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Keywords Abstract
Integrated organic amendments; The increasing depositional levels of organic waste in agricultural and industrial
vermicomposting; biochar; sources are a great threat to the environment, and its proper management requires
microbial communities; organic sustainable approaches. The possible potential of integrated strategies, especially
waste management; soil fertility; how vermicomposting and biochar production can be combined to transform these
carbon sequestration; sustainable organic residues into useful soil amendments, is also pointed at in this review.
agriculture Vermicomposting utilizes earthworms and microbes to create compost rich in
nutrients that increases soil fertility and soil structure. Biochar is a by-product of
biomass pyrolysis, which is a better water retention medium and nutrient
Article History availability and longterm carbon storage. These can be applied synergistically:
Received: 01 October 2025 vermicompost is highly microbial and full of nutrient cycling, and biochar contains
Accepted: 10 November 2025 pores microbiological habitat, which allows the colonization of microorganisms
Published: 26 November 2025 and conservation of nutrients. These not only improves the productivity of the soil
but also helps in the rehabilitation of the polluted soils as well as reducing
greenhouse gases. Organic matter decomposition and growth promotion of the
Copyright @Author plant can also be further enhanced by including effective consortia of microbes.
Cotresponding Author: * Finally, the review states the primary requirements of future research like process
Sibtain Abbas optimization, microbial inoculation techniques, and field-based measurements to
reinforce the agronomic and environmental application of this form of integrated
organic amendments.

INTRODUCTION

World population is rapidly increasing and probable in the African and Asian countries (Lam et al.,
to reach in between 8.5 to 12 billion by 2100. More 2025). The overpopulation leads to a state of food
than 75% of the population is expected to reside in insecurity that induced the evolution of resource-
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exhaustive agriculture causing irreparable
environmental damages. With growing pressure on
global agricultural systems, the efficient management
of organic waste and improvement of soil fertility
have become wurgent priorities (Chojnacka &
Baltrusaitis, 2025). Traditional composting methods,
while beneficial, have limitations in nutrient
retention and microbial diversity. The integration of
vermicomposting and biochar each with distinct
properties augmented by microbial consortia, offers a
promising solution. This review examines the
synergistic potential of these components in
promoting sustainable agriculture and
environmental remediation and to increase soil
fertility for efficient crop production to fulfill the
need of ever expanding population. This review, in
addition to prominence the effect of vermicompost
on soil quality and crop development has evaluated
and concentrated the current literature on the
progress of research intended at improving the
nutrient content of vermicompost by optimizing the
factors occupied in the vermicomposting process.

Organic Waste as a Resource

Types of Organic Waste

Organic  waste  composed  of biodegradable
materials that were once part of a living organism
and go through rapid decomposition. Organic waste
has many types and includes Food waste, comprising
uneaten, raw or expired food and scraps from
households, restaurants, and food processing
industries that also constitutes a considerable
portion of municipal solid waste. Its disposal
contributes to methane emissions and landfill
depletion (Dey et al., 2025). However, when properly
managed and processed food waste can be converted
into valuable resources and organic product.
Technologies such as anaerobic digestion and
composting offer methods to harness the energy
potential of food waste while concurrently reducing
its environmental impact (Aryanfar et al., 2025).
Yard waste also considered as organic waste that
encompasses organic materials like leaves, grass
clippings, and branches consequential from
landscaping activities. While commonly composted,
this can also be utilized for biogas production or
biochar generation. By diverting yard waste from
landfills, we can alleviate the release of greenhouse

gasses and create cleaner energy alternatives to
protect the environment (Dwivedi et al., 2025).
Furthermore, branches, leaves, and other organic
materials generated from logging and forestry
operations cooperatively form forestry waste. This
waste can also be composted and utilized for biomass
energy production or may employed in mushroom
cultivation. Converting forestry waste into valuable
resources and products not only reduces
environmental impacts within the forestry sector but
also generates opportunities for sustainable
livelihoods as well as economic growth (Kumar et al.,
2021).

Moreover, animal waste from livestock, poultry and
pets commonly known as manure has high nutrient
and organic matter content. Through composting,
biogas production and fertilizer generation, it can be
changed into valuable resources. Harnessing the
power of manure not only reduce organic waste and
aids waste management as well as reduces greenhouse
gas emissions but also enhances soil fertility and
promotes sustainable agricultural practices for
increasing crop production (Lazaridou et al., 2021) .
Agricultural production not only provides basic
protection for humanity but also produces a huge
quantity of organic materials waste. The situation is
getting more and more severe nowadays due to the
rapid population explosion and economic growth
which has led to an increase in agricultural waste
production capacity. Recent studies revealed that
approximately 38 billion metric tons of organic
wastes are produced all over the world due to
agricultural waste (khan et al., 2024). Moreover, to
meet the demands of a rising population, livestock
and crop production has increased significantly
which has further led to the generation of
agricultural waste. Human behavior, consumption
rate, and population explosion are the generally
proposed factors responsible for this dramatic
explosion of agricultural waste production. As wastes
materials are always considered to be either unusable
or disposable and either their burning or deposition
has always been the result. Burning and deposition
in turn results in numerous environmental
problems. Burning pollutes atmosphere while land
disposal of organic waste materials may directly or
indirectly amend the heavy metal status of the soil by
affecting metal solubility and dissociation kinetics
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(Oyedeji et al., 2024). In order to deal with this
challenging area, various treatment methods and
practices have been formulated and applied by

countries all over the world. Figure show different
types of organic waste.

TYPES OF ORGANIC WASTE

food waste Yard waste

Challenges & Opportunities

The resource utilization of these organic wastes is an
important means to solve the problem especially for
Pakistan, one of the countries with the largest
agricultural  production and expanding
population. It is expected that the annual output of
straw waste is as high as 900 million tons out of
which about 30% is not utilized. The annual output
of livestock and poultry manure is up to 3.8 billion
tons with a comprehensive utilization rate of less
than 60% (He et al., 2025). Despite the common
wastes such as crop residues and animal manure
diversification of agricultural production in Pakistan
also produced a diversity of other organic wastes
such as biogas residue. These different types of
agricultural waste are not properly used that resulting
in a series of environmental pollution problems as
well. In the meantime, these agricultural organic
wastes are rich in organic matter and a variety of
nutrients such nitrogen, phosphorus, and
potassium. Therefore, agricultural waste, when used
as agricultural organic material, will play an
significant role not only in improving the quality of
agricultural products but also in improving soil
quality and also replacing chemical fertilizers. The
heavy use of chemical fertilizers such as pesticides
and other non-organic substances, as well as the
waste of agricultural organic materials not only

ever

as

Forestry
Waste

Animal
Waste

Agricultural
Waste

exacerbates the fossil energy and other nonrenewable
resource inputs but also caused the environmental
pollution and greenhouse gas emissions. Therefore,
through the development of recycling agriculture, a
huge amount of agricultural waste resources can be
“turned into treasure”, which is an important path to
cope with energy saving and emission reduction in
agriculture (Mehdizadeh et al., 2025).

There are a many of benefits to returning organic
materials to the field. The application of various
organic materials, such as crop residues and manure,
has been noted to improve soil fertility also increase
soil organic matter content and even suppress N2O
emissions under some conditions. At the same time,
returning organic materials from straw and poultry
manure to soil can also increase crop yield. A meta-
analysis from previous study showed that returning
straw to the field increased the average yield of rice,
wheat, and maize yields by 5.04%, 8.09%, and
8.71%  respectively  (Chang al,,  2023).
Furthermore, returning agricultural wastes can to
some extent replace the application of chemical
fertilizer. World’s agricultural production has been
facing challenges from the between
population explosion and arable land limitation. The
extensive use of chemical nitrogen fertilizers has
caused environmental concerns such as greenhouse
gas emissions and water eutrophication. Some
studies have reported that organic material returned
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to the field replaces 70% of chemical fertilizers and
outcome in higher yields than inorganic fertilizers
alone because the mixing of manure with chemical
fertilizers not only provides essential nutrients but
also extends the duration of fertilizer efficiency. In
addition, the nutrients in organic materials are
released more gradually than chemical fertilizers,
which potentially raise the nitrogen recovery rate of
the crop and allow for a fuller application of the
fertilizer. However, research on organic matter
substitution and nutrient utilization is currently
inadequate (Bhatt & Kukal 2015).

Returning organic materials to the field also brings
some worries. Several recent studies have revealed
the influences of diverse organic matters on N2O
emissions, but there are inconsistencies in their
results. For example, Wu et al. (2019) observed that
straw return increased N2O emissions in the rice-
wheat system. While Li etal. (2020) showed that
straw incorporation suppressed N2O emissions in
the wheat growing season. Methane is produced
during the anaerobic decomposition of organic
matter in landfills. Methane has been responsible for
approximately 30% of global warming since the pre-
industrial era till now (Zheng et al., 2025). Microbial
activity in anaerobic conditions breaks down organic
compounds results in producing biogas that is a
mixture primarily of methane (50-70%) and carbon
dioxide (30-50%) also with trace amounts of other
gases (Jia et al., 2025). Landfills and dumps together
account for about 11% of global methane emissions
that’s making them a major anthropogenic source of
this persuasive greenhouse gas. Food waste is a
particularly significant contributor in this regard.
Even though it comprises about 24% of the
municipal solid waste (MSW) but it is responsible for
an estimated 58% of annual landfill methane
emissions. This disproportionate impact is due to the
rapid decay rate of food waste which often results in
methane formation and emission before landfill gas
collection systems can capture it. Even in landfills
equipped with biogas recovery systems but fugitive
methane emissions persist due to inefficiencies in gas
collection and inconsistent degradation rates (Feng
et al, 2025). Moreover, Leachate is the liquid
byproduct created as water percolates through
landfill waste composed of dissolving and suspending
organic and inorganic substances. Landfills with a

high proportion of organic waste produce leachate
rich in organic pollutants that are characterized by
high biochemical oxygen demand and chemical
oxygen demand. The composition of landfill leachate
is complex and variable and typically including
dissolved organic matter such as carbohydrates, fats,
proteins, persistent organic pollutants, Inorganic
macro-components like salts, ammonia, chlorides,
sulfates, heavy metals for example arsenic, cadmium,
chromium, lead, mercury and Xenobiotic
compounds such as pesticides, pharmaceuticals,
industrial chemicals. Leachate pose a significant
environmental risk If not properly managed. It can
seep into groundwater and surface water and
contaminating aquatic ecosystems that threatening
biodiversity and posing serious public health risks
through the food and water supply chain. The age of
a landfill affects leachate composition such as young
landfills generate leachate with higher organic
content, while older landfills have a tendency to have
increased concentrations of inorganic pollutants and
heavy metals. Consequently, methane emissions
contribute to climate change while on the other
hand leachate contamination threatens water quality
and ecosystem health (Meegoda et al., 2025).

Managing strategies of organic waste

Managing organic waste involves a wide range
of approaches and technologies that intend to extract
its potential value while minimizing its human and
environmental impact while extracting its potential
value. The following aresome methods to
manage organic waste, Composting is a natural
process that turns organic waste into nutrientrich
soil. The process involves piling up organic waste and
allowing it to decompose wunder controlled
environmental conditions. Composting can be done
at home by means of a compost bin or pile or it can
be done on a larger scale at a composting facility.
The other process of managing organic waste is
anaerobic digestion that breaks down organic waste
in the lack of oxygen results in producing biogas and
fertilizer (Izzotti et al 2025). This process is usually
used to treat sewage sludge agricultural waste as well
as food waste. Moreover, Bioreactor technology also
involves the use of microorganisms to break down
organic waste in a controlled and optimum
environmental condition. However, it is important

https://policyrj.com

| Haider et al., 2025 |

Page 556


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7022
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2024.1446277/full#B51
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2024.1446277/full#B35

Policy Research Journal
ISSN (E): 3006-7030 ISSN (P) : 3006-7022

Volume 3, Issue 11, 2025

to make certain that the organic waste is
appropriately treated to eliminate pathogens and
other harmful substances before it s application to
land (Meegoda et al., 2025).

However, these processes can have negative
population and environmental impacts and its
compulsory to be carefully managed to minimize
their impact. The other most beneficial and

7\ Composting

Managing
Strategies for
Organic
Waste

Microbial
inoculant

Vermicomposting: Mechanisms and Benefits
Vermicomposting is the decomposition of organic
household and other waste that can be used in
combination with inexpensive, space-saving models
to improve soil fertility and crop production.
Similarly, Waste items obtained from agricultural
industry that has not been reused. These agri-
horticultural wastes are highly biodegradable and
making them a major issue in municipal landfills.
These agricultural wastes consist of straw, leaves,
twigs, stubbles, and large quantities of grasses and
weeds have all been produced during production and
cultivation of crops and agriculture (Ahmed et al.,
2025).

By functioning together, earthworms and aerobic
microorganisms stabilize organic waste during the
vermicomposting process. Vermicomposting is a low-
cost and environmentally friendly method for

Vermicomp

Productio

alternative method of managing organic waste is
vermicomposting that is a type of composting that
uses various form of worms to break down organic
waste into useful product. The worms consume the
organic matter and produce a nutrient-rich fertilizer
named as vermicompost (Singh et al., 2020).

microorganisms decompose organic
waste materials into nutrient-rich
humus

"\
&/

process of converting organic waste
into nutrient-rich compost using
earthworms
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ocess of converting organic wast
or biomass into a stable, carbon-rich
material through Pyrolysis

S

Beneficial microorganisms
ntroduced into soil or organic waste
to accelerate decomposition

N

dealing with agricultural waste product. One of the
most common earthworm species utilized in
vermicomposting is Eisenia foetida. Outcome from
physicochemical analyses have indicated that in
contrast to compost and other agricultural wastes,
vermicomposting reduces total organic carbon
(TOC) and the carbon-nitrogen (C/N) ratio on the
other hand increasing nitrogen-phosphorus-
potassium (NPK) content that helps to increase soil
fertility and crop production . Additionally, it can be
used to increase agricultural yields by eliminating
harmful organisms in the environment (biocontrol),
enhancing soil water retention, and manufacturing
plant growth regulators (Mohite et al., 2024).
Vermicomposts can extensively influence the growth
and productivity of plants and crops as well due to
their micro and macro elements, vitamins, enzymes
and hormones. Vermicomposts contain nutrients
such as nitrates, exchangeable phosphorus, soluble
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potassium, calcium, and magnesium in plant
available forms and have large particular surface area
that provides many microsites for microbial activity
and for the strong retention of nutrients (Shaikh &
Shaikh 2025). Uptake of minerals and nitrogen (N),
phosphorus (P), potassium (K) and magnesium (Mg)
by rice plant was highest when fertilizer was applied
in combination with vermicompost. Nitrogen uptake
by ridge gourd was higher when the fertilizer mix
contained 50% vermicompost. Apart from providing
mineralogical nutrients, it also contributes to the
biological fertility by adding valuable microbes to
soil. Mucus, excreted through the earthworm's
digestive canal and also stimulates antagonism and
competition between various microbial populations
ensuing in the production of some antibiotics and
hormone-like biochemicals, boosting plant growth
(Gogoi et al.,, 2025). Chatterjee et al., (2025)
reported the nutrient status of vermicomposts with
organic carbon 9.15-17.98%, total nitrogen 0.5-
1.5%, available phosphorus 0.1-0.3%, available
potassium 0.15%, calcium and magnesium 22.70-70
mg/100 g, copper 2-9.3 ppm, zinc 5.7-11.5 ppm and
available sulphur 128-548 ppm that is very beneficial
for crop production.

Vermicomposts are used as alternative potting media
due to their low-cost, excellent nutrient status and
physiochemical characters. Considerable
improvements in plant growth recorded after
amending soils with vermicomposts have been
attributed to the physico-chemical and biological
properties of vermicomposts that increases the
macropore space ranging from 50-500 um, resulting
in improved airwater relationship in the soil,
favorably affecting plant growth. It also reduces the
proportion of water-soluble chemical, which cause
possible environmental contamination. Previous
raspberry proves that vermicompost has beneficial
buffering capability and ameliorate the damage
caused by excess of nutrients which may otherwise
cause phytotoxicity. During vermicomposting the
heavy metals forms complex, aggregates with humic
acids and other polymerized organic fractions
resulting in lower availability of heavy metals to the
plant, which are otherwise phytotoxic and effects the
normal functioning of plants (Ibrahim et al., 2016).

Challenges and Limitations of Vermicomposting
Despite its number of benefits, vermicomposting also
faces several challenges and limitations. First of all it
is time-Consuming Process that takes several weeks
or even months for the several organic matter to
completely convert into vermicompost. This may
make vermicompost less practical for people who
need a quicker turnaround and results. The time
required for complete decomposition can vary
depending on the forms of organic material used and
environmental conditions. Vermicompost is
temperature Sensitive process as Earthworms used in
it are sensitive to extreme temperatures. High or low
temperatures can adversely affect their activity and as
well as the efficiency of the composting process.
Moreover,  vermicomposting needs  frequent
monitoring and maintenance to guarantee that the
earthworms and composting process are in ideal
circumstances for better and effective results. This
includes monitoring of environmental conditions
like moisture content, temperature, and pH. This
make it less effective methods.

Furthermore, setting up a vermiculture system may
needs an initial investment in infrastructure and
ongoing management to guarantee the health of the
earthworms and the quality of the compost. if
someone does not manage the composting pile
properly a strong, unpleasant odor can arise from the
breakdown process. This may be an issue for
individuals or communities who live near to the
composting facility. Farmers lack the necessary
knowledge to implement vermicomposting systems
effectively as successful vermiculture requires a
certain level of expertise and knowledge.

Due to its limitation other process may needs to
explore to manage agricultural as well as other waste.
The other useful process for managing organic waste
may be known as bichar whose details are explained
below.

Biochar: Properties and Soil Amendment Potential
Biochar is a material rich in carbon that outcome
from the pyrolysis process of any waste material of
various types such as wood, fruit shells, distiller's
grains, press cake from vegetable oil and juice
production, rice and nut hulls, residues of plants,
manure, industrial and municipal waste, sewage
sludge, farming, and fermentation residuals. Biochar
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remains in the soils for thousands of years and it is
therefore ~ considered  more  resistant  to
decomposition than organic matter, acting as an
important longterm carbon sink. Biochar typically
contains 50 to 80 percent carbon, depending on the
substrate  and processing parameters. Biochar
properties can also be effected by the characteristics
and properties of the processing parameters and
equipment. The environmental conditions like
control of temperature, heating rates, holding time,
off-gasses, use of steam or other carrier gases, and
physical handling systems can all impact the quality,
structure, composition and behavior of the final
product. For example, biochar from rapid and fast
pyrolysis reactors tends to be very finely grained, as a
result of the physical and thermal processes used by
the equipment (Talwar et al., 2025).

Biochar is formed from organic material that either
grows naturally or is grown as a result of agricultural
activity. It may be manure from farm animals, or is
waste material such as cardboard, waste wood
material, or other organic material that could not be
recycled or reused. The carbon content of the given
material was absorbed and obtained from the
atmosphere through the process of photosynthesis.
So, first and foremost Biochar in its basic form is a
carbon neutral material. It can even be consider of as
"carbon negative" if its end use involves a long
lifetime in the form of elemental carbon rather than
carbon dioxide (Parvari et al., 2025).

Biochar is mainly used in soils to enhance soil
aeration, decrease soil emissions of greenhouse gases,
diminish nutrient leaching, cutsoil acidity, and
potentially boost the water content of coarse soils.
Biochar application may amplify soil
fertility and agricultural productivity as
well. However, when applied excessively or made
from feedstock unsuitable for the soil type, biochar
soil amendments also have the potential for negative
effects, including harming soil biota, dropping
available water content, varying soil pH, and
escalating salinity (Rasaq et al., 2024).

As a result of all these variables, biochar's properties
can vary extensively. It can be hydrophobic or
hydrophilic and can have changeable amounts of
surface area, diverse reactivities, different strength
characteristics, and unstable electrical properties. In
addition, further processing of the biochar often in

the form of either "activation" or "graphitization" can
modify those properties even more, giving it valuable
characteristics for different end uses and application.
Because of this, it is important to know what "kind"
of biochar you are either producing or seeking to
purchase. Since biochar can be formed from such a
wide array of low-value materials, there can be little
to no competition for the diversity of materials from
which it can be created. In fact, production of
biochar can often help decrease amounts of
unwanted waste by consumption of materials that do
not otherwise have a marketable value. Furthermore,
since biochar can be formed from invasive plants
such as weed trees and other similar materials, it is
possible to use biochar as a management tool to
advance the local ecosystem through strategic harvest
of overgrown or undesirable species (Ren et al.,
2025).

Biochar is prepared using a thermal process that has
been baked at an elevated temperature in an oven-
like device called a "retort." At its heart, this is not an
overly complex process, and most of us have created
biochar at some point by, for example, leaving bread
in the toaster too long is also form of bichar. Biochar
construct can be either a dry process called roasting
or a wet process named as hydrothermal processing.
Usually, roasting is less expensive, but hydrothermal
processing can be worth considering, especially if
your biomass feedstock has very elevated moisture
content. During the thermal process, much of the
dry mass is lost from the biomass, and yields can
range from 90% down to 10%. The temperature of
the process can range from 200 to over 1000°C, and
the duration of the treatment may vary from a
fraction of a second to several hours, depending on
the desired result and outcomes of the final
products. In all cases, the amount of oxygen available
to the feedstock must be significantly limited -
otherwise, the feedstock has a inclination to burst
into flames. Occasionally, elevated pressure is also
used to affect the thermal processing of the biomass
especially when wet processing is used for biochar
production (Ayaz et al., 2025).

Another way to think about biochar production is
that biochar can be manufactured either as a primary
product or as a byproduct of another process. In
terms of primary or dedicated biochar creation, a
large number of equipment can be used, ranging
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from something as simple as a 55-gallon steel drum
to something as sophisticated as a continuous flow,
computer-controlled industrial retort designed to
manufacture tons of biochar per hour. The elevated
temperature used to convert biomass into biochar
can come from an externally applied source of heat
that is often generated by burning a portion of the
feedstock.Biochar as a byproduct is char that is left
after some other material is created from biomass
and parent substrate. The most likely source of
byproduct biochar is from either fast pyrolysis results
in creation of biocrude oil or from gasification for
synthetic natural gas production. In both cases, the
biochar is a small portion of the original mass of the
feedstock (Meng et al., 2025).

Biochar can be use as a soil amendment to
potentially enhance vyields, advance soil structure,
raise water holding capacity, reduce soil pentation
resistance, enhance pH, raise nutrient absorption
and decrease nitrous oxide emissions. When the
suitable amount and variety is applied to the soil, it
can remediate the overflow of excess water and
nutrients while retaining absorption for plants
during stress conditions. With the copious pores
openings and plenty internal surface area it provides
a substrate for microbial growth as well as for
anchoring root systems as a "reservoit" to accumulate
moisture and nutrients. Choice of the type of
biochar is very imperative. A high specific surface
area (SSA) biochar apply to soils at high rates can
bind up herbicides and pesticides, making them
ineffective. One study evaluated that that using a
high specific surface area biochar (EUC-800) at high
rates exaggerated the efficacy of sulfentrazone
herbicide while a low specific surface area biochar at
the same rate did not. In some cases, when a high
specific surface area biochar was apply at high rates,
the herbicides were not effective at all, even at the
highest label rates. Since biochar has a halflife of
hundreds and possibly thousands of years, using the
wrong product or the wrong rate could have long-
term effects on the agronomic practices that work
and may have drastic effect on yield (Santos et al.,
2025).

Biochar can be adapted for used as a remediation
agent to confine organic and inorganic
contamination in the soil or water. It will combine to
heavy metals, toxic chemicals, pesticides, and

nutrients to keep them from translocating in the soil
profile. This could be used at abandoned mine sites
or on roadside runoff, in tile line effluent, or in
stormwater basins to capture pollutants and water-
soluble nutrients. This trait can pose a problem if the
wrong type of biochar is used, as it can bind up soil-
applied herbicides used to control weeds. In other
applications, biochar can be used as a filtration
medium in much the same manner while as activated
carbon. It is useful in filtering both liquids and gases
as it absorbs various contaminants as well as odor-
produce constituents related to manures and
municipal wastewater treatment operations. Biochar
has a carbon matrix structured with a high degree of
porosity and extensive surface area, permitting it to
act as a sorbent and play a crucial role in controlling
pollutants in the environment. Biochar can help
farmers  enhance farm  land  productivity;
concurrently decrease the environmental footprint of
farming practices by substituting for chemical
pesticides, herbicides and fertilizers. Biochar has
recently received greater than before attention due to
its wide range of agricultural benefits. The adding up
of biochar into farm land increase the amount of
organic matter content in the soil, thereby improving
soil physicochemical and biological properties.
Biochar can positively or negatively affect the soil
microbial growth to alter the agricultural

environment as well as yield and crop production
(Tanwar et al., 2025).

Environmental impact of biochar

The formation of functional groups and adsorption
sites both on the surfaces and inner pores of the
biochar enhance the soil’'s CEC. Due to this effect,
biochar has been used for absorption of organic and
inorganic contaminants or pollutants (Sharma et al.,
2025). Moreover, the bioavailability of heavy metals
such as lead [Pb] and cadmium [Cd]) can be
decreased by immobilizing them in soil using biochar
as an amendment which limits their movement
through the soil. This role of biochar is the
consequence of the negatively charged groups on its
surfaces, which seems to raise with time due to the
oxidation processes in the soil. Biochar beside with
phytoremediation strategies could give a good
combination for effectively stabilizing and
decontaminating heavy metal-polluted sites. On the
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other hand, some researchers have warned against
health hazards due to exposure to polycyclic aromatic
hydrocarbons. Biochar application to agricultural
soils and farmland has been recommended as a
strategy to diminish increasing atmospheric carbon
dioxide concentrations and alleviate climate change
(Zhang et al., 2023). Several studies have reported
that biochar application decrease the emissions of
soil greenhouse gases but the mechanisms
responsible for the effects of biochar on soil GHGs
emissions are still unclear and needs further
investigation. The biochar feedstock application rates
increase nitrous oxide emission. Moreover, the
increase in soil methane and CO, emissions were
also reported after biochar application.

CONCLUSION

The application of biochar in improving soil health,
crop productivity, land reclamation and reduc of
climate change has been extensively studied over the
last decade. This research has shown varied results,
from clear improvements of soil health to almost no
difference compared with the control, depending on
the types of soil, crop, biochar and the environment.
Moreover, information is still very limited from large
scale field trials fot biochar application, probably
because of the high costs of biochar in the market.
Large-scale production of biochar from all types of
organic wastes may help in reducing the costs and its
practical uses in field. The greatest potential may be
in having very targeted applications to address
specific environmental concerns. A proper regulatory
mechanism and controlled supervision is required to
avoid any possible risks of soil contamination due to
potential contaminants present in biochar and also
on the global GHGs emissions when producing it,
which should be considered when using it as a
carbon sequestration strategy.

Microbial Inoculants: Enhancing Functional
Efficiency

Microbial psychrophilic
microorganisms that are applied to soil or plants to
enhance nutrient availability and plant growth by
improving the functioning of the ecosystem and
enhancing fertility of the soil. These inoculants
usually entail positive microbial communities
inclusive of nitrogen fixers, phosphate solubilizers,

inoculants are

decomposers, and useful fungi including arbuscular
mycorrhizal fungi (AMF). Nitrogen fixing bacteria
such as Rhizobium are essential in the movement of
nitrogen in the atmosphere to bio-available forms
that can be used by plants thus aiding sustainable
food production because it limits the use of chemical
fertilizer. Phosphate solubilizing bacteria, like
Pseudomonas species, enhance the bioavailability of
phosphorus by  solubilising the phosphate
compounds that are insoluble in soils. In the
meantime, Trichoderma and other decomposers play
a role in breaking organic matter down and
increasing nutrient cycling and AMF form symbiotic
interactions with plant roots to nutrients (especially
phosphorus) and make plants healthy (Samantaray et
al., 2024; Saeid, 2022).

These microbes usually interact in a synergistic
fashion with organic amendments such as biochar
and vermicompost that forms a habitat and substrate
of microbial colonization. The porous structure of
biochar allows protective niches which make the
survival and activity of microbes possible, and
vermicompost is a high-quality source of nutrient
and  microbial  population. = Biochar  and
vermicompost co-application has also been reported
to be effective in improving microbial biomass,
enzyme  activity, nutrient availability and general
microbiological environment in soil resulting in
better plant growth and vyields. This synergism effect
is associated with enhanced nutrient bioavailability,
and inhibition of soil pathogens, which develop a
favorable atmosphere where crops can grow (Saeid,
2022).

The strategies to enhance the functional effectiveness
of organic amendments through the improvement of
native or introduced microbial communities are
bioaugmentation and biostimulation.
Bioaugmentation is the intentional application of
specific isolates or consortia of microbes in the soil
or organic supplements to enhance degradation,
nutrient recycling, or promotion of plant growth.
Biostimulation is the process of changing
environmental conditions, nutrient supplement or
aeration to activate the behavior and proliferation of
native beneficial microbes. Such strategies coupled
with organic amendments can go a long way in
improving  microbial nutrient
mobilization and general soil health. Nevertheless, to

colonization,
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achieve successful bioaugmentation the inoculant
forms of microbes need to be chosen wisely and be
able to effectively colonize and functional in a
particular soil condition (Saeid, 2022).

To sum up, microbial inoculants which include
nitrogen fixers, phosphate solubilizers, decomposers,
and AMF are important in sustainable agriculture.
Their synergetic relations with biochar and
vermicompost enhance the availability of nutrients
and the quality of soils. Biostimulation and
bioaugmentation methods also maximize microbial
functional performance of the organic amendments,
which can provide future opportunities in terms of
improving the crop yield and productivity as well as
soil health in ecofriendly manners. It utilizes
microbial diversity, organic sources, and specific
management of the microbes to develop sustainable
and productive agroecosystems (Samantaray et al.,
2024).

Future opportunities and challenges of microbial
inoculants to improve functional efficiency contain
various  significant points which should be
considered in detail so that it will be possible to
develop microbial inoculants to be used in
agriculture. The issue of standardization is a
significant concern, which requires the working out
of sound and generally accepted protocols to be used
in the preparation of organic amendments and
microbial inoculants. Present laws and quality
standards on microbial inoculants are diverse in
different parts of the world, and much is being done
to standardize the requirements. To illustrate,
regulatory frameworks of AMF inoculants consist of
the definition of viable counts of propagules,
composition of products, infectivity potential and
safety evaluations to determine efficacy and to avoid
ecological hazards. Another task associated with
standardization is the labeling and packaging of
products and  bioassays and
characterization performance validation. These
standards facilitate reliability, consistency, and
confidence of the farmers besides supporting
international trade and commercialization (Saeid,
2022).

There is also the issue of scalability especially the
scaling up a successful inoculant formulations and
small-scale testing to the field scale that is uniformly
successful and effective. Field conditions like soil

molecular

type, climate, and crop species are variable and may
affect individual microbial performance and survival
thus complicating large-scale application. Multi-
location field trials should be done in the long-term
to confirm the efficacy of the inoculants under
different environmental conditions and to determine
the optimal procedures of application. They should
also test microbial persistence, effects on native soil
microbiomes, and crop responses in the several
growing seasons in field tests (Samantaray et al.,

2024).

Farmer adoption is highly dependent on economic

viability. The expenses of microbial inoculant

manufacturing, quality monitoring, formulation,
storage, and distribution should be offset by the
actual benefits like the rise in the output, the
decrease in the application of chemical fertilizers,
and enhanced soil health. Evidence of cost-
effectiveness by showing effective impact analysis and
life cycle analysis can be used to promote its
adoption by farmers, particularly in resource-starved
environments. There is further support of acceptance
and proper use through outreach, education, and

demonstration projects (Saeid, 2022).

The gaps in research in this area are diverse:

o Consistent benefits need to be determined
using field trials over a long period,
behavior of inoculants should be
understood, and environmental safety
should be  monitored. = Mechanistic
investigations of microbial interactions,
such as colonization behavior, synergistic
activities when interacting with organic
amendments such as biochar and
vermicompost, and competition with native
microorganisms are essential in
formulations optimization.

o To  measure  ecological  footprints,
economic returns, and sustainability
benefits of using microbial inoculants in
agriculture, life cycle analyses and overall
impact have to be conducted (Samantararay
et al., 2024).

With concerted research and policy action, it is

possible to overcome these challenges, which will

lead to practical implementation of microbial
inoculants, which will allow sustainable increase in
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soil fertility, crop vyields, and the state of the
environment in general.

Summary:

Incorporation of vermiculite (vermiculite
vermmiculite) and biochar when used synergistically
as part of effective microbial communities may be
characterized as a ground-breaking and integrated
sustainable waste management and soil health
regeneration strategy. Vermicompost, which contains
valuable microorganisms, enzymes and growth
promoting substances like cytokinins and humic
acids promotes nutrient availability, soil structure
and the activity of microorganisms. Biochar, in the
meantime, acquires stable, porous substrates that
enhance physicochemical characteristics of soils like
pH, porosity, water retention and bulk density as
well as offers a habitat protecting and enhancing the
growth of healthy microbial populations. The
combination of these amendments forms an
enabling environment which improves nutrient
cycling, disease suppression, and the general soil
fertility, which promotes healthy plant growth and
production. It has been shown that biochar
combined with vermicompost has synergistic effects
that are even more beneficial than the individual use
of each and each application yields better crop yields,
an improved nutrient retention and a healthier soil
microbial ecosystem. The pore structure of biochar
enables colonization and growth of microorganisms
found in vermicompost which enhances microbial
activities including decomposition of organic matter
and solubilization of nutrients. This combined
system also prevents the bioavailability of the heavy
metals and toxicity in the soils, therefore saving the
plants, hence sustainable functioning of the
agroecosystem. These synergistic systems are very
promising to be integrated into the concept of the
circular bioeconomy in the future by transforming
the agricultural and organic wastes into useful
resources that can restore the degraded soils and
eliminate the use of chemicals. By developing more
resilient agroecosystems to environmental challenges,
they help mitigate climate change by monitoring
long-term soil carbon storage. The interaction of
vermicomposting, biochar, and selected inoculation
of microorganisms, therefore, represents a future-
oriented approach toward improving soil health,

circuitry, and the sustainability of agriculture at large
scale, which makes them the basis of efficient future
practices of ecodriendly farming and waste
valorization.
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