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Soil degradation driven by intensive agriculture, land-use change, and climate
variability threatens global food security and ecosystem sustainability. Organic
amendments such as biochar and compost are increasingly recognized as climate-smart
strategies for soil restoration and sustainable agricultural production. This review
evaluates the individual and combined effects of biochar and compost on soil physical,
chemical, and biological properties, with emphasis on soil remediation and climate
change mitigation. Published literature was synthesized to assess impacts on soil health,
carbon sequestration, nutrient dynamics, greenhouse gas emissions, and contaminant
remediation across diverse agroecosystems. Biochar enhances soil structure, water-
holding capacity, nutrient retention, and long-term carbon stabilization because of its
porous structure, large surface area, and chemical stability. Compost supplies labile
organic matter, nutrients, and beneficial microorganisms, thereby improving nutrient
cycling and soil fertility. Their combined application often generates synergistic benefits,
including enhanced nutrient-use efficiency, microbial activity, crop productivity, and
soil resilience. Co-application also mitigates methane (CH.), nitrous oxide (N:0), and
ammonia (NHs) emissions while increasing soil carbon sequestration. Furthermore,
biochar—compost systems promote contaminant immobilization and degradation
through adsorption, complexation, and microbial processes. Overall, amendment
effectiveness depends on feedstock characteristics, production conditions, soil
properties, climate, and application rates. Future research should prioritize long-term
field studies, mechanistic investigations, and economic assessments to optimize
sustainable soil management.

1. Introduction

productivity. As a result, there is growing global interest in
sustainable soil restoration strategies that can simultaneously

Soil degradation and declining land quality are among the
most pressing global environmental challenges, threatening
food security, ecosystem stability, and long-term agricultural
sustainability (Hossain et al., 2020). These problems are
mainly attributed to intensive agricultural practices,
deforestation, nutrient depletion, and rising climate
variability, which hastens soil erosion and decreases

enhance soil fertility and support climate resilience. Organic
amendments have emerged as an effective and
environmentally sound approach for improving degraded
soils. The materials improve soil physical properties,
including structure, bulk density, porosity, infiltration rate,
soil water retention capacity, and cation exchange capacity
(CEC) (Abdelhak, 2022). Soil structure improvement
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decreases compaction and boosts aggregate stability, which
helps promote better root development and soil profile water
movement (Peng et al., 2021). By improving soil physical
functioning, organic amendments create favorable conditions
for plant growth and long-term soil sustainability.

Among organic inputs, compost, animal manure, crop
residues, and other agricultural wastes are widely used to
increase soil organic matter (SOM). SOM plays a central role
in regulating soil fertility by improving nutrient availability,
enhancing microbial activity, and supporting plant growth. It
is also directly linked to improving soil environment, which
leads to improved biomass production and root development
(Damatirca et al., 2023). Also, organic matter affects the
partitioning and stabilization of soil organic carbon (SOC)
and nitrogen into soil fractions, which contributes to the long-
term storage of carbon and nutrient cycling efficiency. The
efficiency of organic amendments is markedly dependent on
their composition, decomposition rate and the interaction
with the soil properties. Different organic materials produce
varying effects depending on their biochemical structure and
degree of humification (Bahadori et al., 2021). For example,
simple application of humic substances may have limited
impact on soil aggregation; however, their combination with
fulvic acids and other organic compounds can significantly
enhance aggregate stability and soil structural integrity.
Overall, organic amendments can enhance hydraulic
conductivity, decrease the risk of erosion, and increase
resistance to wind and water degradation.

Biochar is a highly stable carbon-rich material generated via
thermochemical processes like pyrolysis and gasification of
biomass like nutshells, straw, wood chips, and crop residues,
and has been gaining interest in recent years (Sun et al.,
2020). Due to its porous structure, large surface area, and
long residence time in soil, biochar effectively improves soil
physical and chemical properties. It helps maintain lower
bulk density, better water holding capacity, higher adsorption
capacity for nutrients, and higher cation exchange capacity,
which are favorable for long-term enhancement of soil
fertility. Compost, however, is a rich microbial population
and organic matter that is produced under biological
conditions with certain control (Aguilar-Paredes et al., 2023).
Its nutrient content is typically less than the synthetic
fertilizers, but compost improves many processes of soil
biological activity, nutrient cycling, and aggregation
processes. It also enhances absorption of soil moisture and
provides a slow release of nutrients, making it an essential
amendment for sustainable crop production. Recent studies
indicate that both biochar and compost play important roles
in climate change mitigation through carbon sequestration
and reduction of greenhouse gas emissions. The application
to agricultural soils helps to stabilize carbon in the soil
matrix, and it decreases the emission of carbon dioxide,
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methane and nitrous oxide (Ayilara et al., 2020). When
applied individually, both amendments improve soil quality;
however, their combined application often produces greater
benefits due to complementary mechanisms.

Combination of biochar and compost has been demonstrated
to have significant effects on soil water-holding capacity,
nutrient retention, nitrogen use efficiency and soil structural
stability (Frimpong et al., 2021). These synergistic
interactions also reduce the dependency on inorganic
fertilizers and improve overall soil resilience. Biochar offers
long-term stability and nutrient retention, while compost
brings immediate nutrients and boosts microbial activity,
creating a synergistic and balanced enhancement of soil
systems. Field studies further confirm that integrated
application of biochar and compost improves soil nutrient
availability, microbial diversity, and water retention more
effectively than single amendments (Iacomino et al., 2022).
These benefits are particularly important in degraded soils
where both physical structure and nutrient availability are
limiting factors for crop production. Modern agricultural
methods have contributed to a dramatic rise in soil erosion,
nutrient depletion, and ecosystem imbalance, posing a need
for sustainable soil management strategies. Organic
amendments offer a dual advantage by restoring soil health
while contributing to climate change mitigation through
enhanced carbon sequestration. Their dual role is of
paramount importance in the context of climate-smart
agriculture and sustainable land management.

This review, therefore, focuses on the synergistic aspects of
biochar and compost by reviewing recent advances in the co-
application of these two amendments from the perspectives
of soil physical, chemical and biological processes. This
review combines mechanistic understanding of nutrient
dynamics, microbial control, contaminant retention and soil
carbon stabilization, with the focus on individual
amendments as in previous studies. The objectives are to
elucidate interaction mechanisms, evaluate performance
across different soil types and environments, and identify
critical research gaps related to long-term stability,
greenhouse gas mitigation, and optimized application
strategies for sustainable agriculture.

2. Biochar and Compost: Production, Composition, and
Functional Characteristics

2.1 Feedstocks, Production
Physicochemical Determinants

Processes, and

Biochar is produced from diverse organic feedstocks
including wheat stalks, rice straw, sugarcane bagasse,
pistachio shells, walnut shells, forestry residues, eucalyptus
green waste, algal biomass, urban sewage sludge, and animal
manures such as poultry and cattle waste (Ahmed et al.,
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2024). The physicochemical properties and soil functionality
of the biochar can greatly differ due to the different carbon
contents, ash fraction, mineral content, and nutrient
availability of the materials used. Pyrolysis is a thermo-
chemical process that produces biochar from biomass in the
absence of oxygen, resulting in a carbon-rich, porous and
stable product. Pyrolysis removes volatiles and leaves a
condensed aromatic carbon structure with high surface area,
chemical stability, and a high sorption capacity. The
properties of biochar are significantly influenced by the type
of feedstock and the process parameters such as pyrolysis
temperature, heating rate, residence time and particle size
(Purakayastha et al., 2019). Of these, temperature has the
largest influence, which determines the aromaticity, surface
area, pH, and cation exchange capacity (CEC), and nutrient
retention potential. Low-temperature biochars (~300 °C)
retain more labile carbon and nutrients, enhancing short-term
microbial activity, whereas high-temperature biochars are
more stable, favoring long-term carbon sequestration and
contaminant adsorption (Marin et al., 2025). Representative
feedstocks and their associated production conditions and
key properties are summarized in Table 1.

readily decomposable organic carbon, nutrients, and
microbial biomass. Composting efficiency depends on proper
regulation of moisture (45-60%), particle size (3.1-12.7
mm), aeration, and temperature (3540 °C), which
collectively control microbial activity and organic matter
stabilization (Oshins et al., 2022). These conditions ensure
efficient decomposition, humification, and nutrient
stabilization. Functionally, compost enhances soil fertility by
supplying labile carbon, essential nutrients, and diverse
microbial communities that stimulate enzymatic activity,
nutrient cycling, and soil aggregation. However, due to its
low chemical stability, compost mainly contributes to short-
and medium-term improvements in soil productivity.

2.3 Comparative Properties and Synergistic Basis of
Biochar—Compost Systems

Biochar and compost have essentially opposed but
complementary properties. Biochar offers structural stability,
high surface area, nutrient-holding capacity and carbon
sequestration potential, while compost contributes nutrients
that are easily used by plants and labile carbon that stimulates
quick soil biological processes. A comparative overview of

Table 1. Representative feedstocks for biochar production, associated pyrolysis temperature ranges, key physicochemical

properties, and primary soil amendment applications.

Feedstock Temp (°C) Surface Area pH C Content (%) Primary Soil Use
Crop Residues Low (~300) Moderate 6.5-7.5 45-55 Nutrient retention
ijft straw / Rice 300-500 50-150m2 g 7.0-8.5 50-65 N/P retention, WHC
Sugarcane bagasse 400-600 100300 m?>g*  7.5-9.0 55-70 CEC improvement
Wood chips / Forestry 500-700 200-500m2 g 8.0-10.0 70-85 C sequestration,
waste porosity
Nutshells (pistachio, 400-600 150400 m* ¢! 7.5-9.5 65-80 Contamlnant
walnut) adsorption
Poultry / Cattle manure ~ 300-500 30-100m2 g 8.5-11.0 30-50 Nutrient supply, pH
correction
. - N cycling, microbial
Algal biomass 300-500 50-200 m? g 7.0-9.0 35-55 A
activity
_ Remediation
Sewage sludge 400-600 30-150 m? g 7.5-9.5 25-45

(caution: HMs)

2.2 Compost Formation, Functional Properties, and Soil
Contributions

Compost is produced through aerobic microbial
decomposition of organic wastes such as crop residues,
animal manures, food waste, and agro-industrial by-products.
Unlike biochar, compost is biologically active and consists of
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the contrasting yet complementary properties of both
amendments is provided in Table 2. These materials
complement each other and work synergistically to augment
soil function. Biochar also functions as a sorptive matrix that
will trap nutrients made available by the decomposition of
compost, which will limit leaching and volatilization losses
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of nitrogen and enhance nutrient availability with time (Tang,
2025). Concurrently, compost stimulates microbial
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synergistic role of biochar and compost in enhancing soil
physical, chemical, and biological functions, and their

Table 2. Comparative physicochemical, biological, and functional properties of biochar and compost as soil amendments,

with optimum co-application rates for agricultural soils.

Attribute Biochar

Compost

Production method

Pyrolysis / gasification (300—-700°C, no O2)

Aerobic microbial decomposition of
organic waste

Carbon stability

Recalcitrant aromatic C; persists centuries

Labile C; mineralizes within months—
years

Organic C content High (25-85%)

Moderate (10-30%)

Nutrient availability

Low—moderate; slow release via desorption

High; rapid mineralization and plant
uptake

pH Alkaline (7-11, feedstock dependent)

Slightly acidic to near neutral (5.5-7.5)

Surface area High (50-500 m? g ')

Low (1-10 m? g")

CEC

Moderate—high; improves with aging

Moderate; from humus formation

Microbial content

Low initially; colonized over time

High; diverse active microbial
communities

Water-holding effect adsorption

Increase via microporosity and surface

Increase via organic matter and
hygroscopicity

GHG effect

Inhibits CHa and N20; sequesters C

Variable; can emit CO: during
decomposition

Persistence in soil Centuries to millennia

Months to a few years

Contaminant remediation

Strong adsorption of metals and PAHs

Enhances microbial degradation of
organics

Cost / Availability

Variable; depends on production scale

Widely available; low cost from organic
waste

Optimum combined rate 7-10 tha™

20-40 t ha™

colonization of biochar surfaces, and hastens biochar aging,
thereby further augmenting nutrient cycling and soil
biogeochemical processes. The three main methods for
integration include: co-composting biochar with organic
waste, pre-incubating biochar with compost before use, and
direct blending before soil application. Of these, co-
composting is frequently the most successful for enhancing
nutrient stabilization and compost maturity, while direct
application remains common. Overall, biochar—compost
integration results in the betterment of soil organic carbon,
water retention, nutrient availability and CEC, and better crop
performance in various soil types. However, responses vary
depending on soil conditions, crop species, and
environmental factors, highlighting the need for site-specific
management strategies (Teodoro et al., 2020). The
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collective contributions to crop productivity, carbon
sequestration, and greenhouse gas mitigation, are illustrated
in Figure 1.

3. Effects of Biochar and Compost on Soil Physical
Properties

3.1 Soil Bulk Density and Porosity Dynamics

Soil bulk density (BD) is a key indicator of soil compaction
and overall structural condition, directly influencing root
penetration, aeration, and water movement. Biochar, due to
its inherently low density and highly porous structure (0.05—
0.57 g cm™), significantly reduces soil bulk density while
enhancing total soil porosity and structural stability (Ayilara
et al., 2020). It directly contributes to soil aggregation,
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Figure 1. illustrates the synergistic role of biochar and compost in enhancing soil physical, chemical, and biological
functions, leading to improved crop productivity, carbon sequestration, and greenhouse gas mitigation.

enhances pore connectivity and enhances microbial habitat
quality which in turn improves root growth and hyphal
development. Compost also helps to improve soil structure
by increasing organic matter and decreasing compaction of
the soil, which would otherwise limit crop productivity and
root growth. Compost applications of the organic fraction can
improve the aggregate stability, resulting in better pore
continuity, aeration and permeability (Botta et al., 2022).
Improved macroporosity also promotes root oxygenation and
drainage processes crucial for plant development. Both
amendments show similar trends, which include lower bulk
density and higher porosity, but their mechanisms and
permanence are different. The recalcitrant nature of biochar
can help provide long-term structural stability, while compost
can provide more immediate, but temporary benefits, due to
its being more easily decomposed. Consequently, sustained
improvements in soil physical structure often require
repeated compost applications, while biochar contributes to
longer-term stabilization (Singh et al., 2022).

3.2 Soil
Regulation

Water-Holding Capacity and Moisture

Soil water-holding capacity (WHC) is governed by soil
texture, structure, and environmental conditions, and is
critical for regulating plant water availability. Biochar
improves WHC by raising the internal porosity and specific
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surface area, which increases water adsorption and retention
in soil micropores (Chen et al., 2023). This improves the
balance between water retention and drainage, particularly in
coarse-textured soils such as sandy soils where water loss is
typically high. Biochar enhances root penetration and soil
bulk volume available for plant water uptake by decreasing
bulk density and increasing soil porosity. Such structural
changes also promote hydraulic connection and improve
water re-distribution through water shortage periods, while
minimizing plant water stress. Compost also enhances soil
water dynamics by increasing organic matter content,
improving aggregation and soil pore network stabilization.
Compost amended soils have better infiltration, better
moisture distribution and reduced compaction which
promotes root development and water absorption (Lal, 2020).
Due to its hygroscopic properties, it can absorb water and
retain it in the root zone, which enhances its drought
resistance and lowers irrigation needs (Hassan et al., 2023).
The combination of biochar and compost increases drought
resistance and maintains soil physiological activity under
drought stress by improving both soil water storage capacity
and infiltration efficiency.

3.3 Saturated Hydraulic Conductivity and Water Flow
Regulation

https://journals.pagepal.org/index.php/PlantandEnvironement
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Saturated hydraulic conductivity (Ksat) is a measure of the
capacity for soil to conduct water when it is saturated and
highly influenced by pore structure. The impact of biochar on
Ksat varies across studies depending on the soil type, biochar
application rate, and biochar properties (Rabbi et al., 2021).
Biochar often improves infiltration and drainage, especially
in fine-textured soils, through increased soil porosity and
decreased soil compaction, which also increases pore
connectivity. The increase in hydraulic conductivity
promotes fast percolation of water through the soil profile
which decreases surface runoff and encourages drainage.
But, too much infiltration can also lead to nutrient leaching
concerns, and therefore, balanced application strategies are
required. Overall, biochar tends to improve long-term
hydraulic response, but the magnitude and direction of this
effect is highly context dependent. Compost improves
saturated hydraulic conductivity through its ability to
increase the formation of macropores and soil aggregation.
These structural changes promote greater infiltration,
decrease surface runoff, and prevent erosion, especially
under high rainfall or irrigated conditions (Vijay et al., 2021).
Simultaneously, composting promotes the development of
micropores, increasing the water holding capacity, a dual
effect on soil water regulation (Rivier et al., 2022). Such a
dual effect can help composted soils to also reduce drainage
while providing better moisture holding capacity to make soil
water more available for plant uptake. The intensity of these
impacts is dependent on soil type, compost quality, and
environmental factors, however, and must be managed to
maximize positive impact.

34 Soil Color,
Microclimatic Effects

Temperature Regulation, and

Biochar application generally induces a temporary darkening
of soil due to its high carbon content and black coloration,
which enhances soil heat absorption (Tsolis & Barouchas,
2023). This effect is reduced over time due to the weathering
and incorporation of biochar into the soil matrix (Mandal et
al., 2021). Soil surface darkening can lead to greater heat
retention and a slight rise in soil temperature, potentially
favoring crop growth in cooler climates or early phases.
Compost, however, has a cooling effect on soil, retaining
moisture and providing insulation. This helps buffer
temperature  fluctuations and create more stable
microclimatic conditions for root development (Tsai &
Chang, 2020). Biochar and compost may work
synergistically to influence soil thermal regimes, with the
direction and magnitude of the change varying according to
application rates, climate conditions and soil properties (Linh
et al.,, 2023). In addition to their physical effects, these
amendments also have indirect impacts on soil chemical and
biological processes, due to their ability to buffer soil pH,
retain nitrogen and add organic matter. Overall, the
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integration of biochar and compost supports improved soil
structure, enhanced moisture regulation, and more stable
thermal conditions, ultimately contributing to increased soil
fertility and crop productivity.

4. Effects of Biochar and Compost on Soil Chemical
Properties

4.1 Soil Organic Matter Dynamics
Enrichment

and Carbon

Biochar plays a significant role in enhancing soil organic
matter (SOM) by increasing carbon inputs and improving the
stabilization of organic compounds within the soil matrix.
This improvement in SOM contributes to enhanced nutrient
efficiency, better nutrient uptake, and improved plant growth
performance (Hou et al., 2022). The level of SOM
enrichment will be influenced significantly by biochar type
and source, since manure-based biochars tend to have higher
levels of N, P, K, Ca, Mg and S than plant-based biochars
(Bolan et al., 2023). These nutrient-rich biochars also provide
catalytic surfaces that facilitate organic matter formation and
stabilization processes (Bagheri et al., 2023). Compost also
provides direct inputs of organic carbon and nutrients, and is
quickly added to soil fertility and soil structure. Its
breakdown results in the production of labile organic
compounds that benefit SOM building and to promote
nutrient availability. Moreover, microbial communities from
compost can increase the decomposition of complex organic
residues, thereby enhancing SOM formation and nutrient
cycling (Guo et al., 2020). The extent of SOM improvement
depends on the type of amendment, amendment rate, and
material properties, and both amendments affect the short-
and long-term carbon soil turnover differently (Malone et al.,
2023).

4.2 Nitrogen Availability and Nutrient Cycling Processes

The primary mechanism by which biochar improves nitrogen
retention is by adsorption of ammonium (NH4") and by
decreasing nitrate (NOs") leaching, especially in coarse-
textured and highly permeable soils (Alkharabsheh et al.,
2021). Biochar can initially immobilize plant available
ammonium by sorptive processes but may also help to
conserve nitrogen over the long term and increase uptake
efficiency by plants, thereby reducing loss from the soil
system (Lyu et al., 2024). Additionally, biochar influences
microbial mediated nitrogen transformations, including
nitrification processes, which can help to manage nitrate
buildup in soil. It also has structural stability that can help in
soil aggregation and water regulation, which indirectly
supports the retention of N by decreasing runoff and leaching
pathways (Hossain et al., 2020). Compost, on the other hand,
releases readily mineralizable nitrogen by rapid degradation
of organic matter thereby allowing for rapid mobilization of
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nitrogen for the use of plants. It also promotes microbial
activity and enzymatic processes to manage nitrogen cycling
and enhance soil fertility. Compost nitrogen, however, tends
to lose its nitrogen more rapidly, resulting in greater potential
for short-term losses than biochar-associated nitrogen
retention. Biochar and compost are complementary nutrients,
as biochar improves nutrient retention and compost provides
available nitrogen at the time of application. This interaction
contributes to sustain soil fertility, to increase nutrient-use
efficiency and to minimize nitrogen losses (Tortosa et al.,
2023).

4.3 Soil pH Regulation and Buffering Capacity

Biochar typically has neutral to mild alkaline properties and
when applied to soil can lead to an increase in the soil pH
depending on the ash content and source of the biochar. The
pH modification not only increases the solubility of nutrients
but also increases the buffering capacity of the soil in the long
term (Qi et al., 2022). Compost usually has a slightly acidic
to near neutral pH, and when applied has a more moderate
and gradual effect on soil pH. Its effect on soil pH is largely
dependent on feedstock composition and degree of
decomposition. The pH changes induced by compost
biofertilizers are typically transient as they mineralize
quickly. Biochar and compost can be used together to
regulate the pH of soils by offsetting the alkaline or acid
properties of the soil to optimize nutrient availability and
microbial activity. This regulatory effect, however, may be
reduced over time due to degradation and alteration of both
materials in the soil system. Therefore, it is crucial that
application rates and combinations are managed properly to
ensure the soil chemical conditions remain stable for
sustained plant growth and soil productivity (Alkharabsheh
et al., 2021). The directional changes in key soil physical and
chemical parameters under individual and combined
amendments are consolidated in Table 3.

5. Effects of Biochar and Compost on Soil Biological
Properties

5.1 Microbial Community Structure and Functional
Activity

Biochar significantly influences soil microbial ecology by
modifying habitat conditions and altering soil physico-
chemical environments, leading to rapid shifts in microbial
community structure and ecological functioning (Lv et al.,
2022). The porous structure creates a microhabitat that can
host bacterial, fungal and algal growth which increases
microbial diversity and stabilizes soil biological processes
(Kumar & Bhattacharya, 2021). These habitat effects are
closely related to the increased nutrient cycling and soil
aggregation processes. The addition of compost further
promotes microbial activity by adding a variety of microbial
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populations and organic substrates that are readily available.
This facilitates an increase in soil microbial biomass,
promotes degradation of organic matter, and enhances soil
structure by increasing aggregation and porosity
development (Xu et al. 2022). Further, compost associated
microbial consortia play a disease suppression role by
fostering antagonistic interactions with soil-borne pathogens,
thereby enhancing the health and productivity of plants
(Aguilar-Paredes et al., 2023).

5.2 Bacterial Dynamics and Nutrient Cycling Processes

Biochar increases labile carbon fractions and provides
adsorption surfaces that promote the proliferation and
metabolic activity of bacteria (Dai et al., 2020). Its porous
structure promotes the bacterial colonization and decreases
loss of microorganisms due to leaching. Some bacterial
groups are also able to convert the carbon associated with
biochar into humus-like compounds, which leads to long-
term soil carbon stabilization (Lu et al., 2020). Nitrogen
fixing bacteria has been reported to be more abundant, and
microbial diversity has increased, leading to better nitrogen
cycling and soil fertility (Das et al., 2023). Compost acts as a
rich substrate for bacterial growth due to its high content of
decomposable organic matter and nutrients (Siedt et al.,
2021). It fosters functional specialization and diversity of
microorganisms, especially in the process of transforming
nutrients. Additionally, compost promotes the growth of
beneficial bacteria used in nitrogen fixation and the
mineralization of nutrients and the suppression of the
pathogens (Singha & Singha, 2023). Moreover, the microbial
community found in compost plays a role in soil
bioremediation processes, which includes the degradation of
natural and organic contaminants (Manea et al., 2024).

5.3 Fungal and Soil
Aggregation

Communities, Mycorrhizae,

Organic amendments strongly promote the growth of fungus,
especially the proliferation of hyphae which improves soil
aggregation and structural stability. Volatile matter content
and pore structure are known to regulate the fungal retention
and activity in biochar. Compost further enhances fungal
diversity and abundance by supplying continuous organic
substrates and nutrients, leading to improved soil biological
functioning (Oni et al., 2019). Fungi are major agents in
decomposition processes, which enzymatically convert
complex organic compounds to simpler ones, hence
contributing to humus formation and long-term carbon
stabilization (Frimpong et al., 2021). They form hyphal
networks that increase soil particle aggregation and enhance
the structural coherence of the soil. Mycorrhizal associations
also improve plant nutrient uptake, especially phosphorous
uptake, and overall plant resilience under nutrient-poor
environments. Compost application has been shown to
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Table 3. Summary of changes in soil physical and chemical properties under individual and combined biochar and
compost amendments.

Soil Parameter

Biochar Only

Compost Only

Biochar + Compost

Primary Mechanism

A. Soil Physical Properties

Reduction (5—

Reduction (10— 15%) via Reduction (15-35%) via  Pore space expansion,
Bulk Density 30%) due to low- or ell)nic matter synergistic aggregation  improved soil structure, and
density carbon a d%li tion and dilution dilution of mineral fraction
Increase (10— III;c(;e)a‘s]?a(Sf Increase (15-30%) from  Development of biochar
Total Porosity 25%) from or z:nic combined pore micro—mesopores and organic
porous structure aggg regation formation matter-induced aggregation

Increase (15—

Increase (10—

Increase (20-50%) via

Micropore water adsorption

r-Holdin 40%) vi ) o .
Wate 1o ding 0%) via 25%) via complementary and hydrophilic organic matter
Capacity adsorption and . . . . . .
o organic colloids  retention mechanisms interactions
capillarity
Long-term hort-term . . .
ong-te . S ort-te . Strong and sustained Hyphal proliferation,
Aggregate improvement via  1mprovement via i . . .
i . . stability via organo- microbial exudates, and stable
Stability stable carbon microbial . o .
. mineral binding organo-mineral complexes
structure binding agents
Saturated Variable Moderate Consistent improvement .
. . . . . ) Enhanced pore connectivity
Hydraulic improvement via improvementin  in macro- and .
.. . o . . and reduced compaction
Conductivity pore connectivity  soil tilth microporosity

B. Soil Chemical Properties

Increase via

Increase via
labile organic

Substantial increase via

Soil Organic recalcitrant .. Integration of stable and labile
matter addition complementary carbon
Matter carbon . o carbon pools
O and fractions (=15-25%)
stabilization .
decomposition
Minimal chan e
Tendency toward a1 ChANEe By ffered and stabilized . S
. L toward near- . Acid-base neutralization and
Soil pH alkalization due pH through acid—base ) .
neutral . . buffering capacity
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enhance mycorrhizal activity and plant nutrient uptake
efficiency, particularly nitrogen and phosphorus acquisition
(Shakoor et al., 2021). Moreover, some of these fungal taxa
in compost help in the biological control of soil-borne
pathogens and degrade pollutants, thus enhancing soil health
and ecological rehabilitation potential (Wahab et al., 2023).

5.4 Microbial Biomass and Soil Enzymatic Activity

Microbial biomass is a key indicator of soil fertility and
ecosystem functioning, reflecting changes in microbial
growth and metabolic activity. Biochar alters the pH,
aeration, and nutrient levels in microbial habitats, influencing
microbial biomass and the nitrogen transformation process
(Pandian et al., 2024). Controlling organic matter availability
helps to establish a more stable microbial community and
enhance microbial colonization. The labile organic substrates
and nutrients in compost significantly improve microbial
biomass, respiration rate, and enzymatic activity (Rastogi et
al., 2020). It improves soil enzymatic processes such as
oxidoreductase and hydrolase activities, which are key in the
breakdown of organic matter and the release of nutrients
(Lata et al., 2023). These processes are interdependent to
improve soil nutrient and fertility. Enzymes are recognized as
key biogeochemical regulators, primarily synthesized by
microbial communities, and soil biochemical reaction
indicators, (Jamir et al., 2019). Improvements of up to 27%
in enzyme activity such as dehydrogenase have been
observed, indicating enhanced metabolic activity of
microorganisms. When combined, biochar and compost
increase the efficiency of enzymes and ensure long-term soil
health and productivity.

6. Effects of Biochar—Compost Co-Application in
Agricultural Soils

The combined application of biochar and compost produces
synergistic effects that exceed the benefits of individual
amendments by integrating structural stability with biological
activity (Shifa et al., 2024). Biochar offers a long-lasting
porous matrix that improves nutrient holding capacity and
provides microbial habitat, while compost offers labile
carbon, nutrients, and active microbial populations. This
interaction enhances the efficiency of the nutrient cycling and
minimizes nutrient losses by leaching and volatilization. The
application strategies are different, such as direct mixing, pre-
incubation, and co-composting, and are known to affect
nutrient dynamics and soil response (Le Guyader et al.,
2025). Typical application rates of 7-10 t ha™ biochar
combined with 20—40 t ha™ compost have demonstrated
improved soil fertility and crop productivity across multiple
soil types. It has been reported that it has beneficial effects
such as increasing the chlorophyll content, biomass
production and improving the chemical properties of soils,
such as total nitrogen, available phosphorus, cation exchange
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capacity, soil organic carbon and water-holding capacity
(Manolikaki & Diamadopoulos, 2019). However, the
outcomes are not always clear, as they are significantly
dependent on soil type, crop species and environmental
conditions, with some studies reporting no effect at all
(Teodoro et al., 2020). In addition to field use, biochar can
also be used to improve composting processes by increasing
nutrient retention during composting and decreasing nutrient
losses.

6.1 Biochar Application Strategies and Soil Process
Interactions

Biochar interactions with the soil system are dependent on
application methods. Surface spreading, plow-layer
incorporation, and deep banding are common practices and
can sometimes be applied at rates greater than 5 t ha™
(Amonette et al., 2021). These techniques change the soil
aeration, microbial distribution and mobility of nutrients with
depth and mixing intensity. The fate of biochar when added
to soils depends on the placement method, particularly for
nitrogen leaching, transport of dissolved organic carbon, and
hydraulic properties. Plow-layer incorporation can increase
the response capacity to environmental changes but excessive
mechanical action can promote the degradation of organic
matter and decrease the efficiency of microorganisms (Ding
et al., 2019). Overall, application approach is a key factor
influencing the agricultural effectiveness of biochar.

6.2 Compost Application Strategies and Nutrient Release
Dynamics

Compost applications in agriculture, horticulture, forestry
and land restoration are widely used in order to enhance soil
fertility and structure (Ciavatta et al., 2022). Compost is a
slow-release source of nutrients due to microbial
mineralization. Typically, only a fraction of total nitrogen (8—
12%) and phosphorus (25—40%) becomes plant-available in
the first year of application, with measurable soil
improvements continuing over long-term use (Glab et al.,
2025). Compost gives long-term nutrient cycles and soil
fertility to the soil due to its abilities to improve organic
matter, microbiology and soil fertility. It accumulates with
time and repeated applications are important for ensuring soil
productivity and stability.

7. Role of Biochar—-Compost
Greenhouse Gas Mitigation

Co-Application in

Application of biochar and compost together is identified as
a promising approach to lower greenhouse gas (GHG)
emissions with synergistic physical, chemical and microbial
effects. Biochar's porous structure and its ability to interact
with  nutrient-enriched  compost  affect  nitrogen
transformation, enhance aeration and stabilize carbon and
nitrogen cycling, which lowers the release of methane (CHa),
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nitrous oxide (N20) and ammonia (NHs) (Ferdous et al.,
2023). Figure 2 illustrates the key pathways through which
biochar and compost mitigate CH4, N2O, and NHs emissions,
including methanotrophic stimulation, redox modification of
denitrification processes, and NH4" adsorption mechanisms,
alongside the associated reduction ranges.

C)
c
®
® C)
Methane (CHy)

4 20-40% reduction
(Biochar & Compost)
Based on enhanced
methanotroph habitat
and soil properties

o=0-0

Nitrous Oxide (N,0)

Review Article

7.3. Ammonia (NHs) Volatilization Control

The NHs emissions reduction effect of biochar is due to its
high surface area and cation exchange capacity, which
adsorbs the ammonium (NH4") to the biochar and reduces the
amount available to be volatilized to NHs. Compost improves
microbial immobilization of nitrogen to biomass. It is
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Figure 2. Schematic representation of greenhouse gas (GHG) reduction pathways under biochar and compost application.

7.1. Methane (CH4) Mitigation

Biochar improves soil aeration and provides microhabitats
that support the growth of methanotrophic bacteria and
inhibit methanogenic bacteria. Compost provides labile
carbon substrates that support balanced microbial
communities. These effects combined can lower CHa
emissions by 20-40% relative to compost-only systems (Wu
etal., 2019).

7.2. Nitrous Oxide (N2O) Reduction

The mitigation effect is the most significant for N.O, with
reductions of 50-70% for combined application. Biochar
promotes complete denitrification to N: rather than N:O
through redox-active surfaces and improved soil aeration,
while also adsorbing nitrogen compounds and limiting
substrate availability for incomplete denitrification pathways
(Javanmard et al., 2026). In addition, compost provides a
steady nitrogen pool with little change in the microbial
infrastructure, resulting in more stable nitrogen cycling
(Maier et al., 2022).

Plant and Environment

reported that NHs volatilization decreased by 30—50% under
the co-application systems compared to conventional
compost amendments (Field studies; An et al., 2023).

7.4. Carbon Sequestration and Climate Function

Biochar contributes stable, recalcitrant carbon that persists
for centuries, whereas compost supplies labile carbon that
supports short-term microbial activity. This dual carbon
system enhances both immediate and long-term soil carbon
storage, increasing soil organic carbon by 15-25% over time
(Li & Tasnady, 2023). Additionally, improved microbial
habitat diversity within biochar pores promotes efficient
nutrient cycling while minimizing GHG by-products
(Palansooriya et al., 2019). Overall, the system
simultaneously reduces emissions and enhances soil fertility,
aligning with climate-smart agricultural goals. The
magnitude of emission reductions and underlying
mechanisms for each greenhouse gas are summarized in
Table 4.
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Table 4. Greenhouse gas mitigation and carbon sequestration responses under biochar—compost co-application, with
associated biochar, compost, and microbial/biochemical mechanisms (values relative to compost-only or conventional

amendments).
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8. Soil Remediation and Ecosystem Restoration Using
Biochar—Compost Systems

The use of biochar—compost co-application offers a holistic
remediation solution that links contaminant immobilization
to biological restoration of contaminated soils. The high
surface area, functional groups, and porosity of biochar allow
it to adsorb and immobilize heavy metals like Pb, Cd, and as,
through complexation and precipitation reactions, making it
a stable sorbent (Akhtar et al., 2024). Its alkaline nature also
contributes to pH neutralization in acidic and polluted soils.
Compost complements this process by supplying organic
matter and diverse microbial populations that enhance
biodegradation of organic pollutants and promote formation
of stable metal-organic complexes (Gao et al., 2023).
Further, compost enhances soil structure, moisture and
microbial habitat qualities which promote faster ecological
recovery and establishment of plant life in degraded systems
(Sayara et al.,, 2020). For organic contaminants such as
polycyclic aromatic hydrocarbons (PAHs), combined
amendments significantly enhance remediation efficiency
(Gusiatin & Rouhani, 2023). Biochar has an increasing
sorption capacity with a decrease in bioavailability, and
compost has an enhancing effect on microbial degradation
pathways. It has been demonstrated that when combined with
compost, they can enhance PAH sorption by up to 100%
compared to compost alone and may promote degradation by
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providing more microbial activity. In some instances,
however, the bioavailability may decrease but the
contaminants may not be fully removed and degraded,
depending upon the type of contaminant, soil properties, and
amendment characteristics. A conceptual framework linking
biochar and compost remediation mechanisms to
contaminant immobilization and ecosystem restoration
outcomes is presented in Figure 4.

9. Environmental Risks and Potential Trade-Offs

While useful, applications of biochar and compost can
present environmental hazards if not managed properly. The
quality and pyrolysis conditions of the feedstock can result in
the presence of residual contaminants like heavy metals,
PAHs, or persistent organic compounds in biochar (Alharbi
et al., 2023). Similarly, compost may introduce pathogens,
pesticide residues, or industrial contaminants when derived
from untreated waste streams. However, improper or
excessive composting may result in nutrient imbalance,
accumulation of salt and immobilization of nitrogen, thereby
temporarily limiting the availability of nutrients to plant
growth and microbial activity (Oyebiyi et al., 2026).
Anaerobic decomposition can produce unwanted gases like
methane or hydrogen sulfide, which have a negative impact
on soil quality and plant health. Thus, caution should be
exercised in choosing feedstocks, compost maturity, and
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Figure 4. Conceptual framework of biochar—compost co-application for contaminated soil remediation. Biochar

immobilizes heavy metals and reduces PAH bioavailability,
recovery.

biochar production conditions for safe application. Both
amendments can have a beneficial effect on soil health,
nitrate retention, and crop productivity when properly
managed, especially in the first few years after they are
applied.

10. Future Directions

Standardized production and application guidelines for
biochar and compost co-application should be developed for
future studies, to ensure uniformity, safety, and the
repeatability of biochar production and application across
agroecosystems. Quality control of biochar feedstocks and
pyrolysis conditions is critical because these parameters have
a significant impact on soil properties. Optimization of
biochar integration strategies, especially co-composting
systems, optimizing nutrient retention, microbial efficiency
and GHG mitigation potential is a key research priority. Real-
world performance, sustainability and scalability require
long-term field trials under varying climatic and soil
conditions beyond short-term lab results. Further mechanistic
research is required to better understand plant—soil-microbe
interactions, including nutrient  sorption—desorption
dynamics, microbial functional shifts, and rhizosphere
processes. Special attention should be given to water-limited
and drought-prone environments where soil amendment
effects on hydraulic properties are critical. In an applied way,
guidelines should be designed according to soil texture, crop

Plant and Environment

while compost enhances microbial degradation and soil

type and environmental conditions for each region.
Integration of biochar and compost with conservation
agriculture practices, precision nutrient management, and
climate-smart farming systems will further enhance their
effectiveness. Finally, future work should integrate
agronomic performance with environmental risk assessment
and socio-economic feasibility to ensure that biochar—
compost systems are not only scientifically effective but also
practically viable and policy-relevant for sustainable
agricultural transformation.

11. Conclusion

Soil degradation is a persistent problem that poses a threat to
agricultural productivity and ecosystem stability around the
world. The combination of biochar and compost is an
emerging climate-smart strategy to improve soil health
through physical structure, nutrient cycling, microbial
activity and water-holding capacity. These amendments also
contribute to long-term carbon sequestration and significant
reductions in greenhouse gas emissions, particularly N-O,
CHa4, and NHs. Their effectiveness is, however, greatly
dependent on the characteristics of the materials, soil
conditions, climate and management. Although the short- and
medium-term benefits have been well established, there is a
limited number of long-term field data. Future research
should therefore focus on mechanistic understanding,
standardized application  strategies, and long-term
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sustainability assessment to fully realize their potential in
global soil restoration and climate mitigation strategies.
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10. SDGs Addressed

This study supports SDG 2 (Zero Hunger), SDG 12
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(Climate Action) by promoting sustainable soil restoration,
improved soil fertility, enhanced carbon sequestration, and
reduced greenhouse gas emissions through the use of biochar
and compost amendments.
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