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Due to the introduction of zero-till wheat in the Indo-Gangetic plains (IGP) in India, irrigation and fertilizer nitrogen (N) management needs to be modified from that followed under conventionally tilled fields. A field experiment was conducted to study the effect of irrigation and N levels on yield and N uptake by zero-till wheat, fertilizer N-use efficiency, and distribution of nitrate-N (NO3-N) in a soil profile under zero-till conditions in an acidic alluvial soil of the eastern IGP. The experiment was laid out in a split-plot design with four levels of irrigation as main plots (I0-no irrigation, rain-fed, I1-122 mm in one irrigation at 21 days after sowing (DAS), I2-263 mm in two irrigations at 21 and 42 DAS, and I3-386 mm in three irrigations at 21, 42, and 84 DAS) and 4 N levels [0 (N0), 60 (N1), 120 (N2), and 150 (N3) kg N ha−1] as subplots. Grain and straw yields were significantly higher at the irrigation level-I2 and 120 kg N ha−1-N2 over the control (I0 and N0) and were at par with the highest applied levels of irrigation and N (I3 and N3). The nitrogen uptake by wheat followed a trend similar to yield for irrigation levels; however, it increased significantly up to 150 kg N ha−1. After the harvest of wheat crop, more NO3-N was observed in the 60–90 cm subsurface soil layer than in the surface 0–15 cm and/or 15–30 cm and 30–60 cm subsurface soil layers. The highest NO3-N concentration was recorded in the treatment I2N2. Accumulation of NO3-N in the soil increased up to irrigation levels I2 and with increasing doses of fertilizer N application. Combined applications of irrigation and N had a positive and significant influence on agronomic efficiency (AE) and apparent N recovery (ANR) but had no significant effect on physiological efficiency (PE). This study suggests that an appropriate combination of irrigation and N levels in zero-till wheat can lead to not only high-yield levels and N-use efficiency but also adequately control NO3-N leaching under acidic alluvial soils in the eastern IGP.
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INTRODUCTION
The Indo-Gangetic alluvial plains (IGP) of India with an area of more than 28 million hectares are an environmentally sensitive region where rice and wheat grown in an annual rotation constitute the dominant cropping system. The landscape, hydrology, and fertility status in the region are affected by climate change and population pressure (Saini, 2008). The IGP is divided into three parts: western, middle, and eastern; but for wheat, the eastern part is the least productive region due to a low soil fertility status and uneven distribution of rainfall coupled with lack of adequate irrigation which lead to low cropping intensity and farm productivity (Sekar and Pal, 2012; Bhatt et al., 2016). Wheat productivity in the eastern IGP can be improved if farmers agree to plant wheat just after harvesting the main rice crop and optimally use the residual soil moisture. Traditionally, farmers in the region cultivate either wheat or potato after harvesting rice but with conventional tillage, which results in the loss of soil moisture and low crop productivity. The use of zero tillage in wheat could conserve more soil residual moisture and thus support better wheat growth (Ding et al., 2021). Adoption of zero tillage in wheat cultivation could also save input cost, fuel consumption, and irrigation. The water-use compared to conventional cultivation is well documented (Yadav et al., 2002; Yadav et al., 2005). In western IGP, under zero tillage wheat sowing, both yield and net returns were 12% and 25% greater than conventional cultivation, respectively (Prem et al., 2018).
Water is the main limiting factor in wheat production. The irrigation scheduling and frequency are key factors to help farmers in increasing wheat yield and saving water, especially in light-textured soils (Awaad and Deshesh, 2019). Nitrogen (N) is one of the most important plant nutrients which directly affects wheat production and also contributes most to environmental degradation. It is optimally required for wheat throughout the growing season for supporting both vegetative and reproductive growth stages (Jat et al., 2014). Significant synergistic effects between N application and irrigation have also been observed in wheat (Geesing et al., 2014). Water utilization improves with an optimal supply of N resulting in higher N-use efficiency (NUE) in wheat (Luis et al., 2005; Sepaskhah et al., 2006; Rasmussen et al., 2015). Both NUE and extent of losses of N from the soil–plant system are important issues in any region. In general, nitrate is lost through leaching and may even pollute groundwater bodies with excessive N application to cereals like wheat (Bijay-Singh and Craswell, 2021). The magnitude of N leaching depends on several factors which include soil types, cropping sequence, fertilizer and irrigation regimes, and the prevalent weather of the region (Marković et al., 2021).
The Terai region in eastern IGP is known for high productivity of rice in the Kharif (May–November) season and low productivity of wheat in the Rabi (December–April) season. Delayed land preparation for planting wheat, due to a high soil-moisture level after the harvest of rice, and poor soil fertility are the two major factors leading to low productivity of wheat in the region. Due to very low rainfall during the wheat season, efficient management of irrigation water in combination with application of adequate amount of fertilizer N can ensure high productivity of wheat. The present investigation has been carried out to understand the role of irrigation and fertilizer N management in governing wheat yield, NUE, and leaching losses of N in an acidic alluvial soil in the eastern IGP. The objectives of the study were to determine wheat grain yield and NUE under combinations of different irrigation regimes and fertilizer N levels and to assess NO3-N accumulation and distribution in the soil profile under zero-till wheat.
MATERIALS AND METHODS
Site description
Field experiments were conducted in the research farm of Uttar Banga Krishi Vishwavidyalaya in Pundibari (26o23′N, 89o23′E; 41 m above msl), Cooch Behar, West Bengal, India, for two consecutive wheat-growing seasons in 2015–16 and 2016–17 (Figure 1). The climate of the region is sub-tropical and per-humid. The area receives monsoonal rainfall between June and October with a mean annual rainfall of 312.5 cm. Temperature is moderate in the summer season, whereas winters are cold. The average minimum air temperature during 2001–2016 was 18.9°C, and the average maximum air temperature was 29.7°C. The annual rainfall and air temperature recorded during the study period (Figure 2) showed minor differences as compared to the corresponding long-term data.
[image: Figure 1]FIGURE 1 | Location map of the study area.
[image: Figure 2]FIGURE 2 | Weather data during the growth period of wheat crop for 2 years of study.
Soil characteristics
The soils are coarse-textured (sandy loam) belonging to Aquic Ustifluvents (Biswas, 2016) with an acidic reaction. Based on soil fertility classification, soils are characterized by low to moderate in fertility (Sinha, 2013). The soil physicochemical properties in the experimental field of the present study are listed in Table 1.
TABLE 1 | Physicochemical properties of the experimental field at the start of the experiment during the first year of the study.
[image: Table 1]Treatments
The experiment was laid in a split-plot design with four levels of irrigation water in the main plots and 4 N levels in the sub-plots, with three replications. The four levels of irrigation were: rain-fed (I0), 122 mm in one irrigation at 21 days after sowing (DAS) (I1), 263 mm in two irrigations at 21 and 42 DAS (I2), and 386 mm in three irrigations at 21, 42, and 84 DAS (I3). The total water supply (irrigation and rainfall) during the growth of wheat in 2015–16 and 2016–17 seasons are shown in Table 2. The 4 N levels were: 0 kg ha−1 (N0), 60 kg ha−1 (N1), 120 kg ha−1 (N2), and 150 kg ha−1 (N3). The application of fertilizer N in split doses at different growth stages of wheat crop is shown in Table 2. The size of the sub-plots in the experiments in both the years was maintained as 10 m × 11 m with 15 cm tyne-to-tyne spacing in the zero-till machine.
TABLE 2 | Total water supplya (cm) and nitrogen application during the growth period of wheat crop for 2 years of the study.
[image: Table 2]Crop management practice
In both the years, the wheat variety HD-2967 was sown with a seed rate of 100 kg ha−1 in the last week of November and harvested in the last week of April. The seeds were treated with chloropyriphos (20 EC, 400 ml per 100 kg seeds mixed in 5 L of water) to control termite attacks. After the preceding rice crop, the application of glyphosate at 2.0 kg a.i. ha−1 was carried out 7 days before sowing. A pre-emergence application of pendimethalin at 0.50 kg a.i. ha−1 was carried out. Sowing of wheat was performed using the zero-till seed-cum-fertilizer drill. Fifty per cent of the total amount of N, full doses of P and K, and half of the total amount of fertilizer N were applied in different treatments at the time of sowing. At 21 DAS, 25% of the total amount of N was applied as the first top dressing. Remaining 25% of the total amount of N was applied as a second top dressing at 42 DAS followed by irrigation. A complex fertilizer (NPK 10:26:26) was used as the source of N, P, and K at the time of sowing through the zero-till machine, and to compensate the required amount of N and K, the difference was supplemented with urea and muriate of potash, respectively. The top dressings for N were carried out through urea.
The application of 2, 4-D at 0.50 kg a.i. ha−1 was performed after 35 DAS to kill the broad-leaved weeds. Application of boron was also performed after 35 and 55 days of sowing as borax (20% boron) at 1 g L−1 in all the plots. The four levels of irrigation applied were no irrigation water (I0), one irrigation water at 21 DAS (I1), two irrigations at 21 and 42 DAS (I2), and three irrigations at 21, 42, and 84 DAS (I3) as per specified treatment plots. The irrigation was applied through the pipe from a point source to every individual plot, and the amount of irrigation was measured using a flow meter installed at the end of the pipe. At 80% maturity, plants were harvested manually from each treatment plot.
Collection of soil and plant samples
Composite soil samples were collected from individual treatment plots from the experiment at 0–15, 15–30, 30–60, and 60–90 cm depths, both before sowing and immediately after the harvest of wheat crop in both the years. Sub-samples drawn from five cores for each depth of the individual treatment plots were pooled together as one composite soil sample for each treatment. Soil samples were air-dried at room temperature, ground in a wooden mortar, sieved through a 2-mm sieve, and preserved with care in air-tight polythene containers until the analysis was carried out. Data in the figures of the soil depth have been represented for 0–15, 15–30, 30–60, and 60–90 cm as 15, 30, 60, and 90 cm, respectively.
At maturity, wheat plants were harvested at the ground level from three locations each of 1 m2 area in the individual treatment plots. The harvested plants were separated into grain and straw after threshing, and yields were recorded. After thoroughly mixing, grain and straw samples, each of about 100 g by weight, were first washed with tap water repeatedly followed by washing with the distilled water and 0.1 N HCl and finally with distilled water. After air-drying, the samples were oven-dried at 60°C until a constant weight was obtained. The oven-dried samples were ground using a Willey Mill grinder and stored properly in a plastic container until the analysis was carried out. The grain yield was expressed as a 12% moisture level, while the straw yield at maturity as well as the biomass yield at growth stages was expressed on an oven-dry basis.
Soil analysis
The pH of the soil suspension (1:2) was measured potentiometrically by using a glass electrode-pH meter (Jackson, 1973). The bulk density was determined using a steel core of 100 cm3 (5 cm diameter and 5 cm height of small rings) following the procedure described by Blake. (1965).
The particle size analysis was determined by following the international pipette method (Piper, 1966). The rapid titration method of Walkely and Black, (1934) was used for the determination of oxidizable organic carbon of the soil samples. Mineral nitrogen (min-N) of the soil was estimated following the method of Keeney and Bremner, (1966). Nitrate-nitrogen (NO3-N) of soil samples was estimated following the procedure of Cataldo et al. (1975). The total N content in soil and plant samples was determined by the digestion and distillation procedure described by Kenny and Bremner, (1966).
Computations
• Soil water storage (Liu W. et al., 2018)
[image: image]
where soil water storage is expressed in cm, gravimetric water content in g g−1, bulk density in g cm−3, and soil depth in cm.
• Soil nitrate-nitrogen (NO3-N) accumulation (Liu W. et al., 2018)
[image: image]
where soil nitrate-N accumulation is expressed in kg ha−1, soil nitrate-N content in mg kg−1, bulk density in Mg m−3, and soil depth in m.
• Agronomic efficiency (AE)
[image: image]
where GYi = grain yield at the Ni level of N fertilizer (i = 0, 60, 120, 150 kg ha−1); GY0 = grain yield at the N0 level of N fertilizer.
• Physiological efficiency (PE)
[image: image]
where NUPi = plant N uptake (grain + straw) at the Ni level of nitrogen; NUP0 = plant N uptake (grain + straw) at the N0 level of nitrogen.
• Apparent N recovery (%)
[image: image]
where Nf = N uptake from a fertilized plot (kg ha−1), Nc = N uptake from control (kg ha−1), and F = total amount of fertilizer N applied (kg ha−1).
• Nutrient uptake: the uptake of N by grain or straw was computed using the grain or straw yield and concentrations of N.
Statistical analysis
The data generated from the study were analyzed for ANOVA for the split-plot design. The significance level was estimated using DMRT at p < 0.05 using Genstat software. The analyzed data were represented through graphs and tables. The interaction effects (irrigation levels and N levels) were shown at the 5% probability level.
RESULTS
Grain and straw yield
The application of two or three irrigations to wheat (I2 and I3) resulted in the production of significantly higher grain yield of wheat than when only one irrigation was applied (I1) or the crop was grown under rain-fed conditions (Figure 3). In fact, the increase in the wheat yield was proportionate to the amount of irrigation water applied; the yield increase in treatments I3, I2, and I1 over I0 was 31.5%, 21%, and 12.6%, respectively (Figure 3). The wheat grain yield was found significantly greater at 120 and 150 kg N ha−1 (N2 and N3) than when either no N was applied (N0) or at 60 kg N ha−1 (N1) (Figure 3). The wheat grain increases were 177% and 171% over N0 when N3 (150 kg N ha−1) and N2 (120 kg N ha−1) were applied. An interaction effect of irrigation and N was also found to be significant at p < 0.05 (Figure 3). The highest grain yield was recorded in I3N2 treatment and the lowest in I0N0 treatment. The treatment I2N2 was statistically at par with I0N0.
[image: Figure 3]FIGURE 3 | Effect of irrigation and nitrogen levels on the grain yield under zero-tilled wheat crop of the Terai agro-ecological zone in eastern India (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
Like the grain yield, the straw yield of wheat was significantly affected by both irrigation and N levels. The straw yield was significantly higher at I2 and I3 irrigation levels than the rain-fed conditions (no irrigation or I0). The straw yield was at par with I2 and I3 irrigation levels (Figure 4). The maximum straw yield was obtained in the treatment I3. The highest straw yield increase was at the tune of 28% in I3 treatment followed by 18% in I2 and 6.4% in I1 over I0 (Figure 4). Among N levels, the straw yield was found significantly higher at 120 and 150 kg N ha−1 (N2 and N3) than no N application (N0) or 60 kg N ha−1 (N1) (Figure 4). The wheat straw increases were 131% and 130% over N0 when N3 (150 kg N ha−1) and N2 (120 kg N ha−1) were applied (Figure 4). The interaction effect of irrigation and N was not significant at p < 0.05 (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of irrigation and nitrogen levels on the straw yield under zero-tilled wheat crop of the Terai agro-ecological zone in eastern India (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
Nitrogen uptake by wheat crop
The trend of N uptake was similar to that of the grain yield and was significantly affected by irrigation and N levels. Among the irrigation levels, N uptake was significantly higher at I2 and I3 levels than I0 (Figure 5). The N uptake varied significantly among the N treatments, and this variation followed a descending trend; the highest N uptake was observed in N3 which was significantly higher than the other levels followed by I2> I1>I0 (Figure 5). The interaction effects of irrigation and N was found significant at p < 0.05 (Figure 5). The response of wheat to fertilizer N application followed the quadratic equation at all the irrigation levels (Figure 6).
[image: Figure 5]FIGURE 5 | Effect of irrigation and nitrogen levels and total nitrogen uptake under zero-tilled wheat crop of the Terai agro-ecological zone in eastern India (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
[image: Figure 6]FIGURE 6 | Grain yield as affected by nitrogen rates under four irrigation regimes after 2 years of pooled analysis.
Distribution of soil moisture in soil profiles
Soil moisture storage before sowing of wheat and after harvesting of wheat was studied up to 90 cm depth in the soil profile. Before sowing of wheat, the soil moisture content did not vary up to 60 cm depth. A small reduction in the soil moisture content was observed in the 60–90 cm soil layer. Although soil moisture in the soil profile kept on changing during the wheat season in response to different irrigation treatments, the soil moisture content at different layers after the harvest of wheat reflected the overall effect of growing the crop. The maximum soil moisture content after the harvest of wheat was recorded in the 0–15 cm soil layer; the minimum was observed in a soil depth of 15–30 cm. In the soil depth of 60–90 cm, the soil moisture content was more or less similar to that observed before sowing of wheat (Figure 7).
[image: Figure 7]FIGURE 7 | Soil moisture (%) in the soil profile before sowing and after the harvest of wheat crop.
The soil water storage carried out at different crop growth durations (at sowing, 42 DAS, 84 DAS, and at maturity) under various irrigation regimes is shown in Figures 8A–D. There was not much variation among the irrigation regimes at sowing with increasing soil layers. However, at 42 DAS, 84 DAS, and at maturity, the variability was increased with increasing soil depths and irrigation regimes. Soil water storage was higher in the subsurface layers (30–90 cm) than the surface layer (0–15 cm) and subsurface layer (15–30 cm). At 42 DAS, among the irrigation regimes, the highest soil water storage was recorded in I3 followed by I2 and I1, and the lowest at I0. Among the soil depths, the highest soil water storage was observed at 60 cm followed by 90 cm, 15 cm, and then 30 cm. A similar trend was noted at 84 DAS and at maturity except at 84 DAS, the highest soil water storage was observed at 90 cm.
[image: Figure 8]FIGURE 8 | (A–D) Effect of irrigation and nitrogen regimes on soil water storage at different times and depths of sampling during the second year of study (mean ± standard error).
Distribution of nitrate-nitrogen (NO3-N) in the soil profile
The data pertaining to the distribution of NO3-N in the soil profile after the harvest of wheat crop are shown in Figures 9, 10. There was a decreasing trend in NO3-N accumulation up to 30 cm. After an increase up to 60 cm, a decrease in NO3-N was observed with an increasing soil depth up to 90 cm. A higher amount of NO3-N was accumulated in the 30–90 cm subsurface layer than in the 0–15 and 15–30 cm soil layers. The nitrate-N concentration before sowing of wheat was 4.6, 4.2, 4.0, and 3.3 mg kg−1 in the soil depths 0–15, 15–30, 30–60, and 60–90 cm, respectively (Table 1). After harvesting of the wheat crop, the concentration of NO3-N was greater under higher irrigation regimes and N levels than at sowing or at lower levels of irrigation (I0 and I1) and fertilizer N levels (N0 and N1). Among the irrigation regimes and N levels, I3 and N3 had the highest NO3-N concentrations (Figures 9A,B). An interactive effect of irrigation regimes and N levels showed a similar trend (Figures 10A–D). Among all the treatment combinations, the maximum NO3-N concentration was recorded in the treatment I2N2 (7.89 mg kg−1).
[image: Figure 9]FIGURE 9 | (A,B) Effect of different irrigation regimes and nitrogen levels on the nitrate-nitrogen concentration in the soil profile (0–90 cm) after the harvest of wheat crops (mean ± standard error).
[image: Figure 10]FIGURE 10 | (A–D) Effect of different irrigation regimes and nitrogen levels on the nitrate-nitrogen concentration in the soil profile (0–90 cm) after the harvest of wheat crops (mean ± standard error).
Accumulation of nitrate-nitrogen (NO3-N) in the soil profile
The amount of NO3-N in the composite soil sample before sowing of wheat crop in the first year was 49.14 kg N ha−1 in the soil profile (0–90 cm). After harvesting of the crop, the accumulation of NO3-N to the application of different irrigation levels showed that the NO3-N content was significantly increased up to I2 and further declined at I3 over the control (I0); however, the treatments I2 and I3 were at par (Figure 11). The application of fertilizer N also significantly increased the accumulation of NO3-N.
[image: Figure 11]FIGURE 11 | Effect of different irrigation regimes and nitrogen levels on the nitrate-nitrogen accumulation in the soil profile (0–90 cm) after the harvest of wheat crops (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
Nitrogen-use efficiencies
The data pertaining to NUE in wheat as influenced by irrigation and fertilizer N application are presented in Table 3. Application of the increasing amount of irrigation did not significantly affect AE and PE; however, increasing the level of irrigation from I1 to I2 reduced the ANR significantly but a further increase in irrigation levels did not affect ANR. The maximum ANR was recorded in the treatment I1 (0.45). Increasing the level of N increased the NUE (Table 4). Increasing the doses of N decreased AE. The maximum AE was obtained in the treatment N1 followed by N2 and N3. A similar trend was observed in ANR. However, PE reached maximum at N1 but at par with N2 and minimum in the treatment N3 (Table 4). The combined applications of irrigation and N had a positive and significant influence on AE and ANR but had no significant effect on PE (Table 3).
TABLE 3 | Agronomic efficiency (AE), physiological efficiency (AE), and apparent nitrogen recovery (ANR) in wheat crops (pooled analysis).
[image: Table 3]TABLE 4 | Pearson correlations from the studied parameters in this experiment.
[image: Table 4]Relationship between parameters
Increasing the irrigation supply to wheat had a positive and significant relationship with grain yield, straw yield, total N uptake, and NO3-N accumulation (Table 4). The grain yield as influenced by the irrigation levels was correlated with total N uptake in a positive and highly significant (p < 0.01) manner. The grain yield was also significantly correlated with NO3-N accumulation as influenced by irrigation levels at p < 0.05. The grain yield as influenced by N levels was positively and significantly correlated with total N uptake as influenced by N application; however, it was negatively and significantly correlated with a total water reserve at p < 0.05 (Table 4).
DISCUSSION
Yield and nitrogen uptake
Nitrogen is one of the indispensable plant nutrients that affect productivity and water-use efficiency (Wang et al., 2015). Large yield increases in N-fertilized plots in comparison to no-N plot were due to the sandy loam texture along with a low fertility status of the soils which showed a positive response to increasing fertilizer N application (Sun et al., 2020).
In the IGP, wheat is grown in the winter (Rabi season) just after harvesting of rice. The residual soil moisture after rice harvest is limited/deficit to meet the water demand during the complete life cycle of the wheat crop. Supplemental irrigation is required to sustain crop growth and maximize the wheat yield. An optimal N supply along with suitable irrigation is essential to achieve high-yield levels of wheat (Pandey et al., 2001; Jat et al., 2014; Rathore et al., 2021). At any given level of irrigation or water supply, the yield of wheat increases with the increasing fertilizer N level only up to a point (Jat et al., 2014). However, with an increasing irrigation level, N uptake in response to application of fertilizer N increased up to a higher fertilizer N level. Prihar et al. (1981) and Gajri et al. (1993) observed highly positive interactions among the total water supply (stored water, seasonal rainfall, and irrigation) to wheat and N supply. It was found that an increase in the yield with the simultaneous increase in irrigation supply and fertilizer N was almost twice the sum of the increase in irrigation and N alone. A reduced extraction of water from deep soil layers by wheat receiving adequate N fertilizers and increased evapotranspiration in irrigated wheat (Gajri et al., 1993) supports that the positive interaction effects between irrigation and N fertilizers are mediated through effects of N and/or water supply on root and shoot growth of wheat. In the present study, the combined applications of irrigation and N resulted in the highest grain yield in the I2N2 treatment (two irrigations and 120 kg N ha−1). Likewise, grain yield, straw yield, and total N uptake were significantly increased from 10.11 Mg ha−1 to 12.09 Mg ha−1 and 89.51 kg ha−1 to 137.57 kg ha−1, respectively, with an increasing N rate from 60 to 150 kg ha−1. Fertilizer N had a significant role in the straw yield and total N uptake of wheat crop and followed the same trend with the irrigation levels. Due to the irrigation application (I3), there was an increase in the biomass yield (28%) which also resulted in a higher N uptake (47%) than the control. The increase in straw and N uptake due to the increasing N level resulted from the improvement in N availability in the soil and increased leaf photosynthesis (Echarte et al., 2008). Similar results were obtained by Sepaskhah and Hosseini (2008) and Astaoui et al. (2021) on wheat crops. According to them, N application has a direct influence on grain and straw yields of wheat by increasing the level of N in the soil.
Accumulation of nitrate-nitrogen in the soil profile
Accumulation of NO3-N in the soil profile was found to be greatly influenced by N and irrigation regimes. Unwarranted N application and irrigation increased residual soil NO3-N once wheat was harvested (Wang et al., 2015). In this study across the levels of irrigation, accumulation of NO3-N was the highest in the second level of irrigation (I2) and further decreased on a higher level of irrigation level (I3) in the acidic alluvial soil. A higher amount of NO3-N was obtained in the soil at the I2 level of irrigation and N3 level of fertilizer N (120 kg N ha−1). The medium irrigation level had higher values of NO3-N accumulation than high irrigation, and this observation was similar to Wang et al. (2010) and Liu et al. (2018a). The NO3-N accumulation gradually decreased with higher levels of irrigation as well as N. The combined application of irrigation water and N rates significantly influenced the NO3-N concentration after the harvest of wheat crops. The highest concentration (7.89 mg kg−1) of NO3-N was observed due to the treatment I2N2 after the harvest of wheat crops. The lowest concentration was observed in the I0N0 treatment. Similar results were observed by Jalali (2005), Fan et al. (2010), and Liu et al. (2018b) in wheat crops, and they found a positive relationship between N levels and NO3-N concentration and accumulation in the different soil layers. They also reported low NO3-N leaching in N < 150 kg N ha−1. However, the accumulation of NO3-N increased with heavy doses of N (>225 kg ha−1). An excessive supply of irrigation increases the risk of leaching NO3-N and deposition in the soil (Casey et al., 2002; Mahmud et al., 2021). Therefore, N applied at an optimum rate can help minimize leaching losses of NO3-N. The maximum concentration and accumulation of NO3-N were recorded in the subsurface soil layer at 60 cm.
Nitrogen-use efficiency
High NUE in a crop can be achieved by applying optimum levels of N and by maintaining soil moisture leading to an increase in N uptake by the crop (Giller et al., 2004; Ding et al., 2018). In the present investigation, NUE varied among the treatments, but different levels of irrigation did not affect the use efficiencies significantly; however, AE and PE were higher in the I1 treatment than other treatments. Ballester et al. (2021) observed that N uptake efficiency and N accumulation in grains with no irrigation were lower than those in the irrigation treatments, and resulted in a lower grain yield, but the NUE values were higher in the no-irrigation treatment. Among all levels of N, AE and PE were the highest at a lower dose of N (N1) and decreased with the increasing N levels. Excessive N application under sufficient irrigation could cause N leaching and reduced NUE (Li et al., 2019). Majeeed et al. (2015) reported that reduced N losses and consequent higher NUE in wheat were observed due to a lower N level. A significant interaction between irrigation and N management in the study revealed that better AE and PE were observed under the treatment of N1I3 followed by N1I2. Therefore, the application of water improved the utilization of N by the wheat crop in the present scenario. An analysis for the ANR showed significant variations among the N treatments at all levels of irrigation. The significant differences of ANR were observed between N levels. Pradhan et al. (2013) reported similar results about ANR in wheat and found that at the N1 level ANR was higher than all other treatments because there was no leaching below the root zone. Lenka et al. (2013) reported a reduction in ANR in wheat crop with an increase in the fertilizer dose. A similar finding was also reported by Yang et al. (2019) who observed that the N application significantly increased the grain yield, whereas there was a significant decrease in ANR in response to an increase in the N application rate. Moreover, the sandy loam texture of soil influenced the water and N effect on other treatments. The reduction in ANR with an increasing dose may be attributed to more leaching and volatilization losses of N with the application of N being more than what the crop needs. The increase in ANR with three splits of N could be readily explained by more uptakes and less leaching losses of N (Lopez-Bellido et al., 2006). In the present study, ANR of wheat at 60 kg N ha−1 was significantly higher than at 120 kg N ha−1 and 150 kg N ha−1. This is mainly attributed to the losses of N at higher levels of N application and also due to the fact that the yield of wheat did not increase in the same proportion as that of N application. Similar results have been reported by many workers (Gajri et al., 1993; Bandyopadhyay et al., 2009; Chakrabarty et al., 2010; Pradhan et al., 2013; Pradhan et al., 2014). The highest ANR efficiency of 78% was recorded for 122 mm irrigation at an N rate of 60 kg ha−1 in the pooled data which was statistically at par with that of 263 and 386 mm irrigations at the same N level, while the lowest ANR (22%) was recorded from 263 mm irrigation at an N rate of 150 kg ha−1 which was statistically at par with that of 122 and 386 mm irrigations with the same N rate. Generally, ANR values ranging between 30%–50% and 50%–80% indicate a well-managed system (Gauer et al., 1992). Lu et al. (2021) reported that deficit irrigation with N fertilization is required for achieving higher grain yield, NUE, and reducing the risk of soil nitrate-N leaching in the winter wheat–summer maize rotation system. Therefore, only an appropriate dose of N supplemented with irrigation can affect the wheat productivity as well as NUE in the acidic alluvial soils in the eastern IGP.
CONCLUSION
In acidic alluvial soils in the eastern IGP of India, high-yield levels of wheat grown after the harvest of rice crops can be achieved by applying an appropriate rate and the right time of fertilizer N along with adequate irrigation. The right combination of fertilizer N and irrigation levels will also reduce the N leaching losses from the soil. The present investigation has revealed that by applying 120 kg N ha−1 in three split doses at sowing (50%), crown root initiation (25%), and tillering (25%) stages, along with irrigations at 21 and 42 DAS produced a high wheat yield with high NUE which also led to minimal losses of nitrate-N from the soil profile. The application of three irrigations and/or 150 kg N ha−1 will lead to low NUE, more losses of N via leaching, and no further significant increase in the yield.
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