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Soil compaction under repetitive tillage and surface flood method of irrigation (SFMI) are significant hurdles for sustaining crop production in India, necessitating the adoption of efficient soil and water management strategies. Hence, a 3-year field study was conducted at two diverse agro-climatic locations (Abohar and Faridkot) to investigate the impact of subsurface drip (SUSD) fertigation on crop and water productivity of cotton-wheat cropping system (CWCS), over traditional practice (TP) (conventional tillage with SFMI and manual application of nutrients). The experiment was conducted in a factorial randomized complete block design with three levels of subsurface drip irrigation (SUSDI) [100, 80, and 60% of crop evapotranspiration (ETc)] and two fertigation levels [75% recommended dose of nutrients (RDN) and 100% RDN], where TP and surface drip (SD) fertigation at 80% ETc coupled with 100% RDN (Control 2), served as two control treatments. Cotton was raised through reduced tillage, while zero till drill was used for sowing wheat. The results revealed that, barring SUSDI at 60% ETc, both crops exhibited improved yield under all drip combinations of reduced or zero tillage over TP. Better mass and higher length of cotton roots in drip fertigation were evident due to improved steady-state infiltration rates (SSIR) and reduced bulk density (BD) under conservation tillage. When 100% RDN was applied, the 100% and 80% ETc SUSDI resulted in 26.7% and 24.7% higher seed cotton yield (SCY) than TP. Similarly, wheat yield with 100% RDN was improved by 10.5% and 14.4% under SUSDI of 80% and 100% ETc, respectively, over the TP. The results indicated that SUSD can be clubbed with reduced tillage for better soil health, improved crop yield, and higher apparent water productivity. The improved benefit to cost (B:C) owing to enhanced monetary returns over TP also substantiated that reduced tillage with SUSD is a viable and remunerative practice for CWCS. The study elucidated that reduced tillage exercised a beneficial effect on physical soil properties by lowering BD and improving SSIR. At the same time, SUSD could save huge amounts of irrigation water besides enhanced input use efficiency leading to higher crop productivity.
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GRAPHICAL ABSTRACT
 Showing salient achievements.



1. Introduction

The development of a hard crust in the rhizosphere due to soil compaction and faulty irrigation through the surface flood method of irrigation (SFMI) are among the emerging problems affecting crop productivity in northwestern India (NWI). Bulky mechanical activities or repeated tillage are the prime reason behind soil compaction in farm fields, which is further aggravated by SFMI. After the rice-wheat cropping system (RWCS), the cotton-wheat cropping system (CWCS) is the most prominent in NWI. Together, the CWCS covers nearly 3.22 m ha of both crops in the states of Punjab, Haryana, and Rajasthan (Anonymous, 2020a). The CWCS is the major cash and grain cropping system in NWI and ensures food and fiber security and financial stability (Singh et al., 2022b). Therefore, improved farming practices, such as novel irrigation plans, can be suitably coupled with conservation tillage to realize practical benefits under CWCS. We have discussed and summarized the research work conducted under tillage and described the improvised irrigation techniques in the following paragraphs.

Asgari et al. (2014) observed higher soil BD with increased soil compaction and reported that such undesirable effects may be eliminated by reducing tillage operations. Since cotton and wheat are susceptible to stagnant water, their productivity is adversely affected in fields possessing drainage issues or under heavy precipitation, leading to soil compaction. Continuous tillage-induced soil compaction in China has decreased water use efficiency (WUE) besides poor crop yields owing to low porosity, poor water infiltration rate, and reduced availability of essential nutrients (Jin et al., 2007). Nevertheless, appreciable studies on the tillage effect on corn (Chaudhary et al., 1985), winter wheat (Gajri et al., 1991), oilseeds (Arora et al., 1993), sunflower crop (Gajri et al., 1997), soybean (Arora et al., 2011), and cotton (Singh et al., 2019) are well-documented in the Indian context. However, focused research on reduced tillage in CWCS has not been documented enough. Das et al. (2014) advocated CWCS over RWCS under irrigated conditions in NWI due to higher profitability, productivity, and resource conservation. To address soil degradation, reducing tillage operations seem indispensable in irrigated and arid cropping systems (Omololu et al., 2020). Many workers have reported the beneficial effect of reduced tillage on various soil characteristics in cotton production systems (Yoo and Touchton, 1989; Wright et al., 2008).

Improved irrigation systems reduce nutrient loss either by leaching or volatilization, consequently increasing their availability to plants (Brar et al., 2021). Furthermore, fertilizer application in split doses through fertigation facilitates quick nutrient absorption by crops with minimum fixation issues (Bharath et al., 2015). Drip irrigation has better application efficiency (80–90%) by directly providing water near the root zone besides reduced evaporation from surface soil; low runoff and infiltration loss (Wolff et al., 2017); better productivity and improved quality (Kennedy et al., 2013; Yan et al., 2020); and efficient use of nutrients.

Currently, subsurface drip (SUSD) fertigation is attaining significance owing to the efficient use of nutrients and water as surface runoff is minimal and there is low evaporation from the ground surface since laterals are placed below the soil layer at regular intervals (Mchugh et al., 2008). Roopashree et al. (2016) observed that SUSD could be greatly exploited for efficient water management, specifically in arid and semi-arid zones, compared to surface drip irrigation (SDI) in cotton. Ayars et al. (2015) also attributed the poor adoption rate of SDI to the excessive labor requirement for the layout and removal of drip laterals after each crop season. SUSD can improve the acceptance of drip irrigation in high-intensity cropping patterns (Ayars et al., 1999; Zhang et al., 2019). It reduces water loss by lowering soil surface evaporation and helps in the direct supply of water and fertilizer near the root zone, resulting in the economical and efficient usage of applied inputs (Barbosa et al., 2017). In addition, nitrogen loss through leaching and volatilization is reduced, owing to split and uniform fertigation application (Hagin et al., 2003; Lamm and Trooien, 2003). Besharat et al. (2020) reported that SUSD resulted in 34% higher root development in corn, which facilitated the uptake of water and consequently higher grain yield over conventional methods. Coltro et al. (2017) elucidated that, in Brazil, despite 50% lower water use, 90% lower power, and 66% lower greenhouse gas (GHG) emissions using the SUSD system, paddy productivity was 15% higher than SFMI. Sidhu et al. (2019) reported that SUSD lowered labor costs and enhanced net returns besides permitting direct seeding under zero-tillage in a RWCS. Hence, SUSD systems customized to CWCS must be evaluated for enhancing agricultural production and profit margins with sustained resource use.

The present literature reasonably supports that conservatory tillage and fertigation systems can be explored as a potential tool to improve productivity and reduce the soil, water, and nutrient losses in NWI. Being characterized by arid and semi-arid areas with brackish groundwater, the NWI region is an ideal niche for exploiting conservation strategies (Singh et al., 2020). Das et al. (2014) studied CWCS under assured irrigation, while Jalota et al. (2008) evaluated the impact of tillage and residue management on the yield of CWCS. Except for these two studies, any kind of documented information on the productivity of CWCS is limited to north India.

Hence, the present study was planned to investigate the effect of reduced tillage and SUSD on crop yield, physical soil parameters, and productivity parameters in CWCS. This study hypothesizes that reduced tillage and SUSD would help save water and nutrients and sustain the productivity of CWCS through improved soil characteristics over traditional practice (TP, field preparation by conventional tillage followed by SFMI, and application of fertilizer through manual broadcasting).

The main objectives of this study were to evaluate the impact of reduced tillage and SUSD on (i) growth and yield attributes of cotton and wheat crops in comparison to TP, (ii) physical properties of soil and input use efficiency, and (iii) conduct monetary evaluation and identify ideal tillage plus SUSD combination, for CWCS to be recommended.



2. Material and methods


2.1. Location, weather details, and site characteristics

Field experiments on CWCS were conducted for 3 years (2018–2020) at University Research Stations located at Faridkot and Abohar. The research stations are 96 km apart in two diverse agro-climatic zones of southwestern Punjab. The research station of Faridkot falls under agro-climatic zone-IV (30° 40′ latitude N and 74° 44′E longitude), while the Abohar research station falls in agro-climatic zone-V (30° 08′N latitude and 74 ° 12′ E longitudes). Both stations lie in the trans-Gangetic plain zone having a sub-tropical climate accompanied by a semi-arid environment possessing a hot, dry summer period from April to June but cool, dry winters during November-February that typically represent NWI. The mean annual precipitation of both research stations ranges from 300–400 mm, of which 75% is primarily received during the monsoon period of July-September. During winter, northwestern disturbances occasionally yield some showers.

The study sites of Faridkot and Abohar have loamy and sandy loam textures, respectively. The initial soil characteristics are mentioned in Table 1. Depth-wise moisture holding capacity (at field capacity and permanent wilting point (PWP)) of soil from both research sites for the 0–100 cm soil profile is presented in Table 2. The average field capacity of the soil profile (determined through the pressure plate apparatus method by Richards and Weaver, 1943) from 0–100 cm was 17.7% and 16.2% v/v for Faridkot and Abohar, respectively. The average BD of the soil profile from 0–100 cm was 1.59 and 1.64 g cm−3 for Faridkot and Abohar, respectively (Table 2).


TABLE 1 Soil characteristics of the experimental sites.

[image: Table 1]


TABLE 2 Layer wise moisture retention capacity and bulk density of soil at experimental sites.
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2.2. Design of the experiment and treatment details

The experiment was laid out in a factorial randomized complete block design with three replications. A total of seven treatments for both crops (i.e., RCH773 BGII cotton hybrid in summer and PBW725 wheat cultivar in winter season) were evaluated in 2018, while eight treatment combinations were studied in 2019 and 2020. Figure 1 shows the schematic flowchart of the work model and the relevant methodology of the present investigation.


[image: Figure 1]
FIGURE 1
 Flowchart showing study work model.


The experiment on cotton had six treatments with SUSD combinations from three subsurface drip irrigation (SUSDI) levels [i.e., 100, 80, and 60% of ETc (crop evapotranspiration)] and two nitrogen fertigation levels [i.e., 100% of recommended nitrogen (RDN) (112 kg N ha−1) and 75% of RDN (84 kg N ha−1)]. Additionally, two extra control treatments were kept. Traditional practice (conventional tillage combined with SFMI and 150 kg N ha−1 applied by manual application of urea) constituted the first control (Control 1) treatment. Surface drip fertigation (SDI) at 80% ETc along with 112 kg N ha−1 was the second control treatment (Control 2), included in the later years. Thus, a total of eight treatments included T1: Control 1 (TP); T2: Control 2; T3: SUSDI at 60% ETc and DF of 75% RDN; T4: SUSDI at 60% ETc and DF of 100% RDN; T5: SUSDI at 80% ETc and DF of 75% RDN; T6: SUSDI at 80% ETc and DF of 100% RDN; T7: SUSDI at 100% ETc and DF of 75% RDN; and T8: SUSDI at 100% ETc and DF of 100% RDN. Except for Control 1, all plots received reduced pre-sowing preparatory tillage by a single round of tractor-operated rotavator. However, Control 1 (TP) received conventional tillage (i.e., field preparation by tractor-operated cultivator and disc harrow twice, followed by single planking) during all crop growing seasons.

The experiment on wheat crops also comprised six treatments having SUSD combinations of three levels of SUSDI [60, 80, and 100% of ETc and two fertigation levels-−75% of recommended nitrogen and phosphorus (NP) fertilizer (75 kg N + 37.5 kg P2O5 ha−1) and 100% of recommended NP fertilizer (100 kg N + 50 kg P2O5 ha−1)]. There were two extra control treatments. The first control treatment (Control 1) was TP, where conventional tillage was followed by SFMI and 100% of recommended NP application (125 kg N + 62.5 kg P2O5 ha−1) through manual broadcasting (Anonymous, 2022–23). Here, wheat sowing was performed using a conventional seed cum fertilizer drill, and a full dose of phosphorus was drilled along with the seed. However, nitrogen (urea) application was done in two equal splits. Sowing of wheat through zero till drill and recommended SD (irrigation at 80% ETc along with DF of 100 kg N + 50 kg P2O5 ha−1) constituted the second control (Control 2). The treatments studied in this experiment included T1: Control 1 (TP); T2: Control 2; T3: SUSDI at 60% ETc and DF of 75% RD NP; T4: SUSDI at 60% ETc and DF of 100% RD NP; T5:SUSDI at 80% ETc and DF of 75% RD NP; T6: SUSDI at 80% ETc and DF of 100% RD NP; T7: SUSDI at 100% ETc and DF of 75% RD NP; and T8: SUSDI at 100% ETc and DF of 100% RD NP. Except for Control 1(TP), the wheat crop in all treatments was sown with zero till drill. It should be clarified that Control 2 (T2) treatment was not studied in 2018 for either of the crops but was included in the later years of the study after it was recommended by the university (Anonymous, 2020b).



2.3. Methodology for field preparation and drip line fixation

After harvesting the wheat at the end of April 2018, the experimental sites at both locations were plowed two times using a disc harrow and cultivator. Then, in a leveled field, subsurface drip systems were laid in lines at 20 cm depth with lateral to lateral spacing at 67.5 cm and emitters at 20 cm distance (discharge rate of 2.2 l h−1) by employing a tractor-run SUSD laying machine. After the layout, pre-sowing irrigation (PSI) of ~75 mm (rauni) was done at both sites to fill the ditches and level the field uniformly. However, in the case of Control 2, SDI laterals (having emitters at 20 cm spacing with an emitter discharge rate of 2.2 l h−1) were manually laid out on the ground surface along the cotton rows at 67.5 cm distance just after cotton emergence. Water meters were installed among various plots to provide a measured water supply. Besides, strong bunds and buffer areas were provided around all plots to minimize variation across different treatments owing to differential water applications. It also provided a passage of implements and machinery in various plots.



2.4. Crop management and planting methodology

The experimental sites at both locations had remained under CWCS for the previous 5 years. After the installation of various SD and SUSD treatments, experimental plots were fixed under CWCS for a 3-year period. After the pre-sowing irrigation (PSI), the whole experimental area (except for Control 1) at optimum field capacity was prepared by a single round of tractor-operated rotavators during all cotton cropping seasons. In May, Bt cotton seed was manually sown by dibbling two seeds hill−1 at 5 cm depth. A population of 19,752 plants per ha was maintained under a planting geometry of 67.5 x 75 cm.

During the winter season, a PSI of 75 mm prior to wheat seeding was applied at the end of October in a standing cotton field (after the first manual picking of seed cotton) in all study years. After the second cotton picking in the first week of November, cotton stalks were eliminated by manual chopping. Then, wheat sowing was done using a tractor-driven zero till seed drill in rows (22.5 cm wider) to visualize the impact of zero tillage and drip fertigation on growth, yield attributes, and grain yield of wheat continuously for 2 subsequent years at both sites. However, Control 1 received conventional tillage prior to wheat sowing. A uniform seed rate of 100 kg ha−1was used for sowing wheat crop. The details of the site, cropping seasons, and study years are mentioned in Table 3. Similarly, detail of crops, planting patterns, genotypes, sowing times, and picking dates are provided in Table 4.


TABLE 3 Details of seasons and cropping cycles at experimental sites.

[image: Table 3]


TABLE 4 Details of crops, planting geometry, genotypes, sowing and harvesting dates.
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2.5. Crop water requirement

Irrigation of wheat and cotton crops started at 21 and 35 days after sowing (DAS), respectively, and as per treatments of SDI or SUSDI, it was provided at 5–7 days intervals. The quantity of irrigation water that was applied varied as per protocol based on the values of evapotranspiration. In TP, irrigation water was applied using the surface flood method. The amount of water applied during each irrigation was added to calculate the total irrigation amount. To obtain ETc values, the reference evapotranspiration (ETo) was worked out using a calculator developed by the Food and Agriculture Organization (FAO) from site-specific weather parameters (i.e., temperature, humidity, wind velocity, and sunshine period) and multiplied with crop coefficient (Kc). The ETo explains the evaporative strength of the environment and remains unaffected by the crop type (Kamali et al., 2015). In the case of cotton, the Kc was 0.75 until the end of June, 1.15 for July to August, and 0.70 after August. However, for wheat crops, the Kc was 0.39 (at the early phase) and 1.26 from mid-season until maturity (Kaur et al., 2017).



2.6. Fertigation application

Each surface or subsurface PVC drip lateral pipe provided water to a single cotton row (67.5 cm wide rows) in the summer (Kharif ) season but watered four wheat rows (22.5 cm wide rows) during the winter season (Figure 2). Irrigation application through the SD or SUSD system was initiated when cotton was 35 days old and wheat was 21 days old. Subsequent water applications were made at intervals of 5 and 7 days for cotton and wheat crops according to treatments by calculating cumulative crop ETc values for prior dry days. Drip irrigation for wheat was given at 7-day intervals till mid of February and thereafter at 5-day intervals until crop maturity. Urea fertilizer was applied to the cotton crop to deliver nitrogen for SD and SUSD treatments starting from 35 days after sowing (DAS) as per protocol and provided through ten similar doses after 10-day intervals. Application of P to cotton was omitted as the recommended dose of P was given to the previous season's wheat crop as per university recommendations (Anonymous, 2020b). In Control 1 (TP), a recommended irrigation schedule for SFMI was followed, and urea was given in two similar doses (half at thinning and the remaining half at blooming). The complete fertilizer dose for wheat was fertigated in ten equal doses at weekly intervals starting from 21 DAS. Urea and mono ammonium phosphate were used as nitrogen and phosphorus sources for fertigation in wheat. The irrigation and fertilizer application schedule for both crops in the case of TP is provided in Table 5.


[image: Figure 2]
FIGURE 2
 The diagram showing arrangement of drip laterals in cotton and wheat crop.



TABLE 5 Recommended dose of nutrients (RDN) and schedule for nutrients and conventional flood irrigation application in Control 1 (TP).
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2.7. Water balance

Soil water content was estimated using time domain reflectometry after calibrating with the Gravimetric method. Layer-wise soil moisture content (0–100 cm profile) was measured after a 3-day gap to determine soil water storage during all experimental periods. Actual crop evapotranspiration (ETactual) during the crop growth period was calculated using the equation (Allen et al., 1998) mentioned below.

[image: image]

where IW = irrigation water applied, Peff. = effective precipitation,

Rs = surface runoff, ΔSW = difference of stored soil profile moisture between planting and crop harvesting, and D = deep drainage in the root zone.

The surface run-off was nil as ridges/buffers were provided all around. Deep drainage was also considered nil when the moisture storage in the soil profile was lower than the field capacity and whenever soil moisture storage exceeded the field capacity after each irrigation or precipitation. Deeper drainage was calculated as the difference between field capacity, soil moisture storage, and rainfall or irrigation. Upward flux from groundwater was ignored as the water table of both experimental locations was below 4 m. Apparent water productivity (AWP) was calculated using the equation below (Sahoo et al., 2018).

[image: image]

where CY is crop yield (kg ha−1), ETa is the actual crop evapotranspiration (m3 ha−1), and nitrogen use efficiency (NUE) was calculated with the help of the formula mentioned below.

[image: image]
 

2.8. Measurements of physical soil properties and cotton root parameters

Steady-state infiltration rate (SSIR) for cotton and wheat growing season was recorded during July and February months, respectively, by employing an in-situ twin ring infiltrometer by Bouwer (1986), while soil BD was recorded by the Core technique (Black and Hartage, 1986). Initial BD values were recorded at both locations from soil layers of 0–10, 10–20, 20–30, 30–40, 40–60, and 60–100 cm. However, further periodic BD of various experimental plots was recorded from the soil layers of 0–30 and 30–60 cm in all crop growing seasons. Root length (cm) and fresh and dry root weight per plant were observed from 95- to 100-day-old plants from both locations during all growing seasons.



2.9. Growth, yield attributing characters, and crop yield

Cotton growth and yield parameters viz. plant height, sympodial (reproductive) branches plant−1, boll weight, and bolls plant−1 were recorded from 10 randomly selected plants plot−1. Seed cotton yield (SCY) from both the manual pickings was added and is expressed in kg ha−1(Singh et al., 2022a). In the case of wheat, crop height, spike length, and grains spike−1 were measured from 10 plants taken at random from every plot. After manual harvesting, the wheat crop was mechanically thrashed to record grain yield and expressed in kg ha−1.



2.10. Economic evaluation

The total cultivation cost spent for growing cotton and wheat crops was worked out from the enterprise budget (2022) for Kharif and Rabi crops as per university recommendations (https://www.pau.edu). The cost incurred for the SUSDI system was calculated considering a life span of 10 years. The benefit-cost (B:C) ratio was calculated to assess the financial viability of various treatments as per Singh et al. (2023).



2.11. Statistical analysis

Statistical analysis of variance was performed for randomized complete block design employing Proc GLM (SAS software 9.3) to compare various treatments. The difference among mean values was compared with Fisher's least significant difference (LSD) at a probability level of p equal to 0.05.




3. Results and discussion


3.1. Existing weather conditions at experimental sites

Various weather parameters were measured from the agro-meteorological observatories at Faridkot (Figure 3A) and Abohar (Figure 3B). In Faridkot, total rainfall was lowest at 390.7 mm in 2019, preceded by 424.5 mm in 2018, while, in 2020, it received the highest total rainfall of 667.8 mm. Similarly, the total rainfall at Abohar was 194, 396.2, and 573.4 mm in 2018, 2019, and 2020, respectively. The data showed that Abohar received lower rainfall during the 3 years than Faridkot, while the mean minimum temperature always remained higher at Abohar.


[image: Figure 3]
FIGURE 3
 Weather data of experimental site during crop growth period at Abohar (A) and Faridkot (B). Where: RHm, maxiumum relative humidity; RHe, minimum relative humidity; Tmax, maximum temperature; Tmin, minimum temperature.




3.2. Steady-state infiltration rate

Numerical variation existed among studied treatments for SSIR during the first cropping cycle of CWCS at both study sites (Figures 4A, D). However, after the first cropping cycle, significant effects among treatments were evident during subsequent cotton seasons in 2019 (Figure 4B) and 2020 (Figure 4C). Reduced tillage in the case of drip fertigated cotton plots enhanced SSIR over Control 1 (TP) in agreement with Lindstrom et al. (1981). The SSIR improved irrespective of the water provided through surface or subsurface drip irrigation over the TP. For instance, during the 2019 cotton season at Abohar, the SSIR under all drip fertigated plots ranged from 2.47-2.73 mm h−1. However, Control 1 exhibited the lowest SSIR (1.87 mm h−1) due to continuous flood irrigation and repetitive tillage (Figure 4B). Though, in later study years, a gradual improvement for SSIR continued with every succeeding cropping season (Figures 4C, E) in agreement with Karamanos et al. (2004), who elucidated that zero and minimum tillage improve soil water status and seed cotton yield in comparison to the conventional tillage. Singh et al. (2019) reported that soil compaction reduced SSIR, and for higher cotton productivity from problematic fields, sub-soiling is required. Baumhardt et al. (1993) also demonstrated that a higher infiltration rate enhanced the available water for cotton and wheat crops in the semiarid south plains of Texas. The data further indicated a higher SSIR of 3.00 mm h−1 and 3.03 mm h−1 at Faridkot and Abohar, respectively, in 2020 at the end of the third cotton cropping cycle (Figure 4C). Despite zero-tilled wheat in all seasons and reduced tillage for cotton, SSIR could improve significantly only during the second cropping season over the Control 1, while slight improvement continued until the third cropping cycle (Figures 4C, E).


[image: Figure 4]
FIGURE 4
 Steady-state infiltration rate under different treatments for cotton (A–C) and wheat (D, E) crop at experimental sites. Treatments: T1: SFMI with 100% RDF; T2: SDF at 80% ETc with 100% RDF; T3: SSD at 60% ETc and 75% RDF; T4: SSD at 60% ETc and 100% RDF; T5: SSD at 80% ETc and 75% RDF; T6: SSD at 80% ETc and 100% RDF; T7: SSD at 100% ETc and 75% RDF; T8: SSD at 100% ETc and 100% RDF. Observation time: (A) July 18; (B) July 19; (C) July 20; (D) Feb 19; (E) Feb 20.




3.3. Soil bulk density

Trivial differences existed among the different treatments for soil BD irrespective of soil depth until the first cropping cycle of cotton (Figures 5A, B) and wheat (Figures 5E, F). In contrast, significant differences were evident in subsequent cycles. At both sites, BD under Control 1 (TP) remained higher among all treatments, irrespective of depths. The BD for the topsoil layer (0–30 cm) was invariably higher over 30–60 cm depth, regardless of the seasons and locations. Another measurable trend was that BD values gradually increased with each successive season compared to their initial value for both test locations in the case of TP for cotton (Figures 5C, D, I, J) and wheat (Figures 5G, H). These findings are supported by Omololu et al. (2020), who observed increasing soil compaction irrespective of tillage treatments from the beginning to the end of the cotton crop season. Coates (2001) also reported increased soil penetration resistance from sowing to maturity in irrigated cotton, indicative of enhanced BD in line with present findings. However, the trend was reversed for the rest of the treatments, where BD tended to exhibit a declining response with few abrasions. Higher BD of 2.17 g cm−3 and 2.19 g cm−3 was observed at a depth of 30–60 cm under TP at Abohar and Faridkot, respectively (Figure 5H). The data indicated that, while moving away from conventional tillage toward reduced or zero tillage, the BD values tended to decrease under all drip fertigated plots in accordance with Asgari et al. (2014), who elucidated that BD continues to rise with either level of soil compaction and such negative effects could be nullified by reduced tillage operations.


[image: Figure 5]
FIGURE 5
 Soil bulk density under different treatments for cotton (A–D, I, J) and wheat (E–H) crop at experimental sites. Treatments: T1: SFMI with 100% RDF; T2: SDF at 80% ETc with 100% RDF; T3: SSD at 60% ETc and 75% RDF; T4: SSD at 60% ETc and 100% RDF; T5: SSD at 80% ETc and 75% RDF; T6: SSD at 80% ETc and 100% RDF; T7: SSD at 100% ETc and 75% RDF; T8: SSD at 100% ETc and 100% RDF. Observation time: (A, B) July 18; (C, D) July 19; (E, F) Feb 19; (G, H) Feb 20; (I, J) July 20.


As a result of zero or reduced tillage and application of water through drip irrigation, reduced BD values compared to Control 1 (TP) were evident from the second and third cropping seasons, in line with the study of Evan et al. (1996). The present findings were confirmed by Gao and Li (1995), who found that low soil BD by 0.1 g cm−3 up to a depth of 0–50 cm under reduced tillage was evident compared to conventional tilth. The BD under TP was higher by 24.6–36.4% for 0–30 cm and 31.2–37.2% for 30–60 cm over the rest of the treatments at Abohar. Similarly, at Faridkot, the BD value for Control 1 (TP) was higher by 33.8–39.7% for 0–30 cm and 33.9–40.1% for 30–60 cm compared to other treatments. Jerzy and Leszek (2014) found that tilled soil has a unique “coherence” force that causes soil particles to adhere, leading to an unrealistic and dense layering of the adhered soil, which increased layer density and soil compaction, thus supporting the current findings.



3.4. Root parameters of cotton

Cotton plants exhibited the longest root length, i.e., 136.3, 151.6, and 119.1 cm in 2018, 2019, and 2020 respectively, under T8 at Abohar, and it was statistically better than Control 1 (TP) (Figures 6A–C). These findings are in line with Hodgson et al. (1990), who evaluated the length of cotton root in SDI, SUSDI, and furrow irrigation methods in Australian clayey soils and recorded statistically long roots under SUSDI. A similar trend was observed at Faridkot, except for the fact that the root length values were relatively lower. Significantly shorter root lengths were observed in plots receiving irrigation at 60% ETc at both sites, in line with Luo et al. (2015). This might be because the water supply in these plots remained sub-optimal throughout the crop growth period and, consequently, the root growth of cotton was drastically affected. The findings of Hamza and Anderson (2005) indicated that, if the core index threshold value for cotton exceeded 2,000 kPa, root growth was severely affected by compaction as a result. Contrarily, higher root parameters under T8 might be due to a regular supply of water throughout the crop growth period. Lowered BD values (Figures 5C, D, I, J) coupled with improved SSIR (Figures 4C, E) under reduced tillage and SUSD might have positively affected cotton root growth, leading to significant improvement over TP. Besides, drip fertigated plots receiving irrigation at 100% ETc always received the highest water supply compared to 60% or 80% ETc might have also contributed to improved root growth parameters in conformity with the findings of Min et al. (2014). The observation by Zhang et al. (2017) that the root system of cotton was better developed and suffered less stress under SDI than SFMI due to the availability of relatively stable water content supports current findings.
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FIGURE 6
 Root length (A–C), fresh root weight (D–F), and dry root weight (G–I) of cotton under different treatments. Treatments: T1: SFMI with 100% RDF; T2: SDF at 80% ETc with 100% RDF; T3: SSD at 60% ETc and 75% RDF; T4: SSD at 60% ETc and 100% RDF; T5: SSD at 80% ETc and 75% RDF; T6: SSD at 80% ETc and 100% RDF; T7: SSD at 100% ETc and 75% RDF; T8: SSD at 100% ETc and 100% RDF.


Thus, cotton root system under drip fertigation suffered less stress than TP, where the soil experienced water deficit before irrigation and waterlogging after irrigation (Sampathkumar et al., 2012; Lv et al., 2015). Consequently, fresh (Figures 6D–F) and dry root weight (Figures 6G–I) exhibited significantly higher values in plots receiving irrigation at 100% ETc over the TP. The present findings are well supported by Rao et al. (2016), who recorded lesser root spread (42.3 cm), and poor root dry mass (16.1 g plant−1) of furrow irrigated cotton as compared to drip irrigation (having a root spread and root dry mass of 46.9 cm and 17.5 g plant−1) under arid conditions of sub-tropical India. Singh et al. (2019) also reported better root length and fresh and dry root weight of cotton plants in chiseled over the conventionally tilled plots owing to lower BD and higher SSIR values.



3.5. Growth and yield parameters of cotton and seed cotton yield

Significant reduction in plant height and sympodial branches plant−1 was observed under a SUSDI of 60% ETc (T3 and T4 treatments) at all locations over the years (Table 6). This might be because, among all drip fertigated plots, the lowest amount of irrigation water (i.e., 263.9, 154.3, and 240.0 mm at Abohar in 2018, 2019, and 2020 with corresponding values of 210.4, 251.2, and 233.0 mm at Faridkot) for plant usage was applied here leading to sub-optimal plant growth (Table 8). Contrarily, the improved vigor of plants in the case of T5-T8 treatments over T1 (Control 1) conforms with Yadav and Chauhan (2016), where taller and more vigorous plants under drip irrigation were observed. Poor crop growth in the case of T3 and T4 further substantiated that applied nitrogen might be poorly utilized due to reduced water supply, and thus, sub-optimal crop growth was evident (Prajapati and Subbaiah, 2018). Better plant height and improved sympodial branches plant−1 were recorded under T6-T8 treatments in accordance with Ayyadurai and Manickasundaram (2014). Data further revealed that, though bolls plant−1 continued to increase with an enhanced quantum of applied water and nutrients, significant improvement could be observed only up to a SUSDI of 80% ETc (T6) with a non-significant increase for 100% ETc (T7-T8 treatments). The mean of 3-year data revealed the lowest boll count under T3 (48.2), while it was highest under T8 (65.4) for the reasons specified above. Higher boll weight under T2 (4.12 g), while lowest for T3 (3.65 g) was primarily due to reduced water supply.


TABLE 6 Growth and yield attributes of cotton under different treatments.
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Seed cotton was also significantly affected under different treatments in all study years. In 2018, T6 recorded better SCY at Abohar (3,579 kg ha−1) and Faridkot (3,503 kg ha−1), as compared to Control 1 (TP) and T3-T5 but remained at par with T7 and T8. In 2019, SCY under T8 was significantly higher at Abohar (3,599 kg ha−1) and Faridkot (3,502 kg ha−1) over the respective Control 1 (TP) but remained at par with T6. In 2020, better SCY was recorded under T6 at Abohar (3,461 kg ha−1) and Faridkot (3,393 kg ha−1), which remained at par with T2, T7-T8 but superior to the rest all other treatments in agreement with Kakade et al. (2017). SCY under T3-T5 was significantly reduced due to a low supply of inputs (water and nitrogen) compared to T2 and T6-T8 treatments. Significantly reduced yield parameters and seed cotton were observed under T3, where the lowest levels of water and nitrogen were applied.

The mean of 3 years revealed the lowest SCY under Control 1 (2,791 kg ha−1) and highest under T8 (3,540 kg ha−1), closely followed by T6 (3,484 kg ha−1) in line with Aladakatti et al. (2012), who observed at par SCY at SDI of 80% and 100% ETc but a significantly lower yield at 60% ETc and SFMI. Improved yield and yield parameters like bolls plant−1 in SUSDI of 80% and 100% ETc over TP are supported by Neelakanth et al. (2019), who observed a yield improvement of 12% in SUSDI over the flood method. Improved SCY by 23% and 19% over SFMI under an SDI of 80% and 100% ETc also endorses present findings (Singh et al., 2018).

It is pertinent to mention that reduced tillage practices led to favorable improvement in SSIR (Figures 4C, E) and lowered BD values (Figures 5C, D, I, J), which had a beneficial effect on cotton growth and yield parameters over the TP. However, in the case of TP, the frequency of unsaturated soil pores might be decreased post-SFMI, which could have hindered the gaseous exchange between the soil and atmosphere and suffocated the cotton root respiration (Yu et al., 2015). Consequently, the huge quantity of water applied through SFMI reduced the normal activity of cotton roots, resulting in poor yield levels (Hulugalle et al., 2015). Nevertheless, the beneficial effect of improved soil properties through reduced tillage and SUSD contributed to the harvesting of higher SCY. Better boll weight and higher bolls plant−1 in the case of SUSD was the major reason for improved SCY compared to TP. As a result, bolls plant−1 remained higher by 24.8% and 28.9% under T6 and T8, respectively, over TP. Consequently, T6 and T8 recorded 24.7% and 26.7% higher seed cotton than TP (2,791 kg ha−1).

These results indicate that reduced tillage and SUSD play a vital role in enhancing the yield parameters and seed cotton compared to TP, which was in close agreement with the findings of Zhang et al. (2019). The present study's findings reveal that both tillage and input supply (nitrogen and water) primarily regulate the SCY. While reducing tillage operations on one side but improving the water and N level through fertigation on the other side improved SCY over TP. The data also proved that, under reduced tillage, when 100% RDN was applied, SUSDI either at 80% ETc (T6) or 100% ETc (T8) increased SCY significantly by 692 kg ha−1 and 748 kg ha−1, respectively, over TP. This demonstrated that the yield tended to optimize between irrigation levels of 80–100% ETc in addition to responding positively to reduced tillage and SUSD.



3.6. Growth, yield attributes, and wheat grain yield

The data indicated that plant height, ear length, and grains ear −1 were significantly affected under different treatments at Faridkot during all study years, while differences at Abohar were not significant (Table 7). However, wheat yield was significantly affected at all locations except Abohar in 2018–19. During 2018–19, the highest wheat yield at Faridkot was recorded under T8 (6,193 kg ha−1), though statistically on par with T6 and T7, but significantly better than all other treatments. A similar trend was observed during 2019–20 at Faridkot, where T8 again revealed the highest grain yield (6,340 kg ha−1), though at par with T5-T7, but was significantly better than other treatments. The data further revealed that wheat yield at Faridkot under T6 was higher by 21.0% and 6.1% over the TP during 2018–19 and 2019–20, respectively, in close agreement with Chen et al. (2015). Although wheat yield at Abohar also remained higher under T8 during 2018–19 (4,792 kg ha−1) and 2019–20 (4,407 kg ha−1), the effect was significant only in later years. Wheat yield under T6 was significantly higher by 18.4% at Abohar in 2019–20 over the TP. The overall mean of the 2-year data showed that wheat yield under T6 and T8 was higher by 10.5% and 14.4% over the TP.


TABLE 7 Growth and yield attributes of wheat under different treatments.
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These findings suggest that, apart from saving water and nutrients under drip irrigation, yield advantages in wheat were also ensured when SUSD was combined with zero tillage compared to TP. The beneficial effect of improved soil properties (i.e., reduced BD and improved SSIR) achieved through zero tillage sowing of wheat coupled with SUSD might have attributed to harvesting higher wheat yield (Singh et al., 2019). Nevertheless, when irrigated at 60% ETc (i.e., 40% lesser irrigation), both cotton and wheat experienced water stress, as evidenced by significantly reduced bolls plant−1 in cotton (Table 6) and reduced ear length as well as grains ear−1 in wheat (Table 7). The current observations are supported by Chen et al. (2020), who reported poor productivity of drip-irrigated wheat crop owing to a low quantity of applied water. In general, wheat yield is governed by ear length, grains ear −1, and test weight. However, in this study, grains ear −1 and ear length were highly prone to water stress, and wheat yield was negatively affected in accordance with Denčić et al. (2000). The grains ear −1 declined with any reduction in the amount of irrigated water, owing to the limited supply of water and its negative impact on assimilate translocation leading to poor yield.



3.7. Water productivity and nitrogen use efficiency

A comparison of water applied and saved (%) under different schedules in cotton and wheat crops is provided in Table 8. Water saving in SUSDI cotton (i.e., over a range of 60–100% ETc) at Faridkot ranged from 32.1–52.0, 52.4–61.4, and 29.8–49.4% for 2018, 2019, and 2020, respectively, over the TP. The corresponding values for Abohar were 40.2–55.7, 36.0–54.3, and 19.7–41.7%, respectively (Table 8). Similarly, water saving under wheat raised through SUSDI over TP ranged from 49.9 to 62.0 and from 54.5 to 66.0% at Faridkot and from 42.6 to 57.5 and from 27.9 to 46.8% at Abohar during 2018–19 and 2019–20, respectively (Choudhary et al., 2014). This data indicated a considerable saving of water under drip fertigated treatments for both crops, in close agreement with Li et al. (2018).


TABLE 8 Comparison of water applied and saving (%) under different schedules in cotton and wheat crops.
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The mean of 3-year data over the two locations revealed the highest apparent water productivity (AWP) of 1.361 kg m−3 in cotton under T6 treatment (Table 9). The TP recorded significantly lower values for AWP in both crops. A mean value of 0.596 and 1.324 kg m−3 was observed for cotton and wheat, respectively, which revealed the inferiority of TP as compared to drip irrigated treatments. Reduced AWP under TP as compared to T6 indicated it to be less efficient in conformity with Singh et al. (2018), who found the least water productivity (0.95 kg m−3) under a SDI of 60% ETc. The amount of irrigated water under various drip treatments was sufficiently lower to avoid deeper infiltration besides minimizing nutrient loss over TP (Ning et al., 2015). Better AWP under T6 and T8 was supported by Shruti and Aladakatti (2017), where DI at 80% ETc remained superior over other irrigation levels.


TABLE 9 Apparent water productivity (kg m−3) of cotton and wheat as influenced by various treatments.
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Nitrogen use efficiency (NUE) was lowest in cotton (26.6 kg SCY kg−1 of N) and wheat (38.0 kg grain kg−1 of N) grown under TP (Jayakumar et al., 2015). Though NUE was higher under T7 for cotton (38.5) and wheat (68.5), the AWP values were relatively lower (Table 10). This indicated T7 to be slightly inferior to T6, where both exhibited better magnitudes. Except for T4 in cotton (SUSD at 60% ETc with DF of 100% RDN), all drip fertigation treatments in both crops revealed higher NUE, which revealed the superiority of drip treatments due to reduced losses of applied nutrients.


TABLE 10 Economics and Nitrogen use efficiency (NUE) of cotton, wheat and CWCS as influenced by various treatments.
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3.8. Productivity of the CWCS

Owing to improved yield attributes, the productivity of the drip-fertigated CWCS under T6 (80% ETc along with 100% RDN) was higher by 19.6% (in terms of cotton equivalent yield) as compared to TP (Table 10). Similarly, the productivity of CWCS at 80% ETc was improved by 6.48% when both crops (cotton and wheat) were fertigated using 75% in comparison to 100% RDN. Increasing the fertigation rate from 75% to 100% RDN improved the yield attributes and overall yield, suggesting that a higher fertigation rate can lead to increased productivity. However, only minimal improvement in productivity was observed at both levels of nutrition when applied with higher water application of 100% ETc (T7-T8). This established T6 (SUSDI at 80% ETc along with 100% RDN) to be the optimal level of fertigation. Though few studies have revealed that using just 40-80% of the conventional dose through drip fertigation is better for optimum productivity (Feng et al., 2017), in this study, SCY continued to improve up to 100% RDN. However, in the case of wheat, grain yield under SUSD was highest at 100% RDN (i.e., 80% of RDN under TP), in line with Bai et al. (2020), who found that increasing fertigation rates above 70% of conventional dose would not enhance wheat yield. However, in the present study, the application of 100% RDN through fertigation (i.e., 80% RDN of TP in the case of wheat and 100% RDN of TP in the case of cotton) resulted in better crop productivity owing to higher NUE (Table 10).



3.9. Economics

Higher gross returns ($4271.6 ha−1), net returns ($2793.6 ha−1), and B:C ratio (1.89) were observed under T8 (SUSD of 100% ETc with fertigation of 100% RDN) for CWCS (Table 10). However, T6 (SUSD of 80% ETc with fertigation of 100% RDN) exhibited slightly low net returns of $2,676.5 ($117.2 ha−1 less as compared to T8) but saved 20% of irrigation water (Table 8) and higher AWP (Table 9). Lowest gross returns ($3155.3 ha−1), net returns ($1724.7 ha−1), and B:C (1.21) were recorded for SUSDI at 60% ETc along with 75% RDN. This indicated T3 as the least remunerative among drip treatments. Reduced water supply remained the primary reason for poor economic returns. Nevertheless, T6 recorded higher net returns over TP by 31.3%. A reduced B:C ratio (1.45) under TP further substantiated that conservatory tillage and fertilizer application through SUSD was much more rewarding under NWI conditions in conformity with Neelakanth et al. (2019), who observed 16% better net returns for SUSDI over conventional methods. These findings are well supported (Kang et al., 2012; Pawar et al., 2015).




4. Conclusions

Soil compaction under repetitive tillage and the continuous decline of non-replenishable water sources is a major challenge for the agrarian sector that requires urgent attention to sustainable alternative options. Therefore, the need to optimize efficient technologies like conservation tillage and SUSD in CWCS while maintaining the optimum yield with better management of water and fertilizer resources is much sought after. Our findings indicated that, by adopting conservatory tillage, seed cotton and wheat yield increased by 692 and 499 kg ha−1, respectively, under a SUSDI of 80% ETc with 100% RDN over TP. Higher AWP for cotton (1.361 kg m−3) and wheat (2.907 kg m−3) established T6 (SUSD of 80% ETc with 100% RDN) as the most efficient and best-suited option for CWCS. Reduced tillage exercised a beneficial effect on physical soil properties by lowering BD and improving SSIR. At the same time, SUSD could save huge amounts of irrigated water besides enhanced input use efficiency, leading to higher food and fiber yields. The improved benefit:cost ratio owing to enhanced monetary returns over TP also substantiated that conservation tillage with SUSD can be a viable and remunerative practice. This study elucidated that SUSD, when coupled with reduced tillage in CWCS, improved soil health besides significantly saving irrigation water compared to TP. Therefore, in addition to saving huge quantities of irrigation water, implementing reduced tillage and SUSD in CWCS would greatly benefit in supporting healthy soil to sustain crop productivity.


4.1. Policy implications

The present study elucidated that reduced tillage coupled with SUSD in the CWCS is a potential tool for addressing future water scarcity expected in NWI due to the continuously depleting groundwater table as an alternative to RWCS. Policymakers should, therefore, advocate alternatives to assist agriculturists in adopting economic and efficient water usage techniques rather than disbursing monetary help through subsidies for groundwater pumping. For instance, the Direct Benefit Transfer (DBT) on electric power saving might be notified by the state/federal governments to support farmers in their minimal use of water for agrarian purposes. In this context, a fine combination of SUSD and alternate CWCS would be beneficial. Besides, the integration of reduced tillage and SUSD in a CWCS might serve to be a complementary approach for policy as well as in technological aspects. After installation, SUSD could be utilized for a fairly longer period (about 10 years) than surface drip owing to the non-removal of laterals as needed for surface drip after each harvest and before the next season's cropping. Furthermore, saving fuel and manpower on the preparatory tillage of CWCS under SUSD would improve farmers' profit margins considerably without any yield penalty. Such additional benefits would reduce cultivation costs and may support the government to cut the subsidies on free power and surface drip. Comprehending the challenge of receding water resources, forecasted market upheaval, and rice procurement issues in NWI, sustaining CWCS with optimum SUSD fertigation could be an environmentally effective and economically viable alternative to replace unsustainable RWCSs.



4.2. Limitations and future research approach

Certain limitations exist in the current research, which offers scope for further study. Though the higher costs of installing micro irrigation systems could be a major bottleneck in the widespread acceptance of SUSD at the level of farmers, incentivizing sustainable water-savvy techniques could be a better option coupled with the promise of future dividends. The SUSD and conservative tillage also deserve special appraisal in water-starved areas for efficient utilization of preserved rainwater in attaining national water security in addition to food and fiber security and improved soil health.

The authors wish to extend this investigation toward the cotton-rapeseed/mustard cropping system, which is a healthy alternative to replace the traditional rice-wheat cropping system. Though the success of reduced tillage clubbed with SUSD systems for CWCS has been proven to be economical in NWI, for comprehensive output, a long-term evaluation of this method at farmers' fields is equally essential and might lead toward new challenges and opportunities for further refinement of this technology.
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Mean A F A IF A F
Plant height (cm) Sympodial (reproductive) br: Boll weight (g)
T 1270 | 1565 | 1385 | 1461 | 1903 | 1494 | 1513 156 203 185 19.6 245 196 196 | 439 | 383 | 420 374 352 3.80 391
T, - - 1497 | 1722 | 2017 | 1566 | 1701 - - 192 242 254 28.1 242 - - 434 116 | 4.00 396 112
Ts 1130 | 1332 | 1270 | 1310 | 1847 | 1350 | 137.3 128 160 132 160 219 163 160 | 407 346 378 335 3.83 338 365
T4 1203 | 1370 | 1310 | 1360 | 1980 | 1427 | 1457 135 173 139 188 237 17.3 174 | 427 356 391 347 | 394 347 377
Ts 1257 | 1524 | 1383 | 1677 | 1950 | 1477 | 1545 135 24.1 15.1 226 25 241 203 401 396 386 | 412 3.85 378 393
Te 1200 | 1567 | 13901 | 1711 | 2003 | 1550 | 1585 137 253 155 255 245 277 20 | 426 | 4.00 388 | 417 | 4.00 4.00 405
T; 1307 | 1594 | 1367 | 1700 | 2010 | 1570 | 159.1 14.1 26.0 157 235 232 263 215 436 | 401 391 421 3.88 104 107
Ts 1303 | 1584 | 1340 | 1750 | 2040 | 1622 | 160.7 143 263 158 276 2558 27.1 238 440 | 398 392 | 422 4.16 397 411
LSD (p NS 140 12.0 17.7 933 13.6 - NS 65 21 35 216 36 - NS 018 031 019 NS 030 -
=0.05)
2019 2019
Treatments A IF A F
Bolls plant~! Seed cotton yield (kg ha~!)
T 554 623 41.0 47.6 413 56.3 50.6 3,111 2,725 2,702 2,551 3,096 2,565 2,791
T, - - 502 69.7 46.6 613 56.9 - - 3,402 3,195 3,573 3,032 3,300
Ty 527 58.1 47.0 412 369 533 482 2,699 2,481 2,780 2222 2,668 2,292 2,523
Ty 55.7 60.2 510 456 44.1 55.0 519 3,043 2,584 3,127 2,504 2917 2441 2,769
Ts 59.5 725 542 60.9 373 64.0 58.0 3,181 2,892 3,302 3,104 2,807 2,886 3,028
Ts 618 76.5 584 67.9 445 708 633 3,579 3,503 3,539 3429 3,461 3,393 3,484
T, 625 734 53.0 67.0 393 728 613 3,692 3,187 3202 3,150 2,947 3,144 3,235
Ts 64.5 779 587 70.6 46.0 747 654 3,928 3,404 3,599 3,502 3,535 3272 3,540
LSD (p = 0.05) 55 10.1 55 66 666 66 - 353 163 298 368 414 454 -

Where, A, Abohar; E, Faridkot; Ty, SEMI along 100 % RDF (Control 1); T2, SDI at 80% ETc along 100% RDF (Control 2); T3, SUSDI at 60% ETc along DF of 75% RDN; Ty, SUSDI at 60% ETc along DF of 100% RDN; Ts, SUSDI at 80% ETc along DF of 75% RDN; Ts,
SUSDI at 80% ETc along DF of 100% RDN; T7, SUSDI at 100% ETc along DF of 75% RDN; Ts, SUSDI at 100% ETc along DF of 100% RDN.
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RDN kg ha-1
(N-P,05-K,0)

Basal
application

(N-P,05-K50, kg ha-1)*

15t Topdressing

21d Topdressing

Irrigation schedules

1. 35 DAS; 2. 50-55 DAS; 3.

(at 50-55 DAS)

Cotton 150-0-0 0-0-0 75-0-0 (at knee-high stage) 75-0-0
(at flowering appearance) 65-70 DAS; 4. 80-85 DAS; 5.
140-145 DAS
Wheat 125-62.5-0 0-62.5-0 62.5-0-0 (at 23-25 DAS) 62.5-0-0 1. CRI stage (20-25 DAS); 2.

50-55 DAS; 3. 90-95 DAS; 4.
130-135 DAS

*Sources: N, Urea; P,0s, Diamonium phosphate (DAP); Symbols: DAS, Days after Sowing; TP, Traditional practice.
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Treatments Cotton

2018 2019 2020 2018-19 2019-20

Irrigation Total Water Total Water Total Water Total Water Total Water
scheduling irrigation saving (%) irrigation saving (%) irrigation saving (%) irrigation saving (%) irrigation saving (%)

water applied water applied water applied water applied water applied

(mm) (mm) (mm) (mm) (mm)

A F A B A IF A F A F
60% ETc 2639 | 2104 52.0 557 1543 | 2512 614 543 2400 | 2330 494 417 1426 | 159.1 62.0 575 | 1528 | 1597 660 | 468
80% ETe 3186 | 2472 121 48.0 1723 | 3016 569 451 2870 | 277.0 395 307 1652 | 187.1 55.9 501 | 1787 | 187.9 603 373
100% ETc 3732 | 2840 321 402 1904 | 352.0 524 360 3330 | 3210 298 19.7 187.7 | 2152 49.9 426 | 2046 | 2162 545 27.9
Surfacedripat | - - - - 1723 | 3016 569 | 45.1 287.0 | 2770 395 307 - - - - 1787 | 1879 603 373
80% ETc
Surface Flood | 550.0 | 4750 - - 4000 | 550.0 - - 4750 | 400.0 3750 | 3750 - 4500 | 300.0 -
irrigation
Rainfall (mm) | 2117 | 4062 5242 | 3316 499.1 | 5306 217.1 | 407 1372 | 1313

‘Where, A, Abohar; F, Faridkot.
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Pla eig ea ar leng ea a a ea a eld (kg ha ea
T 102.8 103.6 99.0 85.9 97.8 9.47 10.7 11.0 9.16 10.1 48.1 50.3 443 46.7 474 4,505 4,962 3,644 5,880 4,747
Tz - - 102.1 [ 90.9 96.5 - - 10.2 9.66 9.9 - - 479 58.3 53.1 - - 4117 6,056 5,086
Ty 102.7 98.4 1024 80.4 96.0 8.63 9.09 103 8.30 9.1 43.3 433 47.1 50.9 46.2 4,170 3,941 4,027 5,253 4,347
Ty 103.6 102.6 1042 85.6 99.0 8.87 9.46 102 9.33 9.5 39.3 45.6 46.5 52.1 459 4,467 4,700 4,173 5,459 4,699
Ts 102.7 103.8 101.1 | 90.9 99.6 9.33 10.4 10.5 103 10.1 41.0 52.6 44.7 56.2 486 4,355 4,941 4,088 6,166 4,887
Ty 102.9 1113 1025 | 924 1023 9.17 11.2 10.0 10.5 102 426 55.3 46.8 56.6 50.3 4,423 6,005 4316 6,243 5,246
T; 101.8 107.2 100.8 [ 96.3 101.5 9.30 111 106 10.5 104 43.2 53.6 457 54.7 493 4,397 5,534 4,316 6,296 5,135
Ts 102.9 1123 103.1 100.1 104.6 9.09 112 102 10.6 103 42.6 58.3 49.1 57.0 51.8 4,792 6,193 4,407 6,340 5,433
LSD (p=0.05) NS 8.0 NS 58 - NS 0.75 NS 0.79 - NS 5.1 NS 6.6 - NS 983 346 692 -

Where, A, Abohar; E Faridkot; Ty, SFMI along 100 % RDF (Control 1); Tz, SDI at 80% ETc along 100% RDF (Control 2); T3, SUSDI at 60% ETc along DF of 75% RDN; Ty, SUSDI at 60% ETc along DF of 100% RDN; Ts, SUSDI at 80% ETc along DF of 75% RDN; Ts,
SUSDI at 80% ETc along DF of 100% RDN; T7, SUSDI at 100% ETc along DF of 75% RDN; Ts, SUSDI at 100% ETc along DF of 100% RDN.
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Planting Genotype Date of sowing Date of harvesting
geometry (cm)

Abohar Faridkot Abohar Faridkot
Cotton 67.5x75 RCH 773 BGII 19.05.2018 09.05.2018 24.10.2018 (first picking) 5.11.2018 (second 15.10.2018 (first 4.11.2018 (second
67.5x75 RCH 773 BGII picking) picking) picking)
67.5x75 RCH 773 BGIT
23.05.2019 09.05.2019 21.10.2019 (first picking) 6.11.2019 (second 18.10.2019 (first 6.11.2019 (second
picking) picking) picking)
05.05.2020 16.05.2020 17.10.2020 (first picking) 4.11.2020 (second 19.10.2020 (first 5.11.2020 (second
picking) picking) picking)
‘Wheat In 22.5 cm apart rows PBW 725 17.11.2018 06.11.2018 20.04.2019 - 25.04.2019 -
PBW 725 12.11.2019 11.11.2019 23.04.2020 - 26.04.2020 -
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e op seasons and mo dy yea
018 019 0p40]
Abohar Summer (End April-October) Cotton Cotton-R* Cotton-R*
Abohar Winter (November-Mid April) ‘Wheat-Z* ‘Wheat-Z* -
Faridkot Summer (End April-October) Cotton Cotton-R* Cotton-R*
Faridkot ‘Winter (November-Mid April) Wheat-Z* ‘Wheat-Z* -

7*, Sowing of wheat through zero tillage; R*, Sowing of cotton under reduced tillage.
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Soil depth (cm) Volumetric moisture Volumetric moisture Initial bulk density (g

content (%) at field content (%) at permanent cm=3)
capacity wilting point
Abohar Faridkot Abohar Faridkot Abohar Faridkot
0-10 19.9 212 8.6 123 158 1.56
10-20 145 16.9 9.9 9.9 1.68 154
20-30 151 16.1 101 9.6 1.72 1.66
30-40 16.2 18.0 9.8 107 1.59 1.61
40-60 16.5 17.8 8.1 102 1.63 1.60
60-100 149 16.1 9.0 9.8 1.65 1.58
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Soil property

Faridkot

2018

2019

2020

Analytical method
used

Soil texture Sandy Sandy loam Sandy loam Loamy Loamy Loamy International pipette method
loam (Piper, 1966)

pH 8.30 8.32 8.40 8.40 8.30 8.80 Beckman'’s Glass electrode pH
meter (Jackson, 1967)

Organic carbon (%) 0.44 0.42 0.40 0.60 0.51 0.41 Rapid titration method
(Walkley and Black, 1934)

Available nitrogen (kg ha™!) 195.0 192.0 190.0 194.0 188.0 184.0 Alkaline Potassium
Permanganate method
(Subbiah and Asija, 1956)

Electrical conductivity (dS m~") 0.19 0.18 0.20 0.36 0.26 0.30 Solubridge conductivity meter
(Jackson, 1967)

Available phosphorus (kg ha~!) 345 350 316 158 212 18.2 0.5M Sodium bicarbonate
extractable P method (Olsen
etal., 1954)

Available potash (kg ha™!) 525.0 530.0 630.0 765.0 638.0 938.0 Ammonium acetate

extractable K method
(Merwin and Peech, 1950)
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Ty 2,791 2137.2 1188.4 1.25 26.6 4,747 1,574 1302.0 849.3 1.88 38.0 4,366 3439.2 2037.7 1.45 19.0
Ta 3,301 25435 1576.7 1.63 29.5 5,086 1,687 1395.0 878.4 1.70 50.9 4,987 3938.5 2455.1 1.66 235
Ts 2,523 1963.0 1010.2 1.06 30.0 4,347 1,441 1192.3 714.5 1.50 58.0 3,965 3155.3 1724.7 1.21 249
Ty 2,769 2170.4 1212.6 127 24.7 4,699 1,558 1288.8 782.8 1.55 47.0 4,327 3459.2 1995.4 1.36 204
Ts 3,028 2405.5 1448.5 151 36.1 4,887 1,621 1340.4 859.8 179 65.2 4,649 37459 2308.3 161 29.2
Ts 3,484 2708.5 1746.5 1.82 31.1 5,246 1,740 1438.8 930.0 1.83 52.5 5223 4147.4 2676.5 1.82 24.6
T 3,235 2567.4 1606.1 1.67 385 5,135 1,703 1408.4 925.0 191 68.5 4,937 3975.8 2531.1 1.75 31.1
Ts 3,540 2781.8 1815.5 1.88 31.6 5433 1,801 1489.9 978.2 191 54.3 5,341 4271.6 27937 1.89 252

Product price: Seed cotton-$0.740 kg ~*, Cotton stalks-$0.021 kg !, Wheat grain-$0.245 kg~!, Wheat straw-$0.043 kg ~'.

Where, B:C is Benefit cost ratio; CEY, cotton equivalent yield; CWCS, Cotton-Wheat cropping system; NUE, Nitrogen use efficiency; Where, A, Abohar; E, Faridkot; Ty, SEMI along 100 % RDF (Control 1); T2, SDI at 80% ETc along 100% RDF (Control 2); T3, SUSDI
at 60% ETc along DF of 75% RDN; Ty, SUSDI at 60% ETc along DF of 100% RDN; Ts, SUSDI at 80% E1c along DF of 75% RDN; Ts, SUSDI at 80% ETc along DF of 100% RDN; T7, SUSDI at 100% ETc along DF of 75% RDN; T, SUSDI at 100% ETc along DF of
100% RDN.

Mean of 3 years over two locations for cotton and mean of 2 years over two locations for wheat.
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T 0.566 0.574 0.676 0.464 0.652 0.641 0.596 1201 1.323 0.810 1.960 1324
T, - - 1.975 1.059 1247 1.096 1.344 - - 3.001 3223 3.112
Ty 1.023 1.179 1.802 0.885 1112 0.986 1.165 2.924 2477 2.636 3.290 2.832
Ty 1153 1.228 1.230 0.997 1216 1.050 1.146 3.132 2.955 2.731 3419 3.059
Ts 0.999 1.170 1916 1.029 0979 1.043 1.189 2.636 2.641 2.287 3282 2712
Ty 1123 1.417 2.054 1.137 1.208 1.226 1.361 2678 3.210 2415 3323 2.907
T; 0.989 1122 1729 0.895 0.884 0.980 1.100 2342 2.572 2.110 2912 2.484
Ts 1.053 1.199 1.890 0.995 1.061 1.020 1.203 2553 2.878 2.154 2932 2.629
LSD (p=0.05) 0.110 0.161 0.145 0.128 0.148 0.165 - 0.358 0.534 0.182 0377 -

Where, A, Abohar; E Faridkot; Ty, SFMIalong 100 % RDF (Control 1); Tz, SDI at 80% ETc along 100% RDF (Control 2); T3, SUSDI at 60% ETc along DF of 75% RDN; Ty, SUSDI at 60% ETc along DF of 100% RDN; Ts, SUSDI at 80% ETc along DF of 75% RDN; Ts,
SUSDI at 80% ETc along DF of 100% RDN; T7, SUSDI at 100% ETc along DF of 75% RDN; Ts, SUSDI at 100% ETc along DF of 100% RDN.
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