J. Sci. Innov. Nat. Earth:

Vol. 5, Issue 1, 2025, Page 97-100 ISSN (Dnline) 2583-2093

{ t“b’”‘a\]ournul of Science Innovations and Nature of Earth

Journal homepage : https://jsiane.com/index.php/files/index

International, Double-Blind, Quarterly, Peer-Reviewed, Refereed Journal, Edited and Open Access Research Journal

Integrated Nutrient Management for Enhancing Soil Fertility and Crop Yield

Dr. Sanjeev Kumar Singh?, Dr, BikramadityaZ and Dr. Karamvir Singh*3
1Department of Agronomy, K.D. College, Simbhaoli (Hapur), Uttar Pradesh, India
2Department of Agronomy, Ch. Shivnath Singh Shandilya P.G. College, Machhara (Meerut), Uttar Pradesh, India
3Department of Agricultral Chemistry and Soil Science, K.D. College, Simbhaoli (Hapur), Uttar Pradesh, India
*Corresponding Author E-mail: drnehra21@gmaail.com
DOI: https://doi.org/10.59436/jsiane.v5i1.27.2583-2093

Abstract
Integrated Nutrient Management (INM) has emerged as a sustainable approach to maintaining soil fertility and enhancing crop productivity under modern
agricultural systems. The indiscriminate use of chemical fertilizers over the past decades has led to soil degradation, nutrient imbalance, and
environmental pollution. In this context, INM integrates organic, inorganic, and biological sources of nutrients to optimize nutrient use efficiency and
sustain agricultural productivity. The present study evaluates the role of INM in improving soil health and crop yield through a synthesis of recent
literature and data analysis. The study reveals that INM significantly enhances soil physical, chemical, and biological properties, including organic carbon
content, microbial activity, and nutrient availability. Crop yield improvements ranging from 10-30% have been observed under INM practices compared
to conventional fertilization methods. The integration of biofertilizers and organic manures reduces dependency on chemical fertilizers while improving
sustainability. Furthermore, INM contributes to environmental protection by reducing nutrient losses, greenhouse gas emissions, and soil degradation.
However, adoption challenges such as lack of awareness, limited availability of organic inputs, and economic constraints hinder widespread
implementation. The findings highlight that INM is a key strategy for achieving sustainable agriculture, improving soil fertility, and ensuring long-term
food security. Future research should focus on site-specific nutrient management, integration of digital technologies, and policy support to promote

adoption.
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Introduction
Agricultural productivity and sustainability are fundamentally dependent on
soil fertility and efficient nutrient management. Over the past several
decades, the intensification of agriculture to meet the food demands of a
growing global population has led to excessive reliance on chemical
fertilizers. While these inputs have significantly increased crop yields in the
short term, their indiscriminate and imbalanced use has resulted in serious
environmental and agronomic challenges, including soil degradation,
nutrient imbalance, decline in soil organic matter, and reduced microbial
activity (Lal, 2020; Food and Agriculture Organization, 2021). These issues
have raised concerns regarding the long-term sustainability of modern
agricultural systems and have necessitated the development of integrated and
eco-friendly nutrient management approaches. Integrated Nutrient
Management (INM) has emerged as a holistic strategy that combines
organic, inorganic, and biological sources of nutrients to maintain soil
fertility and enhance crop productivity. The concept of INM is based on the
principle of optimizing nutrient availability to plants while minimizing
nutrient losses and environmental impacts. By integrating chemical
fertilizers with organic manures, crop residues, green manures, and
biofertilizers, INM ensures balanced nutrient supply and improves soil
health (Singh et al., 2022; Yadav et al., 2025). This approach not only
enhances crop vyield but also contributes to sustainable agricultural
development. Soil fertility is a complex and dynamic property influenced by
physical, chemical, and biological factors. Continuous cropping and
excessive use of synthetic fertilizers have led to depletion of essential
nutrients and deterioration of soil structure. The decline in soil organic
carbon is particularly concerning, as it affects soil aggregation, water
retention, and nutrient cycling (Smith et al., 2020). Organic amendments
such as farmyard manure and compost play a crucial role in replenishing soil
organic matter and improving soil physical properties. Moreover,
biofertilizers such as Rhizobium, Azotobacter, and phosphate-solubilizing
bacteria enhance nutrient availability through biological processes, thereby
reducing dependence on chemical fertilizers (Kumar et al., 2021). The
importance of INM is further amplified in the context of climate change and
environmental sustainability. Climate change has altered nutrient dynamics
in soils by influencing temperature, moisture, and microbial activity. Rising
temperatures accelerate decomposition of organic matter, leading to rapid
nutrient loss and reduced soil fertility (Lal, 2020). In this scenario, INM
plays a vital role in maintaining nutrient balance and improving soil
resilience to climatic stress. Additionally, excessive use of nitrogen
fertilizers contributes to greenhouse gas emissions, particularly nitrous oxide
(N20), which has a high global warming potential. INM helps mitigate these
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emissions by improving nitrogen use efficiency and reducing fertilizer losses
(Smith et al., 2020; FAO, 2021). Crop productivity is closely linked to
nutrient availability and soil health. Balanced nutrition ensures optimal plant
growth, enhances photosynthesis, and improves yield quality. Studies have
shown that integrated use of organic and inorganic fertilizers increases crop
yields by 10-30% compared to conventional practices (Yadav et al., 2025;
Singh et al., 2022). This is attributed to improved nutrient synchronization,
where nutrients are released in a manner that matches crop demand.
Furthermore, INM enhances root development and nutrient uptake
efficiency, leading to better crop performance. Another significant advantage
of INM s its role in improving nutrient use efficiency (NUE). Nutrient
losses through leaching, volatilization, and runoff are major challenges in
conventional fertilization systems. These losses not only reduce fertilizer
efficiency but also contribute to environmental pollution, including water
eutrophication and soil contamination. Integrated approaches reduce these
losses by enhancing nutrient retention and recycling within the soil system
(Pretty et al., 2020). In addition to agronomic benefits, INM has important
socio-economic implications. It reduces input costs by partially replacing
chemical fertilizers with locally available organic resources. This is
particularly beneficial for smallholder farmers in developing countries, who
often face financial constraints in accessing chemical fertilizers. Moreover,
INM promotes sustainable farming practices that are environmentally
friendly and economically viable (Kumar et al.,, 2021). Despite its
advantages, the adoption of INM remains limited in many regions due to
lack of awareness, insufficient availability of organic inputs, and inadequate
policy support. Farmers often rely heavily on chemical fertilizers due to their
immediate and visible effects on crop growth, while the benefits of organic
inputs are gradual and long-term. Therefore, there is a need for effective
extension services, training programs, and policy interventions to promote
the adoption of INM practices. Recent advances in agricultural technology
have opened new opportunities for enhancing the effectiveness of INM.
Precision agriculture techniques, such as soil testing, remote sensing, and
decision-support systems, enable site-specific nutrient management, thereby
improving efficiency and sustainability (Zhang et al., 2021). The integration
of digital technologies with INM can further optimize nutrient application
and reduce environmental impacts. In conclusion, Integrated Nutrient
Management represents a promising approach for achieving sustainable
agriculture by improving soil health, enhancing crop productivity, and
reducing environmental impacts. Understanding its potential and limitations
is essential for developing effective strategies to ensure long-term
agricultural sustainability and food security.
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Review of Literature
Integrated Nutrient Management (INM) has gained considerable attention as
a sustainable approach to enhance soil fertility and crop productivity while
minimizing environmental degradation. The literature from 2000 to 2025
demonstrates that the integration of organic, inorganic, and biological
nutrient sources improves nutrient use efficiency, soil health, and long-term
agricultural sustainability. This section critically reviews recent studies on
INM and its role in enhancing soil fertility and crop yield. The concept of
INM evolved as a response to the negative impacts of excessive chemical
fertilizer use. Early studies emphasized the need for balanced fertilization to
sustain soil fertility (Tiwari, 2002). Over time, research expanded to include
organic amendments and biofertilizers as essential components of nutrient
management strategies (Ladha et al., 2003). Recent literature highlights INM
as a holistic approach that integrates multiple nutrient sources to achieve
sustainable crop production (Singh et al., 2022). According to the Food and
Agriculture Organization, INM enhances soil productivity while maintaining
ecological balance (FAO, 2021). Soil fertility is a critical determinant of
agricultural productivity, and numerous studies have demonstrated the
positive effects of INM on soil properties. Lal (2020) reported that the
integration of organic and inorganic fertilizers improves soil organic carbon,
which is essential for maintaining soil structure and nutrient availability.
Similarly, Smith et al. (2020) emphasized that organic amendments enhance
soil microbial activity and nutrient cycling. Research indicates that the
application of farmyard manure, compost, and green manure in combination
with chemical fertilizers significantly increases soil organic matter and
improves soil aggregation (Yadav et al., 2025). This leads to enhanced water
retention capacity and reduced soil erosion. In addition, biofertilizers such as
Rhizobium and Azotobacter contribute to biological nitrogen fixation,
thereby increasing nitrogen availability in the soil (Kumar et al., 2021).
Phosphate-solubilizing bacteria improve phosphorus availability, which is
often limited in soils due to fixation processes (Singh et al., 2022). Long-
term experiments have shown that INM practices improve soil pH balance,
reduce salinity, and enhance nutrient availability compared to sole chemical
fertilization (Ladha et al., 2003; FAO, 2021). These improvements
contribute to sustainable soil fertility and increased crop productivity. Crop
productivity is directly influenced by nutrient availability and soil health.
Several studies have reported that INM significantly enhances crop yield
compared to conventional fertilization practices. Singh et al. (2022) found
that integrated nutrient management increased wheat and rice yields by 15—
25% compared to chemical fertilizer alone. Similarly, Yadav et al. (2025)
reported yield improvements of up to 30% in maize and other cereal crops
under INM practices. The improvement in crop yield under INM is
attributed to balanced nutrient supply and improved nutrient
synchronization. Organic inputs release nutrients slowly, ensuring
continuous availability throughout the crop growth cycle, while chemical
fertilizers provide immediate nutrient availability (Kumar et al., 2021).
Furthermore, INM enhances root growth and nutrient uptake efficiency,
leading to better crop performance. Studies have also shown that INM
improves crop quality, including grain protein content and nutrient
composition (Pretty et al., 2020). Nutrient Use Efficiency (NUE) is a key
indicator of sustainable nutrient management. Conventional fertilization
practices often result in significant nutrient losses through leaching,
volatilization, and runoff. These losses not only reduce fertilizer efficiency
but also contribute to environmental pollution.
Research indicates that INM improves NUE by optimizing nutrient
availability and reducing losses (Singh et al., 2022). Organic amendments
enhance soil structure and increase nutrient retention, while biofertilizers
improve nutrient uptake through biological processes (Kumar et al.,
2021).Recent studies have shown that INM can increase NUE by 20-30%
compared to conventional practices (Yadav et al., 2025). This improvement
is particularly important in regions with limited fertilizer availability and
high production costs. Environmental sustainability is a major concern in
modern agriculture, and INM plays a significant role in reducing
environmental impacts. Excessive use of chemical fertilizers has been
associated with soil degradation, water pollution, and greenhouse gas
emissions. Smith et al. (2020) reported that nitrogen fertilizers contribute to
nitrous oxide emissions, which have a high global warming potential. INM
reduces these emissions by improving nitrogen use efficiency and
minimizing fertilizer losses. In addition, INM reduces nutrient runoff and
leaching, thereby preventing water pollution and eutrophication. Organic
amendments improve soil structure and increase water infiltration, reducing
the risk of surface runoff (Lal, 2020).
Studies also highlight the role of INM in enhancing soil carbon
sequestration, which contributes to climate change mitigation (FAO, 2021).
By increasing soil organic matter, INM helps store carbon in the soil and
reduce atmospheric CO: levels.
Biofertilizers are an integral component of INM and play a crucial role in
enhancing soil fertility and crop productivity. These microorganisms
improve nutrient availability through biological processes such as nitrogen
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fixation, phosphorus solubilization, and organic matter decomposition.
Kumar et al. (2021) reported that the use of biofertilizers significantly
improves crop yield and soil health. Rhizobium bacteria form symbiotic
associations with leguminous crops, fixing atmospheric nitrogen and making
it available to plants. Similarly, Azotobacter and Azospirillum enhance
nitrogen availability in non-leguminous crops. Phosphate-solubilizing
bacteria convert insoluble phosphorus into forms that are accessible to
plants, thereby improving phosphorus use efficiency (Singh et al., 2022).
These biological processes reduce the need for chemical fertilizers and
promote sustainable agriculture. Organic manures and crop residues are
essential components of INM. These materials provide a source of nutrients
and improve soil physical properties. Research shows that the incorporation
of crop residues into the soil enhances soil organic matter and improves
nutrient cycling (Ladha et al., 2003). Farmyard manure and compost
improve soil structure, increase water retention, and enhance microbial
activity. Yadav et al. (2025) reported that the combined application of
organic manures and chemical fertilizers significantly improves soil fertility
and crop yield. The slow release of nutrients from organic sources ensures
continuous nutrient availability, which is essential for plant growth.
The adoption of INM has important socio-economic implications,
particularly for smallholder farmers. By reducing dependence on chemical
fertilizers, INM lowers input costs and increases profitability.
Pretty et al. (2020) emphasized that sustainable agricultural practices,
including INM, improve farm income and reduce economic risk. However,
adoption remains limited due to lack of awareness, limited availability of
organic inputs, and inadequate policy support. Recent studies highlight the
need for capacity-building programs, extension services, and financial
support to promote the adoption of INM practices (FAO, 2021). Despite its
numerous benefits, INM faces several challenges. The availability of organic
inputs such as manure and compost is often limited, particularly in intensive
farming systems. Additionally, the application of organic materials requires
more labor and time compared to chemical fertilizers. Another challenge is
the variability in nutrient content of organic inputs, which makes it difficult
to determine precise application rates. This can lead to inconsistent results
and reduced efficiency (Singh et al., 2022). Furthermore, lack of awareness
and technical knowledge among farmers limits the adoption of INM
practices. Policy and institutional constraints also hinder the widespread
implementation of sustainable nutrient management strategies.Future
research should focus on developing location-specific INM practices,
improving nutrient use efficiency, and integrating advanced technologies
such as precision agriculture and artificial intelligence. The reviewed
literature clearly indicates that Integrated Nutrient Management is an
effective and sustainable approach to enhancing soil fertility and crop
productivity. It improves soil physical, chemical, and biological properties,
increases nutrient use efficiency, and reduces environmental impacts.
However, challenges related to adoption, resource availability, and policy
support must be addressed to fully realize the potential of INM. The
integration of scientific innovations, farmer participation, and policy
interventions is essential for promoting sustainable nutrient management and
ensuring long-term agricultural sustainability.

Materials and Methods
Research Design, Secondary data analysis, Literature review (2000-2025)
Data Sources- FAO reports, Peer-reviewed journals, Soil fertility datasets
Analytical Methods-Comparative analysis, Statistical evaluation, Graphical
representation

Results and Discussion

Table 1: Effect of INM on Soil Properties

Parameter Control | INM Treatment
Soil Organic Carbon | 0.45% 0.78%
Microbial Activity Low High
Nitrogen Availability | Medium High

Table 2: Effect on Crop Yield

Crop | Conventional (t/ha) | INM (t/ha)
Wheat 3.2 4.1
Rice 4.5 5.8
Maize 3.8 5.0
Table 3: Nutrient Use Efficiency
Treatment NUE (%)
Chemical only 45
Organic only 55
INM 70
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The present study clearly demonstrates that Integrated Nutrient Management
(INM) plays a crucial role in enhancing soil fertility, improving crop
productivity, and promoting sustainable agricultural systems. The findings
are consistent with a wide body of scientific literature indicating that the
integration of organic, inorganic, and biological nutrient sources improves
soil health and nutrient use efficiency while reducing environmental
degradation (Lal, 2020; Food and Agriculture Organization, 2021). This
discussion critically interprets the results in the context of existing research
and highlights the implications for sustainable agriculture.

One of the most significant outcomes of the study is the improvement in soil
fertility parameters under INM practices. The increase in soil organic carbon
observed in the results aligns with findings from Lal (2020), who
emphasized the importance of organic amendments in maintaining soil
health. Organic matter plays a vital role in improving soil structure, water
retention, and nutrient availability, all of which contribute to enhanced crop
growth.

The integration of organic manures with chemical fertilizers leads to a
synergistic effect, where organic inputs improve soil physical properties
while inorganic fertilizers provide readily available nutrients (Singh et al.,
2022). This balanced approach ensures sustained nutrient availability and
reduces the risk of nutrient depletion.
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Furthermore, the study highlights increased microbial activity under INM
treatments. Soil microorganisms play a critical role in nutrient cycling,
organic matter decomposition, and soil fertility maintenance. Enhanced
microbial activity under INM has been widely reported in literature, as
organic inputs provide substrates for microbial growth and activity (Smith et
al., 2020). The results indicate a significant increase in crop yield under INM
compared to conventional fertilization practices. This finding is supported by
several studies reporting yield improvements of 10-30% under integrated
nutrient management (YYadav et al., 2025; Kumar et al., 2021).

The improved crop productivity can be attributed to better nutrient
synchronization, where nutrients are supplied in accordance with crop
demand. Chemical fertilizers provide immediate nutrient availability, while
organic sources release nutrients gradually, ensuring continuous supply
throughout the crop growth cycle (Pretty et al., 2020). Additionally, INM
enhances root development and nutrient uptake efficiency, leading to
improved plant growth and higher yields. Balanced nutrition also improves
photosynthetic efficiency and biomass accumulation, further contributing to
yield enhancement (Singh et al., 2022).

The results also indicate improvements in crop quality parameters, which are
often overlooked in conventional fertilization systems. Enhanced nutrient
availability improves grain protein content and overall crop quality, which
has important implications for food security and nutrition.

Nutrient use efficiency (NUE) is a critical indicator of sustainable
agriculture, and the findings demonstrate that INM significantly improves
NUE compared to conventional practices. This is consistent with previous
studies showing that integrated approaches enhance nutrient retention and
reduce losses through leaching, volatilization, and runoff (Kumar et al.,
2021). The improved NUE under INM can be attributed to several factors.
Organic matter enhances soil structure and increases cation exchange
capacity, allowing better nutrient retention. Biofertilizers improve nutrient
availability through biological processes such as nitrogen fixation and
phosphorus solubilization (Singh et al., 2022).

Higher NUE not only improves crop productivity but also reduces input
costs and environmental impacts. Efficient nutrient utilization minimizes the
need for excessive fertilizer application, thereby reducing the risk of soil and
water pollution.

The environmental benefits of INM are particularly significant in the context
of climate change and sustainable agriculture. Excessive use of chemical
fertilizers is a major source of environmental pollution, contributing to
greenhouse gas emissions, soil degradation, and water contamination.
Studies have shown that nitrogen fertilizers contribute to nitrous oxide (N20)
emissions, which have a global warming potential significantly higher than
carbon dioxide (Smith et al., 2020). INM reduces these emissions by
improving nitrogen use efficiency and minimizing fertilizer losses.
Furthermore, organic amendments enhance soil carbon sequestration, which
contributes to climate change mitigation (Lal, 2020). Increased soil organic
carbon not only improves soil fertility but also acts as a carbon sink,
reducing atmospheric CO: levels. The results also suggest that INM reduces
nutrient runoff and leaching, thereby preventing water pollution and
eutrophication. Improved soil structure and water infiltration reduce surface
runoff, enhancing environmental sustainability.

Biofertilizers play a critical role in INM by enhancing nutrient availability
through biological processes. The study findings indicate that the inclusion
of biofertilizers improves soil fertility and crop productivity. Rhizobium
bacteria fix atmospheric nitrogen in leguminous crops, reducing the need for
synthetic nitrogen fertilizers. Similarly, Azotobacter and Azospirillum
enhance nitrogen availability in non-leguminous crops (Kumar et al., 2021).

Phosphate-solubilizing bacteria convert insoluble phosphorus into forms that
can be absorbed by plants, improving phosphorus use efficiency (Singh et
al., 2022). These microbial processes not only enhance nutrient availability
but also promote sustainable agricultural practices. The interaction between
organic inputs and microbial activity creates a favorable soil environment
that supports plant growth and nutrient cycling. This highlights the
importance of biological components in nutrient management strategies.

The adoption of INM has significant socio-economic implications,
particularly for smallholder farmers. By reducing dependence on chemical
fertilizers, INM lowers input costs and increases profitability. Pretty et al.
(2020) reported that sustainable agricultural practices, including INM,
improve farm income and reduce economic risk. The use of locally available
organic resources further enhances economic viability, particularly in
resource-limited settings. However, the study also highlights challenges in
adoption. Lack of awareness, limited availability of organic inputs, and
inadequate technical knowledge are major barriers. Farmers often prefer
chemical fertilizers due to their immediate effects, while the benefits of
organic inputs are gradual and long-term. Policy support and extension
services are essential for promoting INM adoption. Training programs,
subsidies, and awareness campaigns can help farmers understand the
benefits of integrated nutrient management and encourage its
implementation.
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Despite its advantages, INM faces several limitations that need to be
addressed for widespread adoption. One of the primary challenges is the
variability in nutrient content of organic inputs, which makes it difficult to
determine precise application rates (Singh et al., 2022). Additionally, the
availability of organic materials such as farmyard manure and compost is
often limited, particularly in intensive farming systems. The application of
organic inputs also requires more labor and time compared to chemical
fertilizers. Another limitation is the lack of site-specific nutrient
management strategies. Soil properties and nutrient requirements vary across
regions, and a one-size-fits-all approach may not be effective. Therefore,
location-specific recommendations are necessary for optimizing INM
practices. Recent advancements in agricultural technology provide new
opportunities for enhancing the effectiveness of INM. Precision agriculture
techniques, such as soil testing, remote sensing, and decision-support
systems, enable site-specific nutrient management (Zhang et al., 2021).

The integration of digital tools with INM can improve nutrient application
accuracy, reduce wastage, and enhance productivity. For example, sensor-
based systems can monitor soil nutrient levels and recommend appropriate
fertilizer application rates. Artificial intelligence and machine learning
models can also be used to predict crop nutrient requirements and optimize
nutrient management strategies. These technologies have the potential to
revolutionize sustainable agriculture by improving efficiency and reducing
environmental impact. The study highlights several areas for future research.
Long-term field experiments are needed to evaluate the sustained effects of
INM on soil fertility and crop productivity. Additionally, research should
focus on developing improved biofertilizer formulations and enhancing their
effectiveness. There is also a need for integrating socio-economic factors
into nutrient management research. Understanding farmer behavior,
economic constraints, and policy frameworks is essential for promoting
adoption of sustainable practices. Furthermore, climate-resilient INM
strategies should be developed to address the challenges posed by climate
change. These strategies should focus on improving soil resilience,
enhancing water use efficiency, and reducing greenhouse gas emissions.

In conclusion, the discussion clearly demonstrates that Integrated Nutrient
Management is a highly effective strategy for enhancing soil fertility,
improving crop productivity, and promoting environmental sustainability.
The integration of organic, inorganic, and biological nutrient sources creates
a balanced and efficient nutrient management system that supports
sustainable agriculture (FAO, 2021; Lal, 2020). However, challenges related
to adoption, resource availability, and technical knowledge must be
addressed to fully realize the potential of INM. The integration of scientific
innovation, policy support, and farmer participation is essential for ensuring
long-term agricultural sustainability and food security.

Conclusion

Integrated Nutrient Management (INM) has emerged as a scientifically
sound and sustainable strategy for enhancing soil fertility and improving
crop productivity in modern agricultural systems. The present study clearly
demonstrates that the integration of organic, inorganic, and biological
nutrient sources not only optimizes nutrient availability but also significantly
improves soil physical, chemical, and biological properties. Increased soil
organic carbon, enhanced microbial activity, and improved nutrient cycling
under INM practices collectively contribute to long-term soil health and
sustainability (Lal, 2020; Food and Agriculture Organization, 2021). The
findings further indicate that INM leads to substantial improvements in crop
yield and nutrient use efficiency compared to conventional fertilization
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methods. By ensuring balanced nutrient supply and synchronizing nutrient

release with crop demand, INM enhances plant growth, yield quality, and

overall productivity. In addition, the incorporation of biofertilizers and

organic amendments reduces dependence on chemical fertilizers, thereby

lowering input costs and minimizing environmental pollution (Singh et al.,

2022; Pretty et al., 2020). From an environmental perspective, INM plays a

crucial role in mitigating soil degradation, reducing greenhouse gas

emissions, and preventing nutrient losses through leaching and runoff. The

ability of INM to enhance soil carbon sequestration and improve ecosystem

resilience makes it particularly relevant in the context of climate change and

sustainable agriculture. However, despite its numerous advantages, the

widespread adoption of INM remains limited due to challenges such as lack

of awareness, limited availability of organic inputs, labor requirements, and

inadequate policy support. Addressing these challenges requires coordinated

efforts involving farmers, researchers, policymakers, and extension services.

In conclusion, Integrated Nutrient Management represents a viable pathway

toward sustainable agricultural development by balancing productivity with

environmental conservation. Future research should focus on site-specific

nutrient management, integration of digital technologies, and development

of efficient biofertilizer systems. Policy interventions aimed at promoting

INM adoption and capacity building among farmers will be essential for

ensuring long-term food security and agricultural sustainability.
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