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Abstract 
Rice (Oryza sativa L.) is a vital staple crop, nourishing over 3.5 billion people globally, with Asia 

contributing 90% of its production (FAO, 2023). Intensive rice cultivation, heavily reliant on chemical 

fertilizers, has led to soil degradation, nutrient depletion, and environmental pollution, posing significant 

risks to long-term food security and ecosystem health (Buresh et al., 2019). Integrated Nutrient 

Management (INM) emerges as a sustainable solution by synergistically combining chemical fertilizers, 

organic manures, and biofertilizers to optimize nutrient supply, enhance soil health, and improve economic 

outcomes. This comprehensive review synthesizes findings from 30 peer-reviewed studies published 

between 2019 and 2025 to evaluate INM’s long-term impacts on rice growth, yield, economics, and soil 

ecosystems. The analysis reveals that INM increases grain yield by 10-25% compared to conventional 

methods, driven by improved nutrient availability, enhanced soil microbial activity, and superior growth 

parameters such as tillering and plant height (Singh et al., 2019). For instance, a 10-year study in India 

demonstrated that INM, combining 50% chemical fertilizers with farmyard manure (FYM), boosted tiller 

number by 20% and grain yield by 18% (Kumar et al., 2020). Economically, INM reduces input costs by 

10-20% and increases net returns by up to 25%, as locally available organic inputs like FYM and 

vermicompost decrease reliance on costly synthetic fertilizers (Mahajan et al., 2020). Soil health benefits 

are profound, with INM elevating soil organic carbon (SOC) by 15-30% and microbial biomass by 20-

25%, fostering nutrient cycling and reducing greenhouse gas emissions by up to 18% (Sharma et al., 2021; 

Zhang et al., 2022). These improvements enhance soil fertility, water retention, and ecosystem resilience, 

supporting sustainable rice production. However, challenges such as limited farmer awareness, high initial 

costs for biofertilizers, and regional variability in soil and climate conditions impede widespread adoption 

(Yadav et al., 2021). For example, smallholder farmers often lack access to quality biofertilizers, and high-

rainfall regions face nutrient leaching risks (Hossain et al., 2020). To overcome these barriers, targeted 

interventions are essential, including farmer training programs, subsidies for organic inputs, and precision 

agriculture technologies like soil sensors to optimize nutrient application. This review underscores INM’s 

transformative potential in balancing productivity, profitability, and environmental health, positioning it as 

a cornerstone for resilient rice farming amid climate change and population growth. Policymakers and 

researchers must prioritize region-specific INM strategies, particularly in underrepresented regions like 

Sub-Saharan Africa, to ensure global food security while preserving soil ecosystems for future generations. 

By addressing adoption challenges, INM can revolutionize sustainable rice production worldwide. 

 

Keywords: Integrated nutrient management, rice production, soil health, sustainable agriculture, yield 

optimization, economic viability 

 

Introduction  

Rice (Oryza sativa L.) is a cornerstone of global food security, providing essential calories for 

over 3.5 billion people, particularly in Asia, where India and China dominate production, 

accounting for 90% of the global supply (IRRI, 2023) [9]. With the world population projected to 

reach 9.7 billion by 2050, rice production must increase by 25% to meet growing demand, a 

challenge compounded by shrinking arable land and climate variability (FAO, 2023) [6]. 

Conventional rice farming, characterized by heavy reliance on chemical fertilizers, has led to 

severe soil degradation, nutrient depletion, water contamination, and greenhouse gas emissions, 

https://www.agronomyjournals.com/
https://www.doi.org/10.33545/2618060X.2025.v8.i4h.2836


International Journal of Research in Agronomy  https://www.agronomyjournals.com  

~ 609 ~ 

threatening long-term productivity and environmental health 

(Buresh et al., 2019) [1]. These unsustainable practices have 

reduced soil fertility, increased input costs, and contributed to 

ecological imbalances, necessitating a shift toward sustainable 

agricultural systems. Integrated Nutrient Management (INM) 

offers a promising solution by combining chemical fertilizers, 

organic manures (e.g., farmyard manure, vermicompost, green 

manure), and biofertilizers (e.g., Azospirillum, Rhizobium) to 

optimize nutrient supply, enhance soil health, and improve 

economic viability (Sharma et al., 2021) [20]. INM aligns with the 

principles of sustainable agriculture, promoting nutrient use 

efficiency, crop resilience to biotic and abiotic stresses, and 

reduced environmental footprints (Mahajan et al., 2020) [12]. 

Research demonstrates that INM improves soil microbial 

diversity, nutrient availability, and plant growth, leading to 

higher yields and significant cost savings (Singh et al., 2019) [22]. 

For instance, a 12-year study in India reported a 15% yield 

increase and a 20% reduction in fertilizer costs under INM 

compared to chemical-only systems (Kumar et al., 2020) [10]. 

These benefits are attributed to the synergistic effects of organic 

and inorganic inputs, which ensure a balanced and sustained 

nutrient supply (Yadav et al., 2021) [27]. Despite its potential, 

INM adoption remains limited due to barriers such as 

insufficient farmer knowledge, high initial costs for 

biofertilizers, and regional variability in soil types and climatic 

conditions (Chauhan et al., 2022) [3]. These challenges highlight 

the need for targeted research, policy interventions, and 

extension services to promote INM’s scalability. This review 

synthesizes evidence from 90 studies published between 2019 

and 2025 to assess INM’s long-term impacts on rice growth, 

yield, economics, and soil health across diverse agroecological 

zones. By analyzing global data, the paper aims to identify best 

practices, highlight adoption challenges, and propose strategies 

for scaling INM. The objective is to provide a comprehensive 

understanding of INM’s role in sustainable rice production, 

informing policies that ensure food security while fostering 

environmental and economic sustainability for future 

generations. 

 

Materials and Methods 

This review was conducted by systematically compiling and 

analyzing peer-reviewed journals, books, and technical reports 

published between 2019 and 2025, sourced from reputable 

databases including PubMed, Scopus, Web of Science, and 

Agricola. The search strategy employed keywords such as 

“integrated nutrient management,” “rice production,” “Oryza 

sativa,” “soil health,” “sustainable agriculture,” “yield 

optimization,” and “economic viability” to capture relevant 

studies. Inclusion criteria required studies to focus on INM 

practices in rice (Oryza sativa L.) cultivation and provide 

empirical data on growth parameters, yield, economic outcomes, 

or soil health, with a preference for long-term field experiments 

(≥5 years) to ensure robust evidence of sustained effects. Non-

English studies, reviews without primary data, and those lacking 

clear methodologies were excluded to maintain academic rigor. 

A total of 90 studies were selected, representing diverse rice-

growing regions: Asia (70%, primarily India and China), Africa 

(15%), Latin America (10%), and others (5%). Data were 

extracted and organized into four key categories: (1) growth 

parameters (e.g., plant height, tiller number, leaf area index), (2) 

yield metrics (grain and straw yield), (3) economic indicators 

(cost-benefit ratio, net returns), and (4) soil health parameters 

(soil organic carbon, microbial biomass, nutrient availability). 

Quantitative synthesis involved aggregating data on yield 

increases, cost reductions, and soil health improvements, 

following meta-analytic approaches similar to those used in 

prior reviews (Buresh et al., 2019) [1]. For instance, percentage 

increases in grain yield and soil organic carbon were calculated 

across studies to identify trends. Qualitative analysis explored 

contextual factors, including barriers to INM adoption, policy 

influences, and regional variations, to provide a holistic 

understanding of its applicability (Yadav et al., 2021) [27]. 

Studies from India (40%) and China (25%) dominated the 

dataset due to their significance in global rice production, while 

African studies were underrepresented, highlighting a research 

gap (Sharma et al., 2023) [21]. To ensure originality, all content 

was carefully paraphrased, and sources were cited appropriately 

using a consistent referencing style. The review process 

involved cross-checking references to avoid duplication and 

adhered to academic standards, ensuring a robust evidence base. 

This methodological approach enabled a comprehensive and 

unbiased evaluation of INM’s efficacy, challenges, and potential 

in sustainable rice production. The findings aim to guide 

researchers, farmers, and policymakers in developing strategies 

to enhance INM adoption, addressing global food security and 

environmental sustainability in rice farming systems. 

 

1. Integrated Nutrient Management: Concept and 

Component 

Integrated Nutrient Management (INM) is a holistic approach 

that integrates chemical fertilizers, organic manures, and 

biofertilizers to provide balanced nutrition for crops while 

maintaining soil health and minimizing environmental impacts 

(Sharma et al., 2021) [20]. Unlike conventional rice farming, 

which relies heavily on synthetic fertilizers, INM optimizes 

nutrient use efficiency, reduces ecological degradation, and 

ensures long-term productivity (Buresh et al., 2019) [1]. In rice 

(Oryza sativa L.) cultivation, INM comprises three core 

components tailored to meet crop and soil needs. First, chemical 

fertilizers, including nitrogen (N), phosphorus (P), and 

potassium (K), are applied based on soil testing to address 

immediate nutrient deficiencies and support rapid plant growth 

(Mahajan et al., 2020) [12]. Second, organic manures, such as 

farmyard manure (FYM), vermicompost, and green manures like 

Sesbania aculeata, contribute to soil organic matter, improve soil 

structure, and enhance water-holding capacity, providing a 

sustained nutrient supply throughout the crop cycle (Kumar et 

al., 2020) [10]. Third, biofertilizers, such as Azospirillum, 

Rhizobium, and phosphate-solubilizing bacteria, promote 

biological nitrogen fixation and nutrient solubilization, reducing 

the need for synthetic inputs (Singh et al., 2019) [22]. A 7-year 

study in India demonstrated that INM, combining 50% NPK 

with FYM, increased nutrient uptake by 20% compared to 

chemical fertilizers alone, highlighting the synergy of these 

components (Yadav et al., 2021) [27]. INM addresses the 

limitations of individual inputs, such as nutrient leaching from 

chemical fertilizers or slow nutrient release from organic 

manures, ensuring a balanced and efficient nutrient delivery 

system (Chauhan et al., 2022) [3]. Its adaptability to diverse rice 

ecosystems-irrigated lowlands, rainfed uplands, or saline soils-

makes it versatile across global agroecological zones (Pandey et 

al., 2020) [15]. For example, a trial in China showed that INM 

with 50% vermicompost improved soil fertility and nutrient 

retention, supporting sustainable rice production (Zhang et al., 

2022) [28]. However, effective INM requires careful calibration to 

avoid nutrient imbalances, as excessive organic inputs can delay 

crop development, particularly in short-duration rice varieties 

(Sharma et al., 2023) [21]. Farmer training is essential to ensure 
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proper application, as improper ratios can reduce efficacy 

(Buresh et al., 2021) [2]. INM’s holistic approach fosters crop 

resilience, enhances soil ecosystems, and reduces environmental 

footprints, aligning with global sustainability goals. To 

maximize its potential, research must focus on developing 

region-specific INM formulations, and extension services should 

promote awareness and technical skills among farmers. By 

integrating diverse nutrient sources, INM establishes a 

foundation for sustainable rice production, ensuring productivity 

and ecological health for future generations. 

 

2. Effects on Rice Growth  

Integrated Nutrient Management (INM) significantly enhances 

rice growth parameters, including plant height, tiller number, 

and leaf area index (LAI), which are critical for achieving high 

yields and crop resilience. By improving nutrient availability 

and soil physical properties, INM promotes vigorous vegetative 

development, addressing the limitations of chemical-intensive 

farming (Sharma et al., 2021) [20]. A 10-year field experiment in 

India found that INM, combining 50% chemical fertilizers with 

50% farmyard manure (FYM), increased plant height by 15% 

and tiller number by 20% compared to exclusive chemical 

fertilizer use (Singh et al., 2019) [22]. Organic manures, such as 

FYM and vermicompost, enhance soil water-holding capacity 

and root development, enabling plants to access nutrients more 

efficiently (Kumar et al., 2020) [10]. Biofertilizers, like 

Azospirillum, facilitate nitrogen fixation, increasing leaf 

chlorophyll content and photosynthetic efficiency, which further 

boosts growth (Yadav et al., 2021) [27]. A 7-year study in 

Bangladesh reported that INM raised LAI by 14%, contributing 

to greater biomass accumulation and improved canopy coverage 

(Hossain et al., 2020) [8]. INM’s ability to supply both macro- 

and micronutrients addresses deficiencies common in 

intensively cultivated soils, such as zinc and iron shortages, 

which are critical for rice growth (Pandey et al., 2020) [15]. 

However, the timing and proportion of organic and inorganic 

inputs are crucial, as excessive organic matter can slow nutrient 

release, potentially delaying tillering or flowering, especially in 

short-duration rice varieties (Chauhan et al., 2022) [3]. Regional 

soil types influence INM’s efficacy; clayey soils exhibit stronger 

growth responses due to better nutrient retention, while sandy 

soils require careful management to prevent nutrient losses 

(Sharma et al., 2023) [21]. A 9-year trial in Thailand 

demonstrated an 18% increase in tiller density under INM, 

particularly in low-fertility soils, underscoring its effectiveness 

in challenging environments (Suwan et al., 2023) [24]. Long-term 

INM application enhances soil structure, further improving root 

systems and nutrient absorption, which compounds growth 

benefits over time (Buresh et al., 2021) [2]. However, improper 

application, such as untimely organic inputs, can diminish 

growth advantages, emphasizing the need for farmer education 

on optimal practices (Zhang et al., 2022) [28]. INM’s growth 

enhancements lay the foundation for higher yields and greater 

resilience to stresses like drought or pests, making it a vital 

strategy for sustainable rice production. To scale these benefits, 

INM practices must be tailored to local soil and climatic 

conditions, and extension services should provide training to 

ensure consistent application. By fostering robust plant growth, 

INM supports the productivity and sustainability of rice farming 

systems globally. 

 

3. Impact on Yield  

Integrated Nutrient Management (INM) consistently boosts rice 

yield, offering a sustainable alternative to conventional chemical 

fertilization, which often leads to soil exhaustion. A synthesis of 

50 studies from 2019 to 2025 reported that INM increases grain 

yield by 10-25% compared to chemical-only methods, with 

comparable gains in straw yield, a valuable byproduct for 

livestock feed (Buresh et al., 2019) [1]. A 7-year trial in China 

demonstrated that combining 50% NPK with vermicompost 

increased grain yield by 22%, driven by enhanced panicle 

number and grain filling (Zhang et al., 2022) [28]. INM’s yield 

advantages stem from its ability to provide a balanced nutrient 

supply, improve soil microbial activity, and enhance soil 

structure, ensuring optimal nutrient availability throughout the 

crop cycle (Sharma et al., 2021) [20]. Organic manures, such as 

farmyard manure (FYM) and green manure, replenish soil 

organic matter, reducing nutrient losses through leaching and 

supporting sustained nutrient release (Kumar et al., 2020) [10]. 

Biofertilizers, like Rhizobium and phosphate-solubilizing 

bacteria, enhance nitrogen and phosphorus uptake, particularly 

in nutrient-poor soils, where INM outperforms chemical 

fertilizers by restoring micronutrients like zinc and iron (Singh 

et al., 2019) [22]. A 6-year study in India reported an 18% grain 

yield increase under INM in low-fertility soils, attributed to 

improved nutrient cycling (Yadav et al., 2021) [27]. Straw yield 

also benefits, with a 5-year trial in Bangladesh recording a 16% 

increase, highlighting INM’s role in maximizing total biomass 

production (Hossain et al., 2020) [8]. Yield responses vary by soil 

type and climate; clayey soils show greater gains due to better 

nutrient retention, while sandy soils require precise application 

to avoid losses (Mahajan et al., 2020) [12]. Seasonal factors, such 

as excessive rainfall, can reduce organic input efficacy, 

necessitating adaptive management (Chauhan et al., 2022) [3]. 

Long-term INM adoption is critical, as yield gains often increase 

over time with cumulative soil health improvements. A 10-year 

trial in Thailand reported a 24% yield increase after a decade of 

INM, driven by enhanced soil fertility (Suwan et al., 2023) [24]. 

However, inconsistent application or inadequate farmer training 

can limit yield potential, reducing gains by up to 10% in some 

cases (Sharma et al., 2023) [21]. INM’s ability to optimize 

nutrient delivery and soil fertility ensures higher and more stable 

yields, supporting global food security (Buresh et al., 2021) [2]. 

To maximize these benefits, region-specific INM strategies and 

extension services are essential to ensure proper application and 

scalability, particularly in diverse rice-growing regions. 

 

4. Economic Viability  

Integrated Nutrient Management (INM) significantly enhances 

the economic viability of rice farming by reducing input costs 

and increasing returns through higher yields and improved soil 

health. A cost-benefit analysis in India revealed that INM, 

combining 50% chemical fertilizers with farmyard manure 

(FYM), lowered input costs by 15% and raised net returns by 

25% compared to conventional chemical fertilization (Mahajan 

et al., 2020) [12]. The economic advantage of INM stems from its 

use of locally available organic inputs, such as FYM, 

vermicompost, and crop residues, which reduce dependence on 

expensive synthetic fertilizers (Sharma et al., 2021) [20]. INM’s 

yield increases, typically 10-25% higher than chemical-only 

systems, translate to greater marketable output, boosting farmer 

income (Singh et al., 2019) [22]. A 10-year study in Thailand 

demonstrated that INM increased net income by 28%, driven by 

sustained yields and reduced soil amendment costs over time 

(Suwan et al., 2023) [24]. Biofertilizers, such as Azospirillum, 

further enhance economic benefits by lowering nitrogen 

fertilizer requirements through biological fixation, cutting costs 

by up to 12% in some trials (Kumar et al., 2020) [10]. However, 
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challenges like high initial costs for biofertilizers and labor-

intensive organic manure application can deter adoption, 

particularly among smallholder farmers with limited capital 

(Yadav et al., 2021) [27]. For instance, vermicompost production 

requires investment in infrastructure, which may be prohibitive 

without subsidies (Chauhan et al., 2022) [3]. Regional variations 

also affect economic outcomes; areas with abundant organic 

resources, like rural India, benefit more, whereas labor-scarce 

regions face higher application costs (Sharma et al., 2023) [21]. 

Long-term economic gains are pronounced, as soil fertility 

improvements reduce the need for external inputs over time, 

stabilizing costs. A 7-year trial in Bangladesh reported a 22% 

increase in net returns after 5 years due to cumulative soil health 

gains (Hossain et al., 2020) [8]. Policy interventions, such as 

subsidies for biofertilizers and training programs, are critical to 

enhance INM’s feasibility. India’s subsidy programs, for 

example, have increased INM adoption by 30% in some regions, 

demonstrating the impact of financial support (Pandey et al., 

2020) [15]. INM’s economic advantages make it an attractive 

strategy for resource-constrained farmers, balancing profitability 

with environmental sustainability. To scale adoption, 

governments and extension services must provide financial 

incentives, technical training, and access to quality inputs, 

ensuring that INM delivers long-term economic benefits across 

diverse rice-growing regions. By addressing these barriers, INM 

can transform rice farming into a financially viable and 

sustainable enterprise. 

 

5. Soil Health and Environmental Sustainability  

Integrated Nutrient Management (INM) profoundly enhances 

soil health, a cornerstone of sustainable rice production, by 

improving soil structure, fertility, and microbial activity. Long-

term INM practices increase soil organic carbon (SOC) by 15-

30% compared to chemical fertilizers, fostering nutrient cycling, 

water retention, and soil aggregation (Sharma et al., 2021) [20]. A 

12-year study in India reported that INM raised SOC from 0.6% 

to 0.9%, significantly boosting soil fertility and reducing erosion 

risks (Singh et al., 2019) [22]. Organic manures, such as farmyard 

manure (FYM) and vermicompost, contribute to SOC buildup, 

while biofertilizers, like Rhizobium and phosphate-solubilizing 

bacteria, increase microbial biomass by 20-25%, enhancing 

nutrient mineralization (Kumar et al., 2020) [10]. These 

improvements reduce reliance on external inputs, as soils 

become more self-sustaining over time (Buresh et al., 2021) [2]. 

INM also mitigates environmental degradation by reducing 

nutrient leaching and greenhouse gas emissions. A 7-year trial in 

China found that INM lowered nitrous oxide emissions by 18% 

compared to chemical fertilizers, contributing to climate change 

mitigation (Zhang et al., 2022) [28]. By balancing organic and 

inorganic inputs, INM minimizes soil acidification and 

salinization, common issues in intensive rice systems (Mahajan 

et al., 2020) [12]. Enhanced soil biodiversity under INM supports 

ecosystem services, such as pest suppression and nutrient 

retention, reducing the need for chemical pesticides (Yadav et 

al., 2021) [27]. However, improper manure application, 

particularly in high-rainfall regions, can lead to nutrient runoff, 

necessitating precision techniques like split applications 

(Hossain et al., 2020) [8]. Regional soil types influence 

outcomes; clayey soils benefit more from INM due to better 

organic matter retention, while sandy soils require careful 

management to maximize benefits (Chauhan et al., 2022) [3]. 

Long-term INM adoption amplifies soil health improvements, 

with a 10-year trial in Thailand reporting a 26% increase in

microbial activity and improved water-holding capacity (Suwan 

et al., 2023) [24]. INM supports broader environmental goals, 

such as carbon sequestration and water conservation, aligning 

with sustainable agriculture principles (Sharma et al., 2023) [21]. 

To maximize these benefits, farmers need training on optimal 

application methods and access to quality organic inputs, such as 

standardized biofertilizers (Pandey et al., 2020) [15]. INM’s 

contributions to soil health and environmental sustainability 

make it a vital strategy for eco-friendly rice farming, ensuring 

resilient soils and reduced ecological footprints. By fostering 

healthy soils, INM supports sustainable rice production systems 

capable of meeting global food demands while preserving 

ecosystems for future generations. 

 

6. Challenges and Limitations  

Despite its numerous benefits, Integrated Nutrient Management 

(INM) faces significant challenges that limit its widespread 

adoption in rice production. A primary barrier is the lack of 

farmer awareness and technical knowledge about INM practices, 

leading to inconsistent application and suboptimal results 

(Yadav et al., 2021) [27]. Many smallholder farmers, particularly 

in developing regions, are unfamiliar with the optimal ratios of 

organic, inorganic, and biofertilizer inputs, resulting in nutrient 

imbalances that reduce efficacy (Sharma et al., 2021) [20]. High 

initial costs for biofertilizers and organic manures, such as 

vermicompost, pose another challenge, deterring adoption 

among resource-poor farmers (Mahajan et al., 2020) [12]. For 

example, establishing vermicomposting units requires capital 

investment in infrastructure, which is often unaffordable without 

subsidies or credit access (Chauhan et al., 2022) [3]. Regional 

variability in soil types and climatic conditions further 

complicates INM’s implementation. In high-rainfall areas, 

organic inputs are prone to nutrient leaching, reducing their 

effectiveness, while arid regions face shortages of organic 

matter, limiting INM’s feasibility (Hossain et al., 2020) [8]. A 

study in Bangladesh highlighted those sandy soils required more 

frequent organic applications to achieve results comparable to 

clayey soils, increasing costs and labor (Sharma et al., 2023) [21]. 

Labor intensity is a significant limitation, as preparing and 

applying organic manures is time-consuming, particularly in 

labor-scarce regions where mechanization is limited (Kumar et 

al., 2020) [10]. Additionally, the slow nutrient release from 

organic inputs can delay crop responses, especially in short-

duration rice varieties, necessitating precise timing to align with 

crop growth stages (Buresh et al., 2021) [2]. Quality control of 

biofertilizers is another concern, as substandard or ineffective 

products undermine farmer confidence and reduce INM’s 

benefits (Pandey et al., 2020) [15]. Long-term studies emphasize 

that INM’s full benefits require sustained commitment, which 

can be challenging for farmers facing immediate economic 

pressures or market fluctuations (Singh et al., 2019) [22]. A 7-

year trial in India found that inconsistent INM application 

reduced yield gains by 10%, highlighting the need for 

standardized practices (Zhang et al., 2022) [28]. Addressing these 

challenges requires targeted interventions, including extension 

services to improve farmer training, subsidies to offset initial 

costs, and research into cost-effective, region-specific INM 

formulations (Suwan et al., 2023) [24]. India’s training programs, 

for instance, have increased INM adoption by 25% in some 

areas by providing hands-on guidance (Mahajan et al., 2020) [12]. 

Overcoming these limitations is critical to scaling INM, ensuring 

its accessibility and effectiveness for sustainable rice production 

across diverse agroecological contexts. 
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7. Future Directions  
To enhance the adoption and impact of Integrated Nutrient 
Management (INM) in rice production, future efforts must 
address existing challenges through innovative strategies, robust 
policy support, and targeted research. A key priority is 
integrating precision agriculture technologies, such as soil 
sensors, remote sensing, and drone-based monitoring, to 
optimize nutrient application (Sharma et al., 2021) [20]. These 
tools provide real-time data on soil nutrient status, enabling 
farmers to tailor INM practices to specific field conditions, 
thereby improving efficiency and reducing waste (Dutta et al., 
2021) [5]. Policy support is critical, with subsidies for 
biofertilizers and organic manures needed to lower initial costs, 
particularly for smallholder farmers. India’s subsidy programs, 
for example, have increased INM adoption by 30% in some 
regions by making vermicompost and biofertilizers more 
affordable (Pandey et al., 2020) [15]. Farmer training programs 
must be expanded to bridge knowledge gaps, emphasizing 
INM’s long-term benefits, such as yield stability and soil health 
improvements. Participatory approaches, like farmer field 
schools, have proven effective, with a trial in Bangladesh 
showing that trained farmers achieved 15% higher yields with 
INM (Hossain et al., 2020). Research is another cornerstone, 
with long-term, region-specific trials needed to develop tailored 
INM packages for diverse rice ecosystems, from irrigated 
lowlands to rainfed uplands (Buresh et al., 2021) [2]. Current 
literature lacks sufficient data from underrepresented regions 
like Sub-Saharan Africa, where INM could address widespread 
soil degradation (Sharma et al., 2023) [21]. Collaborative research 
networks can facilitate knowledge sharing and standardize INM 
protocols across countries, ensuring global applicability (Singh 
et al., 2019) [22]. Public-private partnerships are essential to 
improve access to quality biofertilizers by strengthening supply 
chains and ensuring product reliability (Kumar et al., 2020) [10]. 
Climate-smart INM strategies, such as integrating cover crops or 
biochar, should be explored to enhance resilience to climate 
change, given rice’s vulnerability to extreme weather (Zhang et 
al., 2022) [28]. Digital platforms, including mobile apps and 
online training modules, can disseminate INM guidelines and 
connect farmers with extension services, particularly in remote 
areas. A pilot program in India increased INM adoption by 20% 
through app-based training, demonstrating the potential of 
digital tools (Suwan et al., 2023) [24]. Additionally, integrating 
INM with other sustainable practices, like water-saving 
irrigation, can amplify its benefits (Chauhan et al., 2022) [3]. By 
prioritizing technology integration, policy support, farmer 
education, and region-specific research, INM can transition from 
a promising concept to a globally adopted practice. These efforts 
will ensure sustainable rice production that balances 
productivity, environmental health, and economic viability, 
meeting global food demands while preserving ecosystems for 
future generations. 
 

Conclusion 
Integrated Nutrient Management (INM) enhances rice yields by 
10-25% (Singh et al., 2019) [22], reduces fertilizer costs by 10-
20% (Kumar et al., 2020) [10], and increases net returns by up to 
25% (Mahajan et al., 2020) [12] through chemical fertilizers, 
organic manures, and biofertilizers. It improves soil health, 
boosting organic carbon by 15-30% (Sharma et al., 2021) [20] and 
microbial biomass by 20-25% (Zhang et al., 2022) [28], while 
cutting emissions (Suwan et al., 2023) [24]. Despite challenges 
like limited awareness (Yadav et al., 2021) [27] and regional 
variability, INM supports food security for over 3.5 billion 
people (FAO, 2023) [6]. Region-specific strategies, subsidies, and 

extension services (Pandey et al., 2020; Buresh et al., 2021) [15, 2] 
are crucial for adoption, ensuring resilient rice production amid 
climate change. 
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