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Optimizing irrigation and nitrogen for quality, nutrient uptake and moisture dynamics in summer fodder sorghum [Sorghum bicolor L. (Moench)]


ABSTRACT:
A field experiment was conducted in the summer of 2021 at the Integrated Farming System Research Farm, Junagadh Agricultural University, Junagadh, using clayey soil to assess how irrigation scheduling and nitrogen levels affect fodder sorghum's crude protein and fibre content and yield, nutrient absorption and water efficiency. The experiment employed a split-plot design with three irrigation schedules (IW/CPE ratios: 0.6, 0.8 and 1.0) and four nitrogen levels (60, 80, 100 and 120 kg N ha-1), each replicated four times. The aim was to determine the best combination of water and nitrogen for enhancing crude protein and fibre production, nutrient uptake and water use efficiency. Findings showed that irrigation at a 1.0 IW/CPE ratio notably increased crude protein content, yield, crude fibre yield and nutrient uptake (nitrogen, phosphorus, potassium), as well as water consumption. However, the highest water use efficiency was observed at the 0.6 IW/CPE ratio. Applying 120 kg N ha-1 led to maximum crude protein and fibre yields, nutrient content and nitrogen uptake, while also improving water use efficiency. Irrigation schedules did not significantly impact crude fibre content or soil availability of N, P2O5 and K2O. The study revealed significant interaction effects between irrigation schedules and nitrogen levels on crude protein yield, crude fibre yield, nutrient uptake and water use efficiency, highlighting the importance of integrated management approaches.
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Introduction: 
Sorghum [Sorghum bicolor L. (Moench)] is a crucial crop for ensuring nutritional and livelihood security among resource-poor farmers in arid regions. It shows particular promise as a fodder crop in areas with low and unpredictable rainfall due to its high heat tolerance, environmental adaptability ranging from wet to drought conditions, resistance to lodging and remarkable ability to recover from brief drought periods (Tonapi et al., 2020). Utilized for both grain and fodder, sorghum serves as food, feed, fuel and stover for human consumption and livestock production in the changing climate (Gnanasekaran et al., 2025). Fodder sorghum exhibits superior regeneration capacity with higher crude protein content and produces numerous thin, succulent leaves, enhancing its palatability and making it ideal for hay and silage production (Mutwedu et al., 2020).
In India, sorghum cultivation spans 10.0 million hectares as a dual-purpose crop and 0.5 million hectares exclusively for forage (GOI, 2021). The country supports 20% of the global livestock population (Sanmugapriya & Kalpana, 2017). However, livestock production efficiency in most Indian regions remains low, offering significant potential for improvement. This low productivity is primarily attributed to insufficient supplies of quality feeds and fodders (Meena et al., 2019). India's suitable climate and soil conditions enable year-round forage crop cultivation. The IW:CPE ratio concept incorporates climatic factors, but irrigation scheduling should be reliable, economical and practical (Madhavan et al., 2025b). Water stress impacts not only growth and yield but also forage quality (Moosavi et al., 2011).
Nitrogen fertilizer plays a crucial role in enhancing soil fertility, increasing crop productivity and improving fodder quality, as nitrogen is an essential component of many plant compounds. It facilitates the utilization of nutritive elements required by crop plants. Nitrogen is a constituent of proteins, vitamins, enzymes, hormones, alkaloids and chlorophyll. Consequently, nitrogen deficiency in plants leads to suboptimal growth and development. Without sufficient nitrogen, plants cannot efficiently utilize other soil elements (Meena et al., 2019). Nitrogen application not only affects sorghum forage yield but also enhances its quality, particularly protein content (Sagarka et al., 2002). Given these factors, the current experiment was designed to assess the impact of irrigation scheduling based on IW/CPE ratios and nitrogen levels on quality parameters, nutrient uptake and soil moisture dynamics in summer fodder sorghum within the Saurashtra region.
Materials and methods
In the summer of 2021, researchers conducted a field experiment at the Integrated Farming System Research Farm, situated within the Agronomy Department at Junagadh Agricultural University, College of Agriculture, Junagadh, India. The study took place on clayey soil with a slightly alkaline pH of 8.27 and an EC of 0.43 dS m-1. The soil was rich in organic carbon, contained medium levels of available nitrogen, high levels of P2O5 and medium levels of K2O. Prior to crop sowing, the soil contained 269.14, 27.71 and 214.57 kg ha-1 of available N, P2O5 and K2O, respectively. The soil moisture constants were measured at 29.90% field capacity, 13.16% permanent wilting point and 1.36 Mg m-3 bulk density. Irrigation and nitrogen were applied according to the treatment specifications.
The experiment comprised twelve treatment combinations, involving three irrigation schedules based on IW/CPE ratios (0.6, 0.8 and 1.0) and four nitrogen levels (60, 80, 100 and 120 kg N ha-1). A split plot design with four replications was used to evaluate the experiment. The study area consisted of 48 plots, each with a gross area of 5.00 m x 3.60 m and a net area of 4.00 m x 2.40 m, totaling 1209.2 m2. The researchers selected fodder sorghum, specifically the Gundhari variety, for the experiment and used a seed rate of 60 kg ha-1 and maintained a spacing of 30 cm x 10 cm. The 0.6, 0.8 and 1.0 IW/CPE ratio plots received 9, 11 and 13 irrigations, totaling 450, 550 and 650 mm of water, respectively. The recommended fertilizer dose for fodder sorghum was 80-40-40 N-P2O5-K2O kg ha-1. To evaluate the parameters, the following methodologies were employed. 
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[bookmark: _Hlk197635903]Fig 1. Overview of optimizing irrigation and nitrogen for quality, nutrient uptake and moisture dynamics in summer fodder sorghum

(A) Quality parameters
1. Crude protein content and yield
Crude protein content (%) was determined by multiplying the nitrogen content by 6.25, as described by A.O.A.C. (1975). Crude protein yield (kg ha-1) was calculated by multiplying the crude protein percentage with dry fodder yield.

2. Crude fibre content and yield
Crude fibre content (%) in the whole plant was estimated using the acid-alkali digestion method (Mahadevan, 1965). Crude fibre yield (CFY) (kg ha-1) was computed by multiplying the crude fibre percentage with dry fodder yield.

(B) Chemical Analysis
1. Nitrogen content and uptake
The nitrogen content in fodder was assessed on a dry weight percentage basis using the modified Kjeldahl method described by (Jackson, 1973). Nitrogen uptake was determined using a specific formula.

2. Phosphorous content and uptake
Sample digestion was performed using nitric and perchloric acid. The phosphorous content in fodder was measured using the vanado-molybdo phosphoric acid yellow color method (Jackson, 1973). A formula was employed to calculate the phosphorous uptake by fodder sorghum.

3. Potassium content and uptake
	After harvesting, representative samples of fodder sorghum were collected from each net plot to determine potassium content using the flame photometer method (Jackson, 1973). The potassium uptake by fodder sorghum was computed using a formula.

(C) Available N, P, K before and after harvest in soil
The alkaline permanganate method, as proposed by Subbiah and Asija (1956), was used to determine available nitrogen in soil. Available phosphorus in soil was measured using Olsen's method, as suggested by (Olsen, 1954). The flame photometer method, as recommended by (Jackson, 1973), was employed to determine available potassium in soil.
(D) Soil moisture studies:	
1. Consumptive use of water 
Water consumption under various treatments was calculated using the procedure suggested by (Misra & Ahmed, 1987).



where, EO = P.E. mm day-1 (From saturation to Field capacity)
	ER= Effective Rainfall (mm)
Throughout the experiment, the water table depth exceeded three meters below the surface. Consequently, groundwater contribution was considered zero. No rainfall occurred during the experimental period, so effective rainfall was also considered zero. The profile soil moisture use was calculated as follows:
d=  
where, d = Moisture deficit in the root zone (cm)
  Summation of n number of layers in the root zone
M1i = Soil moisture of ith root profile on the day when sampling in irrigated soil is possible (%)
M2i = Soil moisture of ith root profile on the day just before the next irrigation (%)
ASi = Bulk density of ith layer (g cm-3)
Di = Depth of ith layer (cm)
2. Water use efficiency (WUE)
The response of fodder yield per unit of irrigation water applied at different irrigation levels was determined by dividing the per hectare fodder yield of sorghum obtained under various treatments by the total quantity of irrigation water applied (mm), which was calculated using a specific formula.



Results and discussions
1. Effect of irrigation schedules based on IW/CPE ratio
Crude protein content and yield 
Irrigation at an I3 observed significantly maximum crude protein content of 7.1 % and it was found at par with an I2. Significantly minimum crude protein content of 6.5 % was recorded when the fodder sorghum was irrigated at an I1 and it was closely followed by I2. Significantly maximum crude protein yield of 674 kg ha-1 was produced when the crop was irrigated at I3. Significantly minimum crude protein yield of 502 kg ha-1 was recorded when the crop was irrigated at an I1. The main cause of such results was that adequate water availability that enhanced the physiological and metabolic activity, improved root development, increased microbial activity, higher nutrient solubility and mobility especially the nitrogen which is very important for protein synthesis of fodder sorghum. The decrease in crude protein content and yield at I1 was due to decreased biomass production which is highly associated with water-stress conditions (Liu et al., 2018).
Crude fibre content and yield
Various irrigation schedules did not produce any significant effect on crude fibre content. But, scheduling irrigation at I3 recorded significantly maximum crude fibre yield of 2906 kg ha-1. It is attributed because of the higher dry matter production because maximum water availability in the I3 irrigated plots that resulted in the maximum crude fibre yield. Vigorous vegetative growth, higher cell wall development and nutrient uptake, turgor maintenance and metabolic activity helped higher fibre biomass production. Whereas, minimum crude fibre yield of 2189 kg ha-1 was recorded under I1. Sub-optimal moisture level restricted the plant vegetative growth and overall dry matter production. This is possible due the suppression of photosynthetic efficiency, reduced LAI and finally the lower assimilate partitioning to structural components like fibre (Saini, 2012).

Nutrient content and uptake
Maximum nitrogen content of 1.17 % was significantly observed when fodder sorghum was irrigated at I3 which was found statistically on same bar with I2. Scheduling irrigation at I1 noted significantly minimum nitrogen content of fodder sorghum followed by I2. Nitrogen uptake of 107.9 kg N ha-1 was observed when fodder sorghum was irrigated at I3 which was significantly maximum while significantly minimum nitrogen uptake of 80.3 kg N ha-1 was recorded when irrigation scheduled at I1. Higher soil moisture availability highly influences solubilization, mobility and nutrient uptake particularly in the I3 irrigated plots that resulted in the dissolution and diffusion of nitrogen in the root zone and helps higher availability and uptake in the fodder sorghum. In association with the maximum dry matter and root biomass production with their higher metabolic processes that engaged in N assimilation like nitrate reduction and amino acid synthesis. While, minimum N uptake was noted at I1 because of the lower biomass production and poor nutrient assimilation and crop performance (Xu et al., 2020; Srinivasulu et al., 2015; Solanki et al., 2016).
Scheduling irrigation at I3 noted significantly higher phosphorous content of 0.34 % which was comparable with I2. Minimum phosphorous content of 0.31 % was observed when fodder sorghum was irrigated at I1 and it was closely followed by I2. Irrigation scheduled at I3 removed significantly maximum phosphorous of 32.5 kg N ha-1 and it remained at par with I2. Significantly minimum phosphorous uptake of 23.8 kg N ha-1 was noted under I1. P content and uptake are highly dependent on soil moisture content as I3 resulted in the maximum mobility and diffusion of P ions in soil solution facilitated by the better root contact and absorption in the maximum root surface area and higher dry matter production. Insufficient irrigation lowered both the P content and uptake because of lowered biomass production (Chen et al., 2020).
Significantly maximum potassium content of 0.48 % was observed when fodder sorghum was irrigated at I3 and it was found statistically on same bar with I2. Scheduling irrigation at I1 noted significantly minimum potassium content. Various irrigation schedules produced significant influence on potassium uptake by fodder. Irrigation scheduled at I3 removed significantly maximum potassium of 46.1 kg N ha-1. Significantly lower potassium removal was recorded under scheduling irrigation at I1. 
K is very important for enzyme activation, osmoregulation, stomatal function and stress resistance. It is highly influenced by the soil moisture status by enhanced K solubility and root absorption through mass flow and diffusion for better K assimilation and accumulation in the plant tissues. The K uptake not only dependent on nutrient concentration but also total dry matter production (Yadav and Sidhu, 2016). 
Post-harvest soil nutrient status 
Different irrigation schedules had no significant effect on available NPK in soil after harvest. Though irrigation levels influence NPK uptake and plant growth, it did not alter significantly the residual nutrient levels in the soil. The nitrogen uptake varied with different irrigation levels, the net accumulation and depletion remained balance in the soil due to the factors like synchronized N uptake, minimal leaching at controlled irrigation and potentially lowered mineralization or volatilization losses. In the case of P and K, phosphorous is less influenced by irrigation that is relatively soil pH, organic matter interactions and microbial activity dependent and is highly immobile in soil. While, K is highly mobile in soil. Still, it remained in the soil exchange complex particularly in the clay and organic matter rich soils that might have prevented its significant fluctuation at various irrigation levels (Ananda Murthy et al., 2020).
Soil moisture studies
	Higher consumptive use of water of 582.1 mm by fodder sorghum was recorded significantly when irrigation scheduled at I3. Fodder sorghum noted significantly lower consumptive use of water of 413.6 mm under scheduling irrigation at I1. Irrigation scheduled at I1 recorded significantly maximum water use efficiency of 63.5 kg ha-1 mm-1 and it was found at par with I2. Significantly minimum water use efficiency was observed when fodder sorghum was irrigated at I3. The above two factors associated with evapotranspiration determine the crop water requirement of fodder sorghum. The result stated that incremental irrigation beyond the required level not proportionally increase yield but decrease the water use efficiency and underscores importance of balanced irrigation scheduling (Sani et al., 2008; Ghalkhani et al., 2023; Bhattarai et al., 2020; Solanki et al., 2016). 

2. Effect of nitrogen levels
Crude protein content and yield 
[bookmark: _Hlk197549568]The highest crude protein content was observed when fodder sorghum was fertilized with N4, which was statistically comparable to N3. The lowest crude protein content was found with N1 fertilization, which was similar to N2. N4 fertilization resulted in the highest crude protein yield, while N1 produced the lowest, statistically comparable to N2. The incremental nitrogen uptake particularly at N4 helps maximize amino acids and proteins, drives chlorophyll synthesis, photosynthetic efficiency and overall plant metabolism that affects protein accumulation (Crawford et al., 2018; Nirmal et al., 2016; Saini, 2012).
Crude fibre content and yield
The highest crude fibre content was observed in the N4 treatment, closely followed by N3. In contrast, the lowest crude fibre content was found when fodder sorghum received N1 fertilization, which was statistically comparable to N2. The N4 treatment also resulted in the highest crude fibre yield, with N3 following closely behind. The lowest crude fibre yield was recorded under N1, which was statistically similar to N2. Generally, increasing nitrogen levels lead to higher crude fibre content and yield. Higher crude fibre content and yield at N4 helps produce maximum dry matter especially the leaf expansion and stem thickness. It also facilitates to increase cell wall constituents i.e., cellulose and hemicellulose that results in the higher crude fibre content. In association with the forage yield, the crude fibre yield also increased to the maximum ( Ahmadi et al., 2016; Saini, 2012).
Nutrient content and uptake
The highest nitrogen content was observed when fodder sorghum received N4 fertilization, closely followed by N3. The N1 treatment resulted in the lowest nitrogen content, which was comparable to N2. Similarly, nitrogen uptake was highest with N4 fertilization, while N1 resulted in the lowest uptake, statistically equivalent to N2. Varying nitrogen levels did not significantly affect phosphorus content in the fodder. However, phosphorus uptake was highest with N4 fertilization, comparable to N3, while the lowest uptake was observed with N1, statistically similar to N2. The increased nitrogen content and uptake at higher nitrogen levels can be attributed to greater available soil nitrogen and plant utilization efficiency which aligns with the mass flow hypothesis of nutrient uptake. Increase in nitrogen level in the soil concentration resulted in the increased passive absorption. Enhanced nitrogen uptake may result from improved physiological processes, including root development, nutrient absorption, photosynthetic area and photosynthesis, due to adequate nutrient supply (active uptake mechanism) (Ahmadi  et al., 2016). Different nitrogen levels did not significantly influence potassium content in the fodder. However, potassium uptake was highest when fodder sorghum received N4 fertilization, closely followed by N3. The lowest potassium removal was recorded with N1 application. As nutrient uptake is determined by both the concentration and biomass yield, the maximum fodder yield resulted in the higher K uptake in the N4 plots (Choudhary & Prabhu, 2016; Palanjiya et al., 2019).
Post-harvest soil nutrient status 
	Nitrogen fertilization at the N4 level resulted in significantly higher soil available nitrogen, comparable to N3. The lowest available nitrogen was observed with N1 application, similar to N2. Soil nitrogen availability increased with higher nitrogen application rates. However, nitrogen levels did not significantly affect available phosphorus or potassium in the soil post-harvest. Post-harvest analysis of nitrogen fertilized plots resulted significantly higher residual nitrogen in the soil and had no significant influence on P and K levels. Nitrogen fertilization at the N4 level resulted in significantly higher soil available nitrogen, comparable to N3. The lowest available nitrogen was observed with N1 application, similar to N2. The main reason is that a after all losses and utilization by the crop, a portion of unutilized nitrogen remain in the soil especially the plots with saturation and suboptimal synchronization among the crop demand and nitrogen release. The excess nitrogen that exists in the inorganic forms like ammonium or nitrate resulted in the higher soil nitrogen during the post-harvest analysis. In addition, the decaying fodder sorghum’s root parts and its exudates resulted in the maximum organic soil nitrogen that potentially mineralizing by time and influence residual nitrogen pools. The reason for the non-significant P for the incremental N application was due to the low mobility and strong fixation in the moist soils particularly in the elevated pH and calcium situations. Likewise, K availability is more parent material and soil type dependent than the other external inputs like nitrogen supplement (Meena et al., 2019; Alghamdi and Cihacek, 2022; Arunakumari and Prasad, 2016).
Soil moisture studies
Though different nitrogen levels did not influence the water consumption significantly, WUE observed significant variations across treatments. N4 application led to the highest water use efficiency which was statistically equivalent to N3. The lowest water use efficiency was observed with N1 fertilization, closely followed by N2. It states that nitrogen treatment not necessarily influence consumptive water used but significantly affect the water use efficiency. This is due to higher dry matter production rather than ET or water uptake. N4  with maximum nitrogen availability resulted in the higher photosynthetic efficiency, chlorophyll synthesis, vegetative growth and havd the capability to convert it to maximised biomass production with less water use and thus results in the maximum WUE (Alagudurai, 2019; Hussein & Sabbour, 2014; Saini, 2012).
Interaction effect of Irrigation Scheduling and nitrogen levels on fodder sorghum
[bookmark: _Hlk197524638]This observed results are due to the synergistic effect between optimum irrigation and nitrogen supplement that produce maximum vegetative growth, increased metabolic activity and higher nutrient assimilation. In addition, it was associated with the maximum crude protein yield at I2N4  due to the adequate availability for protein synthesis which is very important for the fodder quality. Likewise, crude fibre content found maximum because of the better structural development of plant development which very important for the rumen function and digestibility in livestock. Increased NPK uptake was because of the better root activity and nutrient solubilization at optimum moisture level that resulted in the maximum nutrient uptake (Modhvadia et al., 2016). 
Whereas in I1N1 treated plots, the crude protein and crude fibre yield along with NPK uptake remained the lowest because of the water stress condition and lower nitrogen supplement. It highly influenced the physiological and biomass production. Restricted nutrient mobility and root proliferation because of the lower water availability and thus resulted in the lower uptake efficiency. Fascinatingly, I2N1 recorded the maximum water use efficiency than other treatment combinations due to the imbalance in irrigation and nitrogen availability that resulted in the reduced growth and yield and thus the poor WUE (Malam et al., 2022). Findings of the experiment urges the importance of the balance between irrigation and nitrogen i.e., (I2N4) not only for the better yield but also for the sustainable resource use efficiency in the fodder productions (Alagudurai, 2019; Jat et al., 2017; Raval et al., 2015; Saini, 2012; Farhadi et al., 2022).


Conclusion
Based on a the study, treatments I3 and N4 outperformed other treatments. However, considering interaction effects, it is advised to irrigate summer fodder sorghum (Gundhari) at an IW/CPE ratio of 0.8 and apply 120 kg N ha⁻¹ (I2N4) to maximize green fodder yield and net economic returns, thereby improving livestock productivity. This approach should be implemented alongside other recommended agronomic practices suitable for medium black soils in the South Saurashtra Agro-climatic Zone to ensure optimal and sustainable production. However, multi-location and multi-season researches should be conducted at different growth determiners like climate, soil and agronomic factors. Precision irrigation and nutrient management techniques for long term sustainability of fodder quality and animal productivity can be incorporated for contribution towards climate-resilient fodder systems.
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Table 1: Effect of different irrigation schedules and nitrogen levels on quality parameters and nutrient uptake
	Treatments
	CPC
(%)
	CPY
(kg ha-1)
	CFC
(%)
	CFY
(kg ha-1)
	N content (%)
	N
uptake
(kg ha-1)
	P2O5
content
(%)
	P2O5
 uptake
(kg ha-1)
	K2O content
(%)
	K2O uptake
(kg ha-1)

	Irrigation schedules- (I)

	I1
	6.5
	502
	28.3
	2189
	1.04
	80.3
	0.31
	23.8
	0.41
	31.5

	I2
	6.7
	594
	29.4
	2578
	1.08
	95.0
	0.33
	29.0
	0.46
	40.5

	I3
	7.1
	674
	30.4
	2906
	1.13
	107.9
	0.34
	32.5
	0.48
	46.1

	S.Em.±
	0.17
	26.75
	0.68
	120.81
	0.03
	4.28
	0.01
	1.24
	0.01
	2.00

	C.D. at 5 %
	0.42
	65.46
	NS
	295.62
	0.07
	10.47
	0.02
	3.02
	0.03
	4.90

	Nitrogen levels- (N)

	N1
	6.3
	499
	27.2
	2147
	1.01
	79.9
	0.31
	25.0
	0.44
	34.7

	N2
	6.6
	539
	28.7
	2338
	1.05
	86.3
	0.32
	26.4
	0.45
	36.7

	N3
	6.9
	623
	30.1
	2710
	1.11
	99.7
	0.33
	30.0
	0.45
	41.0

	N4
	7.2
	699
	31.4
	3036
	1.16
	111.8
	0.33
	32.3
	0.47
	45.0

	S.Em.±
	0.16
	22.16
	0.70
	115.92
	0.03
	3.55
	0.01
	1.20
	0.01
	1.63

	C.D. at 5 %
	0.50
	70.52
	2.22
	368.92
	0.08
	11.28
	NS
	3.82
	NS
	5.18

	Interaction effect- (I × N)

	S.Em.±
	0.27
	38.38
	1.21
	200.79
	0.11
	6.14
	0.03
	2.08
	0.02
	2.82

	C.D. at 5 %
	NS
	93.92
	NS
	491.31
	NS
	15.03
	NS
	5.08
	NS
	6.90



Table 2: Effect of different irrigation schedules and nitrogen levels on soil nutrient status and moisture studies
	Treatments
	Available nutrient
(kg ha-1)
	Consumptive use of water
(mm)
	Water use efficiency
(kg ha-1 mm-1)

	
	N
	P2O5
	K2O
	
	

	Irrigation schedules- (I)

	I1
	239.5
	25.4
	245.8
	413.6
	63.5

	I2
	251.3
	26.0
	250.9
	497.5
	59.5

	I3
	254.5
	27.1
	251.4
	582.1
	53.1

	S.Em.±
	5.96
	0.57
	6.18
	23.11
	2.38

	C.D. at 5 %
	NS
	NS
	NS
	56.55
	5.82

	Nitrogen levels- (N)

	N1
	232.3
	26.0
	245.3
	497.8
	50.3

	N2
	243.1
	26.1
	248.4
	497.8
	56.0

	N3
	252.4
	26.2
	251.9
	497.7
	61.8

	N4
	266.0
	26.4
	252.0
	497.7
	66.7

	S.Em.±
	4.93
	0.56
	4.96
	19.7
	2.41

	C.D. at 5 %
	15.68
	NS
	NS
	NS
	7.65

	Interaction effect- (I × N)

	S.Em.±
	8.53
	0.98
	8.59
	34.12
	4.17

	C.D. at 5 %
	NS
	NS
	NS
	NS
	10.19



















Fig 2: Interaction effect of different irrigation schedules and nitrogen levels on crude protein, crude fibre yield and water use efficiency
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