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Around the world, biochar, a multipurpose carbonaceous material, is being used to concurrently solve issues with

enhancing soil fertility, plant growth, and development under both normal and stressful circumstances. It improves

water retention, fosters nutrient absorption, and promotes microbial activity, creating a fertile environment that

supports sustainable and resilient agriculture. Additionally, biochar acts as a carbon sink, contributing to long-term

carbon sequestration and mitigating climate change impacts. The application of biochar is one of the sustainable

approaches to improving the physical and chemical properties of soil, and the quality of produce and crops yield.

Furthermore, biochar has proven to be efficient in different applications, particularly soil amendment for crop

production and the removal of pollutants from the contaminated water and soil environments.

biochar  crop productivity  microbial activity  soil fertility  sustainable agriculture

1. Soil Health

In terms of agriculture, soil health refers to the soil’s capacity to sustain and promote plant development and

production . If a soil can supply the water and nutrients needed to support plant growth while being free of

hazardous substances that could hinder it, it is considered fertile soil . The physical, chemical, and biological

characteristics of the soil determine its fertility . Low soil fertility is a widespread issue in several regions of the

world . For instance, soil in arid and semi-arid regions typically has a low capacity for storing water for most crops

and an insufficient supply of nutrients . Due to excessive rainfall, limited cation binding capacity, and rapid loss of

vital nutrients from the topsoil, rainforest regions struggle to maintain agricultural output. Additionally, the frequent

breakdown and relatively high temperature lead to significant rates of soil organic matter (SOM) mineralization .

Therefore, the success of a soil management system depends on correct SOM levels and nutrient life cycles. The

use of biochar has the potential to greatly enhance soil health. Whether the application of biochar has the potential

to enhance the productivity of degraded pastureland has also been investigated . According to Brtnicky et al. 

and Joseph et al. , biochar has a wide range of possible uses that are likely to: (i) improve soil properties; (ii)

increase soil protection and water retention; (iii) prevent soil degradation and losses; (iv) increase nutrient content

and sequestration in soil; (v) attenuate the impact of potentially toxic substances; (vi) promote the well-being of

organisms in the soil environment; (vii) enhance plant growth and biomass production and quality; and (vii)

increase the crop yields and profits of the agricultural sector.

2. Physical Properties
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2.1. Bulk Density and Soil Compaction

Soil weight and density have a direct and significant effect on soil properties. Another important factor affecting root

development is the physical stress of soil compaction, which usually occurs at a depth of about 30 cm in the soil.

When the bulk density exceeds 1.7 g cm , insufficient aeration and stamina hinder root growth . The reduced

soil pore diameter inhibits root growth, as roots cannot grow through soil pores smaller than the root cap diameter

. Low porosity and low oxygen diffusion in compacted soils can lead to anoxic conditions and slow plant growth.

When planted in hard soil, soybean (45%) and maize (14%) yields decreased compared to normal soil . The use

of biochar can mitigate these effects and improve the physical properties of nutrient-poor and degraded soils. The

use of biochar has been shown to reduce soil compaction by more than 10% . Furthermore, previous studies

have shown that adding biochar to dry soils reduces soil density when the soil is physically loose . According

to a recent study, adding 4% biochar to locally eroding tropical soils (sandy clay) for a year increased soil density

and decreased bulk density by 5%. Additionally, using 1% compost with 4% biochar resulted in a 16% reduction in

bulk density and an 8% increase in porosity. Increased use of biochar (6%) and compost (1%) reduced bulk density

and further increased porosity to 16% and 22%, respectively . A review of studies on 22 different soils showed

that biochar addition reduced soil bulk density by 3–11% (average 12%) and increased porosity by 1–64% .

Increasing soil porosity and reducing bulk density improves water, air, and heat transport in soil . As

mentioned above, the degree of variation in physical properties depends on the amount of biochar used and the

type of soil.

2.2. Porosity and Water Holding Capacity

Changes in soil porosity were mainly due to internal pore structure (intrapores), biochar morphology and

application rate, pores between biochar and soil particles (interpores), and soil changes due to adsorption and

particle size distribution . These factors determine the increase or decrease in porosity, water retention,

hydraulic conductivity, and respiration in biochar-rich soils. Numerous field studies have demonstrated that the use

of biochar can improve soil porosity and water retention . According to a meta-analysis of 74 articles ,

biochar benefits from an increased soil porosity, water retention, and saturated hydraulic conductivity of 8.4, 15.1,

and 25, respectively. The internal porosity of biochar (biochar pore size <10 µm) determines its ability to store

water in the soil. This is because biochar replenishes water as it is removed by gravity, trapping water in pores,

reducing hydraulic conductivity, and increasing water retention . Wong et al.  showed that the degree of

compaction affects the degree of aeration of clays in response to biochar addition. The addition of biochar to soil

helps maintain its structure and compaction . It has been found that soil water availability decreases with

increasing biochar additions, possibly due to the hydrophobic nature of biochar . Generally, biochar synthesized

at temperatures below 450 °C exhibits hydrophobicity . Furthermore, it has been suggested that biochar can act

as a binder to strengthen soil aggregates, increase water absorption, and increase porosity . Due to the use of

6% biochar in clay soil, biochar promoted the development of macroaggregates, changed the pore structure of the

soil, and stabilized the soil . However, when biochar is applied, large aggregates smaller than 0.25 mm block the

pores on the surface of the biochar (inner pores), thereby reducing the size of the mesopores (pores between the

biochar particles and the soil). Surface sealing reduces the porosity of the soil and reduces moisture. The
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increased leaching of dissolved organic carbon is the result of abiotic surface reactions of biochar that alter the

surface chemistry, particle size distribution, hydrophobicity, and physical solubility under the action of water .

To change the physical properties of soil treated with biochar, biochar breaks down over time, plugging pores and

forming aggregates. Manure, grass, corn stover, and other cellulosic foods do not break down into biochar as

easily as lignin-rich wood. In addition, biochar produced at temperatures below 500℃  is prone to structural

degradation. The addition of biochar resulted in unstable changes in soil porosity and particle size distribution.

These changes mainly occurred in sandy soils .

3. Soil Chemical Properties

The use of biochar has shown significant potential to enhance the chemical properties of soil. The application of

biochar and other organic amendments has been shown to improve agricultural productivity by increasing cation

exchange capacity and nitrogen content in soil .

3.1. Soil pH

Due to its high alkalinity, strong buffering properties, and the presence of functional groups, biochar can be used to

combat soil acidification . In addition, it increases soil pH, increases plant nutrient availability, and releases

cations such as potassium, magnesium, calcium, and sodium from charcoal . After 4 years of biochar

application (20 tons ha ), soil pH increased from 3.89 to 4.05, confirming its long-term beneficial effects . In

Sumatra, Indonesia, another study using 20 tons of ha-1 biochar found an increase in soil pH from 3.9 to 5.1 and a

decrease in soil Al  concentrations (toxic to plant growth) . The use of biochar in banana cultivation was studied

and showed improvements in soil pH and potassium uptake, but no significant effect on fruit yield . In clay,

there is a slight increase in pH due to the high initial CEC, which translates into a higher buffering capacity. In a

three-year field study, biochar did not change soil-dissolved organic nitrogen, dissolved organic carbon, or NH  or

NO  levels, but eventually completely neutralized their alkalinity .

3.2. Salinity and Sodicity

Some soils contain significant endemic salinity due to saline irrigation and the use of chemical fertilizers. Turf

characteristics include higher EC, ESP, and pH. These soils reduce agglomeration through mechanisms such as

hardness, clay swelling, and dispersion. Furthermore, high soil salinity can lead to osmotic stress and drought,

which slow down the microbial and biochemical activities in the soil . Saline soils contain less organic matter and

are therefore less structurally stable. Therefore, adding organic additives such as biochar to soils can reduce salt

stress and enhance plant growth in these soils . Salt and fertility problems in these soils can be reduced by

adding acidic (low pH) charcoal . Biochar mitigates sodicity and salinity in soils through multiple mechanisms.

Firstly, it enhances soil structure, promoting better water infiltration and reducing the impact of high sodium levels.

Secondly, biochar’s cation exchange capacity helps balance soil ions, mitigating salinity stress on plants.

Additionally, it facilitates microbial activity, fostering the growth of salt-tolerant organisms that contribute to

improved soil health and salinity reduction.
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3.3. Cation Exchange Capacity

The ability of soil to retain cations in an exchangeable form that is available to plants is called cation exchange

capacity (CEC), and it increases in proportion to the amount of surface negative mineral charge and soil organic

matter (SOM) . Soils with a high CEC can retain plant nutrients and cations on the surface of biochar, humus,

and clay, allowing nutrients to be retained rather than leached or absorbed by plants . Due to the high

buffering capacity of the soil due to its high CEC content, the addition of alkaline or acidic chemicals had little or no

effect on soil pH . Freshly added biochar undergoes surface oxidation reactions on contact with soil water and

oxygen, increasing the CEC and net negative charge. The presence of many reactive functional groups (COOH,

OH, CO, C-O, N, siloxane), some of which are pH-dependent, contributes to the high reactivity of the biochar

surface . A two-year field study in the Indonesian highlands of East Java (tropical region) showed an increase in

CEC following biochar application. This is due to the oxidation of carboxyl groups and the high negative surface

charge of phenolic biochar . However, in a field study, green biochar residues (10 t ha ) had no effect on CEC

and iron salts (in highly modified acidic soils) . Mild non-calcareous soils showed a strong increase in CEC after

bioburden, although calcareous soils also showed this trend .

4. Nutrient Offering and Retention

The monsoon season, particularly in tropical regions, leads to nutrient loss (food waste brought in from the

outside), accelerated acidification of agricultural soils, lower crop production, and increased fertilizer demand. A

practical way to prevent nutrient loss is to add biochar to soil . Some long-term benefits of adding biochar are

the slow release of nutrients from additional organic matter, better stabilization of organic matter, better utilization of

nutrients, and the retention of cations and CEC . Considering soil alone, Brazilian pepper biochar significantly

reduced total phosphate, nitrate, and ammonium levels in wastewater by 20.6%, 34%, and 34.7%, respectively.

Like the 34% and 14% reduction in nitrate and ammonium leaching, respectively, peanut shell biochar showed the

same results . Several field studies have shown that the addition of biochar to agricultural soils significantly

reduces the soil’s ability to leach N, NO , K, P, Mg, Na, and Ca . Another field trial in Zambia increased the

pH of tropical soils by adding corn stover biochar, which also increased the amount of P available to plants and

contributed K+ directly to the soil . In a banana plantation in Tamil Nadu, India, a two-year field trial tested the

ability of rice husk biochar (10 t ha ), as an additive, to improve the fertility and moisture content of soil in India.

Through this adjustment, the contents of P, K, Na, Mg, C, and N in the soil have been greatly improved. For tropical

soils with high mineral content, the authors recommend using biochar above 10 t ha  . In addition, biochar

increases soil nitrogen content and reduces nitrogen leaching . Several field studies have reported nitrate

retention and ammonium adsorption following the use of kale . Field trials of tomato transplants (14 t ha )

using wheat bran biochar significantly increased the availability of SOC, P, K, Mg, and NH  by reducing the

dependence on external water and fertilizers . According to Liu et al. , the application of biochar could not

only improve carbon utilization efficiency by the soil microbial community, but also the soil organic carbon

sequestration potential in paddy soil can be enhanced by the presence of biochar in soil long term.
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5. Soil Biological Properties

Diverse microbial populations live in soil and are constantly changing according to soil properties, climate, and land

management techniques . Soil microbial diversity and activity are closely related to organic carbon

concentration, soil nutrient cycling, and plant productivity . The effect of biochar addition depends on soil

type, biochar quality and dosage, and on the activity of microorganisms in the soil . A meta-analysis showed

that biochar modification increased denitrification genes (nirS, nirK, nosZ) and ammonia oxidizing archaea by

25.3%, 32.0%, 14%, 6% and 17.0%, respectively . Biochar supports the activity of soil bacteria by providing

carbon and nutrients for their growth. In addition, it provides a favorable growth environment . In addition,

biochar increased the soil’s ability to absorb acid changes and reduced pH changes in microhabitats found on

charcoal pellets .

Biochar (BC) was used at doses of 0 (BC0), 10 (BC10), 20 (BC20), and 30 g/kg (BC30). Microbial biomass carbon

(MBC) and microbial biomass nitrogen (MBN) were assessed . They reported that MBC did not change

significantly during the growing season. The variability of MBC was relatively large under different biochar addition

rates. Biochar significantly increased MBC by 15.2–71.8% during vegetation in a 0–10 cm thick layer compared to

BC0. Biochar also significantly increased MBC in the 10–20 and 20–30 cm layers, and MBC increased with

biochar. Unlike MBC, MBN exhibits high variability across growing seasons. Biochar had a significant effect on

MBN; the growth period and soil depth also contributed to differences in MBN. BC10 significantly increased MBN at

stage V6, but BC20 and BC30 had no significant effect on MBN compared with BC0 in the 0–10 cm layer at stage

V6. Biochar application significantly increased MBN over the remaining growing season in the same soil layer. In

formations 10–20 cm thick, BC10 and BC30 significantly reduced MBN by 14.6% and 13.6%, respectively.

Significant decreases in MBN were also observed in BC20, while significant increases were observed in BC10,

BC20, and BC30 compared to BC0. Biochar generally reduced MBN in 20–30 cm thick soil layers, regardless of

the growing season.

They also showed that biochar dosage and growth period had a significant effect on the ratio of MBC to MBN,

which ranged from 1.7 to 9.4. Typically, MBC/MBN in the soil layer increased from 0 to 10 cm due to the addition of

biochar. While ratios in other steps vary depending on the amount of biochar used, biochar increases MBC/MBN in

the R1 step compared to BCO in the 10–20 cm layer. In contrast, biochar significantly increased MBC/MBN in the

20–30 cm layer throughout the growing season. Microbial ratios varied between 2.5% and 4.0%, remaining largely

constant across different soil layers and growth cycles. Biochar had no significant effect on microbial proportions,

although BC10 and BC30 were significantly lower compared to BC0. According to Filho et al. , the type, amount,

and interaction of biochar has a significant impact on microbial biomass carbon. Since coffee biochar contains

unstable organic carbon and has pores that can store large amounts of air and oxygen more quickly, which are

crucial for the utilization and growth of microorganisms, its application to sandy soils increases the rate of microbial

biomass growth and carbon content . However, due to its high aromaticity and low polarity, biochar can resist

microbial degradation . The large surface area of biochar provides an ideal microhabitat for microbial

communities and is another reason for the increase in soil microbial biomass . Tan et al.  found that using
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biochar together with organic fertilizers significantly increased soil microbial biomass carbon (MBC) compared to

using organic fertilizers alone.

It has been speculated that biochar may influence soil microbial populations, which may also affect soil fauna due

to cascading effects. The physical fragmentation of organic waste, including biochar, and changes in soil structure,

as well as the direct impact of biochar on fauna, affect microbial communities. If biochar creates a favorable

environment for soil microbes, then wildlife may be attracted to these microbe-rich environments. However, there

are few experimental studies to determine the response of soil fauna to the addition of biochar to soil and the main

factors influencing their behavior. Therefore, the behavior of two mesofauna in response to the addition of saline

biochar (slow pyrolysis at 600 °C) to temperate clay was assessed as associated with changes in microbial activity

and biomass after 17, 31, and 61 days of pre-incubation. With the increase of biochar concentration at different

pre-incubation times, the microbial biomass increased by 5–56%, and the activity increased by 6–156%. Using

different amounts of biochar, microbial biomass was unchanged or increased by up to 15% during the incubation

period, but microbial activity continued to decrease (by 70% to 80% at day 61). In general, when a different,

unchanged substrate was used instead of biochar, springtails did not show avoidance or preference for it, but

frequently exhibited avoidance behavior .

Soil enzymes that can revolutionize soil microbial ecology and beneficial bacteria that are critical to agriculture

have all been improved with biochar. Soil ecology is closely related to the number of microorganisms in the soil .

Biochar can increase microbial diversity by providing substrates and habitats for soil microbial communities. In

addition, soil microbes are sensitive to changes in the soil environment. By creating microenvironments, providing

unstable organic molecules for bacterial growth, and activating nutrients, soil particles can interact with biochar to

influence microbial populations . During biochar application, the particles and pores create a habitat that can

serve as a means of infiltration for fungi and numerous filamentous microorganisms . Some biochars are rich in

sugars and yeasts that promote the growth of Gram-negative bacteria (Pseudomonas putida) and soil fungi

(Pythium sp.). Under field conditions, the use of biochar in brown soils resulted in stronger and more vigorous and

aggressive bacterial populations than fungal populations. Furthermore, Saxena et al.  found that, in four different

soils, the fungi-to-bacteria ratio was significantly lower in soils rapidly treated with pyrolytic biochar after an

incubation period of 365 days.

Compared with pyrolysis temperature and feedstock type, organic carbon in biochar has a significant effect on

many soil biological properties, including nitrogen mineralization and immobilization, carbon in microbial biomass,

enzyme activity, and soil biocarbon dehydrogenation enzyme activity. Gram-negative bacteria benefited less from

biochar compared to Gram-positive bacteria, suggesting that biochar is often deficient in organic compounds that

break down into the small molecules necessary for the growth and reproduction of Gram-negative bacteria, such

as proteins, amino acids, and carbohydrates . While some charcoal-treated soils completely lost their rich

microbes, other soils showed increases in the number of monads and actinomycetes. In fact, the pores in biochar

are suitable habitats for soil bacteria, protecting them from desiccation and predators, as well as being a source of

carbon, minerals, and energy. However, it is questionable whether the use of biochar affects the amount of

microbial biomass in different soils. Decreases and increases in carbon content in microbial biomass were found in
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biochar-treated soils . However, the response may vary and depends on the type of biochar and soil. The

addition of 30.0 t/ha of biochar can increase the bacteria count from 366.1 g C g  to 730.5. As a result, microbial

populations increased from 5% to 56% with increasing biochar (0–14%) in corn ovens with different pre-incubation

times ranging from 2 days to 61 days. Straw biochar had the highest survival rate, indicating that the biomass type

of biochar or biochar material was most important for the function and survival of PSB communities (phosphate-

dissolving bacteria).

Biochar has both positive and negative effects, including toxic effects on soil bacteria and highly beneficial effects

on interactions with plant roots, biological aging systems, degradation of microbial pollutants, and carbon

stabilization through micro aggregation. Its patches can survive bacterial communities and dissolve inorganic

phosphate at a rate of 6.86–24.24%. The addition of biochar increased the total number of nitrogen-fixing bacteria,

mold, and yeast compared to those without biochar (control). This is because biochar has a positive effect on

increasing the number of microorganisms in the soil by providing a useful substrate . Adding biochar to soil can

have an impact on soil microbial populations, as demonstrated in the biochar-rich black soils of the Amazon. In

contrast, biochar poses a direct threat to soil flora and fauna . Depending on the type of soil and biochar used,

biochar can negatively impact soil microbial populations. Polyphenols and phenolic substances may be present in

biochar as by-products of organic pyrolysis and may be toxic to soil microorganisms. The use of biochar reduced

mycorrhizal and total microbial biomass. The addition of peanut shell reduced mycelial spore length and root

colonization of arbuscular mycorrhizal fungi by 95% and 74%, respectively.

The use of mango wood biochar increased phosphorus availability by 208% and 163%, respectively, but decreased

the number of mycorrhizal fungi in the soil by 77% and 43%, respectively . On the other hand, the presence of

activated biochar was found to increase root colonization, Arabidopsis plant dieback, and Pseudomonas syringae

symptoms, as the roots desorb antimicrobial chemicals released by the roots to the surface of the activated

biochar. In a 3.5-year field study in Tasmania, Australia, the addition of biochar (47 t ha ) resulted in increased

microbial populations . Another two-year field study in Australia found that biochar-supplemented soils resulted

in an increase in phosphorus-activated mycorrhizas due to the indirect effects of biochar on soil physicochemical

properties . In South Sumatra, Indonesia, maize showed increased arbuscular mycorrhizal (AMF) colony

formation after the application of mango acacia bark . The study also found that adding biochar had neutral and

negative effects on soil microbial activity. In wheat field trials, the addition of biochar (3 or 6 kg/m ) did not change

the microbial biomass in soil after three to fourteen months . However, a field study applying biochar to the wood

of Colombian mango trees (Mangifera indica) showed reductions of 43% and 77% of microbial biomass at 23.2 and

116.1 t C ha , respectively . The production of ethylene or organic pyrolysis by-products, including biochar

phenols and polyphenols, can negatively impact soil microbiota, which may be responsible for reduced AMF levels

.

Furthermore, due to its different mechanism of action, biochar can induce different metabolic responses in

microbial populations, leading to some taxonomic changes in microbial community composition . Field studies

using maize biochar (30 t ha ) at three sites in Europe (West Sussex, UK, Pratoscia, Italy, and Lusignan, France)

showed that microbial community composition drastically changes. One year after biochar application, some plants
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had increased Bacillus and Acidobacteria phyla, while others plants had increased Bacillus and Pseudomonas. In

France, however, there was no change in the number of bacteria in this category. Furthermore, biochar treatment

influenced fungal diversity in Italy and France, but not in UK samples . Previously, a Chinese laboratory study

targeting corn carbon resulted in increases in Proteobacteria, Bacteroidetes, and Actinomycetes, and decreases in

Acidobacteria, Chlorobacteria, and Twins. Another field study on sugarcane biochar in Foshan, South China (a

subtropical region) showed an increase in bacterial populations and a decrease in actinomycetes and fungal

populations . On the other hand, when biochar was added to the lanceolate soil of fir, a significant increase in

fungal community diversity was found, but also a significant decrease in bacterial community diversity .

6. Crop Growth, Development, and Yield

Several field studies have explored the impact of biochar on plant growth and the productivity of different crops

(Table 1). Its use involves plants with fewer nutrients in degraded soils than in healthy and productive soils 

. Four-year field trials using rice husk biochar in dry, poor, non-acidic soils in the Philippines and Thailand

(tropical climate) resulted in increased seed and water yields, improved K and P availability, and yields of 16–35%

. Biochar (2 t ha ) from sorghum and rice husks was used in another field trial in Ghana, where it significantly

increased maize yield and improved soil pH, SOC, N, P, and K. Similar results were obtained for durum wheat in

the Mediterranean region, with yield increases of up to 30% using 30 and 60 t ha  biochar . Field studies in

South Sumatra, Indonesia, showed that the addition of charred bark improved soil chemistry, created an

environment favorable for root growth, and allowed mycorrhizal fungi, maize, and peanut (37 t ha ) Acacia mango

to thrive . The application of 10 to 50 t ha  of eucalyptus biochar to acidic soils in Madagascar (tropical humid

environment) improved growth of maize and beans crops, and the yields were significant . In a field study of

squash cultivation in Nepal (subtropical environment), it was found that the addition of 0.75 t ha  biochar and 6.3

m  ha  cow urine reduced yield by 300% and 85%, respectively . The ability of biochar to absorb and exchange

plant nutrients is enhanced by the formation of an organic coating on the outside of the internal pores when

saturated with urine. Thus, these studies suggest that biochar supplementation is an effective strategy for

increasing yields and is associated with improved nutrient availability and better soil structure and carbon content.

Some field trials produced higher yields in the second year than after biochar application (season 1). A four-year

biochar field trial (8 and 20 t ha ) in maize and soybean (alternative) crops in tropical Colombia had increased

maize but not soybean yields in the first year . However, in years 2, 3, and 4, there were increases of 20%, 30%,

and 140%, respectively, suggesting that biochar has a long-term impact on productivity. Similar results were

observed for maize and mustard (crop rotation) in the acid clay soil Raswa, Nepal, with no apparent impact on first-

year yields . This may be due to the slow formation of an organic layer on top of the biochar after aging in the

compost matrix, improving nutrient retention . These results support the need for further field studies of biochar

to accurately assess its effects on soil quality and yield. Crop loss and other negative effects of biochar have also

been demonstrated in some field trials over time. An increase in rapeseed yield was observed with more than 10 t

ha  of biochar applied in the first year. A lower availability and reduction of organic matter in the soil can lead to

less water .
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Continued leaching of biochar-associated nutrients and a decrease in alkalinity are responsible for discoloration

. Another study found that the alkalinity associated with biochar was neutralized and the biochar converted to

cations after three years of corn and grass field trials using Welsh sand clay . Steiner et al.  also studied the

effects of biochar over four Oxisol planting seasons (pH 4.5) in the Brazilian Amazon and found a cumulative yield

increase of nearly 75% in rice and sorghum. Compared to a meta-analysis of more than 100 published studies, the

average total yield increased by 13% due to biochar addition . In addition, a meta-analysis of 103 publications

found that pot experiments following the addition of biochar to the soil had the greatest effect on yield, which was

greater in acidic soils (pH 5) than in field trials in neutral soils . Likewise, a meta-analysis of 114 publications

showed that the addition of biochar to soil significantly increased crop yields (about 20%) . Overall, the meta-

analysis studies suggest that biochar is a viable technology for yield enhancement in acidic and nutrient-poor soils.

7. Biochar and Regenerative Agriculture

Biochar, a carbon-rich material produced through the pyrolysis of organic matter, plays a pivotal role in advancing

regenerative agriculture. Its multifaceted contributions enhance soil health, foster sustainable practices, and

mitigate environmental challenges. Biochar serves as a stable carbon source, improving soil structure and nutrient

retention. Its porous nature increases water-holding capacity, ensuring optimal moisture levels for plant growth.

Moreover, biochar acts as a reservoir for essential nutrients, preventing leaching and promoting their availability to

plants . A crucial aspect of regenerative agriculture involves carbon sequestration to mitigate climate change.

Biochar, being a carbon sink, aids in long-term carbon storage in soils by reducing atmospheric CO  levels. This

aligns with sustainable farming practices aimed at enhancing resilience to climate variability .

Biochar influences soil microbial communities, promoting beneficial microorganisms that contribute to nutrient

cycling and plant health. It fosters a symbiotic relationship with mycorrhizal fungi, enhancing nutrient uptake by

plant roots and improving overall soil biodiversity . The adsorptive properties of biochar make it effective for the

remediation of soil contaminants. It can immobilize heavy metals and pollutants, reducing their bioavailability and

mitigating environmental risks. This capability contributes to sustainable land management and ecological

restoration . Biochar applications in agriculture can positively impact water quality. By preventing nutrient runoff

and leaching, biochar helps maintain water purity, reducing the risk of nutrient pollution in water bodies. This aligns

with regenerative agriculture practices that prioritize watershed health .

Table 1. Impact of biochar on the growth, productivity, and yield of agronomic and horticultural crops.

[103]

[43] [38]

[104]

[104]

[105]

[106]

2

[107]

[106]

[108]

[109]

Crop Biochar Source Application
Rate Effects References

Cereal crops

Rice Wood biomass
Forest wood
biochar
Wood residues

10 & 20%
5.5 & 11 t/ha
0–16 t/ha
4.13 g m

Prominent boost in yield and yield related
attributes as compared to control

−2

[18][96][110]

[111]
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Studies indicate that the incorporation of biochar into agricultural soils can enhance crop yields. Its impact on

nutrient availability, water retention, and soil structure contributes to increased productivity. Additionally, biochar-

amended soils have demonstrated improved resilience to environmental stresses such as drought . In summary,

the integration of biochar in regenerative agriculture offers a holistic approach to sustainable land management. Its

diverse benefits encompass soil fertility improvement, carbon sequestration, microbial support, contaminant

remediation, water quality enhancement, and increased crop resilience.
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