Evaluation of in-situ moisture conservation practices and nitrogen sources on nitrogen use efficiency in rainfed sorghum
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ABSTRACT
	       Nitrogen use efficiency is one of the sustainability criteria which get altered as a response to varied interventions like water conservation practices and source of nitrogen in rainfed agriculture. A two-year’ investigation was conducted to evaluate in-situ moisture conservation practices and different nitrogen sources for nitrogen uptake and NUE in rainfed sorghum on alfisols of the semi-arid region of India. The experiment was laid out in a split plot design replicated thrice. Main plot treatments were in-situ moisture conservation practices like conservation furrow (CF) and ridge and furrow (RF), while sub-plot treatments were different nitrogen sources like chemical fertilizers, farmyard manure (FYM), vermicompost (VC) and poultry manure(PM). Diverse agronomic indices viz., recovery efficiency, physiological efficiency, agronomic efficiency and partial factor productivity were derived to assess the NUE. The results demonstrated that CF and RF methods of in-situ moisture conservation exhibited equal response pertaining to N uptake, Soil N and nitrogen use efficiency. However, nitrogen uptake was higher through partial substitution of the recommended dose of nitrogen with PM (67.8 kg ha-1), FYM (63.8 kg ha-1) and VC (63.9 kg ha-1) along with synthetic fertilizers in integration. Soil fertility in the form of mineral N (NH4-N + NO3-N) was improved by combined use of chemical and organic sources of N. Higher crop recovery efficiency, physiological efficiency, agronomic efficiency and partial factor productivity were higher with inclusion of organic manures, especially in integrated manner.  The experimental findings suggested that, in rainfed sorghum cultivation in semi-arid tropic of India, conjunctive use of 75% RDN through synthetic fertilizer and 25% RDN through PM or FYM or VC along with conservation furrow or ridge and furrow practice could be adopted for improved NUE.
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1. INTRODUCTION
 	Out of the net cultivated land in India, 55% area is rainfed, contributing 40% of the total food grain production, supports 40% of the human and 2/3rd of the livestock population and falls mainly in arid, semi-arid and dry sub-humid regions (Gopinath et al., 2013). Rainfed areas are characterized by uncertain and uneven distribution of rainfall, extreme atmospheric temperatures, small and marginal land holdings, degraded soils with low fertility and available moisture that adversely impact crop production (NRAA, 2023).
	Sorghum (Sorghum bicolor L. Moench) is a suitable crop in the hot semi-arid regions in India. It was grown on 4 m ha area with a production of 5 million tons and productivity of as 1240kg/ha in the year 2024-25; kharif sorghum shared 34% of total sorghum production in India during 2024-25 (DAFW, 2025).
	In rainfed agriculture, in-situ moisture conservation and nutrient management are key factors that boosted the crop response. However, the response of crops changes with in-situ moisture conservation methods and nutrient management strategies (Srinivasarao et al., 2013; Chary and Gopinath, 2022). Further, Govindasamy et al. (2023) reviewed that nitrogen plays a vital role in crop production and is mainly responsible for the higher productivity of cereals. Nitrogen is lost after application through various ways, and its use efficiency is influenced by environmental factors, plants’ physiological activity, their interactions and management strategies.  NUE is ratio between nitrogen removed from harvested products to the amount of N applied; in crop production high Nitrogen use efficiency (NUE) is obtained trough application of fertilizer N in quantites that synchronize with the supply of N from the soil as a supplement to produce optimum crop yield (Bijay-Singh, 2023). NUE is lower in rainfed agriculture and varies with agro-ecological situations. Evaluating NUE through deploying diverse approaches helps in better understanding on utilization of nitrogen, the magnitude of N losses and strategies to improve crop productivity by minimizing the losses. As the agronomic indices of NUE, like crop recovery efficiency, physiological efficiency, agronomic efficiency and partial factor productivity of applied nitrogen were needed to be derived under the influence of in-situ moisture conservation practices and different N sources, this research investigation on alfisols was conducted.
2. material and methods 
Data was obtained from a two-year’ scientific field investigation on the impact of in-situ water conservation methods and different nitrogen sources on rainfed sorghum was collected and utilized to assess the nitrogen uptake by the crop and derive the agronomic indices of NUE viz., recovery efficiency, physiological efficiency, agronomic efficiency and partial factor productivity. The field investigation was conducted during kharif (June to October) in the years 2010 and 2011 at Gunegal Research Farm of Central Research Institute for Dryland Agriculture (CRIDA), Hyderabad district of Telangana, India, which is located at 626 meters above sea level. The experimental site received, 421.4 mm and 356.8 mm rainfall during 2010 and 2011, respectively. The rainfall distribution is presented in Fig 1. The experimental soil was sandy clay loam with neutral soil reaction, low in soil organic carbon (0.5%), low soil available nitrogen (210.2 kg ha-1), phosphorus (10.0 kg ha-1) and potassium (200.0 kg ha-1). The treatment consisted of in-situ water conservation methods viz. C1: conservation furrow (after every two rows interval) and C2: ridge and furrow (after each row); and different nitrogen sources viz., T1: Control (no external nutrient input), T2: Recommended dose of fertilizer (RDF) (60:40:30 N:P2O5:K2O kg ha-1), T3: Recommended Dose of Nitrogen (RDN) through Farm yard manure (FYM), T4: RDN through Vermicompost (VC), T5: RDN through poultry manure (PM), T6: 75%RDN through fertilizer + 25%RDN through FYM, T7: 75%RDN through fertilizer +25% RDN through VC, and T8: 75%RDN through fertilizer +25% RDN through PM. The experiment was laid out in a split-plot design, which was replicated thrice. Data on nitrogen uptake were analyzed using the ANOVA procedure of SAS 9.2 (SAS Institute Inc. 2009). The Duncan multiple range test at P=0.05 was used to determine the significance of the difference between treatment means. Combined (pooled) analysis of the means was done by using formulae recommended by McIntosh (1983) for a split plot design of field experimentation.

Figure 1. Rainfall distribution during crop growth period at experimental site
2.1 Nitrogen uptake
The uptake of nitrogen, was computed using the formula
Nitrogen uptake (kg ha-1) =    
[Nutrient content (%) × drymatter production (grain or stover) (kg ha-1)] / 100                                                              
2.2 Agronomic Indices of Nitrogen Use Efficiency
 2.2.1 Crop recovery efficiency (REN)	
REN of applied N is kg increase in N uptake per kg N applied (Dobermann, 2005). REN was calculated as,
 REN = (UN – U0)/FN 
Where, FN – amount of (fertilizer) N applied (kg ha-1) 
UN – total plant N uptake in grains (kg ha-1) in a plot that received N 
U0 – total N uptake in grains (kg ha-1) in a plot that received no N
2.2.2 Physiological efficiency (PEN)
PEN of applied N  is kg yield increase per kg increase in N uptake from fertilizer (Dobermann, 2005). PEN was computed using formula as,
PEN = (YN – Y0)/(UN – U0)
2.2.3 Agronomic efficiency (AEN)
AEN of applied nitrogen is the unit yield increase per unit application of nitrogen (Dobermann, 2005). AEN was derived by using the formula, 
		AEN = (YN -Y0) / FN 
	Where, YN is grain yield with applied nitrogen (N) (kg ha-1), Y0 is grain yield (kg ha-1) in control treatment with no N, and FN is the amount of N applied (kg ha-1).
2.2.4 Partial factor productivity (PFPN)
PFPN of applied N is kg harvest product per kg N applied (Dobermann, 2005) and was calculated as,
PFPN = YN/FN 
3. results and discussion
3.1 Nitrogen Uptake
On average, rainfed sorghum mined 50.6 kg N ha-1. Total N removed from a hectare of land was higher in the first year than in the second by 6.8 kg. The ridge and furrow method of moisture conservation utilized in-significantly more N from the soil compared to the conservation furrow in consecutive years. It was noticed that more than half (~ 51%) of the total removed nitrogen was translocated to the grains in both years (Table 1).
Substitution of 25% RDN through organic sources could provide as much nitrogen as through 100% RDF from the soil. Numerically, conjunctive use of fertilizers and PM overtook 100% RDF in nitrogen mining. Yang et al. (2025) reported an improved nitrogen uptake and NUE in sorghum with partial substitution with organic manures. Substitution of 100% RDN through organic sources displayed significantly lower exploitation of native and applied nitrogen. During initial crop establishment crop experienced an inadequate supply of nitrogen owing to the relatively slow release of nitrogen (mineralization) from the organic pool of soil and/or organic amendments. This led to less vigour, subsequently low dry matter production, and ultimately the undermining of nitrogen. On the other hand, application of readily available sources of nitrogen i.e., urea (amide form of nitrogen), with or without integration with organic manure, released higher amounts of nitrogen during early crop establishment. Top dressing of 50% of RDN just before the boot stage of the crop ensured a prolonged and adequate supply of labile nitrogen for the crop uptake, which collectively resulted in the highest dry matter production at harvest and nitrogen uptake as well. Pan et al. (2022) estimated that crucial physiological processes like photosynthesis, protein synthesis and overall plant growth are supported by optimal N availability and its assimilation.
Application of external nitrogen caused higher nitrogen storage in grains (50 -52% of total N uptake). The Interaction of in-situ moisture conservation methods and nitrogen sources was not significant with respect to crop nitrogen uptake.
3.2 Soil Mineral N (NH4 –N + NO3 –N)
	
NH4-N and NO3-N are the inorganic forms of nitrogen through which plant acquires N from soil solution i.e. available forms. Keeney and Nelson (1982) stated that the inorganic combined N in soils is predominantly NH4+ and NO3-. Concentration of mineral N was not significantly affected by method of in-situ moisture conservation after both cropping seasons (Table 1). This was mainly because of insignificant change in soil moisture and C:N ratio with change in method of in-situ moisture conservation, since in drylands mineralization of organic N is the product of soil moisture content and narrower C:N ratio. However, ridge and furrow method recorded 1.8 and 4 mg kg-1 more mineral N than conservation furrow method in first and second season, respectively. 
Change in nitrogen source significantly altered the concentration of total mineral N. Fertilizers integrated with VC and FYM recorded highest total mineral N after first and second season, respectively. However, all fertilized plots were statistically on par with each other but recorded significantly higher mineral N than rest of the treatments after both cropping seasons. Conjunctive use of organic manure like sheep manure and inorganic fertilizers created a synergistic effect which boosted soil microbial activity and soil NH4-N and NO3-N (Ahmad et al., 2025) 

Table 1. Effect of different nitrogen sources and in-situ moisture conservation practices on nitrogen uptake (kg ha-1) by rainfed sorghum.
	Treatment
	2010
	2011
	Pooled mean
	Soil Mineral N at harvest
(NH4 –N + NO3 –N) (mg kg-1)

	
	Grain
	Stover
	Total
	Grain
	Stover
	Total
	Grain
	Stover
	Total
	2010
	2011

	In-situ moisture conservation
	Initial: 17.7

	C1
	27.3 A 
	25.9 A
	53.1 A 
	23.3 A
	22.6 A
	45.9 A
	25.3 A
	24.2 A
	49.5 A
	38.9 A
	35.4 A

	C2
	28.3 A
	26.4 A 
	54.8 A
	25.1 A
	23.4 A
	48.5 A
	26.7 A
	24.9 A
	51.6 A
	40.7 A
	39.4 A

	Mean
	27.8
	26.1
	54.0
	24.2
	23.0
	47.2
	26.0
	24.6
	50.6
	39.8
	37.4

	SEd (±)
	1.2
	1.4
	2.6
	1.1
	1.4
	2.5
	0.8
	1.0
	1.8
	1.6
	1.5

	P≤0.05
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	CV (%)
	15.2
	18.7
	16.8
	15.5
	21.4
	18.4
	15.4
	20.0
	17.6
	14.0
	13.8

	Nitrogen source

	T1
	7.1 C
	9.6 C
	16.7 C
	5.8 C
	7.2 C
	13.0 C
	6.5 C
	8.4 C
	14.9 C
	16.1 D
	11.2 D

	T2
	37.1 A 
	33.3 A
	70.4 A
	31.1 A
	29.2 A
	60.3 A
	34.1 A
	31.2 A
	65.4 A
	45.3 A
	44.0 A

	T3
	21.6 B
	22.5 B
	44.1 B
	20.0 B
	19.3 B
	39.3 B
	20.8 B
	20.9 B
	41.7 B
	34.2 C
	32.9 C

	T4
	22.0 B
	22.1 B
	44.2 B
	19.4 B
	18.4 B
	37.8 B
	20.7 B
	20.3 B
	41.0 B
	35.8 C
	32.5 C

	T5
	26.0 B
	24.3 B
	50.3 B
	21.8 B
	20.3 B
	42.1 B
	23.9 B
	22.3 B
	46.2 B
	41.7 B
	39.4 B

	T6
	35.1 A
	31.7 A
	66.8 A
	31.3 A
	29.8 A
	61.1 A
	33.2 A
	30.8 A
	63.9 A
	47.3 A
	46.9 A

	T7
	35.7 A
	31.6 A
	67.4 A
	31.1 A
	29.2 A
	60.3 A
	33.4 A
	30.4 A
	63.8 A
	49.1 A
	45.5 A

	T8
	37.9 A
	34.0 A
	71.9 A
	33.2 A
	30.5 A
	63.7 A
	35.5 A
	32.3 A
	67.8 A
	48.9 A
	46.8 A

	SEd (±)
	2.6
	1.8
	4.1
	2.1
	1.9
	4.0
	1.7
	1.3
	2.8
	1.8
	1.6

	P≤0.05
	*
	*
	*
	*
	*
	*
	*
	*
	*
	*
	*

	CV (%)
	16.0
	11.6
	13.1
	15.2
	14.5
	14.6
	15.7
	13.0
	13.8
	7.7
	7.5

	Interaction

	Nitrogen source
	SEd(±)
	3.6
	2.5
	5.8
	3.0
	2.7
	5.6
	2.4
	1.8
	4.0
	2.5
	2.3

	
	P=0.05
	NS
	NS
	NS
	NS
	NS
	NS
	4.7
	3.7
	8.1
	NS
	NS

	Conservation

	SEd(±)
	3.6
	2.7
	6.0
	3.0
	2.9
	5.8
	2.3
	1.9
	4.0
	2.8
	2.6

	
	P=0.05
	NS
	NS
	NS
	NS
	NS
	NS
	4.8
	4.1
	8.5
	NS
	NS


*significant at P=0.05, NS= Non significant
Means in the same column with different superscript letters are significantly (P=0.05) different.
3.3 Agronomic indices of NUE
		Various agronomic indices (suggested by Dobermann, 2005) were used to assess the efficiency of applied N through different sources (Table 2). In general, nitrogen use efficiency is low in dryland agriculture owing to low soil moisture, low soil fertility and inappropriate agronomic practices coupled with unbalanced fertilization (Masso et al., 2017). The nitrogen use efficiency could be enhanced by adopting rainwater harvesting (Friday et al., 2023) and balanced nutrition involving organic sources (Ali et al., 2025) 
3.3.1 Crop Recovery Efficiency (REN)
REN is the change in nitrogen uptake per unit of N applied. Generally, both in-situ moisture conservation practices showed the same REN. But, an enhanced recovery of applied nitrogen was noticed due to the application of fertilizers with or without integration of organic manure than organic sources of nitrogen alone. However, poultry manure as sole or in conjunction with fertilizers demonstrated an increase of 0.1 kg in N uptake per kg N applied as sole and in conjunction with fertilizers than FYM and VC. This index depends on the plant requirement and the amount of labile N supplied by the amendment. REN is affected by the amendment application method, nutrient content and mineralization rate, and factors governing dry matter accumulation and grain yield. NUE may appear as a simple term and concept, but its complexity resides in the various N sources viz., inorganic and organic fertilizers, soil organic matter, biological fixation, atmospheric deposition that contribute to crop production (Congreves et al. 2021). Cereal crops use nitrogen more efficiently through inclusion of organic matter in nutrient management, and balanced fertilization (Hasnain et al., 2025).
3.3.2 Physiological Efficiency (PEN)
PEN represents the ability of a plant to transform nitrogen acquired from amendments into grain yield. All the treatments under study showed PEN > 60 kg kg-1, which was judged by Dobermann (2005) as efficient in transforming the N into grain yield. However, PEN of rainfed sorghum was slightly higher (~ 1 kg kg-1) when N was applied through organic manures than through fertilizers. It was possibly due to the rapid translocation of nitrogen from vegetative plant parts to grain during the reproductive stage in organically grown treatments. 
3.3.3 Agronomic Efficiency (AEN)
AEN is the product of the efficiency of N recovery from applied N and the efficiency, with which the plant uses each additional unit of acquired N. Fertilizer-oriented N management, especially in conjunction with PM, reported the highest AEN in both years. While 60 kg N applied through various organic manures could not increase the grain yield as efficiently as fertilizers (Table 2). Ali et al. (2025) stated that, integrated Nutrient Management (INM) and balanced fertilization optimize nutrient application by tailoring it to crop requirements and growth stages, thereby maximizing nutrient uptake efficiency.  Nevertheless, PM demonstrated a 4 kg grain increase per kg of applied N than FYM and VC.
3.3.4 Partial Factor Productivity (PFPN)
PFPN is the grain harvest (kg) obtained from the addition of one kg N. This index is most important for farmers as it integrates the use efficiency of both indigenous and applied N resources. PFPN determine efficiency of a cropping system through its nutrient supply (Norton, 2017) Increasing yield with soil native N is important for improving PFPN. Sorghum grown in rainfed conditions reported PFPN at an average of 37.2 kg grain yield kg-1 N applied in the present two-year’ investigation. Higher recovery of applied N and relatively efficient transformation of mined N into grains caused higher PFPN in 2010 than in 2011 by 4 kg kg-1 N applied (Table 2). Comparatively, the ridge and furrow method gave higher PFPN than conservation furrow by 2 kg kg-1 N applied. Higher PFPN was observed with fertilizer-oriented sources than with organic manures alone. Application of N in readily assimilating forms and split application of RDN led fertilized treatments to dominate over slow N-releasing organic manures at critical growth stages pertaining to the PFPN.
Table 2. Agronomic indices of N use efficiency under the influence of different nitrogen sources and in-situ moisture conservation practices 
	Treatment
	REN
	PEN
	AEN
	PFPN

	
	2010
	2011
	Mean
	2010
	2011
	Mean
	2010
	2011
	Mean
	2010
	2011
	Mean

	In-situ moisture conservation

	C1
	0.4
	0.3
	0.4
	76.1
	78.2
	77.1
	29.3
	26.6
	28.0
	38.5
	33.9
	36.2

	C2
	0.4
	0.4
	0.4
	76.1
	78.1
	77.0
	30.5
	28.1
	29.3
	40.0
	36.4
	38.2

	Mean
	0.4
	0.4
	0.4
	76.1
	78.2
	77.1
	29.9
	27.4
	28.7
	39.2
	35.2
	37.2

	Nitrogen source

	T1
	--
	--
	--
	--
	--
	--
	--
	--
	--
	--
	--
	--

	T2
	0.5
	0.4
	0.5
	75.8
	77.7
	76.7
	37.9
	32.8
	35.4
	47.2
	40.6
	43.9

	T3
	0.2
	0.2
	0.2
	76.4
	78.3
	77.3
	18.5
	18.4
	18.5
	27.8
	26.2
	27.0

	T4
	0.2
	0.2
	0.2
	77.1
	78.9
	78.0
	19.1
	17.9
	18.5
	28.4
	25.7
	27.1

	T5
	0.3
	0.3
	0.3
	76.4
	78.5
	77.4
	24.0
	20.9
	22.5
	33.3
	28.7
	31.0

	T6
	0.5
	0.4
	0.4
	75.4
	78.1
	76.7
	35.1
	33.2
	34.2
	44.4
	41.0
	42.7

	T7
	0.5
	0.4
	0.4
	75.7
	77.8
	76.7
	36.1
	32.8
	34.5
	45.4
	40.6
	43.0

	T8
	0.5
	0.5
	0.5
	75.7
	77.8
	76.7
	38.8
	35.5
	37.1
	48.1
	43.3
	45.7


Note: REN - kg increase in N uptake per kg N applied
PEN - kg grain yield increase per kg increase in N uptake from source
AEN - kg grain yield increase per kg N applied
PFPN - kg grain per kg N applied

4. Conclusion
Based on the data obtained in the investigation, it was concluded that integration of organic sources of nitrogen, like poultry manure or farmyard manure or vermicompost and chemical nitrogenous fertilizers resulted into higher nitrogen uptake, soil mineral nitrogen and improved the nitrogen use efficiency by the rainfed sorghum in semi-arid areas in India. However, conservation furrows and ridge and furrow methods of in-situ moisture conservation exhibited similar nitrogen uptake and NUE.
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