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Abstract 

Background: Soil fertility degradation is a critical challenge in tropical lowland agricultural systems, threatening food 

security and sustainable crop production across South Asia. Declining soil organic matter, nutrient imbalances, and over-

reliance on synthetic fertilizers have collectively diminished soil productive capacity in intensively cultivated rice-growing 

regions. 

Objective: This study aimed to assess the soil fertility status across different land-use zones and evaluate the response of rice 

(Oryza sativa L.) to integrated nutrient management (INM) treatments combining chemical fertilizers, organic manures, and 

biofertilizers. 

Method: A field survey was conducted across 24 villages covering 720 soil sampling points stratified by fertility zone. Field 

experiments were laid out in a randomized complete block design (RCBD) with seven INM treatments and three replications 

over two seasons. Soil physical, chemical, and biological parameters were analyzed using standard laboratory procedures. Data 

were analyzed using ANOVA and treatment means compared by DMRT at p≤0.05. 

Key Results: Soil fertility varied significantly among zones, with organic carbon (4.2–11.2 g/kg), available nitrogen (82–145 

kg/ha), and microbial biomass carbon (182–412 µg/g) showing the widest variation. The Integrated INM treatment (NPK + 

FYM + Biofertilizer) produced the highest grain yield (5.38 t/ha) and net return (INR 46,240/ha), significantly surpassing all 

other treatments including the sole NPK control. 

Conclusion: Integrated nutrient management combining chemical fertilizers with organic manures and biofertilizers is the 

most productive and sustainable approach for rice cultivation in tropical lowland systems. Targeted interventions based on 

fertility zone mapping are recommended. 
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Introduction 

Soil fertility is the foundation of sustainable agricultural 
productivity, encompassing the physical, chemical, and 
biological properties that collectively determine a soil's 
capacity to supply essential nutrients to crops over 
successive seasons [1]. In tropical lowland agricultural 
systems of South Asia — where rice (Oryza sativa L.) 
remains the dominant staple crop cultivated on more than 
140 million hectares — soil fertility management constitutes 
one of the most critical agronomic challenges of the 21st 
century [2]. 
The Green Revolution of the 1960s and 1970s transformed 
rice production through the introduction of high-yielding 
varieties and increased fertilizer application, enabling South 
Asia to achieve food self-sufficiency [3]. However, decades 
of intensive cultivation have progressively depleted soil 
organic matter (SOM), disrupted soil biological 
communities, and created macro- and micronutrient 
imbalances that undermine long-term soil productive 
capacity [4]. A meta-analysis by Ladha et al [5]. documented 
a 10–15% decline in yield potential in intensively managed 
rice–wheat systems across the Indo-Gangetic Plains over 
two decades, attributable largely to soil health degradation. 
Conventional nutrient management strategies in the region 
have relied predominantly on nitrogen (N), phosphorus (P), 
and potassium (K) fertilizers, often applied in imbalanced 
ratios without accounting for site-specific soil fertility status 
[6]. This approach has led to excessive nitrogen 
accumulation in some zones, deficiency-induced yield 

decline in others, and widespread secondary and 
micronutrient deficiencies — particularly zinc (Zn), sulfur 
(S), and boron (B) — that are frequently overlooked in 
standard fertilizer recommendations [7]. 
Integrated Nutrient Management (INM) offers a science-
based alternative that combines chemical fertilizers with 
organic inputs such as farmyard manure (FYM) and 
vermicompost, and biological inputs such as nitrogen-fixing 
bacteria (Rhizobium, Azospirillum) and phosphate-
solubilizing microorganisms (PSM) [8]. INM approaches aim 
to optimize nutrient use efficiency, restore and maintain soil 
organic matter, enhance soil biological activity, and reduce 
the environmental footprint of fertilizer use [9]. 
Despite the conceptual appeal of INM, site-specific 
evidence on the comparative performance of different INM 
combinations under varying fertility levels in tropical 
lowland rice systems remains limited [10]. Furthermore, 
economic analyses integrating yield response with input 
costs are seldom incorporated into agronomic studies, 
creating a gap between research recommendations and 
farmer decision-making [11]. 
 

Research Objectives 

The present study therefore aimed to: (i) characterize the 
soil fertility status across three fertility zones in the study 
area; (ii) evaluate the yield response of rice to seven 
integrated nutrient management treatments; and (iii) 
determine the most economically advantageous INM 
combination for tropical lowland rice production [12]. 
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Literature Review 

Soil Organic Matter and Soil Health 

Soil organic matter (SOM) occupies a central position in 

soil fertility, serving as a reservoir of plant nutrients, a 

substrate for soil microbial activity, a contributor to soil 

structure and water retention, and a buffer against chemical 

and biological stresses [13]. Research has consistently 

demonstrated that every 1 g/kg increase in soil organic 

carbon (SOC) correlates with significant improvements in 

water-holding capacity (WHC), cation exchange capacity 

(CEC), and available nutrient pools [14]. In tropical soils, 

rapid organic matter decomposition driven by high 

temperatures and microbial activity makes maintenance of 

SOM particularly challenging, necessitating regular organic 

input additions [15]. 

Studies across rice-producing systems in India, Bangladesh, 

and Vietnam document steady SOC decline under 

continuous mineral fertilizer-only management, with 

average annual SOC losses of 0.02–0.04% reported from 

long-term experiments [16]. The incorporation of crop 

residues, FYM, and green manures has been shown to 

reverse or stabilize this trend, highlighting the importance of 

organic inputs in INM systems [17]. 

 

Macronutrient Management in Rice Systems 

Nitrogen remains the most yield-limiting nutrient in tropical 

lowland rice production. Split-dose application of 

nitrogenous fertilizers aligned with crop growth stages — 

particularly at tillering, panicle initiation, and heading — 

has been shown to improve nitrogen use efficiency (NUE) 

and reduce losses through leaching and volatilization [18]. 

Sharma and Bali [19] demonstrated that combining urea with 

slow-release nitrogen sources or urease inhibitors can 

increase NUE by 15–25% compared to conventional urea 

application. 

Phosphorus management in flooded rice systems involves 

complex soil-water-plant interactions. Under flooded 

conditions, soil redox potential decreases, releasing fixed 

phosphorus from iron-bound complexes and temporarily 

improving P availability [20]. However, rapid re-fixation 

following drainage makes phosphorus management critical 

during field preparation and early crop establishment. Rock 

phosphate combined with PSM biofertilizers has shown 

promising results in P-deficient tropical soils [21]. 

 

Biofertilizer Applications in Rice 

Biofertilizers containing nitrogen-fixing and phosphate-

solubilizing microorganisms have been extensively studied 

as supplements to mineral fertilizers in rice systems [22]. 

Azospirillum brasilense and Azotobacter chroococcum have 

demonstrated the ability to fix 20–40 kg N/ha annually 

under favorable soil conditions, partially substituting 

synthetic nitrogen inputs [23]. Phosphate-solubilizing bacteria 

(PSB) such as Bacillus megaterium and Pseudomonas 

putida enhance P availability through the production of 

organic acids and phosphatases [24]. 

Combined inoculation of nitrogen-fixing bacteria with PSB 

and mycorrhizal fungi has produced synergistic effects on 

rice grain yield in several long-term field trials, suggesting 

that multi-strain biofertilizer consortia may outperform 

single-strain inoculants [25]. Integration of biofertilizers 

within INM frameworks offers the dual benefit of improved 

crop nutrition and enhanced soil microbial diversity [26]. 

Research Gap 
While individual components of INM have been well-
researched, comprehensive multi-season studies 
simultaneously evaluating soil fertility mapping, treatment 
response, and economic return under tropical lowland 
conditions remain limited [27]. Most studies focus on either 
soil characterization or crop response in isolation, without 
linking fertility status to treatment efficacy. This study 
addresses this gap by integrating soil fertility assessment 
with agronomic and economic evaluation of INM treatments 
across fertility-stratified zones [28]. 
  
Methodology 
Study Area and Soil Sampling 
The study was conducted in a tropical lowland rice-growing 
region of [State/District Name], covering an area of 
approximately [XXX] km [2]. A total of 24 villages were 
selected through purposive sampling based on land-use 
diversity and accessibility. Within each village, 30 soil 
samples were collected from 0–20 cm depth using an auger, 
following a grid sampling method. Samples were 
composited at the village level and analyzed for 12 physical, 
chemical, and biological parameters. 
 
Fertility Zone Classification 
Based on composite soil analysis results, survey villages 
were classified into three fertility zones — Low (LFZ), 
Medium (MFZ), and High (HFZ) — using a weighted index 
approach incorporating soil organic carbon, available NPK, 
and microbial biomass carbon. Classification thresholds 
followed the Indian Council of Agricultural Research 
(ICAR) soil fertility rating guidelines adapted for tropical 
lowland conditions. 
 
Field Experiments 
Field experiments were established in representative LFZ 
and HFZ sites using a Randomized Complete Block Design 
(RCBD) with seven INM treatments (Table 2) and three 
replications. The rice variety [Variety Name], a medium-
duration semi-dwarf type, was transplanted at 21 days after 
nursery sowing with a spacing of 20 cm × 15 cm. Standard 
water management, weed control, and pest management 
practices were uniformly applied across all plots. 
 
Data Collection and Statistical Analysis 

Grain yield was determined by harvesting the central plot 

area (net plot: 18 m [2]) at physiological maturity. Yield 

attributes including panicle density, spikelet filling 

percentage, and 1000-grain weight were recorded. Net 

return was calculated using current market prices and actual 

input costs. Statistical analysis was performed using 

ANOVA (SPSS v.26.0) with DMRT mean separation at 

p≤0.05. 
 

Results and Discussion 

Soil Fertility Status Across Zones 

Significant variation in soil fertility parameters was 

observed across the three fertility zones (Table 1). Soil pH 

ranged from 5.8 (LFZ) to 6.7 (HFZ), reflecting differences 

in liming history and organic matter content. Soil organic 

carbon (SOC) — the most critical indicator of overall soil 

health — varied from 4.2 g/kg in the low fertility zone to 

11.2 g/kg in the high fertility zone, a nearly threefold 

difference that manifested in corresponding differences in 

nutrient supply capacity, water retention, and microbial 

activity. 
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Table 1: Soil Physicochemical and Biological Properties Across Fertility Zones (Mean ± SE; n = 240 per zone) 
 

Soil Parameter Unit Low Fertility Zone Medium Fertility Zone High Fertility Zone 

Soil pH (1:2.5 H₂O) – 5.8±0.12 6.4±0.18 6.7±0.09 

Electrical Conductivity dS/m 0.28±0.04 0.41±0.06 0.62±0.08 

Organic Carbon g/kg 4.2±0.32 7.8±0.45 11.2±0.61 

Available Nitrogen kg/ha 82±5.4 118±7.2 145±8.9 

Available Phosphorus kg/ha 11±1.2 16±1.8 22±2.1 

Available Potassium kg/ha 95±6.8 138±9.4 178±11.2 

Bulk Density g/cm [3] 1.52±0.08 1.38±0.06 1.24±0.05 

Water Holding Capacity % 28.4±1.8 34.6±2.2 41.2±2.8 

Microbial Biomass Carbon µg/g 182±14.2 298±18.6 412±24.8 

  

Available nitrogen (AN) ranged from 82 to 145 kg/ha, with 

30.2% of surveyed fields in the low fertility zone classified 

as critically nitrogen-deficient (Table 3). This is consistent 

with findings by Yadav et al [29]. who reported widespread N 

deficiency in tropical lowland rice soils following years of 

residue removal and insufficient organic matter 

replenishment. Available phosphorus (AP) ranged from 11 

to 22 kg/ha, with 22.4% of fields showing high-priority P 

deficiency. 

Microbial biomass carbon (MBC) — an early and sensitive 

indicator of soil biological health — showed the steepest 

variation, ranging from 182 µg/g in LFZ to 412 µg/g in 

HFZ. Low MBC values in LFZ reflect the combined effect 

of reduced organic substrate availability, lower pH, and 

possible pesticide residue accumulation from intensive 

chemical management. These findings underscore the need 

for fertility zone-specific management recommendations 

rather than blanket fertilizer prescriptions. 

 
Table 2: Nutrient Deficiency Profile and Management Recommendations Across Surveyed Fields 

 

Deficiency Type Villages Surveyed % Fields Affected Recommended Amendment Priority Level 

Nitrogen Deficiency 24 30.2 Urea/FYM/Biofertilizer Critical 

Phosphorus Deficiency 24 22.4 SSP/DAP/Rock Phosphate High 

Potassium Deficiency 24 18.1 MOP/Wood Ash Moderate 

Micronutrient Deficiency 24 12.3 Zn/Fe/B supplements Moderate 

Multi-nutrient Adequate 24 17.0 Maintenance dose Low 

  

Yield Response to INM Treatments 

Grain yield varied significantly among INM treatments 

(Table 2). The integrated INM treatment (NPK + FYM + 

Biofertilizer) achieved the highest grain yield of 5.38 t/ha, 

representing a 123.2% increase over the unfertilized control 

(2.41 t/ha). This result aligns with the meta-analytical 

findings of Ladha et al [5]. demonstrating that INM systems 

integrating organic and biological inputs consistently 

outperform sole mineral fertilizer approaches over multiple 

seasons. 

 
Table 3: Grain Yield, Straw Yield, Harvest Index, and Net Return Under Different INM Treatments 

 

Treatment Grain Yield (t/ha) Straw Yield (t/ha) Harvest Index (%) Net Return (INR/ha) 

Control (No input) 2.41±0.12 3.18±0.18 43.1±1.8 18,240 

100% Recommended NPK 4.82±0.22 6.24±0.28 43.6±1.9 38,650 

75% NPK + FYM (5 t/ha) 4.68±0.20 6.08±0.26 43.4±1.8 37,820 

100% Organic (FYM 10t/ha) 3.95±0.18 5.12±0.24 43.6±1.7 32,140 

NPK + Vermicompost (3t/ha) 5.12±0.24 6.68±0.30 43.4±2.0 42,360 

NPK + Biofertilizer 5.04±0.22 6.52±0.28 43.6±1.9 41,580 

Integrated (NPK+FYM+Bio) 5.38±0.26 6.98±0.32 43.5±2.1 46,240 

LSD (p≤0.05) 0.22 0.28 NS – 

  

The treatment combining NPK with vermicompost (5.12 

t/ha) and NPK with biofertilizer (5.04 t/ha) ranked second 

and third, respectively, indicating the significant 

contribution of biological inputs to yield enhancement 

beyond mineral nutrition alone. The sole organic treatment 

(FYM @ 10 t/ha) produced a yield of 3.95 t/ha — 63.9% 

above control — confirming that organic management can 

substantially improve productivity relative to no-input 

conditions, though it remains inferior to balanced INM 

approaches in the short term. 

  

Economic Return Analysis 

Economic analysis revealed that the integrated INM 

treatment generated the highest net return of INR 46,240/ha, 

compared to INR 38,650/ha for 100% recommended NPK 

and INR 18,240/ha for the unfertilized control. The Benefit-

Cost Ratio (BCR) was highest for the integrated treatment [2, 

84], indicating that every rupee invested in combined NPK + 

FYM + Biofertilizer returns INR 2.84 — making it 

economically superior to all other approaches. The 

economic advantage of integrated management is 

particularly pronounced when long-term soil health 

improvements and reduced future input requirements are 

factored into the analysis. 

 

Conclusion 

This study provides robust evidence that integrated nutrient 

management — combining balanced mineral fertilization 

with organic manures and biofertilizers — is the most 

productive and economically advantageous approach for 

lowland rice cultivation in tropical South Asian agricultural 

systems. The integrated INM treatment (NPK + FYM + 

Biofertilizer) achieved the highest grain yield (5.38 t/ha), 

net return (INR 46,240/ha), and economic efficiency (BCR 
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2.84), while simultaneously building long-term soil fertility 

through organic matter additions and microbial 

enhancement. 

Soil fertility mapping across 24 villages revealed significant 

spatial heterogeneity in nutrient availability, with 30.2%, 

22.4%, and 18.1% of fields critically deficient in nitrogen, 

phosphorus, and potassium, respectively. These findings 

highlight the imperative for site-specific fertilizer 

recommendations calibrated to local soil fertility status 

rather than blanket regional prescriptions. 

 

Limitations 

The study was limited to two growing seasons at two 

contrasting fertility sites. Multi-location, multi-year trials 

encompassing a broader range of soil types and climatic 

conditions are needed to confirm the generalizability of 

these findings. 

 

Future Scope 

Future research should investigate the long-term (5–10 year) 

effects of INM practices on soil organic carbon 

sequestration, greenhouse gas emissions, and microbial 

community composition, using metagenomics and stable 

isotope techniques. 

  

Ethical Statement 

This article is an original work prepared for academic 

writing practice or research training purposes. The dataset 
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Author placeholders must be replaced with real information 
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