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ABSTRACT

Soil degradation, declining soil organic carbon (SOC), and climate change have emerged as major con-
straints to sustainable agricultural production worldwide. Biochar has gained considerable attention as a
carbon-rich soil amendment because of its ability to improve soil health, enhance nutrient availability,
increase crop productivity, and sequester carbon for extended periods. This review synthesises current
knowledge on the production, properties, and mechanisms of biochar, with emphasis on its effects on
soil physical, chemical, and biological properties, nutrient cycling, and greenhouse gas mitigation. The
review further discusses crop-specific responses to biochar application and highlights the role of
biochar in improving fertiliser-use efficiency and restoring degraded soils. In addition, the potential of
biochar-enriched formulations, particularly Multiplex Annapurna Active, is examined as an integrated
soil amendment that combines biochar with organic amendments, beneficial microorganisms, and plant
nutrients to enhance soil organic carbon, microbial activity, and sustainable crop production. Overall,
biochar-based soil amendments offer an effective strategy for climate-smart agriculture, long-term soil
fertility, and resilient agricultural ecosystems.

Keywords: Biochar, Soil Organic Carbon (SOC), Carbon Sequestration, Soil Health, Nutrient Cycling,
Climate-Smart Agriculture, Biochar-Enriched Soil Amendments, Multiplex Annapurna Active

Introduction

Climate change is one of the greatest global challenges affecting agricultural sustainability, environmental
quality, and food security. Developing countries such as India are particularly vulnerable because agriculture
depends largely on monsoon-driven production systems and supports the livelihoods of millions of small-
holder farmers. At the same time, agriculture contributes significantly to greenhouse gas (GHG) emissions
through intensive tillage, excessive fertilizer use, livestock production, and crop residue burning, all of
which accelerate soil degradation and depletion of soil organic carbon (SOC).

Among these practices, crop residue burning has become a major environmental concern, particularly in the
rice-wheat production systems of the Indo-Gangetic Plains. Although burning residues enables rapid land
preparation, it releases substantial amounts of carbon dioxide (CO;), methane (CHy), nitrous oxide (N;0),
and particulate matter, contributing to air pollution, greenhouse gas emissions, and loss of valuable soil or-
ganic matter and nutrients. Converting agricultural residues into biochar offers a sustainable alternative that
addresses residue management while improving soil fertility and carbon sequestration.

Soil organic carbon is a key indicator of soil health and agricultural sustainability because it improves soil
aggregation, water-holding capacity, nutrient retention, and microbial activity, thereby enhancing soil pro-
ductivity (Lal, 2004) [1], However, intensive cultivation, erosion, deforestation, and unsustainable land man-
agement have substantially reduced global SOC stocks, leading to declining soil fertility and increased vul-
nerability to land degradation (Montanarella er al., 2012) [2]. Consequently, restoring soil carbon has become
a central component of climate-smart agriculture and sustainable land management.

Carbon farming promotes practices such as conservation tillage, crop rotation, cover cropping, agroforestry,
biomass recycling, and the application of organic amendments to increase carbon storage while improving
soil health and reducing greenhouse gas emissions (Smith et al., 2008) [3]. Among these approaches, biochar
has attracted considerable attention because of its ability to simultaneously improve soil quality and se-
quester carbon.

Biochar is a stable, carbon-rich material produced through the pyrolysis of biomass under oxygen-limited
conditions, typically at temperatures between 300 and 1000 °C (Lehmann et al., 2009; Lehmann et al., 2015)
[4, 3], Agricultural residues, forestry wastes, animal manures, and other organic materials are commonly used
as feedstocks. The physicochemical properties of biochar, including pH, porosity, specific surface area,
cation exchange capacity (CEC), nutrient content, and stability, vary depending on feedstock type and pyrol-
ysis conditions.

The concept of biochar originated from the highly fertile Terra Preta soils of the Amazon Basin, where
charcoal-rich soils have maintained exceptional fertility for centuries (Harder, 2006) [°]. Due to its highly
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aromatic and recalcitrant carbon structure, biochar is resistant to mi-
crobial decomposition and can remain stable in soil for hundreds to
thousands of years, thereby transferring carbon from the active carbon
cycle into a stable soil carbon pool (Lehmann, 2007) [7]. Large-scale
adoption of biochar has therefore been recognised as a promising
strategy for long-term carbon sequestration and climate change miti-
gation (Lehmann et al., 2006) 81,

Soil organic carbon (SOC)

Soil organic carbon (SOC) is a major component of soil organic mat-
ter and one of the most important indicators of soil quality, ecosystem
functioning, and agricultural sustainability. It consists of carbon de-
rived from decomposed plant and animal residues, microbial biomass,
and humified organic compounds. Globally, soils store approximately
1,500-2,400 Pg of organic carbon, exceeding the combined carbon
stored in the atmosphere and terrestrial vegetation, making SOC a
critical component of the global carbon cycle (Lal, 2004) [11.

SOC plays a vital role in maintaining the physical, chemical, and bio-
logical properties of soils. It improves soil aggregation, porosity, acra-
tion, infiltration, and water-holding capacity, thereby reducing ero-
sion, compaction, and drought stress while enhancing root growth and
soil resilience (Lal, 2004) [11. Chemically, SOC acts as a reservoir of
essential plant nutrients and increases the cation exchange capacity
(CEC), improving nutrient retention, fertilizer-use efficiency, and sus-
tainable crop production. Biologically, it serves as the primary energy
source for soil microorganisms involved in organic matter decomposi-
tion, nutrient mineralization, and other biogeochemical processes,
thereby enhancing microbial diversity, enzymatic activity, nutrient cy-
cling, and overall soil health (Lehmann e al., 2015) [°],

Beyond its agronomic importance, SOC is a key factor in climate
change mitigation because soils function as one of the largest terres-
trial carbon sinks. Through photosynthesis, atmospheric carbon diox-
ide (CO,) is converted into plant biomass and subsequently incorpo-
rated into soil organic matter, promoting long-term carbon sequestra-
tion while improving soil fertility (Lal, 2004; Smith et al., 2008) [1- 3],
However, continuous cultivation, intensive tillage, residue removal,
deforestation, erosion, and other unsustainable land-use practices
have substantially depleted SOC stocks worldwide, leading to re-
duced soil fertility, poor nutrient cycling, lower water retention, and
declining agricultural productivity (Montanarella ez al., 2012) [2],

The persistence of SOC depends on stabilization mechanisms includ-
ing recalcitrance, mineral interactions, and physical protection
within soil aggregates, which regulate carbon turnover and resistance
to microbial decomposition (Sollins ez al., 1996) [10]. Consequently,
sustainable soil management practices such as conservation agricul-
ture, reduced tillage, residue retention, cover cropping, agroforestry,
integrated nutrient management, and the application of organic
amendments have been widely recommended to restore SOC, im-
prove soil health, and enhance carbon sequestration (Paustian et al.,
2016) (111,

Overall, maintaining and restoring SOC is fundamental for improving
soil quality, increasing crop productivity, strengthening ecosystem re-
silience, and mitigating climate change. Sustainable carbon manage-
ment practices, particularly biochar-based amendments and carbon
farming approaches, will play an increasingly important role in
achieving climate-smart and environmentally sustainable agriculture.

Biochar

Biochar is a carbon-rich, porous material produced by the thermo-
chemical conversion of biomass under oxygen-limited conditions,
typically through pyrolysis at temperatures ranging from 300—
1000 °C (Lehmann et al., 2009; Lehmann et al., 2015) [* 3], It can be
produced from a wide range of feedstocks, including agricultural
residues, forestry wastes, animal manures, municipal organic wastes,
and agro-industrial by-products.

Biochar has gained considerable attention as a sustainable soil amend-
ment because of its dual role in improving soil health and sequester-
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ing atmospheric carbon. Unlike fresh organic matter, biochar contains
highly stable aromatic carbon structures that resist microbial decom-
position, allowing it to persist in soils for hundreds to thousands of
years and function as a long-term carbon sink (Lehmann, 2007) [7].
Converting agricultural residues into biochar also provides an envi-
ronmentally sound alternative to residue burning, thereby reducing
greenhouse gas emissions while promoting circular agriculture and
sustainable resource utilisation (Kumar ef al., 2021) [12],

Biochar improves soil physical, chemical, and biological properties.
Its porous structure reduces bulk density, enhances soil aggregation,
increases porosity, improves aeration, and increases water-holding ca-
pacity, particularly in degraded and sandy soils (Glaser et al., 2002)
(131, Chemically, biochar increases cation exchange capacity (CEC),
improves nutrient retention, minimises nutrient leaching, and en-
hances the availability of nutrients such as nitrogen, phosphorus,
potassium, calcium, and magnesium. Many biochars also possess al-
kaline properties that help ameliorate acidic soils and improve nutri-
ent availability (Glaser et al, 2002; Lehmann and Rondon, 2007,
Yuan and Xu, 2011) [13. 14] In addition, biochar can immobilize
heavy metals and adsorb organic contaminants, thereby reducing their
environmental risks (Zhang et al., 2019) [13],

The porous matrix of biochar provides favorable habitats for benefi-
cial microorganisms, leading to enhanced microbial biomass, enzy-
matic activity, nutrient cycling, and mycorrhizal colonisation (Gul et
al., 2015) 1161, Biochar also enhances biological nitrogen fixation in
leguminous crops by improving the soil environment for symbiotic
microorganisms (Rondon ez al., 2007) (171,

These improvements collectively enhance crop productivity by im-
proving soil fertility, water availability, nutrient-use efficiency, and
rhizosphere functioning. The greatest yield responses are generally
observed in degraded, nutrient-deficient, and acidic soils (Lehmann et
al., 2006; Jeffery et al., 2017) (8, 18] Furthermore, biochar contributes
to climate change mitigation by increasing long-term carbon seques-
tration and reducing greenhouse gas emissions, particularly nitrous
oxide (NO), through improved nitrogen retention and altered micro-
bial processes (Taghizadeh-Toosi ez al., 2011) 1191, Biochar also en-
hances plant tolerance to drought and salinity by improving soil mois-
ture retention, nutrient uptake, and physiological responses.

Despite its numerous benefits, the effectiveness of biochar is highly
dependent on feedstock type, pyrolysis conditions, application rate,
soil properties, climate, and crop management. Inappropriate produc-
tion conditions may generate contaminants such as polycyclic aro-
matic hydrocarbons (PAHs), while excessive application rates or un-
suitable soil conditions may produce inconsistent agronomic re-
sponses (Wardle et al., 2008; Jones et al., 2012) (21, 201 Therefore,
long-term field evaluations are essential to optimize biochar produc-
tion and application strategies across different agroecosystems.
Overall, biochar is a multifunctional soil amendment that enhances
soil organic carbon, improves soil physical, chemical, and biological
properties, increases nutrient-use efficiency, recycles agricultural
residues, and supports climate-smart agriculture. Furthermore, inte-
grating biochar with organic amendments, beneficial microorganisms,
and balanced nutrient sources—as in Multiplex Annapurna Active
—can further enhance soil fertility, microbial activity, and long-term
agricultural sustainability.

Effect of biochar on soil physical properties

Biochar has gained considerable recognition as a multifunctional soil
amendment because of its ability to improve soil physical properties
while contributing to long-term carbon sequestration. Its highly por-
ous structure, low bulk density, and stable aromatic carbon make it an
effective amendment for enhancing soil quality and climate resilience
(Lehmann, 2007; Lehmann et al., 2015) (7,51,

Reduction in soil bulk density

¢ Biochar decreases soil bulk density due to its low density and
porous nature.
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» Lower bulk density reduces soil compaction, improves root pen-
etration, enhances aeration, and facilitates water infiltration.

* A significant negative relationship between biochar application
rate and soil bulk density has been reported (Chan et al., 2007;
Abel et al., 2013) [23: 221,

b. Improvement in soil aggregation

e Biochar promotes the formation and stabilisation of soil aggre-
gates through interactions with soil minerals, organic matter,
and microorganisms.

e It acts as a binding agent, improving soil structure, reducing ero-
sion, and enhancing structural stability.

e These effects are particularly pronounced in coarse-textured
soils (Brodowski ef al., 2005; Briggs et al., 2012) [25:24],

c. Enhancement of soil porosity

» The porous structure of biochar increases total soil porosity and
pore connectivity.

» Improved porosity enhances aeration, gas exchange, microbial
activity, root growth, and water movement within the soil
profile.

» The extent of improvement depends on soil type, feedstock, and

pyrolysis conditions (Herath et al., 2013; Omondi ef al., 2016)
26,27]

d. Improved water retention

¢ Biochar increases soil water-holding capacity by storing water
within its internal pore network.

¢ It enhances field capacity, plant-available water, and water-use
efficiency, particularly in sandy and drought-prone soils.

e In clay soils, biochar improves hydraulic conductivity and re-

duces surface runoff (Abel er al., 2013; Edeh et al., 2020) [22:
28]

e. Regulation of soil temperature

e Biochar moderates soil temperature fluctuations by reducing
thermal conductivity.

e Stable soil temperatures promote seed germination, root growth,
microbial activity, and nutrient mineralization, contributing to
better crop establishment.

f- Improved soil resilience

¢ Biochar enhances resistance to soil degradation by reducing ero-
sion, crust formation, runoff, and compaction.

¢ Improved soil structure and moisture retention support sustained
crop growth under adverse environmental conditions.

 Sandy and degraded soils generally show greater responses than
fertile clay soils, while high temperature biochar’s are more ef-
fective in improving porosity and water retention.

Effect of biochar on nutrient cycling and availability
Biochar improves nutrient cycling and nutrient availability through its
high porosity, large surface area, high cation exchange capacity
(CEC), and abundance of functional groups. These properties enhance
nutrient retention, reduce leaching losses, stimulate microbial activity,
and improve soil fertility, resulting in higher nutrient-use efficiency
and sustainable crop production (DeLuca et al., 2006) [2%],

Nitrogen (N)

¢ Enhances nitrogen cycling by influencing mineralization, immo-
bilization, nitrification, denitrification, and biological nitrogen
fixation (DeLuca et al., 2006) 291,

e Improves microbial activity by providing favourable habitats
and increasing soil pH and moisture.
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¢ High-temperature biochar enhances nitrogen retention, while
low-temperature biochar may temporarily immobilize nitrogen
(Craswell ez al., 2021) [301,

¢ Reduces ammonia volatilization and nitrate leaching by adsorb-
ing NH4+ and NHj (Taghizadeh-Toosi et al., 2012; Jones et al.,
2012) [31.20],

¢ Promotes root nodulation and biological nitrogen fixation in
legumes, improving nitrogen-use efficiency (Rondon er al.,
2007) 171,

Phosphorus (P)

¢ Increases phosphorus availability by reducing P fixation and en-
hancing phosphatase activity (Gao et al., 2018) [321,

e Raises soil pH in acidic soils, reducing Fe and Al toxicity and
improving phosphate availability (Steiner ez al., 2007) [331,

¢ Stimulates phosphorus-solubilizing microorganisms and phos-
phatase enzymes (Jin ef al., 2016; Zhang et al., 2019) [13],

e Reduces phosphorus leaching and improves phosphorus-use ef-
ficiency (Gao et al., 2018) [32],

Potassium (K)

¢ Acts as a supplementary source of readily available potassium
depending on feedstock and pyrolysis conditions (Limwikran et
al., 2018; Liu et al., 2019) 34351,

e Improves potassium retention through increased cation ex-
change capacity, reducing leaching losses (Kuo et al., 2020) 361,

¢ Enhances populations of potassium-solubilizing microorgan-
isms, increasing potassium availability and uptake.

Sulfur (S)

e Supplies sulfur when produced from sulfur-rich feedstocks and
improves sulfur cycling.

¢ Enhances sulfur mineralization and oxidation by stimulating sul-
fur-transforming microorganisms (Blum et al., 2013) 371,

¢ Promotes sulfur-oxidizing bacteria such as Thiobacillus spp. and
Pseudomonas spp., increasing sulfate availability (Wainwright,
1984) 1381,

¢ Adsorbs sulfate ions, reducing sulfur leaching losses.

Micronutrients

e Improves the availability and retention of Fe, Zn, Mn, and Cu
through adsorption, cation exchange, and pH-mediated reactions
(Tomezyk et al., 2019) [39]1,

¢ Reduces copper mobility and toxicity by adsorption and precipi-
tation (Gonzaga et al., 2020) (401,

¢ Enhances iron availability through microbial and redox-medi-
ated processes.

¢ Regulates zinc and manganese availability while minimising de-
ficiencies and toxicity (Smider ez al., 2014) 411,

Overall influence on nutrient cycling

Overall, biochar enhances nutrient cycling by improving nutrient re-
tention through its high porosity, large surface area, and cation ex-
change capacity (CEC). It modifies soil pH, stimulates beneficial mi-
crobial activity, and promotes nutrient mineralisation, thereby increas-
ing the availability of essential nutrients to plants. Biochar also re-
duces nutrient losses through volatilisation and leaching, resulting in
improved fertiliser-use efficiency, enhanced crop productivity, and
sustained soil fertility. These combined benefits make biochar an im-
portant component of sustainable agriculture, regenerative farming,
and climate-smart nutrient management by improving nutrient cycling
while contributing to long-term carbon sequestration (Agegnehu et
al., 2017; El-Naggar et al., 2019) [42: 431,
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Effect of biochar on crop productivity

Numerous studies have shown that biochar improves crop productiv-
ity by enhancing soil fertility, nutrient retention, water-holding capac-
ity, soil organic carbon, cation exchange capacity (CEC), and benefi-
cial microbial activity. However, crop response varies with soil type,
crop species, biochar characteristics, application rate, and manage-
ment practices.

¢ Cereal crops: Biochar increased sorghum yield by improving
soil fertility and nutrient retention (Steiner e al., 2007) [331,
Meta-analysis also reported yield increases of approximately
28% in maize and 13% in wheat, particularly in nutrient-defi-
cient soils (Jeffery er al., 2017) 18] In tropical soils, biochar
combined with NPK nearly doubled maize yield by improving
soil pH, nutrient availability, CEC, and mycorrhizal
colonization.

Millets: Acid-modified cow manure biochar improved millet
productivity by enhancing soil water-holding capacity, water-use
efficiency, and soil organic carbon, especially under moisture-
limited conditions.

Legumes: Biochar increased cowpea biomass by 43% through
improved nutrient availability and soil fertility. Combined appli-
cation of biochar and fertilizers further improved soil fertility
and crop growth (Yamato ez al., 2006) 441,

Oilseed crops: Biochar enhanced peanut yield by increasing nu-
trient availability and reducing aluminium toxicity (Yamato et
al., 2006) [#41. In rapeseed (mustard), biochar reduced heavy
metal availability (Cd, Zn, and Pb), improved soil fertility, and
increased biomass production by nearly threefold (Beesley et
al., 2011) 451,

Horticultural crops: Biochar application (15-30% v/v) im-
proved drought tolerance and establishment of tomato seedlings
by increasing soil moisture retention (Mulcahy et al., 2013) [46],
In cotton, biochar combined with organic manure enhanced root
growth, nutrient uptake, and seed cotton yield.

Perennial crops: In vineyards, biochar improved soil water
availability, hydraulic properties, nutrient retention, and micro-
bial activity, enhancing drought tolerance and long-term soil fer-
tility (Baronti et al., 2014) [47],

¢ C3 and C4 plants: Nutrient-enriched biochar increased biomass
production by improving soil moisture, nutrient availability, and
labile carbon and nitrogen pools.

Biochar-enriched formulations:

Annapurna Active

Recent advances in biochar technology have led to the development
of nutrient-enriched biochar formulations that combine biochar with
plant nutrients, organic amendments, and beneficial microorganisms.
These formulations act as slow-release nutrient carriers, improving
nutrient availability while reducing nutrient losses through leaching
and volatilization (Atkinson et al., 2010; Lehmann ez al., 2015) [48. 51,
Multiplex Annapurna Active is an advanced biochar-based soil
amendment formulated with biochar, organic carbon sources, macro-
and micronutrients, beneficial microorganisms, neem cake, pongamia
cake, castor cake, vermicompost, and coir pith. This integrated formu-
lation enhances soil fertility, restores soil organic carbon, and im-
proves long-term soil health.

Multiplex

Key benefits of Multiplex Annapurna Active

¢ Improves Soil Organic Carbon (SOC): Supplies stable carbon
that enhances carbon sequestration, soil aggregation, and long-
term soil fertility.
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¢ Enhances Microbial Activity: Biochar provides a protective
habitat for beneficial microorganisms, promoting nutrient min-
eralization, biological nitrogen fixation, and phosphorus solubi-
lization (EI-Naggar et al., 2019) [43].

e Improves Nutrient Availability: Supplies balanced macro- and
micronutrients while reducing nutrient losses and improving fer-
tilizer-use efficiency (Glaser ez al., 2002) (131,

e Enhances Soil Physical Properties: Increases cation exchange
capacity (CEC), improves water-holding capacity, and promotes
better soil structure.

¢ Corrects Soil pH: Improves nutrient availability, enhances bio-
logical nitrogen fixation, and reduces heavy metal uptake (Rees
etal., 2015) [41.

¢ Supports Sustainable Agriculture: Restores degraded soils, im-
proves crop productivity, and contributes to climate-smart and
regenerative farming.

Studies also indicate that moderate biochar application rates provide
the greatest improvements in nutrient uptake, plant-water relations,
and disease suppression, whereas excessive application may reduce
these benefits (Jaiswal ef al., 2016) [50],

Conclusion

Biochar has emerged as a promising climate-smart soil amendment
that enhances soil health, improves crop productivity, and supports
long-term carbon sequestration. Its unique physical, chemical, and bi-
ological properties improve soil structure, water-holding capacity, nu-
trient retention, microbial activity, and fertilizer-use efficiency, lead-
ing to sustainable improvements in soil fertility and agricultural pro-
ductivity. In addition to recycling agricultural residues, biochar con-
tributes to greenhouse gas mitigation and the restoration of degraded
soils, making it an important component of sustainable and regenera-
tive agriculture.

The integration of biochar with organic amendments, balanced nutri-
ents, and beneficial microorganisms, as demonstrated by Multiplex
Annapurna Active, further enhances its agronomic benefits by im-
proving soil organic carbon, nutrient availability, microbial diversity,
and long-term soil fertility. Such biochar-enriched formulations pro-
vide a holistic approach to sustainable soil management while reduc-
ing dependence on chemical fertilizers.

Although the effectiveness of biochar varies with feedstock, produc-
tion conditions, soil type, climate, and crop management, continued
long-term field research will help optimize its application across di-
verse agroecosystems. Overall, biochar and biochar-based formula-
tions offer an effective strategy for improving soil health, enhancing
crop productivity, increasing carbon sequestration, and supporting cli-
mate-resilient agriculture and global food security.
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