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land
resources have intensified the demand for higher

Demographic pressure and shrinking
agricultural productivity. However, productivity
enhancement without ecological safeguards has
resulted in soil degradation, declining organic
carbon, nutrient imbalance, and reduced nutrient
use efficiency many intensively

cultivated regions of India. Thus, sustainable

acCross

nutrient management has become imperative.
Over the past five decades, agricultural
intensification has relied heavily on chemical
fertilizers to sustain crop yields. While chemical
fertilizers have significantly contributed to food
their  excessive and

grain  production,

imbalanced application, especially nitrogen-

heavy fertilization has led to soil nutrient mining,

micronutrient  deficiencies, declining soil
biological  activity, and  environmental
externalities such as nitrate leaching and

greenhouse gas emissions. At the same time, the
rising cost of fertilizers imposes a financial
burden on small and marginal farmers. The
challenge today is not merely increasing yields,
but improving nutrient use efficiency while
maintaining long-term soil fertility. Integrated
Nutrient Management (INM) offers a effective
solution to achieve this balance.

Understanding Integrated Nutrient Management (INM)

Integrated Nutrient Management is defined as

the judicious and balanced use of chemical

fertilizers, organic manures, crop residues, and

biofertilizers to maintain soil fertility and

sustain crop productivity on a long-term basis.

Unlike input-intensive approaches, INM focuses

on optimizing nutrient flows within the agro-

ecosystem.

The core principles of INM include:

e Balanced nutrient application based on soil
testing

e Recycling of on-farm organic residues

o Integration of biological nutrient sources

¢ Enhancement of soil organic carbon

e Improvement in nutrient use efficiency
(NUE)

The primary objective of INM is not merely to

increase crop yield in the current season but to

sustain soil fertility and productivity over time.

Unlike conventional fertilizer-based systems

which often lead to soil degradation and nutrient
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imbalances, INM emphasizes the synergistic use
of multiple nutrient sources. It promotes nutrient
recycling within the farm ecosystem, thereby

minimizing environmental pollution and
dependency on costly external inputs.

Why  Sole  Chemical  Fertilization is
Unsustainable?

Continuous mono-cropping and disproportionate
nitrogen use have caused widespread nutrient
imbalance in Indian soils. Many soils now

exhibit deficiencies in secondary and
micronutrients such as zinc, sulphur, and boron.
Excess  nitrogen application leads to

volatilization losses and nitrous oxide emissions,
reducing fertilizer efficiency and contributing to
climate change. Furthermore, nutrient leaching
contaminates groundwater. Soil organic carbon
levels decline under chemical
Soil
adversely affected. Production costs escalate
due to declining response ratios. Long-term

continuous

fertilization. microbial diversity is
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fertilizer experiments in India have consistently
shown that balanced fertilization combined with

organic inputs sustains higher yields compared
to NPK alone.

Core Components of Integrated Nutrient Management

Organic manures: Organic manures are natural
nutrient sources derived from the decomposition
of plant and animal residues. Based on nutrient
concentration and rate of nutrient release, they
are broadly classified into two categories: bulky
organic manures and concentrated organic
manures.

farmyard

Bulky organic manures include
(FYM), compost,
vermicompost, green manure, and crop residues.

manure

These materials are applied in large quantities
due to their relatively low nutrient concentration
but significant contribution to soil organic
matter. Concentrated organic manures, such as
oil cakes (groundnut, sesame, neem), bone meal,
blood meal, and fish meal, contain higher
nutrient content and are applied in smaller
quantities.

Organic manures enrich the soil with essential
macro- and micronutrients while simultaneously
improving soil physical, chemical, and
biological properties. Nutrients from organic
sources are released gradually through microbial
decomposition, ensuring a sustained and
synchronized nutrient supply to crops. This
slow-release mechanism reduces nutrient losses
and enhances nutrient wuse efficiency.
Furthermore, organic manures stimulate soil
microbial activity, which plays a crucial role in
nutrient  mineralization,  organic  matter
decomposition, and overall soil biochemical
processes. Their regular application improves
soil  aggregation, aeration, water-holding
capacity, cation exchange capacity (CEC), and
carbon sequestration. Improved soil structure
also facilitates better root penetration and
nutrient uptake, ultimately contributing to
enhanced crop growth, resilience, and
productivity.

Chemical fertilizers: Chemical fertilizers are
industrially manufactured nutrient formulations
designed to supply essential plant nutrients in
precise quantities and balanced ratios to meet
crop requirements. They are categorized based

on the primary nutrient supplied. Nitrogenous

fertilizers include urea and ammonium sulphate;
phosphatic fertilizers include single
superphosphate (SSP) and triple superphosphate;
potassic fertilizers include muriate of potash
(MOP) and potassium sulphate; and complex or
compound fertilizers such as diammonium
phosphate (DAP) and monoammonium
phosphate (MAP) supply more than one primary

nutrient. In addition, secondary nutrient
fertilizers (e.g., gypsum for sulphur and
magnesium sulphate for magnesium) and

micronutrient fertilizers (e.g., zinc sulphate,
borax, ferrous sulphate) address specific nutrient
deficiencies.

These fertilizers are highly soluble and readily
available to plants, making them effective for
correcting nutrient deficiencies and supporting
rapid crop growth and high vyields. Their
targeted application ensures quick nutrient
uptake, particularly during critical growth stages.
However, indiscriminate and imbalanced use,
especially excessive nitrogen application can
lead to soil acidification, nutrient imbalance,
decline in soil organic carbon, reduced
microbial activity, groundwater contamination
through nitrate leaching, and increased
greenhouse gas emissions. Therefore, fertilizer
application should be based on soil testing,
crop-specific nutrient demand, and
recommended doses. Integrating chemical
fertilizers with organic and biological sources
under Integrated Nutrient Management (INM)
nutrient use efficiency while

long-term  soil health and

enhances

maintaining
environmental sustainability.
Biofertilizers: Biofertilizers
based inputs containing living microorganisms
that enhance soil fertility and promote plant
growth by increasing the availability of essential
nutrients. Unlike chemical fertilizers,
biofertilizers do not supply nutrients directly in
synthetic form; instead, they facilitate natural
biological
mobilization and uptake.

are biologically

improve nutrient
These beneficial

processes that
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microorganisms include bacteria, fungi, and
certain algae that perform specific functions
such as biological nitrogen fixation, phosphate
solubilization, nutrient mobilization, and
organic matter decomposition. Through these
mechanisms, biofertilizers enrich the soil
nutrient pool in a sustainable and eco-friendly
manner.
Common nitrogen-fixing biofertilizers include
association  with
(free-living nitrogen

Rhizobium
legumes),
fixer), and Azospirillum (associative nitrogen

(symbiotic
Azotobacter

fixer in cereals
solubilizing  bacteria

and grasses). Phosphate-
(PSB) such as
Pseudomonas and Bacillus species convert
insoluble phosphorus into plant-available forms.
Mycorrhizal fungi enhance phosphorus uptake
and improve root surface area, thereby
absorption
efficiency. In addition to improving nutrient
availability,  biofertilizers  stimulate  soil

increasing nutrient and water

microbial activity, enhance nutrient cycling, and
contribute to improved soil structure and
biological health. Their application reduces
dependence on chemical fertilizers, minimizes
environmental pollution, and improves nutrient

cost-effective  and
biofertilizers play a
crucial role in sustainable agriculture, organic

use efficiency. Being
environmentally safe,

farming  systems, and long-term  soil
productivity.
Green manures: Green manuring is a

sustainable soil management practice that
involves cultivating  specific crops and

incorporating them into the soil at their tender,

green stage to improve soil fertility and structure.

Common green manure crops include
leguminous species such as cowpea, berseem,
lucerne, sunhemp (Crotalaria juncea), and
dhaincha (Sesbania aculeata). These crops are
typically grown for a short duration and
ploughed back into the soil before flowering.
The incorporation of green biomass enriches the
soil with organic matter, improves soil
aggregation, and enhances microbial activity. As
the plant material decomposes, it releases

essential nutrients in a gradual and synchronized

manner, improving nutrient availability for
subsequent crops. Leguminous green manure
crops are particularly valuable because they fix
atmospheric  nitrogen  through  symbiotic
association with Rhizobium bacteria, thereby
increasing soil nitrogen content naturally. In
addition to nutrient enrichment, green manure
crops often develop extensive root systems that
improve soil porosity, enhance water infiltration,
increase moisture retention, and reduce soil
erosion. Their incorporation also improves soil
biological activity and promotes a favourable
environment for beneficial microorganisms. By
partially substituting chemical fertilizers and
improving soil organic carbon levels, green
manuring contributes significantly to long-term
soil health, ecological balance, and sustainable
agricultural productivity.

Crop rotation & Intercropping: Crop rotation
and intercropping are fundamental agronomic
practices that enhance productivity while
sustaining soil health and ecological balance.
Crop rotation involves the planned and
systematic sequence of different crops on the
same field across successive seasons. This
practice disrupts pest and disease cycles,
reduces weed pressure, and improves nutrient
management. For instance, incorporating
legumes into rotation enhances soil nitrogen
through biological fixation, thereby improving
soil fertility for subsequent crops. Crop rotation
also improves soil structure, promotes balanced
nutrient utilization, and reduces the risk of soil
nutrient depletion. Intercropping, on the other
hand, refers to the simultaneous cultivation of
two or more crops on the same land during a
single growing season. This system is designed
based on complementary crop characteristics
such as rooting depth, nutrient demand, canopy
structure, and growth duration. By optimizing
spatial and temporal resource use, intercropping
enhances light interception, water utilization,
and nutrient efficiency. It also reduces pest and
disease incidence through increased biodiversity
and minimizes soil erosion by providing better
ground cover. Both practices improve soil
biological activity, enhance organic matter
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dynamics, and increase system resilience against
climatic variability. By promoting biodiversity
and efficient resource use, crop rotation and
intercropping  contribute  significantly  to
sustainable  intensification and
agricultural stability.

long-term

Crop residue and organic wastes: Crop residue
and organic waste management involve the
recycling of plant materials remaining after
harvest such as straw, stubble, and leaves—as
well as organic wastes including kitchen waste
and agro-industrial by-products. These materials
are valuable sources of organic matter and
essential nutrients. When incorporated into the
soil, they undergo microbial decomposition,
releasing nutrients gradually and improving soil
fertility. Practices such as mulching, composting,
residue incorporation, and biochar production
enhance soil physical and biological properties.
Mulching conserves soil moisture, regulates
temperature, suppresses weed growth, and

reduces erosion. Composting transforms organic
Benefits of Integrated Nutrient Management

In order to achieve maximum productive
potential of soil, nutrients must not only be
present in adequate quantities but also in plant-
available forms at critical stages of crop growth.
Integrated  Nutrient = Management (INM)
provides a comprehensive and eco-friendly
strategy to achieve optimal crop performance
across diverse agro-ecological regions while
minimizing environmental risks.

One of the foremost benefits of INM is the
improvement of nutrient use efficiency. By
combining organic, inorganic, and biological
sources, INM enhances nutrient
solubility, reduces losses through leaching and
volatilization, and synchronizes nutrient release
with crop demand. This harmonious interaction

nutrient

among nutrient sources ensures balanced plant
nutrition and minimizes antagonistic effects
arising from nutrient imbalances. As a result,
crops receive a steady and adequate supply of
nutrients, leading to improved growth and yield
stability. INM also plays a crucial role in
maintaining and enhancing soil health. The
integration of organic manures, green manures,

waste into stable humus-rich material that
improves soil structure and nutrient availability.
Biochar application contributes to long-term
carbon sequestration, enhances cation exchange
capacity, and improves nutrient retention.

Proper residue management reduces the need for
residue burning, thereby minimizing air
pollution and greenhouse gas emissions. It also
strengthens soil carbon stocks and enhances soil
microbial diversity. Within the framework of
Integrated Nutrient Management (INM), the
recycling of crop residues and organic wastes
plays a vital role in maintaining nutrient balance,
reducing external input dependence, and
sustaining long-term soil productivity. By
integrating organic recycling practices with
judicious use of inorganic fertilizers and sound
agronomic techniques, farmers can enhance
nutrient use efficiency, improve soil health, and
promote environmentally sustainable

agricultural systems.

crop residues, and biofertilizers improves soil
physical properties such as aggregation, porosity,
and water-holding capacity. It strengthens soil
chemical properties by enhancing cation
exchange capacity and buffering capacity, and it
stimulates biological activity by promoting
beneficial microbial populations. Over time,
these improvements sustain the physicochemical
and biological functions of the soil, ensuring
long-term productivity.

Another significant advantage of INM is its
contribution to environmental sustainability. By
enhancing soil organic carbon and promoting
carbon sequestration, INM helps mitigate
climate change impacts. Balanced fertilization
reduces nutrient runoff and groundwater
contamination, thereby protecting water bodies
from eutrophication. Reduced dependence on
excessive  chemical fertilizers minimizes
environmental  pollution  and
degradation. In this way, INM supports
agricultural production while safeguarding
natural resources. Economically, INM reduces
overall production costs by partially substituting

ecosystem
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costly chemical fertilizers with locally available
organic resources and biological inputs. This
reduces cash outflow for farmers and improves
the benefit-cost ratio. By stabilizing yields and
enhancing input efficiency, INM increases
profitability and income security, particularly
for small and marginal farmers. The improved
nutrient efficiency ensures higher returns per
unit of fertilizer applied.

INM further enhances crop resilience to both
biotic and abiotic stresses. Improved root
development under integrated nutrient regimes
allows crops to explore a larger soil volume for
water and nutrients. Deeper and healthier root
systems increase drought tolerance and nutrient
absorption efficiency. Enhanced soil biological
activity also contributes to improved plant vigor
and natural resistance to pests and diseases.
have demonstrated that

Long-term studies

integrated nutrient practices increase soil

organic carbon and sustain crop productivity

over decades compared to sole chemical
fertilization. Soil organic carbon, often regarded
as the backbone of soil productivity, improves
infiltration, reduces erosion, enhances water
productivity, and strengthens climate resilience.
Beyond agronomic and economic gains, INM
also promotes greater awareness among farmers
regarding sustainable soil stewardship. By
encouraging balanced nutrient application and
environmentally responsible practices, INM
shifts the focus from short-term yield
maximization to long-term soil health, safe food
production, and ecological stability. Thus,
Integrated Nutrient Management offers a
nutrient
enhances

holistic framework that
efficiency, sustains soil

improves
fertility,

resilience, reduces environmental footprint, and
strengthens farm profitability. It represents not
merely a nutrient management strategy, but a
health and

long-term investment in soil

sustainable agricultural productivity.

Future Directions for Strengthening Integrated Nutrient Management

For Integrated Nutrient Management (INM) to
realize its full potential, strategic interventions
are required at both farm and policy levels.
Expanding access to soil testing services is
fundamental. Soil test-based  nutrient
enable farmers to apply
fertilizers in precise and balanced quantities,

recommendations

preventing both deficiencies and excesses.
Strengthening soil testing infrastructure, mobile
soil laboratories, and digital soil health advisory
systems can significantly improve nutrient
management decisions.

Farmer capacity building is equally critical.
Regular training programmes, field
demonstrations, and extension campaigns on
balanced fertilization, nutrient budgeting, and
site-specific nutrient management should be
intensified. Empowering farmers with practical
knowledge enhances their ability to adopt
integrated approaches rather than relying solely
on conventional fertilizer practices. The
integration of emerging technologies offers new
opportunities to enhance INM efficiency. The

use of nano-fertilizers, precision agriculture
tools, GPS-based nutrient mapping, and
decision-support systems can improve nutrient
synchronization and reduce input wastage.
Precision nutrient management ensures that the
right source of nutrient is applied at the right
dose, right time, and right place, maximizing
nutrient use efficiency while
environmental losses.

minimizing

Policy support must also prioritize the recycling
of crop residues and organic wastes. Incentives
for composting units, promotion of residue
incorporation technologies, and discouragement
of residue burning will strengthen the organic
component of INM. In addition, improving the
quality control, certification, and distribution
systems of biofertilizers is essential to ensure
their effectiveness and farmer confidence.
Strengthening research on long-term nutrient
trials, soil carbon dynamics, and climate-
resilient nutrient strategies will further refine
INM practices across diverse agro-ecological
zones.
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Conclusion

The future of sustainable agriculture lies not in
eliminating fertilizers, but in wusing them
judiciously  within an  integrated and
scientifically guided
harmonizing organic, inorganic, and biological
Integrated Nutrient
fertility,

framework. By

nutrient sources,

Management (INM) sustains soil

enhances resilience, and improves farm
profitability. In an era of environmental
uncertainty and rising input costs, INM offers a
balanced and forward-looking pathway toward
productive and environmentally responsible
agricultural systems.

INTEGRATED NUTRIENT MANAGEMENT (INM)

Restoring Soil Health for Resilient and Profitable Agriculture

Balanced

S INM is the balanced use of organic, inorganic and biological sources of nutrients
AN ‘ in the right dose, at the right time, and in the right way for sustaining soil fertility,
) o enhancing productivity and protecting the environment.
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