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Long-Term Influence of Fertilizer and Manure Application on Soil Physical Health and Rice Productivity

Abstract
	A long-term field experiment conducted during Kharif 2013 evaluated the effects of continuous application of fertilizers and manures on soil physical properties, nutrient balance and yield in a rice-rice cropping system. The treatments included control, varying doses of NPK fertilizers (50%, 100% and 150% RDF), zinc supplementation, farmyard manure (FYM) and biofertilizers such as blue-green algae (BGA) and green manure (GM). Results showed that integrated application of organic and inorganic nutrients significantly enhanced soil physical properties: infiltration rate increased to 8 mm hr-1 in the 100% NPK+FYM treatment compared to 3 mm hr-1 in control, hydraulic conductivity improved to 1.11 cm hr-1 over 0.73 cm hr-1 in control and water stable aggregates (mean weight diameter) reached 2.05 mm versus 1.30 mm under control. Grain and straw yields were significantly higher under integrated management, with peak grain yield of 5065 kg ha-1 recorded in the 150% RDF treatment and 4855 kg ha-1 in 100% NPK+FYM compared to 2350 kg ha-1 in control. The study highlights that long-term integrated nutrient management improves soil health indicators, nutrient use efficiency and sustains higher rice productivity in intensive cropping systems, supporting the adoption of combined organic and inorganic fertilization in India’s rice cultivation for sustainable agriculture. These findings show that organic amendments enhance soil microbial biomass, nutrient availability and crop yields in rice systems over time.
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Introduction:
The rice–wheat cropping system, which is central to food security in India, is increasingly facing sustainability concerns due to its continuous and intensive cultivation. Long-term reliance on practices such as puddling in rice and excessive use of chemical fertilizers in both rice and wheat phases has led to deterioration in soil health. These practices negatively affect soil physical and chemical properties by increasing bulk density, reducing porosity, depleting soil organic matter and disrupting the balance of essential nutrients. Over time, such changes lower soil fertility, impair nutrient availability and reduce crop productivity. Studies highlight that these conventional management approaches contribute to soil acidification, decline in soil organic carbon and sustained nutrient imbalances, thus threatening the long-term productivity and sustainability of the rice–wheat cropping system (Bhavani et al., 2017; Ahlawat et al., 2023; Kumar et al., 2023).
Improving the sustainability of rice-based systems requires the inclusion of organic inputs such as farmyard manure (FYM), green manure (GM) and biofertilizers like blue-green algae (BGA). These inputs serve a dual role by replenishing soil nutrients and enhancing key physical properties, including aggregate stability and water-holding capacity. In addition, the application of organic amendments stimulates soil microbial activity and increases microbial biomass, which promotes nutrient mineralization and uptake by plants, leading to better crop growth and higher yields. Evidence from long-term experiments indicates that adopting integrated nutrient management-where organic sources are combined with inorganic fertilizers-significantly enhances soil fertility, improves nutrient use efficiency and sustains crop productivity, all while supporting ecological stability.
	Understanding the cumulative effects of prolonged fertilizer and manure application on soil health and rice productivity is therefore crucial for developing sustainable nutrient management practices tailored to the specific agro-ecological conditions of Indian rice systems. Adoption of such integrated approaches ensures the optimization of fertilizer use efficiency, reduces environmental risks and helps maintain soil sustainability for future generations.
Materials and methods:
	A long-term field trial was initiated in the Kharif season of 1999 at the permanent research plots of Indira Gandhi Krishi Vishwavidyalaya, Raipur, situated at an elevation of 314 m above mean sea level. The experimental site experiences a sub-humid climate with an average annual rainfall of 1317.77 mm. The soil of the region is classified as Vertisol and is neutral in reaction.
	The experiment was arranged in a randomized complete block design (RBD) with ten treatments and four replications. Treatments comprised a control (no fertilizer/manure), 50% NPK, 100% RDF, 150% RDF, 100% NPK+Zn, 100$different levels of recommended dose of fertilizers (RDF) applied as NPK: 50%, 100% and 150% individual nutrient omissions (100% NP, 100% N, etc.) zinc supplementation (100% NPK + Zn) incorporation of farmyard manure (100% NPK + FYM) and biofertilizer treatments using blue-green algae (50% NPK + BGA) and green manure (50% NPK + GM). 
The present investigation was carried out during the Kharif season of 2013 with the objective of assessing soil physical properties and crop performance under field conditions. Soil samples were collected from the rhizosphere zone of the crop at the flowering stage, which represents an active phase of plant growth and nutrient uptake. This stage was considered appropriate to capture soil physical conditions influenced by crop development. Representative soil samples were carefully collected from the rhizosphere zone at multiple points within each treatment plot to ensure uniformity.
The infiltration rate of soil was determined in situ using a double-ring infiltrometer. The instrument consisted of two concentric metal rings pressed into the soil surface, with water supplied simultaneously to both rings. This arrangement minimized lateral water movement, thereby directing flow vertically into the soil profile to provide an accurate measurement of infiltration characteristics. Observations were recorded at pre-determined time intervals until a steady-state infiltration rate was attained.
To determine the hydraulic conductivity of the soil under saturated conditions, the constant head method was employed following the procedure outlined by Kulte (1965). Undisturbed soil cores were collected using a core sampler and placed in the laboratory setup. A constant hydraulic head was maintained by supplying water to the sample, and the volume of water passing through the soil in a given time was recorded. Hydraulic conductivity values were computed using standard Darcy’s law equations.
The structural stability of soil was evaluated by estimating the proportion of water-stable aggregates. The wet sieving technique as proposed by Yoder (1936) was adopted for this purpose. Air-dried soil aggregates (2–4 mm) were placed on a set of sieves immersed in water and subjected to repeated vertical oscillations. The aggregates that remained intact on the sieves were considered stable, and the percentage of water-stable aggregates was calculated to indicate the soil’s resistance to disintegration.
At physiological maturity, crop performance was evaluated in terms of grain yield and straw yield. Harvesting was performed from the net plot area, excluding bunds and border rows to avoid border effects and ensure accurate yield measurement. Grain yield was recorded after threshing and cleaning, while straw yield was determined after sun-drying to a constant weight. The combined yield data were used to assess the influence of soil physical conditions on crop productivity.
	 This comprehensive experimental design and approach allowed for evaluation of the long-term integrated nutrient management effects on soil physical health, nutrient cycling, crop growth dynamics and productivity in a typical rice-wheat cropping system of India.
Result and Discussion	
The long-term application of fertilizers and manures had a pronounced effect on soil physical properties following the Kharif 2013 rice season (Table 1). Considerable differences were observed across treatments, particularly in parameters such as infiltration rate, cumulative infiltration, and hydraulic conductivity, which serve as crucial indicators of soil water transmission capacity.
Treatments that combined organic amendments with chemical fertilizers significantly improved infiltration rate as compared to treatments receiving only chemical fertilizers or the control. Among the different management practices, the treatment comprising 100% NPK in conjunction with farmyard manure (FYM) exhibited the highest infiltration rate of 8 mm hr⁻¹. This increase can be attributed to the enhancement of soil aggregation and greater pore continuity resulting from the addition of organic matter. In contrast, soils under control and sole chemical fertilization treatments showed restricted water entry, indicating poorer soil structure and higher susceptibility to surface sealing.
Patterns of cumulative infiltration closely followed those of infiltration rate. The treatment with 100% NPK + FYM recorded the maximum cumulative infiltration of 694 mm, reflecting the sustained ability of soil to absorb and transmit water over time. The improved cumulative infiltration under integrated nutrient management treatments suggests that organic inputs contributed to the development of a more stable pore network, facilitating prolonged water intake. By contrast, control and sole chemical fertilizer treatments displayed markedly lower infiltration values, highlighting the limitations of non-organic inputs in maintaining long-term soil physical health.
A similar trend was evident for hydraulic conductivity, which denotes the ease with which water moves through the soil profile under saturated conditions. The integrated application of 100% NPK + FYM outperformed all other treatments, recording a hydraulic conductivity of 1.11 cm hr-1. This improvement signifies a more favourable soil structure with increased connectivity of pores and reduced bulk density. Treatments lacking organic amendments showed comparatively lower conductivity values, underscoring the reduced efficiency of chemical fertilizers alone in enhancing soil water movement.
The enhanced effectiveness of integrated nutrient management (INM) observed in this study is consistent with previous research, which has shown that the application of organic amendments plays a crucial role in improving soil health and functionality. Organic inputs not only contribute to increased soil aggregation and structural stability but also significantly lower soil bulk density, thereby enhancing aeration and root penetration (Gao et al., 2022; Bhatt et al., 2017). This improvement is largely attributed to the role of organic matter as a natural binding agent that facilitates the development of stable soil aggregates. These aggregates maintain pore continuity, which encourages better root growth, promotes efficient water infiltration, and enhances water-holding capacity (Lin et al., 2018).
In addition, the improved structural and hydraulic properties associated with organic amendments create a more favourable environment for microbial proliferation and enzymatic activity, further accelerating organic matter decomposition and nutrient mineralization. This ensures a steady and synchronized release of nutrients that aligns better with crop demand, ultimately increasing nutrient use efficiency and crop yields. On the contrary, sole reliance on chemical fertilizers, while capable of supplying immediate nutrients and moderately improving some hydraulic properties, fails to sustain soil structure or stimulate soil biological activity. Over time, such exclusive dependence can accelerate soil compaction, degrade porosity, and reduce water movement within the profile, highlighting the importance of integrating organics into nutrient management strategies.
Long-term field experiments have reinforced that integrated approaches combining organic manures, crop residues, biofertilizers, and judicious application of inorganic fertilizers not only restore and maintain soil fertility but also contribute to higher system productivity. Furthermore, INM practices enhance resilience to climatic variability by improving soil buffering capacity, reducing the risk of nutrient leaching and promoting sustainable use of soil resources. Thus, integrated nutrient management offers a holistic pathway for improving soil health, crop productivity and environmental sustainability, especially in intensive cropping systems such as rice–wheat rotations.
	The findings presented in Table-2 clearly illustrate the long-term effects of different fertilizer and manure combinations on soil structural stability after fourteen cycles of rice–wheat cropping. The distribution of soil aggregates across different size classes and the corresponding mean weight diameter (MWD) indicate considerable variation among treatments, reflecting the strong influence of balanced and integrated nutrient management on soil physical health.
In the control plots, where no external nutrient inputs were applied, the soil was dominated by relatively smaller aggregate fractions, particularly in the 2–1 mm class (63.06%), while the proportion of larger aggregates (>2 mm) remained very low (4.70%). Consequently, the MWD was the lowest at 1.302 mm, highlighting poor aggregation and weak soil structural stability under nutrient-deficient conditions. This result emphasizes the negative effect of continuous cropping without nutrient replenishment, which depletes organic matter and deteriorates soil aggregation capacity (Bhatt et al., 2017).
Application of recommended fertilizers brought about significant improvements in aggregate distribution. Treatments with 100% and 150% RDF recorded higher shares of macroaggregates (>2 mm fraction at 22.03% and 32.10%, respectively), leading to better MWD values (1.626 mm and 1.924 mm). The improvement likely resulted from the consistent supply of nutrients that sustained plant growth and root biomass, thereby contributing to better aggregation than the control (Gao et al., 2022). However, treatments with nutrient imbalances or sole nutrient additions showed limitations. For instance, under 100% N, the soil had a predominance of unstable aggregates in the 2–1 mm class (68.92%) with a modest MWD (1.559 mm), reflecting reduced soil quality under unbalanced fertilization. Similarly, 100% NP excluded potassium, which plays a vital role in maintaining soil structure and while it recorded slightly better stability (MWD 1.636 mm), it lagged behind balanced fertilizer inputs (Ahlawat et al., 2023). The addition of zinc along with RDF (100% RDF + Zn) did not significantly enhance stability either, as shown by a relatively low MWD of 1.468 mm and higher proportions of fine aggregates (<0.25 mm = 7.16%), highlighting that micronutrient addition alone cannot replace the structural role of organic matter (Lin et al., 2018).
The most striking improvements were observed in treatments where organic amendments were applied along with inorganic fertilizers. The combined use of 100% NPK + FYM resulted in the highest proportion of large macroaggregates (>2 mm = 48.56%) and the highest MWD value (2.051 mm), clearly indicating substantial enhancement of soil structural stability. Similarly, complementary treatments such as 50% NPK + BGA and 50% NPK + GM also showed remarkable performance, achieving MWD values of 1.963 mm and 2.093 mm, respectively. These results highlight the pivotal role of organic matter in soil aggregation. Manures, green manure, and biofertilizers act as binding agents, add organic residues to soil, and enhance microbial activity, which together foster the formation of stable aggregates and improve pore continuity.
These findings align with previous studies demonstrating that long-term application of organic manures and integrated nutrient management positively influence soil aggregation and aggregate-associated organic carbon, which collectively sustain soil fertility and crop productivity (Joshi et al., 2017 and Amith singh et al., 2025). Thus, the combined use of organic and inorganic nutrient sources is recommended for improving the stability of water-stable aggregates, which are critical for maintaining soil health in continuous rice cropping systems.
The long-term nutrient management strategies exerted a significant influence on both grain and straw yields of rice (Table 3), highlighting the crucial role of balanced and sustained nutrient supply in improving crop productivity.
Control and Low Fertilizer Inputs
The control treatment, which received no fertilizer inputs, recorded the lowest grain yield (2350 kg ha⁻¹) and straw yield (2680 kg ha⁻¹). These low values clearly demonstrate the nutrient-deficient status of the soil and the inability of native fertility to meet the crop’s nutrient demands under intensive rice cultivation. The application of 50% Recommended Dose of Fertilizers (RDF) resulted in a noticeable improvement, increasing grain yield to 2945 kg ha⁻¹ and straw yield to 4775 kg ha⁻¹. This response underscores the sensitivity of rice to even modest nutrient additions, which improve plant growth, tillering capacity, and overall biomass accumulation.
Effect of Higher Fertilizer Doses
The maximum productivity was achieved under the 150% RDF treatment, which produced the highest grain yield (5065 kg ha-1) and straw yield (7075 kg ha-1). These findings indicate that rice responded positively to higher nutrient applications in terms of both grain and biomass production. Enhanced soil nutrient availability under this treatment likely promoted greater photosynthetic activity, efficient assimilate partitioning, and increased leaf area duration, all of which are key contributors to yield improvement.
Integrated Nutrient Management with Organics
A remarkable feature of the study was the performance of integrated nutrient management (INM) treatments, where inorganic fertilizers were supplemented with organic amendments. The combination of 100% NPK + farmyard manure (FYM) resulted in a grain yield of 4855 kg ha⁻¹ and straw yield of 6565 kg ha⁻¹, values considerably higher than those of sole chemical fertilizer treatments at equivalent levels. This reflects the positive contribution of organics in enhancing nutrient-use efficiency, improving soil structure, and ensuring a balanced release of nutrients throughout the crop growth period.
Role of Biofertilizers
In addition, treatments involving the integration of biofertilizers, such as 50% NPK + Green Manure (GM) and 50% NPK + Blue Green Algae (BGA), also recorded substantial increases in both grain yield and biomass compared to unfertilized control plots. The incorporation of GM and inoculation with BGA likely enhanced soil biological activity, contributed additional nitrogen through biological fixation, and improved organic matter status in the soil, thereby supporting better plant growth (May phyoe way et al., 2024).
The significant yield improvements under balanced fertilization and organic amendment treatments align with previous research showing that synergistic effects of chemical and organic fertilizers improve nutrient availability, soil structure, microbial activity, and ultimately rice productivity (Mittal & Sharma, 2018; Luo et al., 2024). The increase in straw yield along with grain yield indicates overall improved crop biomass, which is critical for sustaining soil organic matter and nutrient recycling. These findings emphasize the relevance of integrated nutrient management practices for sustainable rice production, optimizing fertilizer usage, and maintaining soil health over long-term cropping cycles.
Conclusion
This long-term study demonstrates that while continuous application of chemical fertilizers in the rice–wheat system enhances crop yields, it provides limited improvement in soil physical quality. Sole reliance on inorganic fertilizers increased infiltration to some extent but failed to build soil structural stability, as reflected in lower water-stable aggregates and mean weight diameter values. In contrast, integrated nutrient management with farmyard manure (FYM), green manure (GM), and biofertilizers (BGA) significantly improved infiltration rate, hydraulic conductivity, and soil aggregation. These practices also enhanced microbial activity and organic carbon, sustaining high grain and straw yields. Thus, combining organic and inorganic sources is critical for improving soil health, maintaining productivity, and ensuring sustainability of the rice–wheat cropping system under intensive cultivation.
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Table:1 Soil Physical Responses to 14 Years of Fertilizer and Manure Application in Rice-Wheat Cropping
	Treatments
	Infiltration rate
(mm hr-1)
	Cumulative infiltration
(mm)
	Hydraulic conductivity
(Cm hr-1)

	Control
	3
	443
	0.73

	50% NPK
	4
	484
	0.85

	100% NPK
	5
	536
	0.93

	150% NPK
	6
	543
	0.95

	100% NPK+Zn
	4
	522
	0.97

	100% NP
	5
	443
	0.91

	100% N
	5
	416
	0.78

	100% NPK+FYM
	8
	694
	1.11

	50% NPK+BGA
	5
	625
	1.00

	50% NPK+ GM
	7
	578
	1.06

	CD
	0.68
	539.92
	0.13



Table-2 Water-Stable Aggregate Percentage and Mean Weight Diameter After Fourteen Rice Cropping Cycles Across Treatments
	Treatment
	>2mm
	2-1mm
	1-0.5mm
	0.5-0.25mm
	<0.25mm
	MWD(mm)

	Control
	4.70
	63.06
	19.97
	7.68
	4.55
	1.302

	50% RDF
	15.23
	57.87
	14.51
	7.11
	5.14
	1.532

	100% RDF
	22.03
	44.63
	22.51
	8.57
	2.22
	1.626

	150% RDF
	32.1
	46.48
	11.48
	7.51
	2.24
	1.924

	100% RDF + Zn
	16.17
	52.19
	9.01
	15.43
	7.16
	1.468

	100% NP
	19.24
	56.19
	12.37
	10.45
	1.54
	1.636

	100% N
	12.78
	68.92
	9.75
	6.09
	2.42
	1.559

	100% NPK+FYM
	48.56
	16.05
	6.76
	16.77
	11.77
	2.051

	50% NPK+BGA
	31.54
	51.51
	8.71
	7.38
	0.82
	1.963

	50% NPK+GM
	37.11
	49.84
	5.33
	4.45
	3.22
	2.093


	CD
	5.72
	7.76
	4.59
	4.86
	3.53
	0.05











Table.3. Grain and Straw Yield of Rice Under Long-Term Management Practices (Kg ha⁻¹)
	Treatments
	Grain Yield (Kg ha-1)
	Straw Yield (Kg ha-1)

	Control
	2350
	2680

	50% RDF
	2945
	4775

	100% RDF
	4345
	5555

	150% RDF
	5065
	7075

	100% RDF +Zn
	4135
	5510

	100% NP
	4345
	5835

	100% N
	3950
	5390

	100% NPK+FYM
	4855
	6565

	50% NPK+ BGA
	3675
	4615

	50% NPK+GM
	4105
	6555

	SEm (±)
	251.23
	627

	CD (P= 0.05)
	729
	1820







