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Integrated Nutrient Management Improves Soil Biological Properties and Conserves Energy in Maize–Toria Cropping System



ABSTRACT

	Continuous use of chemical fertilizers in the agricultural field leads to deterioration of the overall quality of the soil and increases environmental pollution. Understanding the impact of organic or inorganic nutrient management on soil biological properties and energy indices can be helpful in developing more sustainable fertilizer strategies. Hence, a field experiment was conducted at the Regional Research & Technology Transfer Station (OUAT), Semiliguda, Koraput, during kharif and rabi seasons of 2016-17 and 2017-18 to study the effect of integrated nutrient management (INM) on soil biological properties and energy indices of maize–toria cropping system. The experiment consists of twelve treatments and arranged in a completely randomized block design with three replications. The results of the study showed that all INM practices improved soil microbial populations and soil enzymes compared to soil test based fertilizer recommendation (STBFR) in maize–toria cropping system. However, highest population of bacteria (30.5 × 106 cfu g-1 soil), fungi (46.0 × 104 cfu g-1 soil), actinomycetes (24.3 × 105 cfu g-1 soil) and soil enzymes such as urease (185.4 µg NH4+-N2 g soil-1 h-1), acid phosphatase(393.0 µg PNP g soil-1 h-1)and dehydrogenase (274.2 μg TPF g⁻¹ soil 24 h⁻¹) were found with the application of STBFR + Green manure with cowpea + Farmyard manure (FYM) @ 5 t ha-1 + Biofertilizers (Azotobacter + Azospirillum + Phosphorus solubilizing bacteria (PSB) @ 4 kg ha-1 each). Increase in soil microbial population and enzymatic activity is an indicator of good soil conditions for crop growth, which was achieved through the integration of organic and inorganic fertilizers. The highest energy use efficiency (12.8), energy productivity (0.43 kg MJ-1) and net energy gain (250.9 MJ ha-1 x 103) were also recorded with same INM practice. Considering all biological properties and energy indices, the application of STBFR + Green manure with cowpea + FYM @ 5 t ha-1 + Biofertilizers (Azotobacter + Azospirillum + PSB @ 4 kg ha-1 each) was the most efficient integrated nutrient management option for maize-toria cropping system in the experimental region. 
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1. INTRODUCTION

Population growth is a serious problem all over the world, especially in countries where there is a shortage of land. Food security is one of the biggest challenges for such a huge population. Thus, there has been a global trend towards modern agriculture dependent on excessive use of chemical fertilizers. Excessive use of chemical fertilizers in modern agriculture leads to fluctuations in crop yields and deterioration of soil health (Dixit and Tripathi, 2023). However, integrated nutrient management (INM) is the most important nutrient resources for increasing income and sustainability in crop production system. Highest productivity of crops in a sustainable manner without harming the soil and other natural resources can be achieved only by using appropriate combination of various organic manures and inorganic fertilizers (Sarathkumar et al., 2021). 

Soil microorganisms plays a vital role in maintaining soil function or soil quality as they contribute to the development of soil structure and the decomposition of organic manure. The increased microbial activity increases the rate at which nutrients are readily available to the plant and has a synergistic effect on plant growth through improved enzyme activity and ultimately have a significant effect on quality and productive capacity of soil (Kejiya et al., 2024). Adding organic manure significantly increases the number of soil microorganisms, it provides carbon and energy source for their proliferation, and they can also alter the status of enzymatic activity (Mallikarjun and Maity, 2018). The biological properties of soil are linked to organic inputs and use of organic inputs along with chemical fertilizers can play an important role in improving soil biological activities and productivity. The activities of enzymes found in soil have been proposed as suitable indicators because they are closely related to soil biology and respond rapidly to changes in nutrient management (Kumar et al., 2017). Hydrolysis of urea in soils is mainly occurred by the action of the enzyme urease. Enzymes like phosphatases play an essential role in the mineralization of organic phosphorus in soil. The activity of dehydrogenase enzymes found in soil is considered an index of microbial activity within the soil; hence it is a good indicator of the biological activity of the soil (Bamboriya et al., 2023). Energy analysis of crop production systems is essential to understand their energy consumption patterns in terms of different inputs. Among the various indicators of sustainable land use, energy use efficiency is one of the most important indicators. When energy use is expressed as a unit of land, integrated nutrient management outperforms conventional farming for almost all crop types (Kharlukhi and Upadhyaya, 2023). 

Maize is recognised as one of the most versatile crops, exhibiting a high degree of adaptability to diverse agro-climatic conditions (Ramesh et al., 2023). In India, the total area under maize cultivation is approximately 120.91 lakh hectares, with an annual production of 434.09 lakh tonnes. In Odisha, maize is grown on 0.86 lakh hectares, yielding 2.65 lakh tonnes with a productivity of 3,071 kg ha⁻¹ during the 2024–25 period (UPAg-DAFW, 2025).
Maize-based cropping systems are often characterised as nutrient-intensive, as maize requires higher nutrient inputs compared to other cereal crops (Pramanick et al., 2022). Continuous maize cultivation combined with reliance on chemical fertilisers can, over time, lead to the deterioration of soil quality (Bamboriya et al., 2023). Consequently, the adoption of integrated nutrient management (INM) practices is essential to maintain soil fertility and ensure the sustainability of maize production systems.
Toria (Brassica campestris var. toria) is a short duration crop cultivated mainly in Assam, Bihar, Odisha and West Bengal as a winter crop under residual moisture and nutrients. Toria is an important oilseed crop of Odisha after harvest of kharif paddy. In Odisha, rapeseed-mustard is grown in an area of 0.17 lakh ha that produced 0.06 lakh tonnes with a productivity of 342 kg ha-1 during 2024-25 (UPAg-DAFW, 2025). In Odisha, maize- toria cropping sequence could be a better option as maize has higher yield potential and greater drought tolerance than rice during the kharif season, and toria can be adopted as a succession crop due to its high value, short duration and ability to grow under residual soil fertility with minimal soil moisture (Biswasi et al., 2025). Limited information is available in the different literature on the impact of integrated nutrient management practices on soil biological properties and energy indices in the maize–toria cropping system. Hence, present investigation was conducted to evaluate the effect of integrated nutrient management practices on soil biological properties and energy indices of maize–toria cropping system in Eastern Ghat High Land zone of Odisha.

2. MATERIALS AND METHODS

The experiment was conducted during kharif and rabi seasons of 2016-17 and 2017-18 at the Regional Research &Technology Transfer Station (OUAT), Semiliguda, Koraput, Odisha, India (18°42' N, 82°30'E, 884 m amsl) under naize-toria cropping system. Average annual rainfall of the experimental region was 1567 mm and about 80% of it was received during rainy season.Mean maximum summer temperature is 34O C and mean minimum winter temperature is 10O C and due to its higher elevation, winter is cooler and more pleasant. The soil of experimental site was red, sandy loam in texture and strongly acidic in reaction (pH- 5.06) with medium soil organic carbon (7.13 g kg-1), medium available nitrogen (472.0 kg ha-1), high available phosphorus (33.2 kg ha-1) and high available potassium (313.0 kg ha-1). The experiment consists of twelve treatments (Table 1)and arranged in a completely randomized block design with three replications.

Table 1. Treatment details
	Treatments
	Details

	T1
	Soil test based fertilizer recommendation (STBFR)

	T2
	STBFR + Green manure (GM) with cowpea

	T3
	STBFR + Farmyard manure (FYM) @ 5 t ha-1

	T4
	STBFR + Lime  @ 0.1 LR

	T5
	STBFR + Sulphur @ 30 kg ha-1

	T6
	STBFR + Biofertilizer (Azotobacter + Azospirillum + Phosphorus solubilizing bacteria (PSB) @ 4 kg ha-1 each)

	T7
	STBFR + GM with cowpea + FYM @ 5 t ha-1

	T8
	STBFR + GM with cowpea + Lime @ 0.1 LR

	T9
	STBFR + FYM @ 5 t ha-1 + Lime @ 0.1 LR

	T10
	STBFR + GM with cowpea + FYM @ 5 t ha-1 + Lime @ 0.1 LR

	T11
	STBFR + GM with cowpea + FYM @ 5 t ha-1 + Sulphur @ 30 kg ha-1

	T12
	STBFR + GM with cowpea + FYM @ 5 t ha-1 + Biofertilizer (Azotobacter +
Azospirillum + PSB @ 4 kg ha-1 each)



In the maize crop, farmyard manure (FYM) was applied at 5 t ha⁻¹ during the final ploughing as per the experimental treatments. Soil test–based fertilisers were applied along with lime in the form of calcium carbonate at 580 kg ha⁻¹, sulphur at 30 kg ha⁻¹, and biofertilisers—Azotobacter, Azospirillum, and PSB—at 4 kg ha⁻¹ each, according to the respective treatments. The full dose of phosphorus (P), potassium (K), and 25% of nitrogen (N) was applied as basal fertiliser using DAP, MOP, and urea. The remaining 50% and 25% of N were applied at the first and second earthing-up stages, respectively. The maize hybrid variety Kaveri was sown during the kharif season at a spacing of 60 cm × 30 cm with a seed rate of 15 kg ha⁻¹.
In plots incorporating green manure, cowpea was sown between two rows of maize and subsequently incorporated as green leaf manure after pod harvest. In the same plots, toria (var. Anuradha) was sown during the rabi season at a row spacing of 30 cm using a seed rate of 7.5 kg ha⁻¹, utilising residual soil fertility and moisture from the previous maize crop. Plant-to-plant spacing of 10 cm was maintained by thinning 21 days after sowing.
For the estimation of microbial populations and soil enzymatic activities, composite moist soil samples were collected from 0–15 cm depth following the final harvest (after two years of experimentation) and stored under refrigerated conditions (4°C) until analysis. For microbial enumeration, 1 g of fresh soil was suspended in 10 ml of distilled water to prepare a uniform soil suspension. One millilitre of this stock was transferred aseptically to five test tubes containing 9 ml of diluent for serial ten-fold dilutions. From each dilution, 0.1 ml of the suspension was spread onto pre-sterilised culture media plates using a micropipette. Three replicates per dilution were maintained to ensure accuracy. The soil suspension was evenly spread with a sterile L-spreader and incubated at 30 ± 2°C for 2–3 days for fungi, 1–5 days for bacteria, and 1 week for actinomycetes. Colony counts were recorded using a digital colony counter. Nutrient Agar, Rose Bengal Chloramphenicol Agar, and Actinomycetes Isolation Agar were used for bacteria, fungi, and actinomycetes, respectively. Colony-forming units (CFU) were expressed as cfu g⁻¹ soil.
Urease activity was determined following Tabatabai and Bremner (1972) and expressed as μg NH₄⁺-N g⁻¹ soil h⁻¹. Acid phosphatase activity, appropriate for the acidic soil studied, was measured based on the production of p-nitrophenyl phosphate (PNP) following Eivazi and Tabatabai (1977) and expressed as μg PNP g⁻¹ soil h⁻¹. Soil dehydrogenase activity was estimated via reduction of triphenyl tetrazolium chloride (TTC) to triphenyl formazan (TPF) according to Casida et al. (1964) and expressed as μg TPF g⁻¹ soil 24 h⁻¹.
To evaluate the energy dynamics of the maize–toria cropping system, a comprehensive inventory of all inputs and outputs, including main products and by-products, was compiled. These were converted into energy units (MJ ha⁻¹) using standard conversion coefficients. Energy indices for the cropping system were calculated as per the equations suggested by Soni and Soe (2016).
All experimental data were subjected to analysis of variance (ANOVA) based on a Randomized Block Design (RBD) using MS Excel 2010. Treatment means were compared using the Critical Difference (CD) test at a 5% significance level.

3. RESULTS AND DISCUSSION

3.1 Soil microbial population count

Combination of organic nutrient sources with soil test based fertilizer recommendation i.e. STBFR (T2, T3 and T6 – T12) significantly increased the number of microbial population in the soil as compared to the inorganic fertilization treatments i.e. T1, T4 and T5 (Table 2). In the present study, the highest microbial population of bacteria (30.5 × 106cfu g-1 soil), fungi (46.0 × 104cfu g-1 soil) and actinomycetes (24.3 × 105cfu g-1 soil) were recorded with the application of STBFR + Green manure with cowpea + FYM @ 5 t ha-1 + Biofertilizers (Azotobacter + Azospirillum + PSB @ 4 kg ha-1 each) i.e. T12.Plots with a combination of organic and inorganic fertilizers were found to have higher soil microbial populations, as this provided more substrate and maintained an optimal soil environment, leading to increased microbial populations and their proliferation (Dixit and Tripathi, 2023). Organic inputs generally increased the growth of microorganisms and increase the overall activity of the soil (Kumar et al., 2017). The use of the biofertilizer like Azotobacter can promote the growth of bacterial populations (Sumbul et al., 2020). Treatments with using biofertilizers had the highest number of microorganisms due to the synergistic effects of biofertilizers (Kharlukhi et al., 2024).The application of organic manure and biofertilizers had a significant beneficial effect in increasing bacteria, fungi and actinomycetes, this is in conformity with other researchers (Gupta et al., 2019; Kharlukhi et al., 2024).

Table 2. Effect of integrated nutrient management on soil microbial population in maize-toria cropping sequence (Pooled data of two years) 
	Treatments
	Bacteria
(×106cfu g-1 soil)
	Fungi
(×104cfu g-1 soil)
	Actinomycetes
(×105cfu g-1 soil)

	
	
	
	

	T1- STBFR
	19.0
	26.8
	7.1

	T2- STBFR + GM
	26.8
	36.7
	16.9

	T3- STBFR + FYM
	27.4
	37.2
	18.9

	T4- STBFR + Lime
	21.8
	28.7
	8.2

	T5- STBFR + S
	23.6
	30.9
	11.0

	T6- STBFR + BF
	28.9
	41.7
	21.9

	T7- STBFR + GM + FYM
	28.1
	39.4
	17.9

	T8- STBFR + GM + Lime
	22.3
	28.1
	9.0

	T9- STBFR + FYM + Lime
	24.5
	32.3
	12.9

	T10- STBFR + GM + FYM + Lime 
	28.6
	43.1
	19.4

	T11- STBFR + GM + FYM + S
	29.8
	44.7
	23.0

	T12- STBFR + GM + FYM + BF
	30.5
	46.0
	24.3

	SEm (±)
	0.3
	0.7
	0.3

	CD (0.05)
	0.9
	2.1
	0.9


STBFR- Soil test based fertilizer recommendation, GM- Green manure with cowpea, FYM- Farm yard manure @ 5 tha-1, Lime- Lime @ 0.1 LR, S- Sulphur @ 30 kg ha-1, BF– Biofertilizer (Azotobacter+ Azospirillum+ PSB @ 4 kg ha-1 each)

3.2 Soil enzymatic activity

[bookmark: _Hlk134259271][bookmark: _Hlk134260218]Application of organic nutrient sources with STBFR improves soil enzymatic activity (Table 3). Among the different integrated nutrient management practices, significantly highest urease activity (185.4 µg NH4+-N2 g soil-1 h-1) was recorded with the application of STBFR + Green manure with cowpea + FYM @ 5 t ha-1 + Biofertilizers (Azotobacter + Azospirillum + PSB @ 4 kg ha-1 each) i.e. T12 which was on par with the application of STBFR + Green manure with cowpea + FYM @ 5 t ha-1 + Sulphur @ 30 kg ha-1 (T11) and the lowest (127.8 µg NH4+-N2 g soil-1 h-1) urease activity was recorded with the application of STBFR (T1) only. Similarly, acid phosphatase activity was significantly influenced by INM practices. The acid phosphatase activity in the maize- toria cropping system was found to be highest (393.0 µg PNP g soil-1 h-1) in treatment T12 which was on par with T11 (387.2 µg PNP g soil-1 h-1) and lowest activity (263.1 µg PNP g soil-1 h-1) was recorded with T1. The highest dehydrogenase activity (274.2 μg TPF g⁻¹ soil 24 h⁻¹) was recorded under treatment T12 followed by T11 (267.8 μg TPF g⁻¹ soil 24 h⁻¹). The lowest dehydrogenase activity (196.7 μg TPF g⁻¹ soil 24 h⁻¹) was recorded in the STBFR treatment (T1).  The use of organic matter increased the number of microorganisms, which in turn increased the enzymatic activity (Kumar et al., 2017). Mixing inorganic fertilizers with organic fertilizers increases the number of microorganisms because the availability of substrate increases, which was helped in the secretion of enzymes (Kejiya et al., 2023) and resulted in highest soil enzymatic activity with treatment T12. So, any management strategy that affects soil microbial communities can alter soil enzymes (Kharlukhi et al., 2024).

Table 3. Effect of integrated nutrient management on soil enzymatic activity in maize-toria cropping sequence (Pooled data of two years)
	Treatments
	Urease
(µg NH4+-N2 g soil-1 h-1)
	[bookmark: _Hlk134260099]Acid Phosphatase
(µg PNP g soil-1 h-1)
	Dehydrogenase
[bookmark: _Hlk134260681](µg TPF g soil-1 24 h-1)

	
	
	
	

	T1- STBFR
	127.8
	263.1
	196.7

	T2- STBFR + GM
	155.9
	353.3
	235.2

	T3- STBFR + FYM
	162.6
	360.1
	244.0

	T4- STBFR + Lime
	133.8
	285.9
	214.2

	T5- STBFR + S
	146.0
	324.8
	223.3

	T6- STBFR + BF
	177.5
	382.0
	261.0

	T7- STBFR + GM + FYM
	173.4
	373.7
	247.5

	T8- STBFR + GM + Lime
	138.7
	312.4
	217.3

	T9- STBFR + FYM + Lime
	148.1
	334.6
	226.5

	T10- STBFR + GM + FYM + Lime 
	176.5
	375.9
	255.0

	T11- STBFR + GM + FYM + S
	181.0
	387.2
	267.8

	T12- STBFR + GM + FYM + BF
	185.4
	393.0
	274.2

	SEm (±)
	1.8
	3.9
	3.1

	CD (0.05)
	5.3
	11.6
	9.2


STBFR- Soil test based fertilizer recommendation, GM- Green manure with cowpea, FYM- Farm yard manure @ 5 tha-1, Lime- Lime @ 0.1 LR, S- Sulphur @ 30 kg ha-1, BF– Biofertilizer (Azotobacter+ Azospirillum+ PSB @ 4 kg ha-1 each)

3.3 Energy indices

The lowest energy input (18.7 MJ ha-1 x 103)of maize-toria cropping system was observed in T1 (STBFR) and the highest energy input (47.0 MJ ha-1 x 103) was observed in T10. The highest energy output (260.9 MJ ha-1 x 103) was recorded under treatment T12 followed by T11 (259.3 MJ ha-1 x 103) and lowest value (215.7 MJ ha-1 x 103) was recorded in the treatment with STBFR i.e. T1 (Table 4). The highest levels of energy use efficiency (12.8), energy productivity (0.43 kg MJ-1) and net energy gain (250.9 MJ ha-1 x 103) were recorded in treatment T12; while the highest specific energy (6.2 MJ kg-1) was observed in T4. The lower specific energy with treatment T12 indicates that this INM practice requires less input energy to produce a unit of produce. Due to the higher system productivity, the INM module showed higher net energy (Kharlukhi and Upadhyaya, 2023). The higher energy use efficiency, energy productivity and net energy gain under T12 was mainly due to higher biomass production leading to greater energy output (Paramesh et al., 2023; Kharlukhi and Upadhyaya, 2023). 

Table 4. Effect of integrated nutrient management on energy indices in maize-toria cropping sequence (Mean data of two years)
	Treatments
	Total input energy
(MJ ha-1 x 103)
	Total output energy (MJ ha-1 x 103)
	Energy use efficiency
	Energy productivity                    (Kg MJ-1)
	Specific energy
(MJ kg-1)
	Net energy gain
(MJ ha-1 x 103)

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	T1- STBFR
	18.7
	215.7
	11.5
	0.33
	3.0
	197.0

	T2- STBFR + GM
	19.0
	231.7
	12.2
	0.37
	2.7
	212.7

	T3- STBFR + FYM
	20.2
	238.3
	11.8
	0.36
	2.7
	218.1

	T4- STBFR + Lime
	45.2
	238.3
	5.3
	0.16
	6.2
	193.1

	T5- STBFR + S
	18.7
	232.9
	12.5
	0.37
	2.7
	214.2

	T6- STBFR + BF
	19.4
	236.3
	12.2
	0.37
	2.7
	216.9

	T7- STBFR + GM + FYM
	20.5
	245.2
	12.0
	0.38
	2.6
	224.7

	T8- STBFR + GM + Lime
	45.5
	250.9
	5.5
	0.18
	5.6
	205.4

	T9- STBFR + FYM + Lime
	46.7
	248.3
	5.3
	0.17
	5.8
	201.6

	T10- STBFR + GM + FYM + Lime
	47.0
	259.3
	5.5
	0.18
	5.5
	212.3

	T11- STBFR + GM + FYM + S
	20.5
	260.9
	12.7
	0.42
	2.4
	240.4

	T12- STBFR + GM + FYM + BF
	21.2
	272.1
	12.8
	0.43
	2.3
	250.9


STBFR- Soil test based fertilizer recommendation, GM- Green manure with cowpea, FYM- Farm yard manure @ 5 tha-1, Lime- Lime @ 0.1 LR, S- Sulphur @ 30 kg ha-1, BF– Biofertilizer (Azotobacter+ Azospirillum+ PSB @ 4 kg ha-1 each)
4. CONCLUSION

[bookmark: _GoBack]The incorporation of high-quality organic matter in combination with biofertilisers has been shown to enhance the biological properties of the soil, which are widely regarded as reliable indicators of soil health and fertility. While inorganic fertilisers supply essential nutrients required for the initial growth and development of crops, their prolonged or excessive use can lead to adverse effects on soil quality and environmental sustainability. Consequently, the adoption of integrated nutrient management (INM) practices is essential to maintain long-term soil productivity. Based on the assessment of biological parameters and energy indices in the present study, the application of STBFR combined with green manure from cowpea, FYM at 5 t ha⁻¹, and biofertilisers (Azotobacter, Azospirillum, and PSB at 4 kg ha⁻¹ each) emerged as the most effective INM strategy for the maize–toria cropping system under the experimental conditions. Nonetheless, further long-term investigations are warranted to comprehensively evaluate the sustained effects of INM practices on soil biological properties and energy efficiency within maize–toria cropping systems.
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