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A B S T R A C T   

The Indo-Gangetic Plains (IGP) in north-west (NW) India are facing a severe decline in ground water due to 
prevalent rice-based cropping systems. To combat this issue, conservation agriculture (CA) with an alternative 
crop/s, such as maize, is being promoted. Recently, surface drip fertigation has also been evaluated as a viable 
option to address low-nutrient use efficiency and water scarcity problems for cereals. While the individual 
benefits of CA and sub-surface drip (SSD) irrigation on water economy are well-established, information 
regarding their combined effect in cereal-based systems is lacking. Therefore, we conducted a two-year field 
experiment in maize, under an ongoing CA-based maize-wheat system, to evaluate the complementarity of CA 
with SSD irrigation through two technological interventions–– CA+ (residue retained CA + SSD), PCA+ (partial 
CA without residue + SSD) – at different N rates (0, 120 and 150 kg N ha-1) in comparison to traditional furrow 
irrigated (FI) CA and conventional tillage (CT) at 120 kg N ha-1. Our results showed that CA+ had the highest 
grain yield (8.2 t ha-1), followed by PCA+ (8.1 t ha-1). The grain yield under CA+ at 150 kg N ha-1 was 27% and 
30% higher than CA and CT, respectively. Even at the same N level (120 kg N ha-1), CA+ outperformed CA and 
CT by 16% and 18%, respectively. The physiological performance of maize also revealed that CA+ based plots 
with 120 kg N ha-1 had 12% and 3% higher photosynthesis rate at knee-high and silking, respectively compared 
to FI-CA and CT. Overall, compared to the FI-CA and CT, SSD-based CA+ and PCA+ saved 54% irrigation water 
and increased water productivity (WP) by more than twice. Similarly, a greater number of split N application 
through fertigation in PCA+ and CA+ increased agronomic nitrogen use efficiency (NUE) and recover efficiency 
by 8–19% and 14–25%, respectively. Net returns from PCA+ and CA+ at 150 kg N ha-1 were significantly higher 
by US$ 491 and 456, respectively than the FI-CA and CT treatments. Therefore, CA coupled with SSD provided 
tangible benefits in terms of yield, irrigation water saving, WP, NUE and profitability. Efforts should be directed 
towards increasing farmers’ awareness of the benefits of such promising technology for the cultivating food 
grains and commercial crops such as maize. Concurrently, government support and strict policies are required to 
enhance the system adaptability.   
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1. Introduction 

The traditional rice-wheat (RW) systems in India’s Indo-Gangetic 
Plains (IGP) are being criticised for its environmental and sustainabil-
ity issues, which includes declining factor productivity, soil health 
deterioration, residue burning and greenhouse gas emissions, and 
deepening of groundwater levels (Jat et al., 2019; Bhatt et al., 2021). 
The decline in the groundwater table has led the governments of Punjab 
and Haryana to declare certain areas as "dark zones" where rice culti-
vation is no longer considered sustainable. The groundwater table in 
north western (NW) India declined 0.2 m yr-1 during 1973–2001, while 
during 2000–2006 it got hastened by fivefold (1.0 m yr-1) (Humphreys 
et al., 2010). The deepening of ground-water table demands installation 
of heavy-power pump for lifting groundwater, which increases the input 
energy use and cost of cultivation. Further, if appropriate measures on 
prudent groundwater use are not implemented promptly, the IGP in NW 
India may face a severe water shortage, which could lead to widespread 
socioeconomic stress. Alternative techniques to save water and increase 
irrigation water productivity comprise, shifting to conservation agri-
culture (CA) practices (no tillage and straw mulching), cultivation on 
permanent raised beds (PB), soil matric potential based irrigation 
scheduling, micro-irrigation methods and diversification of rice with C4 
crop like maize (Yadvinder-Singh et al., 2014; Majeed et al., 2015; 
Parihar et al., 2016a; Patra et al., 2021a). 

There are numerous benefits associated with replacement of rice 
with maize in the existing RW cropping system towards improvement of 
soil health (Jat et al., 2013), biomass accumulation, radiation use effi-
ciency (Patra et al., 2021a), system productivity (Devkota et al., 2013; 
Parihar et al., 2016b; Choudhary et al., 2018). Diversification of RW 
with maize-wheat (MW) system is a win-win solution for achieving 
sustainable water use, as the water productivity (WP) of maize is 8–22 
times higher than rice (Gathala et al., 2013) and maize requires 80–85% 
less water to produce one kg of grain than rice (Bouman, 2009). For such 
reasons, the area under maize cultivation in North-west (NW) India has 
recently increased, owing largely to favourable government policies that 
encourage maize cultivation to save irrigation water and electricity costs 
(Sharma et al., 2015). However, conventional-till maize (CT) cultivation 
comprising of 6–7 tillage operations and flood irrigation, results in high 
energy use, unproductive loss of irrigation water and nitrogen (N) fer-
tilizer (Sandhu et al., 2019; Mutuku et al., 2020; Patra et al., 2021b) and 
overall economic non-profitability (Aryal et al., 2015). 

In the recent time, with emergence of water scarcity issue, drip 
irrigation gained attention as an economically viable option for irri-
gating the field crops such as maize (Yolcu and Cetin, 2015; Jat et al., 
2019; Patra et al., 2021a), and wheat (Chen et al., 2015; Chouhan et al., 
2015; Sidhu et al., 2019) to increase the WP. However, because of field 
inconvenience, like interference of drip laterals with tillage and har-
vesting implements and intercultural operations, the field adoption of 
surface drip irrigation was very less. Sub-surface drip overcomes these 
bottlenecks and improve farmers’ acceptance of drip irrigation in 
cereal-based systems. In contrast to surface drip irrigation, the SSD 
system reduces evaporation losses from the soil surface, allows water 
and nutrients to be delivered directly to the crop root zone, resulting in 
efficient water and nutrient use, reduction in weed emergence, labour 
costs, and facilitates seeding with CA-based no-tillage practices (Jat 
et al., 2019; Sidhu et al., 2019). Furthermore, precise N fertigation in 
multiple splits through SSD may open a new avenue for redesigning N 
management protocol in CA based maize system. With conventional 
broadcasting of N fertilizers in CA, a larger amounts of N fertilizers 
remain on crop residues, which encourages volatilization losses (Wan 
et al., 2021). Thus, to increase the NUE and water economy, effective N 
placement along with water at the active crop root zone via SSD in 
residue-retained CA-based maize systems could be beneficials. 

While numerous studies have examined the individual benefits of CA 
and SSD in terms of water and nitrogen savings, there is a lack of 
comprehensive research exploring complementarity of CA and SSD can 

work together to impact crop physiological responses, crop productivity, 
water productivity (WP), and nitrogen use efficiency (NUE) in cereals 
such as maize. In light of existing knowledge gaps, a 2-year study was 
conducted with the objectives of i) assessing the effect of bundling of CA 
with SSD (CA+) at different N doses on physiological performance of 
maize, and ii) estimating the yield benefits, irrigation water savings, 
water and N use efficiency and farm profitability of maize under MW 
system in different combinations of tillage, nitrogen, irrigation and 
residue management. It was hypothesized that coupling of CA with SSD 
would improve crop physiological responses, and thus water and N use 
efficiency over furrow irrigated CA and CT-plots. 

2. Materials and methods 

2.1. Experimental site and climate 

A two-year field experiment (2018 and 2019) was conducted under 
an ongoing CA-based maize-wheat (MW) system, initiated since 5-years 
(in kharif 2014) at the fixed-site with same set of technological in-
terventions at the Borlaug Institute for South Asia (BISA)-CIMMYT 
(30.99◦N, 75.44◦E, 229 m above the sea level), Punjab, India. The 
climate is semi-arid and sub-tropical with three well-defined seasons, i. 
e., hot and dry summer season (March-June), wet monsoon season (late 
June-mid September), dry winter season (October-February). The 
experimental site has an alluvial origin, flat and well-drained sandy 
loam soil (Typic Haplustept), which was fairly uniform to a depth of 120 
cm. The pH (1:2 soil water ratio) and EC are 7.9–8.5 and 0.58 dS m-1, 
respectively. 

2.2. Climatic data during experimentation 

The annual average rainfall is 734 mm, with approximately 75–80% 
falling between July and October. The rainfall, maximum temperature 
(Tmax) and minimum temperature (Tmin) were measured daily using a 
Davis weather station (Davis Vantage Pro 2 Weather Station) installed at 
the experimental site. 

2.3. Experimental design and treatments 

In this study, we evaluated the effect of two sub-surface drip (SSD)- 
based CA practices i.e., PCA+ and CA+ at three nitrogen rates including 
one control (N0 = 0, N120 = 120 and N150 = 150 kg N ha-1) in com-
parison to furrow irrigated CA and CT with 120 kg N ha-1 (N120) across 
two cropping seasons (2018 and 2019). The three treatments under 
PCA+ were comprised of residue removed -permanent bed (PB) + SSD 
irrigation without N (N0-PCA+), 120 kg N ha-1 (N120-PCA+) and 150 
kg N ha-1 (N150-PCA+). Similarly, the three treatments under CA+ were 
residue retained (WR)-PB + SSD without N (N0-CA+), 120 kg N ha-1 

(N120-CA+) and 150 kg N ha-1 (N150-CA+). The rest treatments were 
furrow irrigated (FI) CA (N120-CA) and CT (N120-CT). The details of 
treatments adopted in this study are given in Table 1. The experiment 
was laid out in a randomized complete block design (RCBD) with three 
replications. The area of each experimental unit (plot) was 80.8 m2. 

2.4. Sub-surface drip irrigation system and irrigation management 

The sub surface drip laterals having 16 mm inner diameter were 
installed at 20 cm soil depth by using two-row tractor operated drip 
laying machine with depth control mechanism developed by BISA, 
CIMMYT, Ludhiana, Punjab, India (Sidhu et al., 2019). The lateral depth 
of SSD was chosen based on the result of preliminary exploratory study 
on evaluation of different depths for laying laterals in MW system on PBs 
in the adjacent plot of the experimental field (data not reported). This 
study found that maize yield was similar at 15 and 20 cm lateral depths 
but decreased significantly at 25 cm depth. However, 20 cm of lateral 
depth was deemed ideal for maize on PB in order to facilitate long-term 
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tillage operations. The laterals used in this study had line-sourced 
emitters spaced at 30 cm apart with a capacity of 2.0 L h-1 at a pres-
sure of 135 kPa for the entire wetting of a plot area (~81 m2). The 
laterals are 67.5 cm apart (compatible with bed width) and placed at 20 
cm depth in the center of each bed, so each lateral served one row of 
maize (Fig. 1). The drip system was fitted with hydro-cyclone filter and 
screen filter (100-micron mesh size) for filtration of groundwater. 
Venturi injectors were used for fertigation in sub-surface drip (SSD) plots 
and the required suction was developed by upstream and downstream 
pressure difference. In SSD plots irrigation was scheduled based on soil 
matric potential using tensiometers monitored with a SoilSpec® vacuum 
gauge installed at 20 cm depth in between two rows at the center of each 
plot. Tensiometers installed as per Gupta et al. (2016) were regularly 
read each morning between 9:00–10:00 a.m. The maize crop under SSD 
plots were irrigated when soil moisture potential (SMP) decreased to −
50 ± 1 kPa till the crop reached physiological maturity. The SSD plots 
received 9 and 14 irrigations (each of 10 mm) in 2018 and 2019, 
respectively, which amounted to 90 and 140 mm of irrigation water in 
total. Sidhu et al. (2019) can be refereed for further details about the SSD 
system. In traditional furrow irrigated plots, a total of 200 and 300 mm 
water (each of 50 mm) was applied based on critical crop growth 
stage-based scheduling approach. Irrigation was avoided when suffi-
cient rainfall occurred at any critical crop growth stage. Due to the 

comparatively good and evenly distributed rainfall during the 2018 
cropping period, a total of four irrigations were applied at the 6-leaf, 
knee-high, 50% silking, and dough stage. In contrast, the 2019 period 
received 33% less rainfall than the previous season, necessitating the use 
of 6 irrigations. One irrigation was given at 5 DAS, and the other five 
were scheduled at 6 leaf, late knee-high, tasseling, 50% silking, and 
dough stages, respectively. The volume of water applied for each irri-
gation was measured with the help of water meter (Dasmesh Mechanical 
Works, Punjab, India) fitted to the delivery pipe close to the experi-
mental plots. 

2.5. Crop management 

After installation of subsurface drip lines, beds (PB) were formed in 
kharif, 2014 using a 4-wheel drive tractor operated bed planter. The 
same beds were kept undisturbed and maintained as permanent beds 
(PB) during succeeding crop seasons. The mid-furrow to mid-furrow 
widths of the beds were 67.5 cm, while the flat tops width and furrow 
depths were, 37 and 15 cm, respectively (Fig. 1). Permanent beds were 
reshaped once a year and crop were sown using multi-crop bed planter. 
On top of the raised bed a row of maize (hybrid-P3396) was planted with 
plant to plant spacing of 20 cm. In the CA and CT plots, maize was shown 
by double-disc planter fitted with an inclined plate seed metering 

Table 1 
Details of treatments adopted.  

Tillage options Residue management Irrigation method Technology N applied 
(kg ha-1) 

Treatment 
notation 

Permanent Bed (PB) Residue removed (No residue; NR) Subsurface drip (SSD) 
irrigation 

PCA+ (Partial 
CA+SSD)  

0 N0-PCA+

PB NR SSD  120 N120-PCA+
PB NR SSD  150 N150-PCA+
PB 25% previous wheat residue retention (With residue; 

WR) 
SSD CA+ (Full CA+SSD)  0 N0-CA+

PB WR SSD  120 N120-CA+
PB WR SSD  150 N150-CA+
PB WR Furrow irrigation (FI) CA (Full CA +FI)  120 N120-CA 
Conventional Tillage 

(CT) 
Fresh bed without residue (NR) FI CT (CT +FI)  120 N120-CT  

Fig. 1. Maize crop on furrow-irrigated (FI) conventionally tilled fresh-bed–– CT (a); no-tilled residue retained permanent bed–– CA (b); and subsurface drip ferti-
gated PB with residue–– CA+ (c). 
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mechanism. Maize hybrid was sown at a seed rate of 20 kg ha-1 in all 
treatments on June 15 and June 20, 2018 and 2019, respectively. On the 
CA+ and CA plots, approximately 25% of the residues from the pre-
ceding crops were retained, whereas all residues were removed in the 
PCA+ and CT plots. 

A basal dose of 23.5 kg N, 60 kg P2O5 as DAP, was drilled along with 
seed at sowing to all the plots (except control or N0 plots where SSP was 
used instead of DAP). In addition to P2O5, each plot received a dose of 
30 kg K2O as MOP at the time of sowing. In drip irrigated treatments, the 
rest amount of N i.e., 96.5 and 126.5 kg N, were applied as urea through 
irrigation (fertigation) at 15-day interval in 4-equal split starting at 21 
days after sowing (DAS). The remaining 96.5 kg N for CA and CT was 
top-dressed in two equal splits at knee-high and pre-tasselling stage of 
maize. 

2.6. Measured and calculated parameters 

2.6.1. Fractional intercepted photosynthetic active radiation 
Photosynthetically active radiation (PAR) was measured by using a 

line quantum sensor LI-191SA (LICOR Inc., Lin184 coln, NE, USA) with a 
data logger. The incident solar radiation received (I0) above the canopy 
was measured by aligning the sensor to face the sky. The transmitted 
radiation (It) through the canopy were measured by keeping the sensor 
just above the soil facing the canopy coverage. The fractional inter-
cepted PAR (fIPAR) was calculated using the following equation (Nobel, 
1980; Rai et al., 2019). 

fIPAR =
I0 − It

I0
(1)  

2.6.2. Leaf area index 
A Portable Leaf Area Meter (LI-COR 3000) was used to measure the 

area of the leaves. Five representative plants from each plot were tagged 
and individual plant’s leaf area was measured at periodic interval 
beginning 20 days after sowing (DAS). To measure leaf area, the scan-
ning head of the instrument was fixed over each leaf’s petiole and was 
passed through the leaves. The leaf area from 5 plants were averaged 
and expressed as leaf area per plant. The final leaf area index (LAI) was 
calculated using the following formula: 

LAI =
Total leaf area(cm2 plant− 1)

Ground area(spacing, cm2 plant− 1)
(2)  

2.6.3. Plant nitrogen analysis, nitrogen uptake and N remobilization 
The collected plant samples were first allowed to dry in the sun 

before being dried in a hot air oven at 60̊C until a consistent moisture 
was obtained. The oven-dried samples of maize were grounded by 
Retsch mixer mill MM 400 and used for nitrogen analysis. Nitrogen 
content (N) in stover and grain were determined by CHNS analyser 
(Euro EA-3000). The N uptake in grain and stover were computed by 
multiplying N content with respective yields. 

The vegetative stage N uptake (VN) is basically N accumulated in 
biomass till the end of the vegetative stage and was calculated by using 
following formula: 

VN uptake = Total biomass produced till the end of vegetative stage

× N content(%) in biomass (3) 

The remobilized VN into grain were calculated by balance method 
(Ciampitti and Vyn, 2011): 

Remobilized VN into grain = VN uptake–Stover N uptake at harvest (4)  

2.6.4. Nitrogen use efficiency and water productivity 
In this study nitrogen use efficiency was measured by two ways i.e., 

apparent N recovery (ARN), agronomic efficiency (AEN). To calculate 
these efficiencies the following formulae were used: 

ARN =
TUN − CUN

AFN
× 100 (5)  

AEN =
GYF − GYC

AFN
× 100 (6)  

Where, TUN is the total N uptake (grain + stover) from fertilized plot (kg 
ha-1), CUN is the total (grain + Stover) N uptake from unfertilized con-
trol plot (kg ha-1), AFN is the amount of applied fertilizer N (kg ha-1), GYF 
is the grain yield in fertilized plot (kg ha-1), and GYC is the grain yield in 
unfertilized (control) plot (kg ha-1). The water productivity (WP) was 
computed as the ratio of maize grain yield to the amount of water use, 
expressed in kg m-3. Both the total water use and irrigation water applied 
were used as denominator for computation of WP (Pereira et al., 2012; 
Çetin and Kara, 2019). This results in two different WP indicators 
described in Eqs. 7 and 8. 

Total water productivity (WPTotal) =
Grain yield

Total water(Rainfall + Irrigation) use
(7)  

Irrigation water productivity(WPIrrig) =
Grain yield

Irrigation water use
(8)  

2.6.5. Measurement of photosynthesis and transpiration rate 
Photosynthesis rate (PN, μmol CO2 m− 2 s− 1) and transpiration rate 

(TN, nmol H2O m− 2 s− 1) were measured at two stages viz, knee high (34 
DAS) and silking stage (62 DAS) in vivo using a photosynthetic system 
(LI-6400, LICOR, USA) under saturated light conditions (photosynthet-
ically active radiation was set as 1200 μmol m-2 s-1). At the knee-high 
stage, five plants from each plot were chosen at random, and one fully 
expanded youngest leaf from each individual was measured. The same 
plants were then tagged separately for subsequent measurement at the 
silking stage. During the silking stage, readings were taken from the cob 
leaf (immature cob) of each plant that had previously been tagged. The 
measurements were taken between 11.00 AM to 11.30 AM. The ambient 
CO2 level was 380 ppm and the air temperature was 35̊C. The leaves 
were enclosed in the chamber, and the net exchange of CO2 between leaf 
and the atmosphere was computed. The PN and TN were calculated by 
the Infrared Gas Analyzer’s (IRGA’s) inbuilt microcomputer using this 
rate of change and other factors such as the leaf area enclosed, the 
volume of enclosure, and the temperature (Anand et al., 2007; Pandey 
et al., 2017). 

2.6.6. Specific leaf nitrogen, photosynthetic nitrogen and water use 
efficiency 

Following the photosynthetic measurements, the area of each leaf 
was measured using the same Portable Leaf Area Meter. The leaves were 
then excised and fresh mass were also recorded. Finally, the leaves were 
sliced and representative samples were dried to a constant mass to es-
timate dry mass and N content. The leaf N content was determined using 
the CHNS elemental analyser (EURO EA elemental analyser, Polo 
Technologies, Pavia). The specific leaf nitrogen (SLN) was calculated at 
the panicle initiation (PI) stage (when maximum leaf expansion is ex-
pected) from N content and leaf area of dry mass (Allison et al., 1997). 
SLN was calculated using Eq. (8) and expressed as mmol N m-2. 

SLN =
Leaf weight × N concentration

Leaf area
(9) 

Photosynthetic nitrogen use efficiency (PNUE), the ratio of net 
photosynthetic rate (PN) to leaf N content, is an important parameter in 
determining the response of leaf N to carbon exchange rate. The 
photosynthetic-NUE (PNUE) (nmol CO2 mmol− 1 N s − 1) was computed 
according to (Anand et al., 2007): 
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PNUE =
Rate of photosynthesis

Specific leaf nitrogen content
(10) 

Leaves are the organ completing the processes of both water tran-
spiration and CO2 assimilation. Photosynthetic water use efficiency 
(PWUE; μmol CO2 mmol-1 H2O) is often used to characterize the process. 
The PWUE was estimated using Eq. (10) (Guo et al., 2016). 

PWUE =
Rate of photosynthesis
Rate of transpiration

(11)  

2.6.7. Biomass accumulation, yield attributes, grain yield and protein yield 
Dry matter accumulation was measured on a regular basis by 

uprooting three maize plants from each plot. The collected plant samples 
were air dried for 7–8 days before being oven dried at 65 oC for 2 days to 
achieve a constant weight, which was expressed as g of dry matter per 
plant. The yield attributes, viz., the number of cobs per hectare, cob 
length (cm), cob girth (cm), the number of grains per row and cob, and 
100-grains weight were estimated using standard protocol as described 
in Parihar et al. (2018a). For recording crop yield, two border rows from 
both the border directions (along the row) and 0.5 m in perpendicular 
direction across the row (length wise) were excluded to harvest the net 
plot area. All cobs from each net plot were sun dried and threshed after 
separating the stover and removing the husk and silk. The final grain 
yield was adjusted at 14.5% moisture and was expressed in t ha-1. The 
maize stover was cut from ground level and weighed after sun drying. 
Thus, the weight of total harvested produce (cob + stover) from the net 
plot was recorded and expressed as biological yield (t ha-1). The protein 
content of the maize crop was determined by multiplying the estimated 
nitrogen content by the standard factor of 6.25, as recommended by FAO 
(2003), Merrill and Watt (1973). The protein yield was then calculated 
by multiplying the grain yield by the protein content. 

2.7. Economic analysis 

Partial budgeting was used to calculate the economics of the SDI 
system, as explained by Sidhu et al. (2019), after taking into account the 
80% subsidy provided by the Government of India on the actual cost (US 
$ 3477.90 ha-1). The annual depreciation was calculated using the 
straight-line depreciation method after considering a salvage value of 
10% and 15-years useful life span of the SSD system (Sidhu et al., 2019). 
As a result, the final cost incurred for SSD installation for a single crop in 
the MW system came to US$ 20.87. Across the study years (2018 and 
2019), gross returns (GR), and net returns (NR) were calculated on the 
basis of inputs used and outputs obtained considering the incurred 
variable cost. The cost of human labor was calculated considering the 
eight-hour person-day as defined by Indian labor law. In addition, the 
amount of machinery time (hours per hectare) required to perform a 
specific on-farm operation was calculated. The total cost of all on-farm 
operations was calculated by adding the cost, time, diesel and elec-
tricity used to complete each operation. Summing the input costs yielded 
the total variable cost (TVC). The gross returns (GR) included income 
from the sale of grain and stover of maize. The GR was calculated by 
using market minimum support price (MSP) for maize grain. The TVC 
(including annual depreciation cost – US$ 20.87) was subtracted from 
the GR to determine the NR. Fixed costs such as land value and interest 
were not included in this economic analysis. All economic analysis was 
conducted in Indian rupees (INR), which were then converted into US$. 

2.8. Statistical analysis 

The ANOVA was conducted for all the agronomic data, viz, N uptake, 
N use efficiency, yield attributes, yield and biological yield using the 
statistical analysis system (SAS Institute, Cary, NC) for RCBD. If ANOVA 
was found significant, the differences between treatment means were 
compared using the LSD test at P < 0.05 (Gomez and Gomez, 1984). 

3. Results 

3.1. Weather 

Total rainfall during the 2018 maize crop (June 15 to October 10) 
was 723.9 mm, almost half of which was received in July and September 
(Fig. 2a), higher than the long-term June-October average of 600.6 mm. 
The 2019 maize season was drier than the previous year, with nearly 
half of the rainfall falling in August (Fig. 2a), and total cropping period 
(June 20 to October 13) rainfall was 488.2 mm. Monthly pan evapora-
tion of both cropping season tended to be similar or lower than the long- 
term average, except for much lower values in October each year and 
higher values in June. During 2018, mean monthly maximum (Tmax) 
and minimum (Tmin) temperatures were lower than or comparable to 
long-term values (Fig. 2b). Tmax and Tmin were similar to and higher 
than the corresponding long-term maximum and minimum averages in 
2019. The highest Tmax and lowest Tmin of both seasons were recorded 
in June and October, respectively. 

3.2. Leaf area index and fractional intercepted photosynthetically active 
radiation 

The two-year mean leaf area index (LAI) during 30, 60, 75 and 105 
DAS significantly varied among the treatments (Fig. 3). Across the 
treatments the LAI increased till 60–75 DAS and attained the plateau. At 
30 DAS, the LAI did not vary among the N fertilized treatments. During 
the active growth phase, N150-CA+ had the highest LAI, followed by 
N150-PCA+ , N120-CA+ , and N120-PCA+ , respectively. However, the 
LAI in N150-PCA+ and N120-CA+ was comparable. Throughout the 
cropping season, similar LAI was recorded between furrow irrigated CA 
(N120-CA) and CT (N120-CT) plots. At 75 DAS, the LAI in the CA+ - 
based N150-CA+ treatment was nearly 1.2 times that of the furrow 
irrigated N120-CA and N120-CT treatments. The CA+ plots with residue 
retention had higher LAI than residue removed PCA+ plots. 

Fractional intercepted photosynthetically active radiation (fIPAR) 
was significantly influenced by tillage, irrigation, nitrogen and residue 
management options (Fig. 4). The maximum light interception by crop 
canopy was observed between 55 and 70 DAS in all the treatments, 
coinciding with the beginning of the reproductive phase of the maize. 
During this period the largest fIPAR (0.90–0.95) were recorded in N150- 
CA+ plots followed by N150-PCA+ (0.86–0.90), N120-CA+
(0.81–0.86) and N120-PCA+ (0.77–0.82). On an average, residue 
retained SSD (CA+) plots intercepted more radiation than residue 
removed (PCA+) plots. The fIPAR in CT and CA-based plots with 
120 kg N ha− 1 were comparable. During the peak growth period, SSD 
adoption improved light interception by a minimum of 11% over furrow 
irrigation. 

3.3. Photosynthetic parameters 

The tillage, residue, N and irrigation management practices signifi-
cantly (P < 0.05) influenced the rate of photosynthesis (PN) and tran-
spiration (TN) (Table 2). The PN was found to be higher in N150- 
CA+ during knee-high and silking (24 and 34 mol CO2 m-2 s-1, respec-
tively), which was comparable to N150-PCA+ and N120-CA+ and 18% 
and 14% higher than N120-PCA+ . The PN under N120-CA+ was 12% 
and 3% higher than furrow irrigated treatments (N120-CA and N120- 
CT) at knee-high and silking stages, respectively. Similarly, PN of 
N150-CA+ was 22% and 6% higher at knee-high and silking stage, 
respectively, as compared to the CA and CT. At silking, residue retention 
had a greater effect on PN in the CA+ plots than in the PCA+ plots where 
residues were removed. The effect was more pronounced at higher N 
dose (150 kg ha-1). At both the knee-high and silking stages, the 
photosynthetic nitrogen use efficiency (PNUE) was similar in the sub-
surface drip irrigated CA+ and PCA+ treatments (Table 2). The SSD 
irrigated N150-CA+ treatment had the highest PNUE (90.55 and 311.0 
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μmol CO2 g− 1 N s− 1), which was 26.18% and 10.50% higher than the 
furrow irrigated N120-CA and N120-CT at knee high and silking, 
respectively. At the knee-high stage, PNUE was similar in furrow irri-
gated CA and CT-based plots, but at the silking stage, it was ~22% 
higher in CA-based plots. 

At knee-high stage, the transpiration rate (TN) in N fertigated 

PCA+ and CA+ treatments was 15.33% higher than in furrow-irrigated 
CA and CT, respectively (Table 2). However, at this stage, the TN did not 
differ significantly between the CA+ and PCA+ treatments. The TN in 
the residue retained and residue removed plots was nearly identical at 
both the stages. At the silking stage, the N150-CA+ treatment had the 
highest TN (7.81 mmol H2O m-2 s-1), which was statistically at par to the 

Fig. 2. Meteorological parameters during the cropping period (2018 and 2019) and long-term (1970–2019).  

Fig. 3. Effect of different tillage, nitrogen doses and residue and irrigation management practices on leaf area index of maize (2-year mean basis). Vertical bars are 
standard error (SE) within each treatment. *Refer to Table 1 for treatment details. 
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Fig. 4. Effect of different tillage, nitrogen doses and residue and irrigation management on fractional intercepted photosynthetically active radiation (fIPAR) of 
maize. Vertical bars are standard error (SE) within each treatment. *Refer to Table 1 for treatment details . 

Table 2 
Effect of different tillage, residue, N doses and irrigation management practices on rate of transpiration, photosynthesis, photosynthetic use efficiency of water (PWUE) 
and nitrogen (PNUE) of maize (2-year mean basis).  

aTreatments Rate of photosynthesis (μmol CO2 m− 2 s− 1) Rate of transpiration (mmol H2O m− 2 s− 1) PWUE (μmol CO2 mmol-1H2O) PNUE (nmol CO2 mmol-1 N s-1) 

Knee high Silking Knee high Silking Knee high Silking Knee high Silking 

N0-PCA+ 14.93d 19.67c 4.93c 5.53d 3.03ab 3.59c 83.63bc 270.03cd 
N0-CA+ 15.58d 20.59c 5.03c 5.81d 3.11a 3.57bc 82.65bc 255.07d 
N120-PCA+ 20.27 bc 30.33 bc 8.33a 6.70bc 2.44d 4.54ab 79.73c 290.80b 
N120-CA+ 21.94ab 30.53bc 8.36a 6.95b 2.63 cd 4.41bc 86.53ab 284.97bc 
N150-PCA+ 22.82a 32.12ab 8.43a 7.51a 2.73bcd 4.30c 83.43bc 284.60bc 
N150-CA+ 23.87a 34.43a 8.41a 7.81a 2.83abc 4.43abc 90.55a 311.0a 
N120-CA 18.66c 29.87bc 7.28b 6.50c 2.58 cd 4.62a 72.96d 309.76a 
N120-CT 20.04c 29.65c 7.26b 6.62bc 2.77bcd 4.50ab 70.50d 253.09d  

a For treatment detail please see Table 1. Means followed by different lowercase letter within each column are significantly different (at P < 0.05) according to least 
significant difference test. 

Fig. 5. Effect of different tillage, nitrogen (N) doses and residue and irrigation management practices on specific leaf N content of maize (2-year mean basis). Vertical 
bars are standard error (SE) within each treatment and bars followed by different letter among treatments are significantly different (at P < 0.05) according to least 
significant difference test. *Refer to Table 1 for treatment details. 
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N150-PCA+ (7.51 mmol H2O m-2 s-1) and 19% higher than furrow 
irrigated CA and CT treatments. At the knee-high stage, the photosyn-
thetic water use efficiency (PWUE) did not differ across different crop 
establishment options, residue, N and irrigation management practices 
except for N120-PCA+ , which had lowest PWUE (Table 2). The PWUE 
was greater in control treatments than in the N fertilized treatments at 
knee-high stage. However, among N fertilized treatments, N150- 
CA+ had the highest knee-high stage PWUE. At silking, the PWUE was 
highest in CA treatment (N120-CA; 4.62 μmol CO2 mmol-1 H2O), which 
was statistically similar to N120-PCA+ , N150-CA+ , and N120-CT. 

All N fertilized treatments had statistically similar specific leaf ni-
trogen (SLN) content at knee-high stage, ranging from 253.6 to 
284 mmol N m-2. The SLN under N120-CT was 11% higher than N120- 
CA treatment at knee-high (Fig. 5). Similar to tasseling, the SLN content 
at silking was alike in all N fertilized treatment except N120-CA, which 
had lowest SLN. At same N application rate (120 kg ha-1), the SLN in 
CA+ based N120-CA+ was 11% and 9% higher than furrow irrigated 
N120-CA and N120-CT, respectively. 

3.4. Yield attributing characters 

Cob length and grains per cob were significantly (P< 0.05) affected 
by tillage, residue, N and irrigation management options (Table 3a &  
Table 3b). The cob length and grains per cob were similar (P> 0.05) in 
PCA+ , CA+ and CA plots. Apart from control plots, the lowest cob 
length and grains per cob were observed in N120-CT (19.5 cm and 517; 
two-year mean), while the highest was observed in N150- 
CA+ treatment (22.2 cm and 604 grains cob-1). The average cob length 
and grains per cob in N150-CA+ plots were 14% and 17% higher than 
N120-CT, respectively. SSD treatments with 120 kg N, i.e., N120- 
PCA+ and N120-CA+ , had 6% longer/higher average cob length and 
grains per cob than N120-CT. The CA+ plots recorded 7% longer cob 
length and 5% more grains per cob than the PCA+ plots. However, 
among all N fertilized treatments, the effect of tillage, residue, N rate, 
and irrigation on cob girth, grains per row, 100 grain weight, and cobs 
per hectare was non-significant (Table 3b). 

3.5. Biomass accumulation and biological yield 

The dry matter accumulation was faster during the first 60 days, then 
the biomass increased at a slower rate (Fig. 6). The N150-CA+ plots 
showed largest (2-years mean) biomass accumulation which was nearly 
similar to biomass production under N150-PCA+ . Among the N fertil-
ized treatments, N120-CT had the lowest biomass accumulation, which 
was statistically at par with N120-CA. Surface residue retention had a 
significant positive effect on biomass accumulation (Fig. 6). The bio-
logical yield was 31% and 36% higher in the N150-CA+ than in furrow- 
irrigated N120-CA and N120-CT treatments, respectively (Table 4). 
Similarly, at the same N application rate of 120 kg ha-1, N120- 

CA+ produced 17% and 22% higher biological yield than N120-CA and 
N120-CT. On an average, CA+ based plots produced 5% higher bio-
logical yield than PCA+ based plots. Further, the biological yield of the 
N120-CA treatment was 4.2% higher than N120-CT treatment. 

3.6. Grain and stover yields 

Maize grain yield (GY) was significantly affected by (P < 0.05) 
tillage, residue, N and irrigation management options (Table 4). The GY 
of all SSD fertigated CA+ and PCA+ treatments were significantly 
higher than that of the N120-CA and N120-CT plots. Across the years, 
CA+ based N150-PCA+ (8.54 and 7.79 t ha-1) and N150-CA+ (8.17 and 
8.23 t ha-1) treatments had similar GY, which was significantly higher 
than other CA+ and CA, CT treatments. The CA+ based N150- 
CA+ treatment produced highest two-year mean grain yield (8.20 t ha- 

1) and was statistically at par with N150-PCA+ (8.17 t ha-1). The maize 
grain yield was 27% and 30% higher under N150-CA+ than the furrow 
irrigated N120-CA (6.46 t ha-1) and N120-CT (6.33 t ha-1), respectively. 
At the same N level, maize yields in N120-CA+ were 16% and 18% 
higher as compared to the N120-CA and N120-CT, respectively. On 
average, CA+ based plots had higher GY than PCA+ based plots. Tillage, 
residue, N, and irrigation management options all had a significant 
(P < 0.05) effect on stover yield (Table 4). Across the years, all N fer-
tigated CA+ and PCA+ plots produced more stover yield than the 
furrow-irrigated N120-CA and N120-CT plots. Similar to the GY, highest 
stover yield was recorded under N150-CA+ , which was 33% and 38% 
higher than CA and CT, respectively. 

3.7. Grain and stover nitrogen uptake and protein yield 

Significant differences (P < 0.05) in both grain and stover N uptake 
were observed between SSD fertigated and conventionally N broad-
casted furrow irrigated treatments i.e., N120-CA and N120-CT (Table 5). 
N uptake was higher in treatments with higher N dose (150 kg ha-1). The 
N150-CA+ treatment had the highest two-year mean grain N uptake 
(113 kg ha-1) that was statistically comparable to the 
PCA+ treatment–N150-PCA+ (108 kg ha-1). 

Among N fertilized treatments, significantly (P < 0.05) lower grain 
N uptake was recorded in furrow irrigated N120-CA and N120-CT, 
which showed a similar uptake pattern (Table 5). The average uptake 
of these treatments was 39% lower than N150-CA+ treatment. On an 
average, CA+ treatments recorded 29% higher grain N uptake than the 
CA and CT. Similar to grain N uptake, across the years SSD fertigated 
PCA+ and CA+ treatments recorded higher stover N uptake than CA 
and CT. At the same N level, the uptake of PCA+ and CA+ was statis-
tically equal. The grain N content did not differ statistically (P < 0.05) 
between treatments or years (data not reported). However, grain- 
protein yield ranged significantly (P < 0.05) from 48.78 to 
72.9 kg ha-1 depending on tillage, residue, irrigation method, and N 

Table 3a 
Effect of different tillage, residue, N doses, and irrigation management practices on yield attributing characters of maize (during 5th-2018 and 6th-2019 years of 
experimentation).  

aTreatments Cobs 
(‘000 ha-1) 

Cob length 
(cm) 

Cob girth 
(cm)  

2018 2019 Mean 2018 2019 Mean 2018 2019 Mean 

N0-PCA+ 53.2b 51.7b 52.5b 12.2c 12.1c 12.2c 10.6b 10.7b 10.7b 
N0-CA+ 53.8b 52.6b 53.2b 13.8c 13.7c 13.8c 10.7b 10.7b 10.7b 
N120-PCA+ 72.5a 70.4a 71.4a 20.4ab 20.3ab 20.4ab 14.6a 14.7a 14.7a 
N120-CA+ 73.2a 71.1a 72.2a 20.9ab 20.8ab 20.9ab 14.7a 14.8a 14.7a 
N150-PCA+ 74.6a 71.9a 73.2a 22.0a 21.8ab 21.9ab 14.7a 14.8a 14.8a 
N150-CA+ 74.5a 72.5a 73.5a 22.3a 22.1a 22.2a 14.6a 14.7a 14.7 a 
N120-CA 72.6a 69.4a 71.0a 20.3ab 20.1ab 20.2ab 14.3a 14.4a 14.3a 
N120-CT 69.2a 69.2a 69.2a 19.6b 19.5b 19.5b 14.5a 14.6a 14.5a  

a For treatment detail please see Table 1. Means followed by different lowercase letter within each column are significantly different (at P < 0.05) according to least 
significant difference test. 
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application (Fig. 7). Protein yield was higher in SSD fertigated treat-
ments than in furrow irrigated CA and CT. The highest protein yield 
(70.42 kg ha-1, two year mean) was obtained under N150-CA+ , which 
was comparable to N150-PCA+ (67.38 kg ha-1) and N120-CA+
(60.29 kg ha-1). Even at same N level (120 kg ha-1) SSD 
treatment––N120-PCA+ and N120-CA+ produced 19% and 14% higher 
protein yields, respectively, than the mean yield of N120-CA and N120- 
CT. 

3.8. Vegetative stage N uptake and its remobilization into grain 

The vegetative stage N uptake (VNU) and its remobilization into 
grain was significantly affected by tillage, residue, N and irrigation 
management (Fig. 8). VNU was 36% and 33% higher (P < 0.05) under N 
fertigated PCA+ and CA+ treatments compared to furrow irrigated 
treatments (CA and CT). The Highest VNU was found in N150-PCA+
(110 kg ha-1), which was statistically at par with N150-CA+ (107 kg ha- 

Table 3b 
Effect of different tillage, residue, N doses and irrigation management practices on yield attributing characters of maize (during 5th-2018 and 6th-2019 years of 
experimentation).  

aTreatments Grains row-1 Grains cob-1 100- grain weight (g)  

2018 2019 Mean 2018 2019 Mean 2018 2019 Mean 

N0-PCA+ 17.9b 17.4b 17.7b 191.0c 185.6c 188.3c 19.2c 18.8c 19.0c 
N0-CA+ 18.8b 18.2b 18.5b 213.5c 207.5c 210.5c 19.6bc 19.1bc 19.3bc 
N120-PCA+ 35.0a 34.0a 34.5a 545.5ab 530.4ab 537.9ab 22.7a 22.2a 22.5a 
N120-CA+ 35.9a 34.9a 35.4a 571.8ab 555.3ab 563.6ab 23.2a 22.7a 23.0a 
N150-PCA+ 36.2a 35.1a 35.7a 578.6ab 561.1ab 569.9ab 23.8a 23.3a 23.5a 
N150-CA+ 37.1a 35.9a 36.5a 613.4a 594.6a 604.0a 24.4a 23.8a 24.1a 
N120-CA 34.7a 33.7a 34.2a 539.5ab 524.8ab 532.2ab 22.6ab 22.0ab 22.3ab 
N120-CT 34.3a 33.2a 33.8a 525.0b 510.0b 517.5b 22.4ab 21.9ab 22.1ab  

a For treatment detail please see Table 1. Means followed by different lowercase letter within each column are significantly different (at P < 0.05) according to least 
significant difference test. 

Fig. 6. Effect of different tillage, nitrogen doses and residue and irrigation management practices on biomass accumulation of maize (2-year mean basis). Vertical 
bars are standard error (SE) within each treatment. *Refer to Table 1 for treatment details. 

Table 4 
Effect of different tillage, residue, N doses and irrigation management practices on yields of maize (during 5th-2018 and 6th-2019 years of experimentation).  

aTreatments Grain yield 
(t ha-1) 

Stover yield 
(t ha-1) 

Biological yield 
(t ha-1) 

2018 2019 Mean 2018 2019 Mean 2-year mean 

N0-PCA+ 2.40d 1.60d 2.00d 3.42d 2.32d 2.87e 5.33f 
N0-CA+ 2.88d 1.79d 2.34d 4.22d 2.63d 3.43e 6.25f 
N120-PCA+ 7.43bc 6.88bc 7.15b 10.49bc 9.82bc 10.15bcd 18.89 cd 
N120-CA+ 7.54bc 7.38ab 7.46b 10.86abc 10.52b 10.69abc 19.98bc 
N150-PCA+ 8.54a 7.79ab 8.17a 11.78ab 10.77ab 11.27ab 21.46ab 
N150-CA+ 8.17ab 8.23a 8.20a 12.22a 12.26a 12.24a 22.38a 
N120-CA 6.77c 6.16c 6.46c 9.78c 8.68c 9.23 cd 17.12de 
N120-CT 6.65c 6.01c 6.33c 9.30c 8.40c 8.85d 16.43e  

a For treatment detail please see Table 1. Means followed by different lowercase letter within each column are significantly different (at P < 0.05) according to least 
significant difference test. 
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1). The SSD fertigated plots with 120 kg N ha-1 i.e., N120-CA+ and 
N120-PCA+ recorded 13% and 18% higher VNU than CA (N120-CA) and 
CT (N120-CT), respectively. Similarly, the average VNU increase in 
N150-CA+ and N150-PCA+ treatments was 45% and 52%, compared to 
CA and CT. A similar pattern was also observed for remobilized N 
(Fig. 8). The remobilized N from vegetative stage in N150-CA+ , N150- 
PCA+ , N120-CA+ and N120-PCA+ was 48%, 56%, 18% and 15% 
higher than the average of furrow irrigated CA (46 kg ha-1) and CT 
(43.3 kg ha-1) averages, respectively. 

3.9. Nitrogen use efficiency 

The CA+ and PCA+ treatments increased two-year mean agronomic 
N use efficiency (AEN) by 8.32–19.14% and 13.63–24.89%, respectively, 
over CT and CA (Table 6). The highest AEN (42.95 kg grain kg-1 N) was 
recorded in PCA+ treatment with 120 kg N, i.e., N120-PCA+ , which 
was nearly equal to AEN of CA+ based N120-CA+ (42.67 kg grain kg-1 

N). At same level of N (120 kg ha-1), adoption of SSD irrigation gave 
additional 8.28 and 6.90 kg of grains per kg of applied N over furrow 
irrigated CA and CT. Across two-year of experimentation, the apparent N 
recovery (ARN) was increased by 11.80–19.29% and 5.57–16.62% in 
SSD based CA+ and PCA+ treatments than furrow irrigated CA and CT, 

Table 5 
Nitrogen uptake in grain and stover and 2-year mean % of vegetative N remo-
bilized in maize grain as affected by different tillage, residue, N doses and irri-
gation management practices (during 5th-2018 and 6th-2019 years of 
experimentation).  

aTreatments N uptake 
(kg ha-1) 

Grain Stover 

2018 2019 Mean 2018 2019 Mean 

N0-PCA+ 30.8d 21.1d 26.0e 14.7c 10.1d 12.4d 
N0-CA+ 36.5d 23.2d 29.8e 17.4c 11.1d 14.2d 
N120-PCA+ 95.7bc 90.7bc 93.2 cd 33.6b 32.0b 32.8b 
N120-CA+ 96.5bc 96.5ab 96.5bc 32.3b 31.8b 32.1bc 
N150-PCA+ 106.3ab 109.3a 107.8ab 40.1a 41.0a 40.6a 
N150-CA+ 116.6a 108.7a 112.7a 42.2a 39.2a 40.7a 
N120-CA 84.6c 78.4c 81.5d 30.2b 27.3bc 28.7bc 
N120-CT 84.4c 78.1c 81.2d 29.4b 26.8c 28.1c  

a For treatment detail please see Table 1. Means followed by different 
lowercase letter within each column are significantly different (at P < 0.05) 
according to least significant difference test. 

Fig. 7. Effect of different tillage, nitrogen (N) doses and residue and irrigation management practices on grain protein yield of maize. Vertical bars are standard error 
(SE) within each treatment and bars followed by different letter among treatments are significantly different (at P < 0.05) according to least significant difference 
test. *Refer to Table 1 for treatment details. 

Fig. 8. Effect of different tillage, nitrogen (N) doses and residue and irrigation management practices on vegetative stage N uptake and its remobilization into grain 
in maize (2-year mean basis). Vertical bars are standard error (SE) within each treatment and bars followed by different letter among treatments are significantly 
different (at P < 0.05) according to least significant difference test. *Refer to Table 1 for treatment details. 
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respectively (Table 6). However, the mean ARN was similar in all SSD 
fertigated CA+ and PCA+ based treatments, which ranged between 
70.41% and 73.47%. The ARN of CA+ based N150-CA+ was 18.53% 
and 14.16% higher, respectively, than furrow irrigated N120-CA and 
N120-CT. 

3.10. Water productivity 

Across the years, total water use was affected by rainfall, whereas 
across the treatment the water use varied due to contrasting irrigation 
management practices i.e., subsurface drip irrigation (SSD) in PCA+ and 
CA+ treatments and conventional furrow irrigation (FI) in CA and CT 
(Table 7). As compared to 2018 cropping period almost 1.5 times higher 
amount of irrigation water was applied in SSD and FI plots during 2019. 
The irrigation water saving for maize production under SSD irrigated 
CA+ and PCA+ treatments were 55.0% and 53.3% (average 54.15%) in 
the years 2018 and 2019, respectively (Table 7). Water productivity 
(WP) was significantly (P < 0.05) affected by tillage, residue, N, and 
irrigation management practices (Table 7). The highest two-year mean 
irrigation water productivity (WPIrrig) (7.53 kg m-3) was recorded under 
N150-PCA+ treatment which was statistically at par with N150-CA+
(7.48 kg m-3). The WPIrrig of these treatments were 2.78 times greater 
than the average WPIrrig of N120-CA (2.72 kg m-3) and N120-CT 
(2.66 kg m-3). Even at same level of N (120 kg ha-1), SSD irrigated 
N120-CA+ produced 2.5 times more WPIrrig than furrow irrigated N120- 
CA and N120-CT. In terms of total water productivity (WPTotal), treat-
ment N150-CA+ was the most productive, followed by N150-PCA+ , 
N120-CA+ , and N120-PCA+ (Table 7). However, the values were less 
than WPIrrig as rainfall was added as denominator. 

3.11. Economics 

Across the years, the cost of cultivation (COC) was higher in residue 
retained N fertilized treatments (CA+ and CA) as compared to no residue 
treatments (PCA+ and CT) (Table 8). Regardless of N rate, the largest net 
returns (NR) were observed under SSD fertigated CA+ and PCA+ based 
plots (Table 8). The maximum NR (US$ 1657 ha-1) was observed in 
PCA+ based N150-PCA+ , which was statistically comparable to 
CA+ N150-CA+ (US$ 1622 ha-1). The PCA+ based treatment, N150- 
PCA+ fetched 478 and 504 (average 491) US$ higher NR than N120-CA 
and N120-CT treatments, respectively, whereas the NR under N150- 
CA+ was higher by 443 and 469 (average 456) US$ than the same CA 
and CT, respectively. The NR under SSD-based treatments with N dose of 
120 kg were also higher than the NR of CA and CT. The net benefit-cost 
ratio (NBCR) was significantly higher (3.04–3.91) in SSD fertigated 
CA+ and PCA+ treatments than conventionally broadcasted, furrow 
irrigated CA (2.51) and CT (2.51) treatments. Highest NBCR was 
observed under N150-PCA+ (3.91) treatment followed by CA+ based 
N150-CA+ (3.40). The average NBCR in furrow irrigated CA and CT was 
1.55 and 1.51 times lower than N150-PCA+ and N150-CA+ plots, 
respectively. The lowest NBCR (3.04) among SSD fertigated treatments 
was recorded under N120-CA+ treatment, which was 21% higher than 
furrow irrigated N120-CA and N120-CT’s NBCR (Table 8). 

4. Discussion 

4.1. Leaf area index, fractional intercepted photosynthetically active 
radiation and photosynthetic behaviour 

A higher N application in a greater number of splits with drip irri-
gation improved the LAI under CA+ based treatments. Alike to our 
finding, Amanullah et al. (2010) reported a positive correlation of N rate 
and split with LAI and light interception. Further, retention of crop 
residue improved the LAI and fIPAR under CA+ based plot, as it 
increased the nutrient and water availability (Sandhu et al., 2019; Nayak 
et al., 2022). Similarly, other studies by Sampathkumar and Pandian 
(2012), Qin et al. (2016), and Irmak et al. (2022) have also reported a 
larger LAI increment under drip irrigation. Since LAI and leaf area 
duration (LAD) have a direct impact on the interception of incoming 
PAR, the larger fIPAR was observed in the SSD treatment with a LAI of 
6–7, which is considered optimal for intercepting the maximum 
incoming radiation flux (Chanh et al., 1993; Guo et al., 2012). 

The knee-high stage rate of photosynthesis (PN) was observed higher 
in the N fertigated SSD plots, which was mainly due to early application 
of 1st N split (~24 and 32 kg N) at 21 DAS in CA+ /PCA+ based plots. 
On contrary, the lesser PN under CA and CT at knee-high stage (34 DAS) 
was mainly due to late application of 1st N split (~48 kg N). The early N 
top dressing at 21 DAS in SSD treatments boosted early season crop 

Table 6 
Nitrogen use efficiencies of maize as affected by different tillage, residue, N 
doses and irrigation management practices (during 5th-2018 and 6th-2019 years 
of experimentation).  

Treatments Agronomic efficiency (kg grain 
increase/kg of N applied) 

Recovery Efficiency (% of 
applied N uptake by grain +
stover) 

2018 2019 Mean 2018 2019 Mean 

N0-PCA+ - - - - - - 
N0-CA+ - - - - - - 
N120-PCA+ 41.87 44.03 42.95 69.83 76.21 73.02 
N120-CA+ 38.81 46.53 42.67 62.45 78.37 70.41 
N150-PCA+ 40.93 41.29 41.11 67.28 78.20 72.74 
N150-CA+ 35.23 42.93 39.08 69.99 76.96 73.47 
N120-CA 32.41 36.36 34.39 50.70 59.18 54.94 
N120-CT 35.37 36.72 36.05 56.88 61.75 59.31  

Table 7 
Water use and water productivity (WP) of maize as affected by different tillage, residue, N doses, and irrigation management practices (during 5th-2018 and 6th-2019 
years of experimentation).  

aTreatments Total water input (mm) ($RF + irrigation) Irrigation water input (mm) Total WP (WPTotal) 
(kg m-3) 

Irrigation WP (WPIrrig) 
(kg m-3) 

2018 2019 2018 2019 2018 2019 Mean 2018 2019 Mean 

N0-PCA+ 813.9  628.2  90  140 0.30d 0.26d 0.28d 2.67c 1.14e 1.91d 
N0-CA+ 813.9  628.2  90  140 0.35d 0.29d 0.32d 3.20c 1.28e 2.24 cd 
N120-PCA+ 813.9  628.2  90  140 0.91b 1.10b 1.00b 8.25b 4.92c 6.58b 
N120-CA+ 813.9  628.2  90  140 0.93b 1.17ab 1.05b 8.38b 5.27 bc 6.82b 
N150-PCA+ 813.9  628.2  90  140 1.05a 1.24ab 1.14a 9.49a 5.57ab 7.53a 
N150-CA+ 813.9  628.2  90  140 1.00ab 1.31a 1.53a 9.07ab 5.88a 7.48a 
N120-CA  923.9  788  200  300 0.73c 0.78c 0.76c 3.39c 2.05d 2.72c 
N120-CT  923.9  788  200  300 0.72c 0.76c 0.74c 3.32c 2.00d 2.66c 

$Rainfall during the cropping period of 2018 and 2019 was 724 and 488 mm, respectively. 
a For treatment detail please see Table 1. Means followed by different lowercase letter within each column are significantly different (at P < 0.05) according to least 

significant difference test. 
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growth and biomass accumulation at knee-high stage. In addition, a 
frequent N and water application based on soil moisture potential (SMP) 
have been shown to enhance the N and moisture availability in the root 
zone (Eltarabily et al., 2019; Bronson et al., 2019), resulting in increased 
PN and transpiration rate (TN) at knee-high and silking under SSD fer-
tigated CA+ and PCA+ plots. A high regulated soil moisture levels, with 
minimal variation, can help reduce crop stress and improve both PN and 
TN, ultimately leading to an increase in crop yield (Patra et al., 2021a). 
On the other hand, with surface irrigation under CA and CT, the soil 
moisture and N content deplete to suboptimal level to reduce PN and TN 
(Shen et al., 2020; Umair et al., 2019). A suboptimal moisture can lead to 
closure of stomata, which in turn can negatively affects PN (Kumar et al., 
2011; Grassi and Magnani, 2005; Ripley et al., 2007). Moreover, keeping 
crop residue for a medium term together with SSD creates favourable 
soil environment that enhances crop growth (Habbib et al., 2020; Par-
ihar et al., 2016b), which leads to an increase in PNUE and photosyn-
thetic water use efficiency (PWUE). The similar value of PNUE between 
control and N-fertigated plots at knee-high stage was due to less PN and 
lesser specific leaf nitrogen (SLN) under control, resulting in a ratio 
similar to the fertigated plots. However, the improvement in PNUE 
under all N fertigated CA+ and PCA+ plots over CA and CT is mainly 
because of higher rate photosynthesis. The 22% lower knee-high PNUE 
under CT compared to CA plots is mainly due to 1.2 times lower SLN 
(denominator) in CA. 

4.2. Nitrogen uptake, specific leaf nitrogen, remobilization and nitrogen 
use efficiency 

During early stages of development, plants grew predominantly in 
isolated form with minor competition for light. Under such condition, 
plant N concentration does not vary significantly with leaf area incre-
ment (Lemaire et al., 2007; Qiang et al., 2019). This might be the reason 
behind statistically similar SLN at knee-high under all N fertilized 
treatments. However, as SLN is the leaf N content per unit leaf area, we 
may find the source of difference in SLN by inspecting the numerical 
differences between treatments in leaf N content (g) and leaf area (m2). 
The amplitude of specific leaf area increase was bigger than leaf N 
content in all N applied CA+ treatments at both knee-high stage and 
silking, resulting in a slightly lower SLN under CA+ compared to 
PCA+ treatments (Poorter and Evans, 1998; Habbib et al., 2020). In 
another way, the greater crop growth of CA+ caused more dilution of 
leaf N per unit leaf area. The same dilution effect resulted in lower SLN 
in CA plots compared to CT plots. 

A higher N uptake under CA+ and PCA+ based plots indicate higher 
N availability under SSD fertigation. The increased N availability is 
primarily due to lower leaching losses with more frequent application 
(Wu et al., 2014; Lv et al., 2019), less volatilization losses due to 
sub-surface application (Lamm and Trooien, 2003; Engel et al., 2010; 
Zhang et al., 2019), and less denitrification due to higher ammonium 
(NH4 +) concentrations in the fertilized zone with localized application, 

inhibiting nitrifying bacteria and nitrification (Gao et al., 2019; Ning 
et al., 2019). Root morphological plasticity differ in heterogenous soil 
(Fengqin et al., 2018). Root proliferates when it encounters nutrient rich 
zone (Meng et al., 2012) to capture the nutrients effectively under 
CA+ and PCA+ . A frequent N application with 5 splits under SSD fer-
tigated CA+ and PCA+ plots ensured crop’s stage wise N requirement, 
whereas application of whole N dose in 3 split under CA and CT with 
flood irrigation failed to meet the stage specific N requirement. Also, the 
reduced root activity further decreased the N uptake under CT plots 
(Patel and Rajput, 2000; Zhou et al., 2017). The vegetative stage N 
remobilization to grain was observed higher in the SSD fertigated 
CA+ and PCA+ treatments, which was mainly due to higher N accu-
mulation in plant biomass till flowering. Higher N accumulation in 
vegetative parts increases N remobilization to grain in the late repro-
ductive stage (Nayak et al., 2022). According to Pan et al. (1986), a 
balanced contribution from reproductive stage N uptake and remobi-
lized N from vegetative part contributes to a higher NUE. If crop N up-
take is insufficient at the reproductive stage due to increased N demand, 
N remobilization is accelerated (Triboi and Triboi-Blondel, 2002). The 
higher crop growth and grain filling rate under CA+ and PCA+ plots 
increased the grain N demand, which in turn increased the remobiliza-
tion of N to grains. We recorded comparatively lower stover N% in 
residue retained plots, which can be because of higher remobilization of 
N to grain under CA+ over PCA+ . 

Nitrogen use efficiency (NUE) is an important indicator often used to 
describe how effectively crop utilizes the N to support growth and 
photosynthesis. We observed higher agronomic N use efficiency (AEN) 
and apparent N recovery (ARN) under CA+ and PCA+ practices, which 
further indicates higher N availability and lower N losses (Yolcu and 
Cetin, 2015; Jat et al., 2019). Contrarily, flooding or conventional 
furrow irrigation and broadcasting N fertilizer on the soil surface, 
resulted in significant nitrogen losses in CT and CA plots, lowering NUE 
(Liu et al., 2014). Further, the markedly higher maize grain yield and 
total N uptake under SSD fertigated CA+ and PCA+ plots compared to 
furrow irrigated CA and CT resulted in significantly higher AEN and ARN, 
respectively (Jat, and Sandhu et al., 2019, 2019). 

4.3. Water use, water productivity, yield attributes and crop yield 

Our study showed on average 54% irrigation water saving in maize 
under SSD irrigated CA+ and PCA+ compared to FI-CA and CT. This 
saving was mainly due to reduction /elimination of non-beneficial water 
components viz., evaporation, deep percolation and seepage and surface 
runoff (Irmak et al., 2016; Umair et al., 2019; Ajaz et al., 2020). 
Frequent water application at a lower rate, surface retention of crop 
residue, improvement of water stable aggregates, and improved soil 
physical and chemical properties are the causes that lead to improved 
crop growth and water productivity (Li et al., 2021; Patra et al., 2021a; 
Raina et al., 2013). Similar to our findings, Chen et al. (2015), Sandhu 
et al. (2019), and Jat et al. (2019) also reported reduction in irrigation 

Table 8 
Economics of maize as affected by different tillage N doses and residue and irrigation management practices (during 5th-2018 and 6th-2019 years of experimentation).  

aTreatments Cost of cultivation 
(USD ha-1) 

Net return 
(USD ha-1) 

Net BC 
ratio 

2018 2019 Mean 2018 2019 Mean 2018 2019 Mean 

N0-PCA+ 389  403  396 213e 14e 114d 0.55d 0.04d 0.29d 
N0-CA+ 406  420  413 317d 47e 182d 0.78d 0.11d 0.45d 
N120-PCA+ 412  426  419 1448bc 1366bc 1407b 3.51b 3.20ab 3.36b 
N120-CA+ 465  480  472 1425bc 1441ab 1433b 3.07bc 3.01b 3.04b 
N150-PCA+ 417  432  424 1719a 1595ab 1657a 4.12a 3.69a 3.91a 
N150-CA+ 470  485  477 1580ab 1663a 1622a 3.36b 3.43ab 3.40b 
N120-CA  463  479  471 1234c 1123 cd 1179c 2.67c 2.34c 2.51c 
N120-CT  452  468  460 1212c 1094d 1153c 2.68c 2.34c 2.51c  

a For treatment detail please see Table 1. Means followed by different lowercase letter within each column are significantly different (at P < 0.05) according to least 
significant difference test. 
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water use and higher water productivity (WP) using SSD systems in 
cereal crops like maize, and wheat etc. The higher numerical WP value 
under CA+ versus PCA+ was due to crop residue retention, which may 
have contributed to soil moisture conservation by improving soil health, 
reducing evaporation loss, and thus lowering irrigation water require-
ment (Gathala et al., 2013; Irmak et al., 2016; Parihar et al., 2016a). 

The SSD fertigated CA+ practice recorded highest stover and grain 
yield followed by PCA+ . The 27% and 30% increase in grain yield 
under CA+ over CA and CT, respectively was mainly the result of 
increased number of grains per cob and cob length. In previous study 
Patra et al. (2021b) reported a stronger correlation between cob length, 
grains per cob with grain yield in SSD fertigated CA+ and PCA+ plots 
than in conventionally fertilized, furrow irrigated CA and CT plots. The 
number of grains per cob increases as a result of proper grain filling, 
which in turn is linked to better availability of nitrogen and moisture, as 
well as reduced inter-plant competition (Wu et al., 2019). Inter-plant 
competition for water and nutrients may result in more barren grains 
per cob if water and nutrients become limiting (Sangoi, 2001). In CA and 
CT, irrigation at longer intervals resulted in higher degree of inter-plant 
competition for available soil moisture and N (Singandhupe et al., 
2003), which may have increased the barren grains cob-1 and conse-
quently decreased yield. 

Improving distribution of LAI in cereal crops could be a desirable 
way to improve assimilation of photosynthates (Yin et al., 2000; Shir-
atsuchi et al., 2006; Jing et al., 2007). Our study showed enhanced LAI 
and PAR interception in drip fertigated CA+ and PCA+ plots over CA 
and CT. Our findings are consistent with those of Amanullah et al. 
(2010); Amanullah and Shah (2011), who observed an increase in mean 
leaf area, leaf area per plant and light interception, with increasing N 
rate and number of splits in maize. Further, a higher root density under 
SSDF (Martinez-Hernandez et al., 1991) led to greater uptake of mois-
ture and nutrients, thereby enhancing the conversion of solar radiation 
into photosynthates. The improved grain and biomass yield under sur-
face residue retention could also be explained by improved soil moisture 
and thermal regimes (Govaerts et al., 2007; Govaerts et al., 2009), better 
soil physical and biochemical properties (Verhulst et al., 2010; Parihar 
et al., 2016b; Parihar et al., 2018b), and improved nutrient availability 
and uptake (Nayak et al., 2022), etc. 

4.4. Economics 

The higher net return (NR) observed for subsurface drip fertigated 
CA+ and PCA+ treatments was attributed to a combination of factors, 
including increased crop yield, reduced costs of land preparation, 
seeding, fertilizer application and irrigation. The lower NR recorded 
under CA+ plots over PCA+ was due to cost associated with retaining 
25% of the previous wheat residues in the field. In our study, the 
PCA+ and CA+ plots with 120 and 150 kg N ha-1 had a 21.7% and 
40.6% higher NR, respectively, than the average NR of CA and CT plots 
with 120 kg N ha-1. A number of researchers reported higher NR in SSD 
fertigated CA with or without residue retention, which is consistent with 
our findings. For example, Jat et al. (2019) reported that SSD in 
CA-based MWS provided 5.4% higher profitability over the conven-
tional system (flood irrigation). Similarly, in a ZT based rice-wheat 
system Sidhu et al. (2019) reported 24.7% and 29.8% higher NR 
under CA+ (ZTRW + Residue + SSD) and PCA+ (ZTRW + No residue +
SSD) system over flood irrigated conventional system (CTRW+ No 
Residue + Flooding). In addition, as in our case, here the COC was 
calculated after deducting an 80% GOI subsidy from the actual cost of a 
drip irrigation system. 

5. Conclusions 

The study aimed to assess complementarity of two novel techno-
logical interventions viz., CA and SSD on physiological behaviour, as 
well as crop yield, resource use efficiency and profitability of maize in 

water scarce IGP of NW India. The results indicated that the photosyn-
thetic N use efficiency and water productivity were significantly 
improved at the key crop growth stages of maize under CA with SSD 
based plots (CA+, PCA+). The higher biomass and N accumulation till 
the end of vegetative stage provided a greater source strength for proper 
grain filling, leading to improved maize yield. Furthermore, CA with 
SSD-based treatments resulted in more dense and greener leaves from 
flowering to maturity, ensuring greater availability of photosynthates 
during the grain filling stage. This, coupled with vegetative stage- 
remobilized biomass and nitrogen, further enhanced maize yield. The 
retention of crop residue acted as an add-on to the benefits of SSD-based 
improved water and N management, helping to reduce unproductive N 
and moisture losses. Thus, our study presents compelling evidence of the 
benefits of implementing the CA + SSD technological intervention in 
maize cultivation, including water conservation, improving nitrogen- 
use efficiency, increased water productivity, and crop yield. These 
findings could serve as a strong backstop for popularization of 
CA+ technology in water scarce agroecology of IGP. Greater efforts 
should be directed toward raising farmers’ awareness about the benefits 
of such promising technology for the cultivation of food grain as well as 
commercial crops like maize. Also, it is crucial to acknowledge that 
achieving these benefits requires significant expertise and knowledge in 
SSD usage, as well as a clear understanding of the associated costs and 
potential difficulties for farmers. 
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