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Introduction 

Around 70 % of India's population was employed in the 

agricultural sector. The challenge lay in adopting agricultural 

practices that do not deplete natural resources. India, as an 

agrarian country, faced the pressing need for intensive 

agriculture to meet the demands of its growing population (1, 2). 

Intensive agriculture produced more than 5 billion metric tons of 

agricultural residues annually worldwide (3-6). India alone 

generated approximately 683 million tonnes crop residues 

annually, with a substantial portion being underutilized or 

burned (3, 6). In-situ burning of agricultural waste led to 

environmental pollution, loss of biodiversity and undermining 

the soil's ability (7, 8). Studies indicated that greenhouse gas 

(GHG) emissions from open field burning increased up to 75 % 

between 2011 and 2020, with total CO₂-equivalent emissions 

rising from approximately 19340 Gg/ year to 33834 Gg/ year, 

thereby significantly contributing to global warming (9). From a 

soil health perspective, elevated temperatures caused by open 

burning can led to the destruction of beneficial soil 

microorganisms up to a depth of 70 mm (10). High temperatures  

caused complete sterilization of the topsoil, affecting fungi more 

than bacteria. This loss of microbial diversity can disturbed soil 

properties and essential soil functions (11). 

 Biochar, a carbon-rich material produced through 
pyrolysis of agricultural residues in an oxygen-limited 

environment, presented a promising solution to this 

multifaceted problem (12). Converting crop residues into 

biochar not only prevented the environmental hazards 

associated with open burning but also created a valuable soil 

amendment that enhanced soil fertility, carbon sequestration 

and overall agricultural productivity (13). The potential of 

biochar to simultaneously addressed waste management 

issues, mitigated GHG emissions, improved soil health and 

enhanced agricultural sustainability made it particularly 
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Abstract  

Biochar is a stable carbon-rich by-product through pyrolysis of biomass under limited oxygen conditions. It has emerged as a sustainable strategy 

for enhancing soil health and agricultural productivity. This review synthesized recent research both on the positive and negative impacts of biochar 
application across different soil types and cropping systems, with particular focus on its relevance to India’s agrarian economy. Biochar has been 

shown to improve soil physical properties such as bulk density, porosity, water retention and aggregate stability. Chemically, it enhances nutrient 

retention by increasing cation exchange capacity, soil pH and organic carbon content. Biologically, biochar supported microbial abundance, 

enzyme activities and biomass carbon, especially in nutrient-deficient or acidic soils. Consequently, numerous studies reported increased crop 
yields, particularly in degraded or low-fertility soils. However, adverse outcomes were also observed including nutrient immobilization, increased 

salinity and microbial shifts that suppress plant growth often linked to excessive dosages, incompatible soil types or unsuitable biochar 

characteristics. Additionally, biochar’s role in long-term carbon sequestration and greenhouse gas mitigation including reductions in N₂O and CH₄ 

emissions was explored. While findings highlighted biochar’s multifaceted potential, variability in its performance underscored the need for site-
specific applications and standardized protocols. The review concluded by identifying critical research gaps and providing direction for optimizing 

biochar use in sustainable agriculture and climate-resilient farming systems.   
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relevant for India's predominantly agrarian economy. The Green 

Revolution significantly increased crop yields, but there was a 

need for an "evergreen revolution" to sustain productivity 

without harming the environment. This review focused on the 

positive and negative impacts of biochar on soil health, crop 

productivity and carbon sequestration and the reduction of 

greenhouse gas emissions. 

Biochar and its properties 

Biochar was a carbon-rich, porous material derived from the 

thermal decomposition of organic biomass under limited oxygen 

conditions. It was increasingly recognized as a sustainable 

solution for managing agricultural and organic waste, restoring 

degraded soils, improving crop productivity and mitigating 

climate change. When applied to soil, biochar enhanced water 

retention, nutrient availability, microbial activity and soil 

structure, leading to increased crop yields and reduced 

dependence on synthetic fertilizers (14). In addition to its 

agricultural benefits, biochar served as a long-term carbon sink. 

Recent studies indicate that global adoption of biochar could 

sequester between 0.7 and 1.8 gigatons of CO₂-equivalent 

annually, while reducing greenhouse gas emissions-particularly 

nitrous oxide from soils-by up to 50 % (15). These multifunctional 

benefits positioned biochar as a promising tool for achieving 

circular bioeconomy goals and climate resilience in agriculture. 

Biochar could be produced through several thermochemical 

processes, including slow and fast pyrolysis, hydrothermal 

carbonization (HTC), microwave-assisted pyrolysis and 

gasification. Slow pyrolysis, typically performed at 350–500 °C 

with long residence times, was the most common method for 

producing biochar with high carbon content and stability. Fast 

pyrolysis, operating at higher temperatures and faster heating 

rates, favoured the production of bio-oil over biochar (16). 

Hydrothermal carbonization (HTC) was a process that treated wet 

biomass at moderate temperature and pressure, so drying was 

not required. It produced hydrochar, which was similar to 

biochar, but had different properties. More recently, microwave-

assisted pyrolysis emerged as an efficient and energy-saving 

method that produced biochar with high surface area and 

enhanced porosity, making it suitable for environmental 

remediation applications (17). The choice of production method 

significantly affected the yield, structure and functional 

performance of the resulting biochar. Understanding the 

physicochemical properties of biochar was essential for 

optimizing its performance in specific applications such as soil 

improvement, pollutant adsorption and construction. Modern 

analytical techniques were used to evaluate its chemical 

composition, surface characteristics and structural features. 

Elemental (CHNS) and proximate analyses helped determine 

carbon content, ash and volatile matter, which were indicators of 

biochar stability and reactivity (18). Spectroscopic tools such as 

Fourier Transform Infrared Spectroscopy (FTIR) and Raman 

spectroscopy were used to identify surface functional groups and 

assess carbon structure, respectively. Scanning Electron 

Microscopy (SEM) provided detailed images of biochar's porous 

morphology, while Brunauer-Emmett-Teller (BET) analysis 

quantified surface area and porosity, key properties influencing 

adsorption and nutrient retention (17). Additionally, X-ray 

Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD) 

offered insights into surface chemistry and crystalline phases, 

respectively. These characterization techniques were essential for 

customizing biochar for various agronomic and environmental 

functions. Fig. 1 showed properties and applications of biochar. 

Effects of Biochar on Soil Health  

Soil health was defined as the sustained ability of soil to 

function as a dynamic, living ecosystem that supports plant 

growth and productivity. It was inherently governed by the 

soil’s physical, chemical and biological properties. Table 1 

summarizes the positive and negative impacts of biochar on 

soil properties.  

Physical properties  

The alteration of soil physical properties was mainly influenced by 

both the inherent characteristics of the biochar and the type of 

soil to which it was applied. Biochar modified porosity, bulk 

density, aggregation, water retention and hydraulic conductivity, 

while reducing surface runoff. 

Porosity and bulk density 

Biochar reduced soil bulk density by increasing soil porosity. This 

was due to low density and highly porous structure, which 

allowed it to occupy space in the soil. When biochar was 

incorporated into the soil, it introduced numerous micro- and 

macropores both within (intrapore) and between particles 

(interpore). These pores increased the total volume of the soil 

while contributing little to its overall weight, thereby reducing 

bulk density. Incorporation of biochar reduced soil bulk density 

up to 16 % and increased in total porosity by 14 %, particularly at 

higher application rates (100 Mg ha-1) (19). Similarly, an 

experiment was conducted to assess the effects of date palm-

derived biochar produced at different temperatures (250 °C,       

350 °C, 450 °C and 550 °C) and it was found that application of 

trunk-derived (550 °C) at 10 % reduced bulk density to 1.13 g/cm³ 

and achieved the highest porosity of 90.28 %. This enhanced soil 

aeration, water retention and overall soil structure, making it an 

effective soil amendment (20). Conversely, a study conducted at 

China, investigating the effects of N-enriched biochar on 

subtropical paddy soil and found that applying 8 t ha-1 of biochar 

increased soil salinity and bulk density, along with lowered soil 

water content. Excessive application of biochar negatively 

affected soil structure and plant development (21). According to 

reports higher rates of biochar prompted macroaggregate 

formation, shifting from micro-aggregate dominance over time, 

which resulted in decreased porosity. Soils treated with mango-

wood biochar (600 °C)  showed no significant impact on the total 

porosity in sandy soil (22, 23). 

Soil aggregation 

Biochar increased soil aggregation through a combination of 

physical, chemical and biological mechanisms. Physically, its 

porous structure and irregular surface provided sites where soil 

particles, organic matter and microbes can attach and bind 

together. Chemically, biochar had a high surface area and 

contained various functional groups that interacted with clay 

particles and soil organic matter, acting as a binding agent that 

enhanced particle cohesion (24). Biologically, biochar created a 

favourable habitat for soil microorganisms by improving 

aeration, moisture retention and nutrient availability. These 

microbes, in turn, produced substances like polysaccharides 

and glomalin that further helped glue soil particles into 

aggregates (25).  
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S.NO. 
Biochar  

(raw material 
and dose) 

Temperature Soil 
Optimum dosage 
or temperature Parameter 

Positive  
Impact 

Negative  
impact 

References 

1 
Date Palm Biochar 
(5 % and 10 % by 

weight) 

250 - 550 °C for   
60 min clay loam 450-550 °C 

Bulk density Decreased - 

(20) 
pH Increased from 

7.23 to 8.5 
- 

2 

Woodchips, 
bagasse, poultry 

litter and 
waterweed 

Ludwigia 
grandiflora.              

(0 % - 100 % (v/v)) 

450–500 °C sandy soil 

  
Water Retention 

Capacity 
Increased - 

(63) 
5 % (v/v) 

Readily Available 
Water 

Increased - 

10 % (v/v) 
Readily Available 

Water 
Increased - 

75 % (v/v) 
Readily Available 

Water 
- Decreased 

3 

corn straw (9.8, 
19.6 and 29.4 Mg 

C/ha ) 
  

400-500 °C for 4 hr Mollisols 

19.6 Mg C/ha aggregate contents 

Increased > 2mm 
and 0.25 2mm 

fractions by  
56.59 % and 

23.41 %, 
respectively 

- 

(26) 

19.6 Mg C/ha F/B ratio 
The F/B ratio 

increased           
25.22 % 

- 

19.6 Mg C/ha 
Gram-positive to 

gram-negative 
ratio 

Increased 4.65 % - 

4 mango-wood                             
(2.5 % and 5 %) 

600 °C 
Sand and sandy 

loam 
  

  

Water retention Increased 

- (23) 
Porosity Increased 

Saturated 
hydraulic 

conductivity 
Increased 

5 

Apple tree 
branches              

(1.5 %, 3 % and  
4.5 %) 

600 °C for 120 min loamy clay soil 

1.5 % Mean weight 
diameter 

Higher Mean 
weight diameter 

-- 

(27) 
1.5 % Soil organic carbon Increased 35.7 % - 

3 % Aggregates - Negative 

3 % Mean weight 
diameter 

- 
Lower Mean 

weight 
diameter 

6 corn straw (0, 10, 
20, or 30 t/ha.) 

450 °C for 4 hr Arenosols 

20  t/ha 
Aggregate mean 
weight diameter 

(MWD) 
Rose 17.6 % - 

(64) 
20  t/ha 

Geometric weight 
diameter (GMD) 

Rose 24.3 % - 

Biochar alone 
  

Wheat yield Increased           
6.4 - 20.2 % 

- 

Biochar + Nitrogen 
fertilizer 

Wheat yield 
Increased         

20.7 - 42.7 % 
  

7 
straw and waste 
sawdust (4 t/ha 

and 8 t/ha) 
600 °C for 90 min subtropical 

paddy soil 
4 t/ha 

Soil salinity, Soil 
bulk density 

- Increased 

(21) Soil water content - Dcreased 

Soil organic 
content 

Increased - 

8 

Eucalyptus 
sawdust mixed 

with pasteurized 
human excreta 
(CaSa biochar) 

500 °C Andosols 8.3 dm³/m² 

soil organic matter Increased 17.3 % - 

(36) Soil organic carbon Increased 10.0 % - 

soil moisture 
content 

Increased 6.3 % - 

9 
Rice husk-derived 
biochar (30 t/ha, 
30 t/ha,45 t/ha) 

300-450 °C Ferralsols   

Soil organic carbon 
content 

Increased - 

(35) small soil 
aggregates (< 0.25 

mm) 
Increased - 

10 

Switchgrass-
derived biochar 

(SGB) 
  

700 °C contaminated 
soil 

  Cation exchange 
capacity 

- Decreased   
27 %. 

(34) 

  
Poultry litter-

derived biochar 
(PLB) 

700 °C contaminated 
soil 

  Cation exchange 
capacity 

Increased 91 % - 

Table 1. Biochar’s positive and negative impact on soil properties 
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11 
Fruit tree branches, 

peanut shells and cow 
dung (2 % (w/w)) 

300 °C, 450 °C 
and 600 °C 

acidified 
brown 

soil 

  Soil pH Increased by     
8.48 –79.25 %. 

- 

(29) 

  
Exchangeable 

acidity 
Decreased      

56.94 – 94.95 % 
- 

  Exchangeable Al 34.38 – 95.66 % - 

  Exchangeable H 58.72 – 93.27 % - 

  
Microbial 

community Increased - 

12 

Banana leaves biochar, 
Rice straw biochar, 

Sorghum stalks biochar 
and Wood chips biochar  
(1 %, 3 % and 5 % (w/w)) 

300 °C for              
5 hr 

Entisols 
(saline 
sandy 
soil) 

3 % - 5 % 
Total available 

nitrogen Increased - 

(32) 

3 % - 5 % 
Available 

potassium Increased -- 

3 % - 5 % 
Electrical 

conductivity (EC) Increased - 

3 % - 5 % 
Cation exchange 

capacity Increased - 

3 % 
Fresh biomass of 

arugula Increased - 

13 corn-straw biochar 
(0,15,30 t/ha) 

360 °C saline 
soils 

  

Soil organic carbon - 

Decreased 
in the early 
part of the 

experiment 

(37) 

Soil organic carbon 
Later increased     
3-6 % compared 

to control 
  

Total soil 
respiration rate 
and microbial 

respiration rate 

- 

Inhibited 
during the 

crop 
growing 
period 

Carbon 
sequestration 

Increased after 2 
years - 

14 
Three Level Meta-Analysis 
(lignocellulosel biomass) 

lower pyrolysis 
temperature     

Microbial biomass 
carbon Increased 26.5 % - 

(65) 

Nitrification rate Increased 40.8 % - 

GHG Emission Decreased 12.7 % - 

Dehydrogenase 
and acid 

phosphatase 
Increased - 

15 

Swine-manure biochar     
(0 %, 0.5 %, 1.0 % and  

2.0 %) 
  

350 °C and            
500 °C 

Tea 
garden 

soil 
(laterite) 

2 % biochar                  
(350 °C) 

Soil microbial 
biomass carbon Increased 36.4 % - 

(41) 

2 % biochar             
(350 °C) 

Soil microbial 
biomass nitrogen Increased 34.3 % - 

2 % biochar              
(350 °C) Sucrase activity Increased 63.3 % - 

2 % biochar               
(350 °C) 

Phosphatase 
activity Increased 23.2 % - 

2 % biochar                
(350 °C) Catalase activity Increased 50.3 % - 

2 % biochar                
(350 °C) Urease activity Increased 27.9 % - 

16 

Sugarcane bagasse (SB), 
plant material (PM) and 
manure biomass (MB)           

(2 % and 4 %) 

400-600 °C for          
2-3 hr 

  
Red 

loamy soil 

2 % biochar 
Microbial 

population Increased 16 % - 

(38) 

4 % biochar 
Microbial 

population Increased 50 % - 

  soil pH Increased - 

  
Elemental 

concentrations 
(Mn, Zn, Cu) 

Increased - 

  Iron toxicity Decreased - 

17 
Maize stover biochar (3.5, 

6.9, 13.8 and 27.6 t/ha) 
open-pit 
method 

Plinthosol 
soil 27.6 t/ha pH, N, P and K Increased - (44) 
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18 Straw-derived biochar                   
(12, 24, 48 t/ha) 

400-450 °C Hapli-Udic 
Cambisol 

24 t/ha 

Soil bulk density Increased - 

(45) 

Soil pH Decreased - 

Available nutrients 
(N, K) and total 

nutrients                       
(C, N, P, K) 

Increased - 

Nitrogenase 
activity Increased - 

19 
Paper fiber sludge and 

grain husks (10, 20 t/ha) 
550 °C for              

30 min 

loamy Haplic 
Luvisol 

20 t/ha Soil pH Increased 7 % - 

(66) 
    Hydrolytic acidity Decreased 11 % - 

    
Sum of basic 

cations Increased 20 % - 

    Soil organic carbon Increased 27 % - 

20 wood biochar                      
(0 to 10 t/ha) 

  Tropical 
Alfisol 

2.5 t/ha lime + 5 t/
ha biochar 

Soil pH, nitrogen 
(N), phosphorus 

(P), potassium (K), 
calcium (Ca), 
sodium (Na), 

magnesium (Mg) 
and cation 

exchange capacity 
(CEC) 

Increased - 

(52) 

Exchangeable 
acidity 

Decreased - 

 

Fig. 1. Biochar properties and its application.  
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  A long-term field study in Northeast China to evaluate 

the effects of corn straw-derived biochar, applied at rates of 9.8, 

19.6 and 29.4 Mg C ha-1, in combination with nitrogen fertilizer 

on Mollisols over an eight-year period (26). The study reported 

that biochar application at 19.6 Mg C ha-1 significantly increased 

the proportion of large soil aggregates-up to 56.6 % for the > 2 

mm fraction and 23.4 % for the 0.25 - 2 mm fraction. This 

enhancement in aggregate stability was attributed to increased 

soil organic carbon content and a more favourable microbial 

community structure, particularly a rise in gram-positive 

bacteria. The authors concluded that biochar, especially when 

used alongside nitrogen fertilizer, effectively improved soil 

structure and mitigated soil degradation in Mollisols (26).  

 In contrast,  a study reported a decreasing trend in the 

mean weight diameter (MWD) of soil aggregates with increasing 

biochar levels (27). Notably, the highest biochar application rate 

(4.5 %) significantly reduced the MWD to 2.18, compared to 2.74 

in the control (0 %) and concluded that lower application rate 

(1.5 %) was more effective for preserving aggregate stability (27). 

These findings highlighted the need for optimized application 

rates tailored to soil type and environmental conditions. 

Available water content & hydraulic conductivity 

Application of biochar in soil created a network of micro- and 

mesopores that effectively retained water against gravitational 

forces while keeping it accessible to plant roots. Application of 

Miscanthus-derived biochar (1-2 % w/w) to sandy and silt loam 

soils increased saturated water content around 16 %, enhanced 

macroporosity by 78.8 % and reduced bulk density by 16.8 %. 

These physical changes improved the soil’s ability to retain water 

and support plant growth, especially in coarse-textured soils that 

typically suffered from poor water retention. The observed 

effects were attributed to the biochar’s porous structure and 

hydrophilic surface characteristics, which enabled it to retain and 

slowly release water within the root zone. 

 In contrast, in a study it was observed that applying low-

temperature (500  °C) biochar produced from almond shells and 

spruce wood to Hanford sandy loam and Yolo silt loam soils 

significantly reduced saturated hydraulic conductivity (K_sat) by 

up to 79 % (28). This negative effect was due to the fine particles 

and tarry residues in low-temperature biochar, which clogged 

soil macropores and disrupted water flow. While high-

temperature biochar showed less of this effect, the study 

highlighted how certain biochar types, particularly those with 

finer textures and lower thermal stability, could hinder water 

movement in soil. These contrasting findings underlined the 

importance of matching biochar characteristics with specific soil 

types and intended agronomic outcomes to ensure effective and 

sustainable use. 

Chemical properties 

Biochar application improved several chemical properties of soil. 

It acted as a liming agent, raised soil pH and reduced acidity, 

which enhanced nutrient availability. Additionally, biochar 

increased cation exchange capacity (CEC), thereby improving 

nutrient retention and minimizing leaching. Its high carbon 

content also contributed to increased soil organic carbon, 

supporting fertility and long-term carbon sequestration. The 

following sections discuss each of these properties in detail. 

 

pH 

Biochar typically had a liming effect that raised soil pH, especially 

in acidic soils. In a study it was reported that application of  cow-

dung and branch biochar to an acidified brown soil (rape -wheat 

rotation)  increased soil pH up to 79.3 % (29). A recent meta-

analysis found an average pH increase of 5.6 % with biochar, 

though it noted pH decreases under some conditions (e.g. when 

biochar pH was lower than soil pH (30). Conversely, in neutral to 

calcareous soils biochar  sometimes lowered pH. For instance, 

adding 50 t/ha low-temperature wood biochar reduced soil pH 

(from 7.22 to 6.49) in a loamy maize field (31). These contrasting 

results underscored that biochar’s effect on pH depended on 

feedstock, pyrolysis conditions and initial soil pH. 

Electrical conductivity (EC) 

Biochar’s impact on soil EC (a proxy for soluble salts) varied by soil 
and biochar type. In calcareous or non-saline soils, high-ash 

biochar  raised EC by adding soluble ions. For example, amending 

a sandy desert soil with poultry-litter biochar increased EC (32). In 

contrast, in saline or sodic soils biochar often reduced EC by 

adsorbing salts and improving leaching. Similarly, a global meta-

analysis reported that biochar significantly lowered soil EC by   

~7.4 % on average in salt-affected soils (33). These findings 

underscored the context-specific nature of biochar's influence on 

soil salinity. 

Cation exchange capacity (CEC) 

Biochar generally increased soil CEC by adding high-surface-

area, charged organic matter. In a research it was reported that 

50 t/ha of low-temperature wood biochar significantly 

increased the CEC of both maize and oilseed rape field soils 

(31). Previous research indicated that high-ash poultry-litter 

biochar increased the CEC by ~91 %, whereas low-ash 

switchgrass biochar decreased it by ~27 %, due to differences 

in ash and functional groups (34). Thus, while many studies 

reported CEC gains with biochar, some biochar especially low-

ash, low-temperature types -had neutral or even negative 

effects on CEC. 

Soil Organic Carbon (SOC)  

Biochar was carbon-rich and recalcitrant, its application 

typically boosted soil organic carbon (OC). Adding rice-husk 

biochar to forest Ferralsols significantly increased SOC content 

and carbon density (35). Likewise, a long-term field trial in 

Tanzania (7 years post-application) reported a significant SOC 

increase from biochar (and residue) inputs (36). On the other 

hand, biochar initially decreased SOC stocks during the first 

freeze – thaw period of their 2-year saline field trial (before later 

gains), although overall SOC was 3 - 6 % higher than control 

after two years (37). These findings suggested that while 

biochar generally enhanced soil carbon (C) pools, transient 

reductions could occur due to microbial priming or rapid 

mineralization of labial organic matter. 

Biological properties 

Soil microbial population 

Incorporation of biochar in soil had positive relation with 

microbial population. In a study it was reported that adding           

2 - 4 % biochar (from sugarcane bagasse, plant material and 

manure feedstocks) to acidic soil increased microbial counts 

about a 16 % rise at 2 % biochar and up to 50 % at 4 % (38). This 
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increase was attributed to biochar’s porous structure and liming 

effect, which improved soil pH and enhanced the availability of 

micronutrients such as Zn, Mn and Cu, thereby creating a more 

favorable environment for microbial growth (38). 

 In contrast, another  study, on soils containing charcoal 

aged 150-year or more (ancient biochar) found no significant 

increase in microbial biomass or activity compared to uncharred 

controls. They concluded that over long timescales, factor such 

as land management practices (e.g., fertilizer and liming) and 

inherent soil properties had a greater influence on microbial 

communities than aged biochar. Thus, ancient charcoal 

appeared to have limited impact on total soil microbial biomass 

and activity (39). 

 Biochar produced from nutrient-rich feedstocks (e.g., 

manure) and pyrolyzed at lower temperatures (~350  °C) retained 

more labile carbon and nutrients, which significantly boosted 

microbial growth. In contrast, high-temperature or gasification-

derived biochar tended to be more aromatic, contained less 

available carbon and thus showed minimal microbial stimulation 

(40, 41). 

 Benefits were strongest in poor, acidic or sandy soils. 
Biochar raised pH in acidic soils and added carbon in low-C soils, 

which greatly stimulates microbes. In neutral/alkaline or clayey 

soils with high organic matter, the effect was smaller (39, 40). 

Moderate rates (~ 1-3 %) often maximized microbial response, 

whereas very high doses (≥ 5-10 %)  could absorb  nutrients or 

block pore space, sometimes reducing microbial activity (41, 42). 

Also, fresh biochar tended to boost microbes more than very 

aged char, which may have lost labile C over decades (39, 40) . 

Microbial biomass carbon (MBC) 

Addition of biochar influenced the microbial biomass carbon.  A 
global meta-analysis found that biochar significantly increased 

soil microbial biomass on average. Across 999 observations, total 

microbial biomass (MBC) was higher in biochar-amended soils 

(40). The largest gains occurred with low-temperature, nutrient-

rich biochar (as these  supplied more C/N substrates) and in field 

studies (where longer time and plant roots helped microbes) 

(40). On other hand, a study  found that in long-term charcoal-

enriched soils there was no meaningful difference in microbial 

biomass C compared to reference soils - again concluding a 

“limited effect on total soil microbial biomass” after long 

durations. This implied that initial MBC boosts may have faded 

over time (40). In meta-analysis, MBC increases were greatest in 

sandy, low-organic soils (where microbes were C - limited) and in 

field trials rather than short incubation (40). Conversely, in fertile 

or clay soils much of the added C may have been retained in soil 

matrix or diverted  to plant roots, so MBC gains were muted. The 

method mattered (fumigation extraction method often reported 

larger MBC than phospho lipid fatty acid (PLFA). Also, long-term 

studies suggested biochar’s legacy C was very stable, so after 

many years microbial biomass could return to baseline (39). 

Soil enzyme activity 

Application of biochar influenced various soil enzymes, 

particularly those involved in nutrient cycling and microbial 

activity. Adding 2 % swine-manure biochar (pyrolyzed at 350 °C) 

to tea-garden soil dramatically increased enzyme activities. 

Urease increased  28 %, catalase 50 %, sucrase 63 % and acid 

phosphatase 23 % over the control (41). Microbial biomass C also 

increased  (36 %). Moderate biochar doses and moderate 

pyrolysis temperature favoured enzyme stimulation; animal-

manure biochar pyrolyzed at 350 °C was found to be optimal. 

However, one study found  that hardwood biochar amendment 

(1-10 %) reduced the potential activity of certain soil enzymes. 

Leucine aminopeptidase and β-xylosidase activities were 

significantly lower in biochar-treated soils even before any stress 

exposure (42). This inhibitory effect may have occurred because 

biochar adsorbed or stabilized certain enzymes, thereby 

reducing their bioavailability or activity. Additionally, soil pH 

modulated enzyme responses: in acidic soils, biochar enhanced 

the activity of acid-sensitive enzymes, whereas in alkaline soils, 

the same biochar application had negligible or suppressive 

effects. 

Effect of biochar on crop productivity 

Well-characterized biochar, when appropriately incorporated 

into soil, enhanced its physical, chemical and biological 

properties. Improvements in overall soil health contributed 

significantly to increased crop productivity. Table 2 summarized 

both the positive and negative impacts of biochar on various 

crop systems. 

Positive Impact 

A one-time biochar amendment (at field practice rates) 

increased maize yields ~ 7-fold versus untreated soil in a strongly 

acidic (pH 3.6) Indonesian Ultisol (43). The biochar acted as lime 

(raising pH) and added K, Mg and P by alleviating aluminium 

toxicity and nutrient deficiency. This dual liming–fertility effect 

under very low initial pH drove the dramatic yield increase (43).  

 In tomato biochar application also showed positive 

outcomes. In highly weathered and degraded Ugandan soil, 

maize-stover biochar applied at rates up to 27.6 t/ha (without 

added fertilizers) significantly improved soil fertility, resulting in a 

16 % increase in fruit yield at the highest rate (44). Higher biochar 

raised pH by 27 % and boosted N, P & K (exchangeable K by         

57 %) (44), which sustained plant growth. The improved nutrient 

and pH status under low-fertility conditions explained the 

positive yield response.  

 Similarly, another study reported that  applying straw-
derived biochar (12, 24, 48 t/ha) to aged soybean plots without 

fertilizer significantly increased soybean yield over three years 

under continuous monocropping (45). Biochar reduced soil 

compaction and raised rhizosphere pH and nutrient availability 

(N, K, total C, N, P, K) (45) which enhanced root development 

(longer roots, more nodules) and N fixation. Thus, biochar 

overcame continuous-cropping constraints, sustainably boosting 

soybean productivity.  

 In rice,  a long-term study investigated the effects of co-

applying wood-derived biochar (30 t/ha) with manure in acidic 

paddy soils of southern China. After five years, rice yield increased 

by 6.3 % in the best treatment (biochar + mineral nitrogen + 

manure) compared to nitrogen-only controls (46). Biochar’s 

liming effect, higher organic matter and nutrient adsorption 

helped offset acidification. Long-term data displayed combined 

biochar manure best preserved fertility and slightly increased 

yields.  

 Similarly in an arid/semi-arid rainwater-harvesting 

system in China, biochar application (10-20 Mg/ha) in wheat 



SURIYA  ET AL  8     

https://plantsciencetoday.online 

increased soil moisture and temperature, reduced CO₂ 

emissions and boosted grain yield by 3.5-16.4 % (47). 

Negative Impact   

Despite the numerous reported benefits, biochar application 
could also have negative effects on crop productivity, 

particularly when inappropriate types or application rates were 

used. In a greenhouse experiment involving carrot, lettuce, 

soybean and sweet corn grown in two soil types, it was found 

that  poultry-litter biochar pyrolyzed at 700  °C, significantly 

reduced soybean shoots and pod dry weights in Norfolk soil 

compared to the control. The impact of biochar was highly 

dependent on its source material and the soil environment 

(48). This suggested that biochar effects are highly dependent 

on both feedstock type and soil conditions. 

 In another study, the influence of biochar on plant–

microbe interactions using Medicago sativa (alfalfa) (49). The 

microbial inocula from biochar-treated soils reduced early 

plant biomass and delayed flowering. Although this effect 

diminished later in development, the results highlighted how 

biochar-induced microbial shifts could transiently suppress 

plant growth (49).  

 Another field trial evaluated the effects of varying biochar 

rates on flue-cured tobacco (Nicotiana tabacum). Plants grown 

without biochar outperformed those with biochar in terms of 

height, leaf number and leaf area, especially during early growth 

stages (50). High application rates (12-18 t/ha) inhibited plant 

development throughout the season, likely due to nitrogen 

immobilization caused by biochar’s high C/N ratio.  

 Likewise, previous study examined  the combined effects 

of biochar and irrigation on peanut yield over a three-year field 

experiment. While moderate biochar use (24 t/ha) improved 

yield, the highest application rate (48 t/ha) led to a yield 

reduction during the first year. This indicated that excessive 

biochar could negatively impact crop production under certain 

field conditions (51). This suggested that excessive biochar 

application could undesirably affect crop productivity under 

certain field conditions. 

 Similarly, a study assessed the interaction of lime and 
biochar on cowpea (Vigna unguiculata) yield. The combination of 

high lime (10 t/ha) and high biochar (10 t/ha) significantly reduced 

S.no 
Biochar source  

& dosage 
Temperature Soil Plant 

Optimum 
Dosage 

Parameter Positive Negative Reference 

1 wood biochar                     
(0 to 10 t/ha) 

  Tropical Alfisol cowpea 

2.5 t/ha lime + 
5 t/ha biochar 

Cowpea growth, 
nodulation and 

yield 
Increased 

- 
  
  (52) 

10 t/ha lime + 
10 t/ha 
biochar 

Cowpea growth, 
nodulation and 

yield 
- Decreased 

2 
Maize stover biochar 

(3.5, 6.9, 13.8 and  
27.6 t/ha.) 

open-pit method Plinthosol soil tomato 27. 6 t / ha Fruit yield 
Increased 16.1 
% compared 
to the control 

  (44) 

3 wheat straw biochar 
(5 t/ha) 

450 °C sandplain 
soils 

wheat, 
lupin and 
sorghum. 

5 t/ha Crop yields 
Increased in 

the first three 
seasons 

But declined 
afterward 

(67) 

4 
pine chips, poultry 
litter, swine solids, 
switchgrass (1 %) 

350 °C, 500 °C 
and 700 °C 

sandy loam 
and loamy 

sand 

carrot, 
lettuce, 
soybean 

and sweet 
corn 

700 °C poultry 
litter biochar 

Soybean shoot 
and pod dry 

weight 
- Decreased (48) 

5 
straw-derived 

biochar                           
(12, 24, 48 t/ha) 

400-450 °C Hapli-Udic 
Cambisol 

soybean - 

Soybean root 
length, surface 

area, volume and 
exudates 

Increased - 

(45) 

          

Nodule number, 
dry weight and 

nitrogenase 
activity 

Increased - 

6 wood biochar                   
(30 t/ha) 

400-600 °C acidic paddy 
soil 

Rice   Rice yield Increased           
6.3 % 

- (46) 

7 
Paper fiber sludge 

and grain husks              
(10, 20 t/ha) 

550 °C for 30 min loamy Haplic 
Luvisol 

Maize and 
spring 
barley 

20 t/ha Grain yield Increased - (66) 

8 
softwood pine-
derived biochar             

(4.5 t/acre) 

anoxic 
thermochemical 

conversion 

Riddles-
Hillsdale soil 
series in Ohio 

(USA) 

Corn and 
soybean 

  Soybean yield 
Increased 7.4 
bushels per 

acre 
- (47) 

9 
  

Maize straw biochar 
(0, 24, 48 t/ha) 

600 °C Sandy soil peanut 
24 t/ha 

Net 
photosynthetic 

rate, root length, 
surface area and 

volume, root 
bleeding sap 

Increased - 
(51) 

24 t/ha Peanut yield Increased - 
48 t/ha Peanut yield - Decreased 

10 

flue-cured tobacco 
stem biochar                  

(600,  900,  1200, 
1800 kg/ha.) 

450 °C 
paddy soil and 
red earth soil 

Flue-cured 
tobacco 

600 kg/ha and 
900 kg/ha 

Leaf yield and dry 
matter 

accumulation 
Increased   

  

    Higher dosage Leaf yeild - Declined 

11 
Rice straw and rice 

husk biochar 
500 °C for 2 hr 

Lou soil    
(Eum-Orthric 
Anthrosols) 

winter 
wheat 

 Wheat grain yield 
Increased  

3.51-16.42 % 
- (47) 

Table 2. Biochar’s positive and negative impact on crop production  
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grain yield (85 %) compared to moderate treatments. The yield 

suppression was attributed to over-alkalinization, emphasizing 

the importance of appropriate application rates (52). 

Effect of biochar on carbon sequestration and GHG 

emission reduction 

In general, biochar tended to enhance long-term soil C storage 

under favourable conditions. Field trials found substantial SOC 

increases (especially in recalcitrant pools) when biochar was 

applied at high rates (35, 53). Meta-analyses confirmed average 

SOC gains (61 %) (54). These gains are primarily attributed to 

biochar’s stable aromatic carbon structure, its negative priming 

effect (suppression of native carbon mineralization) and the 

formation of stable microbial residues (55). 

 However, field results varied based in soil texture. Fine-

textured (loamy) soils-maintained SOC gains better than coarse 

(sandy) soils. Analogously, Long term data showed that a 

substantial increase in SOC persistent in loamy soil even after 11 

years, whereas sandy soils lost most of additional SOC over time 

(56). In some cases biochar has triggered short-term positive 

priming effects or enhanced microbial activity, partially offsetting 

these carbon gains (53). Thus, biochar’s SOC effect depended 

strongly on soil texture, amendment rate, feedstock quality and 

time: high-quality (low-volatile) biochar and co-amendment with 

organics tended to sequester more C, whereas in poor or aged 

conditions the net gain could diminish (54, 56).  

 Numerous studies documented reductions in nitrous 

oxide (N₂O) and methane (CH₄) emissions following biochar 

application, especially in wet or fertilized soils. Biochar increased 

soil pH and reduced N₂O by up to 50 % in an acidic soils (57). In 

rice paddy trials, straw derived biochar decreased CH₄ emissions 

by 43 % and CO₂ emission by ~37 % (58). Likewise, Meta-analyses 

agreed that biochar-amended soils typically emitted ~ 18 % less 

N₂O and a few percent less CH₄ (59). These reductions are 

attributed to biochar’s promotion of complete denitrification 

(more N₂ relative to N₂O), enhanced soil aeration and pH-driven 

shifts in microbial genes (e.g. more nosZ bacteria ) (57, 59). 

 However, biochar’s effects were not uniformly positive. 

Under some conditions it showed no GHG mitigation or even 

increases. For instance, no change in N₂O emissions was 

observed when biochar was added to digestate-amended fields  

although brief CH₄ spikes occurred (60). High biochar application 

rates input labile carbon could prime CO₂ release. For example, 

applying  biochar at 45 t/ha increased soil CO₂ flux by stimulating 

microbial respiration in forest soil (61). Similarly, in a two-year 

maize-wheat field trail, biochar alone nearly doubled N₂O 

emissions during maize cultivation but had no significant effect 

during wheat growth (62). Biochar tended to reduce N₂O mainly 

in well-fertilized or alkaline soils, but could have little effect or 

increase emissions, if nitrogen was already limiting or in low pH 

conditions. Biochar generally suppressed N₂O and CH₄, but its 

net GHG mitigation depended on climate, soil chemistry and 

management.  

 

Conclusion  

Biochar emerged as a promising soil amendment with the 

potential to improve soil health, sequester carbon and improve 

crop productivity. This review emphasized the importance of 

optimizing biochar production techniques such as: pyrolysis 

temperature and feedstock type, to tailor its properties for specific 

agricultural applications. While biochar provided several 

agronomic and environmental benefits, including improved soil 

structure, water retention, nutrient availability and microbial 

activity, it could also have negative effects when misapplied, such 

as altering soil pH or immobilizing nutrients. These contrasting 

outcomes highlighted the need for site and crop-specific 

assessments. To ensure the effective use of biochar, future 

research should prioritized long-term field studies across diverse 

agroecosystems, established standardized production and 

application protocols and developed practical decision-support 

tools for farmers. By integrating biochar with sustainable soil 

management practices, it contributed significantly to building 

resilient agricultural systems and addressing climate change.   
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