stable organic carbon may help soils become more porous overall by decreasing bulk density and penetration resistance (Gwenzi et al., 2014). According to a column experiment by Barnes et al. (2014), adding biochar reduced the bulk densities of clay and sand by 20% and 17%, respectively. 
Applying wheat straw biochar to the soil enhanced its organic matter content and decreased its bulk density overall. In a two-year rice field research, the addition of biochar reduced the bulk density of the soil throughout two consecutive rice growth cycles (Zhang et al., 2012a). To assess the impact of biochars made from five distinct feed stocks on soil parameters, a greenhouse experiment with solar power was set up in Spain (Alburquerque et al., 2014). Plant growth and water economy were positively impacted by the addition of biochar, particularly when applied at rates of 150 and 225 mg ha-1, which reduced soil bulk density and enhanced soil field capacity.
Through its impact on hydrological properties (i.e., water-holding capacity, moisture content, hydraulic conductivity, water retention, and water penetration rate) in biochar enriched soil, biochar has been widely promoted as a means of improving a variety of soil physical features (Brantley et al., 2015). When Birch (Betulaspp.) biochar was added to a silt loam soil in Finland, the water-holding capacity rose by 11% in comparison to the unaltered control (Karhu et al., 2011). 
Chemical effects
Because of its high surface area and high porosity, biochar may present a chance to store and adsorb plant nutrients, hence increasing soil fertility (Lehmann, 2007b). Increased cation exchange capacity (CEC), decreased N leaching, improved microbial proliferation, liming, and other benefits have been reported in numerous recent research involving the addition of biochar to soil (Kloss et al., 2014). The ability of a soil to hold onto positively charged ions (such as Ca++ and K+) is measured by its cation exchange capacity (CEC), whereas its anion exchange capacity (AEC) indicates its capability to hold onto negatively charged ions (such as NO-) (Joseph et al., 2010). However, the cation and anion exchange capacities of biochars are probably what determine how well the cations and anions retain nutrients (Lehmann and Joseph, 2015). Biochars have cation exchange capacities ranging from very small to about 40 cmolc g-1. Biologic and abiotic oxidation causes biochar to age by producing more surface carboxyl groups, which in turn improves the soil's capacity for cation adsorption. The addition of biochar to soil has been shown to significantly reduce fertilizer leaching (Lehmann et al., 2003). 
Dempster et al. (2012) observed that adding biochar with a CEC of around 10 cmolc kg-1 to a sandy soil with a CEC of about 2 cmolc kg-1 resulted in notable (20 and 25%) reductions in NH4+ and NO3- leaching. The oxidized functional groups (like carboxyl groups) that were present on the surfaces of the biochars themselves and the exposed carboxylic groups of organic acids that the biochar absorbed, which gave the biochar a negative surface charge, are probably responsible for the increase in the cation exchange capacity of the biochar-amended soil. According to Mandal et al. (2018), the application of biochar can also efficiently absorb ammonia (NH3), minimizing its loss through volatilization.
Particularly in soils with naturally poor exchange capacities, biochars have been shown to modify soil nutrient availability and recycling over short and/or long time scales (Zhai et al., 2014). However, depending on the quality and rate of biochar applied, there have been reports of both boosting and lowering nutrient uptake and biomass production, making it unclear how adding biochar affects plants' ability to access nutrients (Kloss et al., 2014). In this sense, biochars can either directly contribute to soil fertility by giving plants nutrients, which makes them an organic fertilizer (Kloss et al., 2014), or indirectly by enhancing soil quality, which increases the efficiency of fertilizer usage (Xu et al., 2013). 
The higher percentage of aromatic carbon (C), more precisely the presence of fused aromatic C structures, accounts for the significant chemical difference between biochar and other organic materials. Because more volatile matter was lost when the pyrolysis temperature was raised, the amount of aromatic C in the biochar increased. The primary cause of the biochars' remarkable stability is the makeup of these carbon structures (Nguyen et al., 2010). As evaluated by Chan and Xu (2009) for a variety of feedstock materials, total C and Nin biochar were found to vary widely according to feedstock, with values ranging from 172-905 to 1.8-56.4 g kg-1, respectively.
The ability of organic substrates to release inorganic nitrogen when added to soils has long been measured by the C/N (carbon to nitrogen) ratio. Given that the majority of biochars exhibit high C/N ratios (which range significantly from 7 to 400), applying biochar may actually raise the soil's C/N ratio, which could cause plants to become deficient in nitrogen, which could result in decreased plant production (Kloss et al., 2014).

Nutrients and pH
Plants can absorb nutrients that are both bioavailable and retained by biochar. For instance, plants can absorb the potassium present in biochar. Additionally, the degree to which biochar affects soil pH varies depending on the feedstock and production conditions (Haque et al., 2021). Soils include a variety of microbe species, including nematodes, acidobacteria, and fungus like mycorrhizae. When "problem soils" have characteristics like poor aggregate stability, high salinity, extreme pH values (too high or too low), or a lack of nutrients, biochar can help address these deficiencies. Soils having poor biological, physical, or chemical characteristics that impede plant growth are referred to as problem soils. Even a single application of biochar can improve the soils' long-term health (Yu et al., 2019). Biochar can improve soil health in a number of ways, which will increase crop productivity (Agegnehu et al., 2017). In addition to allowing populations to grow, the refuge that biochar pores provide fixes nitrogen for plant absorption. For crops (other than legumes) that cannot fix nitrogen on their own, this is very crucial. The fact that the potassium in biochar is already in forms that plants can absorb is very intriguing (Joseph et al., 2010). Agegnehu et al. (2017) also discovered that adding biochar improved the characteristics of the soil. In comparison to fertilizer alone, the treatments including biochar had higher nitrogen levels (1.16% vs. 0.15% soil nitrogen), according to an analysis of the physicochemical characteristics of the soil. Higher levels of nitrogen were discovered in biomass leaves with a 9–18% increase in biomass (Agegnehu et al., 2017). (Figure 1) illustrates how the properties of the biochar determine whether pH rises or falls following the addition of biochar (Haque et al., 2021). Biochars made from agricultural waste typically have a higher alkalinity, which helps raise the pH of soils (Joseph et al., 2010). According to Joseph et al. (2010), these kinds of biochar have a higher ash content, which gives them more basic salts to make them more alkaline. 
According to (Lehmann & Joseph, 2015), Increasing soil pH promotes nitrification and nitrogen fixation by creating a better habitat for beneficial bacteria such as Rhizobium and Nitrosomonas increase in pH by 6–12% due to biochar application enhances the nitrification and denitrification potential by increasing the abundance of key functional genes, including amoA, nirK, nirS, and nosZ (Chen et al., 2024). Biochar also elevates the pH of neutral to slightly acidic soils (pH 5.1–7.2), enhances microbial activity, and in some cases, increases N₂O emissions (Chen et al., 2024). While soil pH may increase with the application of excessive biochar in certain field conditions, microbial respiration and enzyme activity may not show improvement (Czekała et al., 2022).
[image: Figure 3]

Figure 1: A variety of effects caused by biochar surface chemistry (Haque et al., 2021).

Soil biological activity 
A porous biochar environment stimulates actinobacteria, which aids in carbon cycling (Xu et al., 2024). Increased Bacillus species improve nutrient release and the mineralization of organic materials (Zhang et al., 2022) and arbuscular Mycorrhizal Fungi (AMF) increase P absorption by increased colonization with moderate biochar (Hao, et al., 2022).
Numerous species, including bacteria, fungus, nematodes, protozoa, and other invertebrates, make up the diverse and intricate community of creatures that inhabit soils. In response to soil characteristics and management considerations, especially the addition of organic matter, the existence and abundance of these organisms are constantly changing (Thies and Rilling, 2009). According to the literature that is currently available, adding biochar to soils can operate as a medium that increases soil microbial activity, which in turn alters the microbiological characteristics of the soil. For instance, adding biochar to soil was found to increase biological activity (Gul et al., 2015). However, because certain biochars have biooils and recondensed organic molecules adsorbed on their surfaces, adding biochars to soils may have a hazardous effect on soil microbes, depending on the type of feedstock and manufacturing conditions. The large surface area of biochar and its cation-adsorption capacity. The retention of nitrogen in the compost was enhanced when biochar made from bamboo was added to a sludge composting system (Hua et al., 2009). Similar to this, Steiner et al. (2008a) found that adding low-nutrient biochar to soil significantly increased N retention in the soil and uptake of N into crop biomass in a field study on sorghum (Sorghumbicolor L. Moench). This was thought to be because the biochar was able to adsorb NH3, minimizing N loss through volatilization. It has been discovered that biochars change the makeup of microbial communities while simultaneously increasing the soil matrix's bulk density, pH, and availability of water and nutrients (Gul et al., 2015). As C/N ratios widened, a noticeable change in the bacterial to fungal ratio and the composition of the microbial community was noted in soil supplemented with biochar. Muhammad et al. (2014) found that the ratio of bacteria to fungi and soil had a significant positive connection (r2=0.68; p<0.05).

Effects on seed germination
Depending on the types of soil and biochar, as well as the pyrolysis circumstances related to the biochars examined, only a few number of studies have indicated either promotion or inhibition of seed germination. The application of biochars to stimulate or hinder seed germination has been studied primarily for forest plants (Tian et al., 2007), with minimal reports for agricultural crops among all the trials in this area. Applying 10 t/ha (~1% on a weight basis) of biochar made from paper mill waste, for example, greatly increased the germination of wheat in a Ferrosol soil, but had no discernible effect on other indicator crops like soybean or radish in either a Ferrosol or a Calcarosol soil (Van Zwieten et al., 2010b). Furthermore, even with a 10% tar-enriched biochar amendment in the soil, the scientists observed improved seed germination of the test plant.
Adding biochar at 0.5 and 2.5 kg m-2 to soil increased seed germination of Palmer amaranth but had no effect on sickle pod and southern crabgrass (Soni et al.,2014). In addition, among 9 biochars manufactured from rice straw, poultry manure, neem leaves, wheat straw, vegetable waste, cotton sticks, citrus leaves, household waste, and eucalyptus leaves, only vegetable waste biochar (at 2% w/w on dry weight basis) had a positive  effect (14.4% increase) on maize seed germination (Qayyum et al., 2014). Biochar type and application rate inﬂuenced wheat seed germination in both the soil-less Petri dish and soil-based bioassay in a similar manner.



Effects on plant growth
	Study
	Biochar Type / Pyrolysis Conditions
	Application Rate
	Crop
	Plant Response / Growth Effect

	Kwapinski et al., 2010
	Miscanthus (Miscanthus giganteus) biochar
	400°C, 10 min
	Maize (Zea mays L.)
	Reduced seedling growth

	Kwapinski et al., 2010
	Miscanthus biochar
	600°C, 60 min
	Maize (Zea mays L.)
	Promoted seedling growth

	Glaser et al., 2002
	Not specified
	68 t ha⁻¹
	Cowpea (Vigna unguiculata)
	Biomass increased by 50%

	Glaser et al., 2002
	Not specified
	68 t ha⁻¹
	Rice (Oryza sativa L.)
	Biomass increased by 20%

	Glaser et al., 2002
	Not specified
	137 t ha⁻¹
	Cowpea
	Biomass increased by 100%

	Vaccari et al., 2011
	Not specified
	Not specified
	Durum wheat (Triticum durum L.)
	Biomass increased by ~30%

	Vaccari et al., 2011
	Not specified
	Not specified
	Maize (Zea mays L.)
	Biomass increased by ~44%

	Egamberdieva et al., 2016
	Corn cob biochar, 450°C, slow pyrolysis
	20 t ha⁻¹
	Soybean (Glycine max L.)
	No significant growth improvement

	Egamberdieva et al., 2016
	Poultry litter biochar, 10% w/w
	10% w/w
	Sunflower
	Reduced leaves, plant height, stem diameter, number of heads

	Egamberdieva et al., 2016
	Not specified
	2% w/w
	Soybean
	Root and shoot dry weight increased by 34–41%

	Solaiman et al., 2012
	Various biochars
	Various rates
	Clover, Mungbean, Wheat
	Early growth strongly affected by type and rate

	Haider et al., 2015
	Not specified
	Not specified
	Maize
	Improved growth via enhanced photosynthesis, water relations, and leaf osmotic potential



[bookmark: 4.1._Effects_on_seed_germination]Effects on plant physiology
Research has shown that even without significant changes to the soil, applying biochar or nano-biochar to leaves or seeds can directly enhance photosynthetic activity, leaf water potential, and biomass accumulation. For example, studies on tomatoes (Shahzadi, et al., 2025) and grapevines support this finding. Additionally, organic chemicals derived from soluble biochar can act as signaling molecules that alter hormonal interactions, particularly between auxin and abscisic acid (ABA). This interaction can temporarily activate antioxidant enzymes (Kumar, et al., 2024). In terms of water relations, factors such as plant relative water content, stomatal conductance, and photosynthetic rates improve due to increased soil water-holding capacity and reduced bulk density (Sadeque, et al., 2023; Xu, et al., 2025). Regarding ionic and nutrient balance, under salinity stress, enhanced nutrient uptake and stabilization of potassium/sodium (K⁺/Na⁺) homeostasis occur due to increased cation exchange capacity and pH levels (Cheng, et al., 2024).

The physiological state of plants treated with biochar is reflected in the increased or decreased growth and production of crops as a result of adding biochar to the soil. Because of the type of biochar, the soil, and other variables, certain physiological measures either responded or did not respond to the application of biochar. For example, upland rice grown on nutrient-poor soils had lower leaf chlorophyll content when biochar was added to the soil. Younis et al. (2015) found that increasing the percentage of cotton-stick-derived biochar from 3% to 5% (w/w) decreased the amount of sugars and amino acids while increasing the photosynthetic rate, transpiration rate, and sub-stomatal CO2 concentration as well as the concentrations of chlorophylls, carotenoids, lycopene, anthocyanin, ascorbic acid, and protein. When biochar was used in conjunction with Arbuscular mycorrhiza (AM) fungal spore inoculation, Mau and Utami (2014) observed increases in P availability and uptake; however, biochar amendment by itself did not enhance maize growth or P uptake. 
An indicator of the overall increase in plant water availability is the soils' increased capacity to hold water after being modified with biochar (Liu et al., 2016). According to Haider et al. (2015), the application of biochar in poor sandy soils enhanced plant growth under drought and well-watered conditions by improving photosynthesis (by increasing the electron transport rate of photosystem II and reducing stomatal resistance) and soil-plant water relations (by increasing relative water content and leaf osmotic potential). An indicator of the overall increase in plant water availability is the soils' increased capacity to hold water after being modified with biochar (Liu et al., 2016). According to Haider et al. (2015), the application of biochar in poor sandy soils enhanced plant growth under drought and well-watered conditions by improving photosynthesis (by increasing the electron transport rate of photosystem II and reducing stomatal resistance) and soil-plant water relations (by increasing relative water content and leaf osmotic potential).
According to Yeboah et al. (2009), applying biochar to maize plants grown in sandy soil increased N recovery by up to 5% and was ascribed to nitrogen retention. Applying biochar to maize increased nutrient absorption by 100 kg K ha-1, 10 kg Mg ha-1, and 5 kg Ca ha-1. The addition of biochar improved plant physiology in wheat and maize cultivated on andyloam soil. In contrast to the corresponding non-biochar control, the addition of biochar (at a level of 5%; w/w) considerably improved the photosynthetic rate, stomatal conductance, and xylem K+ and Na+. However, the mid-day leaf water potential and root water potential, the photochemical efficiency of photosystem II (Fv/Fm), and the leaf ABA concentration were all shown to be moderately lowered by the addition of biochar (Akhtar et al., 2015).
[bookmark: 4.4._Effects_on_crop_yield]Effects on crop yield
Soil pH, soil type, fertilizer addition, biochar feed stock, application rate, and crop species were all significant contributing factors (Jeffery et al., 2011). For example, a meta-analysis was carried out to examine the relationship between the application of biochar and crop production (either yield or above-ground biomass). The application of biochar was shown to have a minor but considerable overall improvement in grain yield (~10%) and to have an aliming impact and increase in soil WHC as the main causes of the yield gain caused by biochar (Jeffery et al., 2011). Poultry litter was the best biochar feed source (28%), they added, whereas biosolids had a detrimental effect (-28%) on crop productivity.
Plant yields have increased as a result of biochar applications improving soil characteristics and water usage efficiency (Hafeez et al., 2017). As the rate of biochar application increased, maize production on arid sandy soil improved significantly due to higher nutrient uptake. In comparison to the control, biochar applications at 15 and 20 t ha-1 significantly enhanced maize grain by 150 and 98%, respectively. Furthermore, applying biochar at 10, 15, and 20 t ha-1 boosted the maize crop's net water use efficiency (WUE) by around 6, 139, and 91% in comparison to the control (Uzoma et al., 2011).
In durum wheat (Triticum durum L.), the addition of 30-60 t ha-1 of biochar increased biomass and grain yields by as much as 30%; however, the amount of N in the grain was unaffected (Vaccari et al., 2011). When biochar made from eucalyptus was added to damaged soils, the yield of maize plants doubled. The application of biochar to nutrient-deficient soils can have a beneficial or negative impact on upland rice yield, depending on the fertility status of the soil and fertilizer management. Upland rice grain yields at soil areas with limited P availability were enhanced by biochar soil amendment up to 16-20 t ha-1. 
[bookmark: 4.5._Effects_on_biotic_and_abiotic_stres]Effects on biotic and abiotic stresses
Biochar enhances the potassium (K⁺) to sodium (Na⁺) ratio and absorbs excess sodium, reducing ion toxicity (Akhtar et al., 2015) and increased cation exchange capacity (CEC) improves nutrient retention and reduces salt buildup (Riaz et al., 2021). On the other hand, improved soil structure increases water availability, alleviating osmotic stress. Besides, biochar promotes halotolerant bacteria and arbuscular mycorrhizal fungi, helping plants maintain ionic balance under salt stress (Egamberdieva et al., 2016) and  porous structure enhances water availability for plants and soil (Liu et al., 2016). 
 Plant pathosystems are formed by both foliar and soil-borne pathogens. Bonanomi et al. (2015) evaluated and summarized the results of 13 pathosystems that tested the impact of biochar on plant disease. According to their findings, roughly 85% of these research revealed that applying biochar reduced the severity of plant illnesses, 12% had a neutral effect, and only 3% shown that doing so caused plant disease. The fact that many of these research demonstrated that plant susceptibility or resistance to disease depended on the dose of biochar applied was not taken into account in Bonanomi et al. (2015)'s analysis.
Numerous research conducted in recent decades have demonstrated that biochars increase crop yield in both favorable and unfavorable situations, including salt, drought, and heavy metals (Haider et al., 2015). Biochar, for example, somewhat raised the permanent wilting point, but it also enhanced the amount of water accessible to the plants by retaining more water at field capacity than at the permanent wilting point. Thus, the total increase in plant accessible water can be shown by the increase in water holding capacity (WHC) of soils treated with biochar (Hafeez et al., 2017). In a field and pot study conducted on a sandy loam or a sandy clay loam in the boreal, biochar soil amendments at 20 or 10 t ha-1 enhanced the grain yield and seedling growth of wheat and soybean, respectively, most likely by reducing the water deficit stress (Hafeez et al., 2017). 
High rates of biochar application can lessen the negative effects of salt stress on plant growth (Kim et al., 2016). For example, applying 50 t ha-1 of biochar as a top dressing reduced salt-induced mortality in Abutilontheophrasti and increased Prunella vulgaris survival. The growth rates of A.theophrasti plants treated with both biochar (at a level of 50 t ha-1) and salts (at a concentration of 30 g m-2 of NaCl) were comparable to those of plants not treated with salt. When applied at a level of 5% (w/w), biochar had a beneficial residual effect on lowering Na+ absorption in the subsequent wheat crop under salinity stress up to 11.8 dSm-1. As a result, various forms of biochar may be able to counteract the negative impacts of salinization in arable and polluted soils by reducing the reductions in mineral uptake caused by salinity (Kim et al., 2016).
[bookmark: 5._Conclusions][bookmark: _bookmark23]Conclusions
Biochar varies widely and can influence soil characteristics, crop growth, and production in numerous ways. Research has shown several beneficial effects, including enhanced growth and productivity, heavy metal adsorption, improved water retention capacity, and positive physiological responses in plants. However, certain combinations of crops and biochar may negatively impact plant growth. The rate at which biochar is applied significantly affects crop growth and yield, though its effects can differ depending on the specific crop and cultivation system. Additionally, the composition of biochar influences soil biota, plant growth, and productivity. In some cases, biochar can improve the microbial composition of the soil, while in others, it may have detrimental effects.This review highlights the complexities, advantages, and varied effects of biochar. Nevertheless, further research is needed to fully understand the mechanisms underlying biochar interactions and their impact on plant-soil relationships.
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