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Enhancing Soil Biological Indices under Direct-Seeded Rice through Integrated Nutrient Management

Abstract
Intensive chemical fertilization in the rice-wheat system of the Indo-Gangetic Plains as adversely affected soil biological resilience. The present study (Kharif 2024) evaluated the effect of integrated nutrient management (INM) involving green manures and graded nitrogen levels on soil biological properties under direct-seeded rice (DSR) in an Inceptisols of Northern India. The experiment was conducted at the College of Agriculture (Kaul) of CCS Haryana Agricultural University, Hisar laid out in Randomized Block Design with nine treatments involving combinations of two green manure crops (Sesbania aculeata and Vigna radiata) and varying levels of the recommended dose of nitrogen (RDN) i.e T1 (control), T2 (Dhaincha), T3 (Mungbean), T4 (50% RDN + Dhaincha), T5 (50% RDN+ Mungbean), T6 (75% RDN), T7 (75% RDN + Dhaincha), T8 (75% RDN + Mungbean) and T9 (100% RDN). Soil biological parameters including Urease, Alkaline Phosphatase (APA), Dehydrogenase (DHA), and Microbial Biomass Carbon (MBC) and Nitrogen (MBN) were assessed before sowing and after harvest. Results revealed significant improvement in all biological indices under integrated treatments compared to control. The treatment receiving 75% RDN + Dhaincha recorded the highest enhancement in MBC, MBN, urease, alkaline phosphatase, and dehydrogenase activities. The findings indicate that partial substitution of mineral nitrogen with leguminous green manure strengthens soil biological functioning and improves nutrient cycling under aerobic rice systems.
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Introduction
Anthropogenic intensification of agricultural practices in the Indo-Gangetic Plains historically dominated by traditional puddled transplanted rice (TPR) systems has relied heavily on intensive tillage and high chemical inputs, leading to a critical search for biological resilience within these modified landscapes. While successful in ensuring food security, these methods have led to the degradation of soil physical structure and a decline in biological vitality (Singh et al., 2014). The Asia-Pacific region produces and consumes more than 90% of the world's rice. India ranks as the world's second-largest producer and consumer of rice (Mishra et al., 2017). In Haryana, where rice productivity remains high (3749 kg ha⁻¹) (Anonymous, 2024), the depletion of groundwater and rising labor costs have necessitated a shift toward Direct Seeded Rice (DSR). The DSR crop offers a resource-conservative alternative, reducing water requirements by up to 50% (Bouman, 2009; Farooq et al., 2011). Approximately half of all irrigation water used in Asia is allocated to rice cultivation, making it a significant user of freshwater (Barker et al., 1999). However, the transition from anaerobic (puddled) to aerobic (DSR) soil conditions significantly alters the soil’s microbial habitat, necessitating innovative strategies to maintain enzymatic functionality and nutrient cycling. 
Soil enzymes, such as Urease, Alkaline Phosphatase (APA), and Dehydrogenase (DHA), serve as vital biological activators that catalyze the transformation of organic substrates into harmless end-products and plant-available nutrients (Su et al., 2022). Unlike total soil organic carbon, which is a slow-changing variable, soil enzymes and microbial biomass (MBC/MBN) are sensitive "early-warning indicators" of environmental health and nutrient flux (Lungmuana et al. 2023). In intensive cereal-based cropping systems, the indiscriminate use of mineral nitrogen (N) often acts as a chemical stressor, potentially suppressing these innate microbial processes. Restoring soil health is crucial for ensuring sustainable crop production, especially in the context of feeding an exponentially growing global population. Although soil fertility can be improved through the application of chemical fertilizers and other soil amendments, the indiscriminate and excessive use of chemical fertilizers has led to the degradation of soil quality. A more sustainable and cost-effective approach involves the integrated application of chemical fertilizers in combination with green manuring, which can help mitigate soil fertility issues while maintaining productivity (Naz et al., 2023). Soil enzyme activities are reduced due to indiscriminate use of inorganic inputs (Karuna et al., 2024).   Reinvigorating this enzymatic buffering capacity is critical for the long-term sustainability of Inceptisols, which are the dominant soil order in the rice-growing regions of Northern India (Singh et al., 2020).
In the context of climate change, direct-seeded rice systems are increasingly promoted due to their lower water requirement and reduced methane emissions compared to conventional puddled systems. Enhancing soil biological activity through integrated nutrient management may further contribute to climate mitigation by improving carbon stabilization, nutrient use efficiency, and reducing nitrous oxide emissions associated with excessive nitrogen fertilization. Therefore, strengthening soil biological indices under DSR systems aligns with climate-resilient agricultural intensification.
Integrating leguminous green manures like Sesbania aculeata (Dhaincha) and Vigna radiata (Mungbean) into DSR systems presents a sustainable solution to revitalize the soil biosphere. These legumes not only fix atmospheric nitrogen through root nodules but also provide high-quality biomass with a low C:N ratio, facilitating rapid mineralization and microbial proliferation (Naher et al., 2020; Li et al., 2021). While previous research has documented the yield-boosting effects of green manures, there is a significant knowledge gap regarding their role in enhancing specific enzymatic pathways and microbial diversity in the aerobic environment of direct-seeded Basmati rice. Therefore, evaluating the biological response of soil under integrated nutrient management is essential for sustainable intensification of DSR systems.


Materials and Methods
[bookmark: _Hlk222699265]The experiment was conducted in a Randomized Block Design (RBD) comprising nine treatments with three replications. The treatments included different combinations of green manuring and recommended dose of nitrogen (RDN), namely T₁: Control (no fertilizer and no green manure), T₂: Dhaincha as green manure, T₃: Mungbean as green manure, T₄: 50% RDN + Dhaincha, T₅: 50% RDN + Mungbean, T₆: 75% RDN, T₇: 75% RDN + Dhaincha, T₈: 75% RDN + Mungbean, and T₉: 100% RDN. The objective of these treatments was to evaluate the effect of integrated nutrient management through partial substitution of inorganic nitrogen with green manure crops on soil biological properties before sowing and after harvest of the crop. The experiment was initiated with the sowing of green manuring crops in the 1st week of May, 2024 and their subsequent incorporation in the month of June and followed by the sowing of direct seeded rice crop. The physico-chemical characteristics of the surface soil (0–15 cm) were analyzed prior to the initiation of the experiment and are presented in Table 1.
Table 1: Initial properties of the experimental soil
	Soil texture
	Clay loam

	Bulk density (Mg m-3)
	1.34

	pH
	8.23

	Electrical conductivity (dS m-1)
	0.19

	Organic Carbon (%)
	0.651

	Microbial biomass carbon (μg g-1 soil)
	395.8

	Urease activity (NH4+ g-1 soilhr-1)
	90.8

	Phosphatase activity (μg PNP g-1 soil hr-1)
	140.8

	Dehydrogenase activity (μg TPF g⁻1 soil 24hr-1)
	128.3

	Microbial biomass of nitrogen (μg g-1 soil)
	48.2



Sowing
Green manure crops Dhaincha (25 kg ha⁻¹) and Moong (30 kg ha⁻¹) were sown by broadcasting 45 days prior to the preparation of the main field. These were incorporated into the soil 15 days before the sowing of rice to improve soil fertility and structure. Rice seeds were sown with a seed drill, maintaining the row spacing of 20 cm @ 20 kg seeds per hectare on June 20th, 2024.
Fertilizers application: 
For the cultivation of direct seeded rice (DSR), recommended dose of fertilizers was applied as per the package of practice of CCSHAU, Hisar. The recommended dose of fertilizers N₇₅P₃₀K₃₀ kg ha⁻¹ was supplied using 137 kg ha⁻¹ of urea, 65 kg ha⁻¹ of diammonium phosphate (DAP), and 50 kg ha⁻¹ of muriate of potash (MOP).
Soil sampling and soil analysis
Soil biological properties:
The chloroform fumigation–extraction method described by Brookes et al. (1985) was followed for estimating microbial biomass nitrogen, whereas microbial biomass carbon was determined using the chloroform fumigation–extraction method of Vance et al. (1987). In both cases, fresh soil samples were taken in triplicate for fumigated and non-fumigated sets, exposed to chloroform fumigation for 24 h in a desiccator, and subsequently extracted with 0.5 M K₂SO₄. The biomass content was calculated from the difference between fumigated and non-fumigated extracts after appropriate titration or oxidation procedures.
Soil dehydrogenase activity was estimated based on the rate of formation of triphenyl formazan (TPF) from triphenyl tetrazolium chloride following the procedure of Casida et al. (1964), wherein soil samples were incubated at 37 °C and the developed colour was measured spectrophotometrically. Urease activity was determined by the method of Tabatabai and Bremner (1972) by incubating soil with buffered urea solution, and the released ammoniacal nitrogen was quantified through steam distillation as outlined by Keeney and Nelson (1982). Alkaline phosphatase activity was assessed according to Tabatabai and Bremner (1969) by incubating soil with p-nitrophenyl phosphate substrate and measuring the intensity of the yellow colour developed after incubation using a spectrophotometer. All soil samples were stored under refrigerated conditions at 4 °C before analysis to preserve biological integrity and ensure accuracy of results.
Statistical analysis
The data were statistically analyzed using the OPSTAT statistical software package developed by the Department of Statistics, CCS HAU (Sheoran et al., 1998) to perform an ANOVA test at a significance level of p ≤ 0.05. The significance of the treatment means was determined by applying Duncan’s Multiple Range Test (DMRT) at the 5% level of significance.

Results

Urease Activity:
	Among the various treatments, T7 (75% RDN + Dhaincha) recorded the highest urease activity (103.2 µg NH₄⁺ g⁻¹ soil hr⁻¹), which was significantly higher than the control (T1). It showed no significant deviation from T8 (75% RDN + Mungbean; 102.0 µg NH₄⁺ g⁻¹ soil hr⁻¹) and T4 (50% RDN + Dhaincha; 99.6 µg NH₄⁺ g⁻¹ soil hr⁻¹). The lowest urease activity was observed in the control (T1) with 92.1 µg NH₄⁺ g⁻¹ soil hr⁻¹.
Alkaline Phosphatase Activity (APA):
	The alkaline phosphatase activity significantly increased in all the nutrient management treatments as compared to the control (Table 2). The maximum APA was observed in T₇ (75% RDN + Dhaincha) with a value of 167.40 μg PNP g⁻¹ soil hr⁻¹, whereas the minimum activity was recorded in the control (T₁) treatment (148.10 μg PNP g⁻¹ soil hr⁻¹).
Dehydrogenase Activity (DHA): 
	The data pertaining to dehydrogenase activity in soil under different treatments are presented in Table 2. Treatment T₇ (75% RDN + Dhaincha) recorded the maximum dehydrogenase activity (141.40 µg TPF g⁻¹ soil day⁻¹), which was significantly higher than the control (T₁). However, it was statistically at par with T₈ (75% RDN + Mungbean; 140.50 µg TPF g⁻¹ soil day⁻¹) and T₄ (50% RDN + Dhaincha; 138.90 µg TPF g⁻¹ soil day⁻¹). The lowest activity was observed under the control treatment (132.26 µg TPF g⁻¹ soil day⁻¹).
Microbial Biomass Carbon (MBC): 
	Microbial Biomass Carbon (MBC): Microbial biomass carbon showed a significant improvement under integrated nutrient management treatments as compared to the control (Table 2). The values of MBC ranged from 417.13 to 453.20 μg g⁻¹ soil across different treatments. The maximum MBC was recorded in T₇ (75% RDN + Dhaincha) with 453.20 μg g⁻¹ soil, which was statistically at par with T₈ and T₄, whereas the minimum value was observed in the control (T₁) treatment (417.13 μg g⁻¹ soil).
Microbial Biomass Nitrogen (MBN):
	The range of MBN varied from 51.40 to 67.20 in various treatments (Table 2). T7 (75% RDN + Dhaincha) exhibited the highest MBN (61.2 µg g⁻¹ soil), significantly higher than the control (T1). It was statistically similar to T8 (59.3 µg g⁻¹ soil) and T4 (58.8 µg g⁻¹ soil). The lowest MBN was recorded under the control treatment (51.4 µg g⁻¹ soil).

Table 2: 	Impact of Integrated Nutrient Management on microbial biomass carbon, microbial biomass nitrogen and enzyme activities in soil
	Treatments
	Urease
(µg NH4 + g-1 
soil hr-1)
	APA
(µg PNP g-1 
soil hr-1)
	DHA
(µg TPF g-1
soil day-1)
	MBC
(μg g-1 soil)
	MBN 
(μg g-1 soil)

	T1 - Control
	92.10 ±
1.72e
	148.10 ± 
1.93e
	132.26 ± 
2.41d
	417.13 ±
7.37c
	51.40 ±
1.25e

	T2 - Dhaincha
	96.70 ± 
1.66cd
	154.70 ±
3.48cde
	135.86 ±
2.83bcd
	436.40 ±
4.79abc
	55.10 ±
0.99cd

	T3 - Mungbean
	95.00 ± 
1.30de
	152.60 ±
0.57de
	135.50 ±
1.041cd
	431.16 ±
4.25bc
	53.76 ±
0.09de

	T4 - 50% RDN + Dhaincha
	99.60 ± 
0.15abc
	162.13 ±
0.921abc
	138.90 ±
0.62abc
	444.30 ±
1.87ab
	58.80 ±
1.25ab

	T5 - 50% RDN+ Mungbean
	98.70 ±
0.21bcd
	159.30 ±
3.48abcd
	137.80 ±
1.09abc
	437.70 ±
2.29ab
	57.40 ±
0.78bc

	T6 -75% RDN
	96.90 ±
0.57cd
	156.23 ±
3.66bcde
	136.70 ±
0.21bcd
	434.10 ±
8.79abc
	56.30 ±
1.25bcd

	T7   -75% RDN + Dhaincha
	103.23 ±
2.53a
	167.40 ± 
3.12a
	141.40 ±
1.25a
	453.20 ±
1.67a
	61.20 ±
0.45a

	T8 -75% RDN + Mungbean
	102.00 ±
0.06ab
	163.50 ±
2.23ab
	140.50 ±
0.57ab
	446.83 ±
4.88ab
	59.30 ±
1.40ab

	T9 - 100% RDN
	99.50 ±
1.51abc
	157.80 ±
2.14bcd
	137.40 ±
2.70abc
	437.53 ±
8.66ab
	57.63 ±
0.92bc

	CD (p ≤ 0.05) 
	3.75
	7.86
	4.20
	17.39
	3.14

	SE(m)
	1.3
	2.6
	1.5
	5.9
	1.0


[bookmark: _Hlk222752914]The means with different Letters as superscripts are significant (P < 0.05)
(*RDN- recommended dose of nitrogen)




Fig. 1 Graph showing the Impact of Integrated Nutrient Management on microbial biomass carbon, microbial biomass nitrogen and enzyme activities in soil

Discussion

Microbial biomass carbon: 
	Incorporation of green manures in combination with chemical fertilizers significantly increased microbial biomass carbon (MBC) compared to the control. The addition of readily decomposable organic substrates from green manure likely enhanced microbial proliferation and biomass accumulation (Mishra et al., 2023). Since MBC is strongly dependent on carbon availability, incorporation of organic inputs provided an easily available energy source for soil microorganisms, thereby sustaining higher microbial populations (Sheoran et al., 2020). Increase in MBC content with incorporation of green manure and chemical fertilizers application was also reported by Kumawat et al. (2025), Khan et al. (2020), Li et al. (2020) and Rajput et al. (2019).
Microbial biomass nitrogen: 
	Microbial Biomass nitrogen was observed to be significantly higher in the treatments having green manure incorporation along with chemical fertilizer application as compared to the control treatment i.e without any fertilizer or green manure. This might be because the leguminous green manures like dhaincha and mungbean fix atmospheric nitrogen through symbiosis with Rhizobium bacteria. When incorporated, they release organic N (amino acids, peptides), which becomes available to microbes, increasing microbial N assimilation (Lyu et al., 2024). Moreover, fertilizer-supplied urea provides mineral N, which complements the organic N from green manure. Microbes utilize this for rapid growth and assimilation, increasing the nitrogen stored in their biomass. These results are in conformity with findings of Behera et al. (2025), Kumari et al. (2024), Li et al. (2020) and Shah et al. (2010).

Urease activity: 
	Incorporation of green manures with the application of chemical fertilizers increased urease activity in all the treatments as compared to the control. This might be because green manures add large amounts of organic carbon, which serves as food for soil microbes. This microbial boost increases the synthesis of extracellular enzymes, including urease (Ye et al., 2014). Chemical fertilizers supply abundant substrates like urea. With more organic matter and urease-producing microbes, the hydrolysis of urea accelerates. Sheoran et al. (2024) found that combining organic manure with mineral fertilizers significantly enhanced urease activity compared to using organic manure alone. These results are supported by Kumawat et al. (2025), Saikia et al. (2019) and Meena et al. (2016).
Dehydrogenase activity:
	Dehydrogenase activity (DHA) is a key indicator of overall microbial oxidative activity in soil. The incorporation of green manure integrated with chemical fertilizers significantly enhanced DHA. This might be because green manure provides easily decomposable organic substrates (e.g., sugars, amino acids), which stimulate microbial growth and respiration (Valadares et al., 2016). Also, the application of chemical N fertilizers (like urea) supplies readily available nitrogen, which enhances microbial metabolism and complements carbon from green manure. The combination accelerates microbial turnover and enzyme production, raising DHA levels (Goyal et al., 1999). Choudhary et al. (2021) also showed that balanced use of mineral fertilizer significantly improved DHA activity due to increased MBC and SOC in soil. These results are in line with the findings of Kaur et al. (2020), Basha et al. (2017), and Kar and Ram (2015).
Alkaline phosphatase activity:
	APA was reported significantly higher in the treatments with green manure incorporation followed by chemical fertilizers application as compared to the control, where no organic input or fertilizers were applied. A possible reason for this could be that the alkaline phosphatase activity in soil catalyzes the hydrolysis of organic phosphorus compounds (such as phosphate monoesters and anhydrides), releasing inorganic orthophosphate and thereby playing a central role in organic P mineralization (Li et al., 2021). Green manure adds labile organic matter to the soil, which serves as both a substrate for microbial growth and a source of organic P compounds that stimulate APA production for P mineralization. Similar results were also reported by Sharma et al. (2022), Moharana et al. (2014) and Garg and Bahl (2008).
Soil enzymes are largely produced by active microbial populations and are tightly linked to soil organic matter dynamics. The incorporation of leguminous green manure supplies labile carbon fractions that stimulate heterotrophic microbial growth, leading to increased synthesis of extracellular enzymes such as urease and phosphatase. Enhanced dehydrogenase activity reflects intensified oxidative metabolism and respiratory activity, indicating improved microbial functioning. These biochemical processes collectively accelerate nutrient mineralization and improve nutrient availability under aerobic rice cultivation.
[bookmark: _GoBack]Improved microbial biomass and enzymatic activity under integrated nutrient management may enhance soil carbon sequestration and nutrient cycling efficiency, which are critical under changing climatic conditions. Increased biological activity promotes stabilization of organic carbon pools and reduces nitrogen losses, thereby potentially lowering greenhouse gas emissions associated with mineral fertilizer use. Thus, biologically driven nutrient strategies contribute not only to soil health restoration but also to climate-resilient rice production systems.

Conclusion
The study demonstrated that integration of leguminous green manures with reduced mineral nitrogen significantly enhanced soil biological indices under direct-seeded rice. Among treatments, 75% RDN combined with Dhaincha consistently recorded the highest microbial biomass and enzyme activities. The results confirm that partial substitution (25%) of mineral nitrogen with green manure can improve soil biological functioning without compromising soil productivity. Integrated nutrient management thus represents a biologically sustainable strategy for maintaining soil health in aerobic rice systems.
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