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Abstract

Water scarcity and inefficient nitrogen (N) use are major constraints on wheat production
in arid regions. Drip irrigation offers a precise method for optimizing water and nutrient
delivery, but integrated management strategies are needed to maximize yield and resource
use efficiency. In Egypt, water shortages and inadequate fertilizer necessitate effective
resource management for sustainable agriculture and crop productivity. This study in-
vestigates the effects of integrated water and nitrogen fertilizer management under drip
irrigation on wheat (Triticum aestivum L.) performance in arid zones of Egypt. A two-year
field experiment was conducted to evaluate wheat yield, productivity of applied water
(PAW), crop water productivity (CWP), and nitrogen use efficiency (NUE) under varying
irrigation regimes and nitrogen application rates. This study evaluated two irrigation
regimes: 100% (I1) and 80% (I2) of crop evapotranspiration (ETc) in combination with three
nitrogen application rates: 142.8 kg N ha−1 (N1), 190.4 kg N ha−1 (N2), and 238 kg N ha−1

(N3). Irrigation at 100% of ETc (I1) significantly enhanced plant height, straw yield, bio-
logical output, grain yield, seed index, NUE, and CWP in comparison with the 80% ETc
treatment (I2). However, I2 demonstrated a higher PAW and grain protein content than
I1. Furthermore, applying nitrogen at a rate of 238 kg N ha−1 (N3) resulted in notable
improvements in these parameters relative to the lower rate of 142.8 kg N ha−1 (N1). I1N3

and I1N2 treatments increased CWP by 29% and 22%, respectively, compared to I1N1 across
both growing seasons. Principal component analysis (PCA) revealed that the application of
238 kg N ha−1 (N3) may represent the most effective nitrogen management strategy for op-
timizing winter wheat production under drip irrigation systems. Moreover, PCA suggested
that combining deficit irrigation with a high nitrogen application rate (I2N3) enhances the
productivity of applied water (PAW) and grain quality. In contrast, full irrigation with the
lowest nitrogen rate (I1N1) appeared to be the most effective strategy for maximizing NUE.
These findings highlight the potential of integrated strategies to sustainably boost wheat
yields in environments suffering from water shortage.
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1. Introduction
Wheat is an important cereal crop in the world and the primary food source in

Egypt, with implications for national food security [1,2]. Effective water and nitrogen
management is essential to sustained wheat production, particularly in arid and semi-arid
regions such as Egypt [3,4]. Egypt faces a substantial gap between national production
and local consumption levels. Consequently, the cultivation of wheat in sandy soils is
increasing in Egypt’s agricultural area [5,6]. Effective irrigation scheduling is essential for
assisting farmers in increasing crop productivity while conserving water due to restricted
availability [7,8]. In Egypt, the agricultural sector is the greatest consumer of freshwater
resources, accounting for around 85% of total supply [9–11]. This excessive consumption
is mostly due to poor irrigation practices and inappropriate water management methods.
Under circumstances of water shortage, these inefficiencies limit farmers’ capacity to meet
crops’ full water requirements, causing physiological water stress in plants. Stress has a
negative impact on plant growth and greatly reduces crop yields.

Flood irrigation in the Nile Delta and Valley remains common but has lower water
use efficiency (about 60%), which is linked to increasing irrigation water requirements [12].
Therefore, to ensure economic efficiency and effective management, farmers need to adopt
water-saving technologies and strategies that enhance irrigation capacity and optimize
water use. Drip irrigation is a viable agricultural method, enhancing water use efficiency in
arid regions by supplying water directly to the root zone, thereby reducing evaporation
and runoff [13]. Integrating it with nitrogen fertilizer augments both water and nitrogen
use efficiency, hence improving agricultural yields and mitigating environmental effects.

Deficit irrigation practices present a highly effective approach to enhancing irrigation
productivity. Deficit irrigation is a technique of providing crops with less water than their
total evapotranspiration requirements [14–16]. While this strategy may result in somewhat
lower yields, it can greatly improve the efficiency of water use and minimize total yield
losses [17,18]. Several ways may be used to successfully execute deficit irrigation. One
such approach is continual deficit irrigation, which applies a consistently low amount
of water throughout the growing season [19,20]. To make this technique work, it is vital
to understand the crop’s water requirements, identify crucial development stages, and
evaluate the economic ramifications. Farmers are more likely to adopt this strategy when
the projected yield reduction is minimal [21].

Therefore, implementing deficit irrigation strategies presents a potentially effective
approach to mitigating water scarcity in Egypt [7,22,23].

Improving nitrogen fertilization practices by evaluating the nitrogen use efficiency
(NUE) of mineral nitrogen fertilizers in wheat (Triticum aestivum L.), as well as assessing
the nitrogen status in both soil and plant tissues, is critical for increasing the yield potential
and grain quality in wheat production [24]. Nitrogen plays a crucial role in optimizing
plant water use efficiency, particularly under water-limited conditions [25,26]. Its influ-
ence extends to various physiological processes, impacting leaf function and overall crop
yield [27]. Water use efficiency, defined as the ratio of grain yield to water consumption [28],
is enhanced by nitrogen’s effects on photosynthetic capacity [29], transpiration rates [30],
and root development [31]. Strategic nitrogen management in water-scarce environments
can contribute to increased agricultural productivity and improved sustainability.
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Current meta-analyses have indicated that combining irrigation and nitrogen fertilizer
can boost wheat grain production by up to 17.3% above traditional approaches [32]. These
integrated strategies are especially pertinent in Egypt, since wheat production gaps remain
considerable [4]. Nevertheless, excessive or poorly managed nitrogen application can
result in nitrate leaching, groundwater pollution, and greenhouse gas emissions [33]. As a
result, precise water and nitrogen management are required to strike a balance between
production and environmental sustainability [34].

Egypt’s agriculture relies heavily on irrigation and nitrogen fertilizers for wheat
production [3,35]. Excessive nitrogen use causes soil damage, reduces organic matter, and
harms beneficial microbes, decreasing fertility and threatening future farming [36]. Healthy
soil is crucial for sustained high yields. Most studies examine how appropriate management
of irrigation or nitrogen affects the crop yield [3,37–39]. The integrated management of
water and nitrogen to improve the water and nitrogen use efficiency (WUE and NUE) in
arid and semi-arid environments is still under investigation. Improving water and nitrogen
efficiency is crucial for sustainable farming in dry regions like Egypt [40].

This study aims to investigate the effects of integrated water and nitrogen manage-
ment utilizing drip irrigation on wheat (Triticum aestivum L.) yield performance in Egypt’s
arid regions by evaluating two irrigation regimes (100% and 80% ETc) and three nitrogen
rates (142.8, 190.4, and 238 kg N ha−1). This research assesses key agronomic parameters,
including yield, crop water productivity (CWP), productivity of applied water (PAW),
nitrogen use efficiency (NUE), and grain protein content, to determine optimal resource
management strategies. By employing principal component analysis (PCA), this study
identifies the most effective combinations of irrigation and nitrogen application for maxi-
mizing wheat productivity under water-scarce conditions, providing practical solutions for
sustainable agriculture in arid zones.

2. Materials and Methods
2.1. Weather Conditions

At this experimental site, monthly temperature, humidity, and wind conditions fluc-
tuated considerably during both the wheat-growing seasons (Figure 1A), consistent with
typical regional trends. Figure 1A shows that air temperatures were lower during the
2022–2023 wheat-growing season than in 2023–2024. Climate data from 2022/23 and
2023/24 show that March and April’s temperatures were elevated. Mean maximum tem-
peratures ranged from 32.15 to 33.15 ◦C in March and 39.05 to 40.40 ◦C in April. Relative
humidity was much lower during the active development period of the 2022/23 season
(March–April) than in 2023/24. The monthly average wind speed varied between 8.90 and
14.20 km h−1. Peak wind speeds (14.20 and 13.70km h−1) were recorded in April during
both wheat-growing seasons. Reference evapotranspiration (ETo) exhibited substantial
variation between the two growth seasons (Figure 1B). ETo was higher during the medium
stage to late grain-filling stage in the 2023/24 growing season compared to the 2022/23
season. Total ETo for the 2022/23 season was 23.27 cm, while it was 24.39 cm in the 2023/24
season. As a result, wheat plants experienced significant water stress over the whole
2023/24 growing season.
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Figure 1. Seasonal variation in meteorological parameters and reference evapotranspiration (ETo)
during the 2022/23 and 2023/24 winter growing seasons in Assiut, Egypt: (A) monthly averages of
maximum/minimum air temperature (lines), relative humidity (RH), and wind speed (WS) (bars);
(B) monthly reference evapotranspiration (ETo, mm day−1).

2.2. Experimental Site, Design, and Field Management

Field experiments were carried out during the 2022/2023 and 2023/2024 winter
seasons at the Arab El-Awammer Research Station Experimental Farm, affiliated with the
Agricultural Research Center (ARC), Assiut, Egypt (27◦11′ N, 31◦06′ E, 71 m above sea
level). The primary objective of this study was to evaluate the effects of deficit irrigation
based on crop evapotranspiration (ETc) combined with the application of nitrogen fertilizer
through drip irrigation in arid sandy calcareous soils. Key physical and chemical properties
of the studied soils are summarized in Table 1.

Table 1. Physical and chemical properties for the studied soils.

Property Unit Mean
Value Property Unit Mean Value

Gravel % 30.4
Soluble
cations

Ca

mmol L−1

1.43
Sand % 90.9 Mg 1.16
Silt % 7.1 Na 0.19

Clay % 3.0 K 0.75
Texture class - Sandy

Soluble
anions

CO3 + HCO3 1.68
Saturation percentage w% 23.3 Cl 1.47

Field capacity w% 10.9 SO4 0.35
Wilting point w% 4.50 Available N

mg kg−1
32.47

Available water w% 6.50 Available P 8.31
Bulk density Mg cm−3 1.62 Available K 37.24

CaCO3 % 30.0 - - - -
Organic matter (OM) % 0.10 - - - -

pH (1:1) - 8.37 - - - -
EC (soil past extract) ds m−1 0.33 - - - -

Note: ”w” is weight basis.



Water 2025, 17, 2708 5 of 21

The experiment used a split-plot layout within a randomized complete block design
(RCBD) and was replicated three times (Figure 2). The main plots were divided into
two irrigation treatments: I1 (100% ETc) and I2 (80% ETc). Subplots at each irrigation
level received varied nitrogen rates: N1 (142.8 kg N ha−1), N2 (190.4 kg N ha−1), and
N3 (238.0 kg N ha−1). Six treatments were obtained for each experiment by combining
three nitrogen rates of application with two irrigation levels. The study involved 18 plots,
each measuring 12.0 m2 (4 m × 3 m) and containing eight ridges. Plots were spaced 1 m
apart, with a 1.5 m gap between blocks. The drip irrigation system made use of 16 mm GR
polyethylene tubing with integrated emitters that were spaced by 30 cm. With lateral lines
spaced 50 cm apart, water was delivered at a rate of 4 L h−1 per emitter at a pressure of
1.5 bars.

 

Figure 2. The split-plot layout within a randomized complete block design (RCBD) and drip irrigation
system laid in the study experiment.

The wheat cultivar Masr-1 was sown at a seeding rate of 190.5 kg ha−1 on 3 and
7 December during the 2022/23 and 2023/24 winter seasons, respectively. Harvesting
occurred on 28 April and 5 May in the first and second seasons, approximately 150 days
after sowing. All agronomic practices followed the standard recommendations issued by
the Egyptian Ministry of Agriculture. Phosphorus and potassium fertilizers were applied at
rates of 75 kg P2O5 ha−1 and 120 kg K2O ha−1, respectively, and were used as the nutrient
sources. Triple superphosphate (46% P2O5) was incorporated into the soil in a single dose
before planting, while potassium sulfate (50% K2O) was applied in two equal splits during
the growing season. Nitrogen fertilizer was supplied through the irrigation system using
ammonium nitrate (33.5% N) for all nitrogen treatments. Note that a rate of 214 kg N ha−1

is the recommended dose for wheat under drip irrigation conditions in Egypt. The nitrogen
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was applied in six equal fertigation doses for the three application nitrogen rates, starting
15 days after planting and continuing at 10-day intervals.

2.3. Crop Evapotranspiration (ETc)

The CROPWAT model was employed to calculate reference evapotranspiration (ET0)
using the Penman–Monteith approach [41]. Additionally, crop evapotranspiration (ETc)
was estimated within the same model framework, applying the Penman–Monteith equation
as shown in the following Equation (1) [42]:

ETc = ET0 × Kc (1)

where ETc is crop evapotranspiration, ET0 is reference evapotranspiration, and Kc is the
wheat winter crop coefficient factor, which equal 0.4 (initial), 1.15 (mid), and 0.25 (end),
respectively [42].

2.4. Actual Irrigation Water Applied (AIWA)

The actual volume of irrigation water applied under each treatment was calculated
based on the method described by James (1988) [43], using the following Equation (2):

AIWA =
ETc + L f

Er
(2)

where AIWA is the actual irrigation water applied (mm per interval), ETc is crop evapo-
transpiration estimated using pan evaporation, Lf is the leaching factor (10%), and Er is the
efficiency of the irrigation system.

Plants were hand-harvested into a 1 m2 section in the middle of each receiving plot
and dried naturally. Plant height, straw yield, and biological yield were all determined
from each replication. To calculate grain yield, all of the spikes in every plot were cut,
sun-dried, and weighed. Finally, the weight of grains in each plot was reduced to kilos per
hectare. Wheat grain quality was assessed based on the protein content.

2.5. Nitrogen Fertilizer Use Efficiency (NUE)

The NUE is a critical measure in agriculture that evaluates how effectively crops utilize
applied nitrogen (N) to produce a yield, with the goal of minimizing environmental losses
such as leaching, volatilization, and greenhouse gas emissions. NUE is influenced by
factors like soil properties, crop genetics, fertilizer management, and climatic conditions,
and it can be improved through precision agriculture, controlled-release fertilizers, nitrifi-
cation inhibitors, and optimized crop rotations. NUE was computed using the following
Equation (3):

NUE =
Grain yield

(
kg ha−1

)
Total Nirogen Fertilizer

(
kg ha−1

)0 (3)

2.6. Productivity of Applied Water (PAW)

PAW represents the grain yield obtained per unit of irrigation water applied. It
serves as a key indicator for assessing how effectively water is utilized in crop production,
particularly in areas where water resources are limited. In this study, PAW was determined
by dividing the grain yield by the total volume of irrigation water applied. Higher PAW
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values reflect more efficient water use, resulting in a greater yield per unit of water. The
PAW was calculated using the following Equation (4):

PAW =
Total grain yield

(
kg ha−1

)
Irrigation Water Applied

(
m3 ha−1

) (4)

2.7. Crop Water Productivity (CWP)

CWP measures the grain yield produced per unit of total water consumed by the crop,
which includes both irrigation and evapotranspiration. It is a crucial metric for assessing
how effectively water is converted into agricultural output. According to the method
outlined by Zwart and Bastiaanssen (2004) [44], CWP is calculated using the following
Equation (5):

CWP =
Total grain yield

(
kg ha−1

)
Crop evapotranspiration

(
m3 ha−1

) (5)

2.8. Statistical Analysis

Before conducting the main statistical analyses, two key assumptions were verified:
normality, assessed using the Shapiro–Wilk test, and homogeneity of variances, evaluated
using Levene’s test. A two-way analysis of variance (ANOVA) was then performed to exam-
ine the effects of two irrigation levels and three nitrogen rates as well as their interactions.
Mixed-ANOVA models were employed, treating irrigation and nitrogen factors as fixed
effects, while blocks (replications) were considered random effects. The significance thresh-
old was set at p ≤ 0.05 for all statistical tests. Where significant differences were detected,
Duncan’s multiple-range post hoc test was applied for pairwise comparisons. All statistical
analyses, including the calculation of standard deviations and post hoc comparisons, were
conducted using IBM SPSS Statistics version 8.1 (Analytical Software, 2005). Additionally,
principal component analysis (PCA) was utilized to identify the best water and nitrogen
management treatment and the most influential wheat attributes contributing to water
productivity and overall crop yield. Data visualization and PCA plots were generated
using OriginPro version 2019b.

3. Results
3.1. Crop Evapotranspiration (ETc) and Actual Irrigation Water Applied (AIWA)

The data in Figure 3 displays crop evapotranspiration (ETc) values derived using the
Penman–Monteith equation for the wheat crop during the two successive growing seasons.
Additionally, the data showed that the second season’s ETc values were generally greater
than those of the first season. Actual irrigation water applied (AIWA) was influenced by
irrigation deficit treatments (Figure 3A,B). AIWA values were 5729.13 and 4583.30 m3 ha−1

in the first growing season and 5982.39 and 4785.91 m3 ha−1 in the second season, for 100%
and 80% ETc, respectively. AIWA was lower in the first season compared to the second
season (Figure 3).
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Figure 3. Monthly irrigation applied (bare) and crop evapotranspiration (ETc) (line) during the two
winter growing seasons: 2022/23 (A) and 2023/24 (B).

3.2. Wheat Traits and Yield

Table 2 presents the mean values for plant height, straw yield, and biological yield,
considering two water levels and three nitrogen fertilizer rates during the 2022/23 and
2023/24 growing seasons. Irrigation treatments I1 (100% ETc) and I2 (80% ETc) differed sig-
nificantly in plant height, straw yield, and biological yield according to analysis of variance
(ANOVA) throughout both growth seasons. I1 had a much higher plant height, straw yield,
and biological yield than I2. Additionally, the N3 treatment had the highest mean values in
both seasons, indicating that nitrogen fertilizer rates had a very substantial impact on plant
height, straw yield, and biological yield across different irrigation water levels.

Plant height was substantially higher in the I1 (100% ETc) treatment than in the I2

(80% ETc) treatment across both seasons. Increased nitrogen rates significantly increased
plant height, with the N3 treatment boosting the plants’ height (p < 0.01) compared to the
N2 and N1 treatments. The interaction between altered decreased irrigation and nitrogen
rates significantly affected plant height (p ≤ 0.05 in 2022/23 season and p < 0.001 in 2023/24
season), indicating that alterations in irrigation amount had a considerable influence on
plant height (Table 2). The treatment of 238 kg N ha−1 and 100% ETc (I1N3) consistently
resulted in a higher plant height throughout both seasons. In general, plant height was
reduced in the second season compared to the first season (Table 2).

The straw yield exhibited a significant reduction trend with reductions in irrigation
amount and nitrogen application rate (Table 2). The lowest straw yield was achieved in
both growth seasons with the 142.8 kg N ha−1 and 80% ETc (I2N1) treatment. The results
showed no significant variance in straw yield between the I2N1 and 11N1 treatments during
the first season. Nitrogen application rates and irrigation water levels had an interaction
effect on straw yield that was in line with how they affected plant height in the 2022/23
season. However, the absence of a significant interaction impact between the two variables
indicates that the evaluation of irrigation water levels and straw yield was consistent across
all three nitrogen application rates in the 2023/24 season. In the first and second seasons,
the I1N3 treatment raised the straw yield by 23% and 16%, respectively, as compared to the
I1N1 treatment (Table 2).

Biological yield: Table 2 displays the biological yield data under various water regimes
and nitrogen application rates. According to the findings, plant biological yield and water
deficit are inversely correlated. Nonetheless, it was shown that applying nitrogen to wheat
crops increased their biological yield (Table 2). The interaction between the two variables
was statistically significant during both growth seasons, indicating that assessments of
irrigation water levels were altered based on nitrogen application rates (ANOVA Table 2).
The interaction between nitrogen treatment and water deficit shows that the N3 rate in
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the I1 treatment produced the maximum biological yield, whereas the N1 rate in the I2

treatment produced the lowest. The I1N3 treatment resulted in a 28% and 21% increase in
biological yield compared to the I1N1 treatment in the first and second seasons, respectively.
Similarly, the I2N3 treatment also demonstrated a 23% and 22% increase in biological yield
compared to the I2N1 treatment across both seasons.

Table 2. Effect of irrigation water deficit (I), nitrogen fertilizer rates (N), and their interaction on
wheat (Triticum aestivum L.) average plant height, straw yield, and biological yield (kg ha−1) across
the 2022/23 and 2023/24 growing seasons.

2022–2023 2023–2024

Treatment 100% ETc 80% ETc Mean 100% ETc 80% ETc Mean

Plant height (cm)
N1 89.88 ± 0.31 d 83.93 ± 0.92 e 86.90 ± 1.40 c 88.20 ± 0.07 d 83.40 ± 0.14 f 85.55 ± 1.0756 c
N2 95.72 ± 0.10 b 92.60 ± 0.32 c 94.16 ± 0.71 b 89.75 ± 0.03 c 85.61 ± 0.06 e 87.55 ± 0.9253 b
N3 100.72 ± 0.36 a 95.45 ± 0.07 b 98.08 ± 1.19 a 96.34 ± 0.14 a 89.10 ± 0.16 b 92.55 ± 1.6207 a

Mean 95.24 ± 1.57 a 90.24 ± 1.75 b 91.43 ± 1.25 a 86.04 ± 0.83 b
F P F P

IR 128.64 0.008 ** 3888.02 0.000 ***
N 335.86 0.000 *** 3600.73 0.000 ***

IR × N 5.71 0.028 * 182.44 0.000 ***
Straw yield (kg ha−1)

N1 6077.20 ± 25.70 d 6043.89 ± 42.82 d 6060.54 ± 23.54 c 5704.79 ± 11.02 c 5132.16 ± 38.01 d 5418.55 ± 129.26 c
N2 6710.87 ± 23.82 c 6617.71 ± 28.07 c 6664.29 ± 26.55 b 6087.14 ± 17.69 b 5646.49 ± 35.46 c 5866.55 ± 100.11

b
N3 7458.89 ± 50.18 a 7057.68 ± 38.93 b 7258.28 ± 94.10 a 6628.91 ± 94.31 a 6086.06 ± 71.57 b 6357.55 ± 132.42

a
Mean 6748.24 ± 200.44 a 6573.24 ± 147.92 a 6140.28 ± 136.91

a
5621.57 ± 140.17

b
F P F P

IR 46.12 0.021 * 137.02 0.007 **
N 528.03 0.000 *** 130.90 0.000 ***

IR × N 14.34 0.002 ** 0.71 0.520 NS
Biological yield (kg ha−1)

N1 8880.04 ± 38.06 e 8394.27 ± 17.38 f 8637.15 ± 110.22 c 8316.14 ± 11.19 c 7436.95 ± 29.90 d 7876.55 ± 197.11 c
N2 9936.65 ± 64.95 c 9376.46 ± 35.17 d 9656.55 ± 129.55 b 9057.23 ± 12.37 b 8251.58 ± 3.37 c 8654.55 ± 180.24

b
N3 11,385.03 ± 30.03 a 10,370.85 ± 58.05 b 10,877.94 ± 228.65 a 10,059.43 ± 29.33

a
9033.86 ± 57.22 b 9546.55 ± 231.11

a
Mean 10,067.24 ± 363.79 a 9380.24 ± 286.01 b 9144.27 ± 252.75

a
8240.80 ± 231.26

b
F P F P

IR 1434 0.000 *** 1559.93 0.000 ***
N 1616.66 0.000 *** 2177.30 0.000 ***

IR × N 26.27 0.000 *** 9.76 0.007 **

Note: N1 = 142.8 kg N ha−1; N2 = 190.4 kg N ha−1; N3 = 238 kg N ha−1; 100% ETc = I1; 80% ETc = I2. Each
value represents the mean of three replicates. Within each column, different letters indicate significant differences
(p < 0.05). NS, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Table 3 presents the analysis of variance (ANOVA) results for grain yield, seed index, and
protein percentage under three nitrogen application rates (142.8, 190.4, and 238 kg N ha−1)
and two irrigation water levels (I1 and I2) in the 2022/23 and 2023/24 seasons.

Grain yield: was shown to vary significantly between irrigation treatments I1 and
I2, with I1 showing higher mean values in both seasons, according to analysis of variance
(ANOVA; Table 3). In both I1 and I2, grain production significantly declined when nitrogen
treatment rates decreased.

The N3 treatment resulted in the most grain (238 kg N ha−1), whereas the N1 treatment
produced the least (142.8 kg N ha−1). As a result, the grain yield from the I1N3 treatment
was 40 to 31% greater than that from the I1N1 treatment, during both growing seasons,
respectively. Significant variations were found in all nitrogen application rates and irriga-
tion water levels during both growing seasons, according to Duncan’s post hoc analysis.
The absence of significance in the interaction between the two factors across both growing
seasons suggests that the response to different nitrogen application rates was unaffected by
water irrigation levels.
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Table 3. Effect of irrigation water deficit (I), nitrogen fertilizer rates (N), and their interaction on
wheat (Triticum aestivum L.) average grain yield (kg ha−1), seed index, and protein content (%) across
the 2022–2023 and 2023–2024 growing seasons.

2022–2023 2023–2024

Treatment 100% ETc 80% ETc1 Mean 100% ETc2 80% ETc3 Mean

Grain yield (kg ha−1)
N1 2802.84 ± 38.36 c 2350.38 ± 25.52 d 2576.61 ± 103.25 c 2611.36 ± 8.65 c 2304.80 ± 46.78 d 2458.55 ± 71.77 c
N2 3225.78 ± 41.96 b 2758.74 ± 26.70 c 2992.26 ± 106.77

b 2970.09 ± 29.91 b 2605.09 ± 32.10 c 2787.55 ± 83.94 b

N3 3926.14 ± 50.12 a 3313.17 ± 19.12 b 3619.66 ± 139.15
a 3430.52 ± 69.82 a 2947.80 ± 52.80 b 3189.55 ± 114.81

a
Mean 3318.24 ± 165.23

a
2807.24 ± 140.01

b
3003.99 ± 120.58

a 2619.23 ± 95.53 b
F P F P

IR 1957.47 0.000 *** 174.04 0.006 **
N 357.20 0.000 *** 120.13 0.000 ***

IR × N 2.55 0.139 NS 1.80 0.226 NS
Seed index (%)

N1 45.23 ± 0.29 c 44.07 ± 0.25 d 44.65 ± 0.31 c 42.28 ± 0.34 c 40.58 ± 0.34 d 41.55 ± 0.44 c
N2 47.28 ± 0.12 b 45.88 ± 0.18 c 46.58 ± 0.33 b 44.70 ± 0.47 b 43.16 ± 0.28 c 43.55 ± 0.42 b
N3 48.55 ± 0.24 a 47.70 ± 0.21 b 48.12 ± 0.24 a 47.84 ± 0.38 a 45.26 ± 0.36 b 46.55 ± 0.62 a

Mean 47.24 ± 0.50 a 45.24 ± 0.53 b 44.94 ± 0.83 a 43.00 ± 0.70 b
F P F P

IR 62.12 0.015 * 130.67 0.008 **
N 107.42 0.000 *** 91.55 0.000 ***

IR × N 0.66 0.54 NS 1.09 0.381 NS
Protein content (%)

N1 10.77 ± 0.08 e 12.09 ± 0.10 d 11.43 ± 0.30 c 11.42 ± 0.08 e 12.85 ± 0.14 d 12.55 ± 0.33 c
N2 12.25 ± 0.02 d 13.01 ± 0.03 c 12.63 ± 0.17 b 13.05 ± 0.03 d 13.76 ± 0.06 c 13.55 ± 0.16 b
N3 14.28 ± 0.08 b 14.97 ± 0.07 a 14.63 ± 0.16 a 15.04 ± 0.17 b 15.78 ± 0.06 a 15.55 ± 0.18 a

Mean 12.24 ± 0.51 b 13.24 ± 0.43 a 13.17 ± 0.53 b 14.13 ± 0.44 a
F P F P

IR 698.86 0.001 ** 969.20 0.001 **
N 748.16 0.000 *** 386.08 0.000 ***

IR × N 8.28 0.011 * 5.86 0.027 *

Note: N1 = 142.8 kg N ha−1; N2 = 190.4 kg N ha−1; N3 = 238 kg N ha−1; 100% ETc = I1; 80% ETc = I2. Each
value represents the mean of three replicates. Within each column, different letters indicate significant differences
(p < 0.05). NS, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Seed index: A significant difference in the seed index between the I1 and I2 irrigation
treatments was found by statistical analysis (ANOVA, Table 3). In the first and second sea-
sons, the I1 treatment increased the seed index by approximately 4% and 4.5%, respectively,
in comparison with the I2 treatment. A highly significant difference was seen in the nitrogen
application rates; the N3 treatment showed the highest mean values (48.12% and 46.55%
for both seasons, respectively) in comparison to the N1 treatment (44.65% and 41.55% for
both seasons, respectively). Duncan’s post hoc analysis revealed considerable differences
in nitrogen application and irrigation levels across both growing seasons. During the first
season, the I1N3 treatment increased the seed index by 7% compared to the I1N1 treatment.
The second season saw a larger increase of 13% with the same comparison. Similarly, the
I2N3 treatment also showed an improved seed index, with an 8% increase in the first season
and a 12% increase in the second season when compared to the I2N1 treatment. As was
shown with grain yield, the two variables’ interaction had no noticeable effect on the seed
index during both growing seasons.

Grain protein content was significantly affected by both water deficit and nitrogen
rates according to statistical analysis (ANOVA). The grain protein content rose specifically
when the amount of applied water irrigation was reduced (Table 3). Compared to a
normal water irrigation level (I1), the water deficit (I2) increased the protein percentage
by 8% and 7% in the two growth seasons, respectively. The application rate of nitrogen
fertilizer significantly impacted grain quality. Specifically, using a high rate of nitrogen (N3)
increased the grain protein content, while using a low rate (N1) decreased that content. This
was observed with both watering levels across the 2022/23 and 2023/24 growth seasons
(Table 3). The protein content was significantly affected by the interaction between irrigation
water levels and nitrogen application rates (p ≤ 0.05 in the 2022/23 and 2023/24 seasons),
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suggesting that a water deficit substantially influenced the protein content (Table 3). The
I2N3 treatment (238 kg N ha−1 and 80% ETc) consistently yielded a higher protein content
across both seasons. Overall, the protein content increased in the second season compared
to the first season (Table 3).

3.3. Water and Nitrogen Efficiency

Figure 4 displays the mean nitrogen use efficiency (NUE) for each water irrigation
level and nitrogen application rate, while Table 4 presents the results of an ANOVA. The
ANOVA results (Table 4) show that both factors examined in this study had a significant
effect on wheat nitrogen use efficiency (NUE). Wheat showed a greater NUE under normal
water irrigation (I1) than under deficient water irrigation (I2). A water deficit at 80% ETc
(I2) decreased NUE by 18% and 14%, respectively, across two wheat-growing seasons com-
pared to water irrigation at 100% ETc (I1). Duncan’s post hoc analysis revealed significant
differences among the three nitrogen application rates. In the first season, the nitrogen
application rate of 142.8 kg N ha−1 (N1) resulted in a 29% and 42% increase in nitrogen
use efficiency (NUE) compared to the N2 and N3 treatments, respectively. Similarly, in the
second season, N1 increased NUE by 32% and 54% compared to the N2 and N3 treatments,
respectively.

Figure 4. Effect of irrigation levels and nitrogen rates on nitrogen use efficiency (NUE) during two
winter seasons: (A) 2022/23 and (B) 2023/24. Data are presented as means; line bars indicate ± stan-
dard errors. Within each column, different letters indicate significant differences (p < 0.05).

Table 4. Analysis of variance (ANOVA) for nitrogen use efficiency (NUE), productivity of applied
water (PAW), and crop water productivity (CWP) across two growing seasons.

Treatment 2022–2023 2023–2024
Nitrogen Use Efficiency (NUE%)

F P F P
IR 31.41 0.031 * 128.10 0.008 **
N 6526.45 0.000 *** 445.39 0.000 ***

IR × N 4.59 0.047 * 0.80 0.482 NS
Productivity of Applied Water (PAW kg ha−1)

F P F P
IR 64.69 0.015 * 67.24 0.015 *
N 491.61 0.000 *** 102.32 0.000 ***

IR × N 1.35 0.313 Ns 0.15 0.864 NS
Crop Water Productivity (CWP kg ha−1)

F P F P
IR 1289.29 0.000 *** 165.14 0.006 **
N 420.30 0.000 *** 125.21 0.000 ***

IR × N 2.98 0.11 NS 2.13 0.181 NS
Note: NS, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Because of the significant interaction between irrigation water levels and nitrogen
application rates, the impact of irrigation water levels on NUE varies with nitrogen applica-
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tion rate during the 2022/23 season. The absence of a significant interaction effect indicates
that the impact of irrigation water levels on nitrogen use efficiency (NUE) remained consis-
tent across all nitrogen application rates during the 2023/24 season. In the first season, the
I1N1 treatment enhanced NUE by 30% and 43% compared to the I1N2 and I1N3 treatments,
respectively (Figure 4). A comparable pattern was observed in the second season, where
I1N1 led to a 32% and 52% increase in NUE relative to I1N2 and I1N3, respectively.

3.4. Productivity of Applied Water (PAW) and Crop Water Productivity (CWP)

Under different irrigation levels and nitrogen application rates, as illustrated in Figure 5,
the ANOVA results (Table 4) show that irrigation levels had a statistically significant effect
on PAW; additionally, nitrogen application rates exhibited highly significant differences.
However, no significant interaction effects were observed between irrigation and nitrogen
treatments. Duncan’s post hoc test revealed that treatments I1N1 and I2N1 exhibited the low-
est PAW, with values of 0.49 and 0.51 kg ha−1, respectively. Intermediate PAW values were
observed under I1N2 (0.56 kg ha−1) and I2N2 (0.60 kg ha−1), while the highest efficiencies
were recorded for I1N3 and I2N3, reaching 0.69 and 0.72 kg ha−1, respectively (Figure 5A,B),
in the first season. A comparable trend was noted during the second season. When compar-
ing irrigation levels, a slightly higher PAW was achieved under I2 (80% ETc), ranging from
0.61 to 0.57 kg ha−1 across the two growing seasons, compared to I1 (100% ETc), which
ranged from 0.57 to 0.50 kg ha−1. Regarding nitrogen application rates, mean PAW values
across both seasons were 0.50–0.46 kg ha−1 for N1 (142.80 kg N ha−1), 0.58–0.52 kg ha−1

for N2 (190.40 kg N ha−1), and 0.70–0.59 kg ha−1 for N3 (238.00 kg N ha−1).

 

Figure 5. Effect of irrigation levels and nitrogen rates on productivity of applied water (PAW) and
crop water productivity (CWP) for two winter seasons: (A,C) 2022/23 and (B,D) 2023/24. Data
are presented as means; line bars indicate ± standard errors. Within each column, different letters
indicate significant differences (p < 0.05).

3.5. Optimizing Crop Water Productivity

Analysis of variance (ANOVA) revealed highly significant effects of both irrigation lev-
els and nitrogen application rates on crop water productivity (CWP) during both growing
seasons (Table 4). The application of irrigation water at 100% of actual crop evapotranspira-
tion (ETc) (I1) resulted in a significant increase in crop water productivity (CWP) compared
to the 80% ETc treatment (I2). Specifically, I1 resulted in a 17% rise in CWP during the first
season and a 14% increase during the second season compared to I2.
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Among the nitrogen treatments, N3 and N2 have a substantial impact on CWP com-
pared to N1 across both growing seasons. N3 exhibited a 42% to 31% rise in CWP over N1

and a 19% to 15% increase over N2 during both growth seasons. The ANOVA revealed
no statistically significant interaction between the factors under investigation. Treatments
I1N3 and I1N2 significantly increased crop water productivity (CWP), as confirmed by
Duncan’s post hoc test. Specifically, I1N3 led to a 16–42% increase in CWP across both
growing seasons compared to the I1N1 treatment. Similarly, I1N2 resulted in a 13–31%
increase in CWP relative to I1N1 (Figure 5C,D). A similar trend was observed in the 80%
ETc treatment (I2). These findings indicate that increasing nitrogen fertilizer rates had a
substantial positive impact on CWP, regardless of the irrigation level applied.

3.6. Principal Component Analysis (PCA)

Principal component analysis (PCA) was conducted to investigate the relationships
between key wheat traits and efficiency indicators under both full and deficit drip irrigation.
The analysis evaluated plant height, straw yield, biological yield, grain yield, seed index,
protein content, productivity of applied water (PAW), crop water productivity (CWP), and
nitrogen use efficiency (NUE).

As shown in Figure 6, treatments I1N2, I1N3, and I2N3 were strongly associated with
higher values of yield-related traits, quality parameters, PAW, and CWP across two consec-
utive seasons. These associations highlight the effectiveness of moderate to high nitrogen
levels under full irrigation in enhancing both yield and water productivity. In contrast,
treatment I1N1 exhibited a strong association with NUE, indicating its potential for enhanc-
ing nitrogen efficiency under reduced input conditions. These findings provide valuable
insights for optimizing water and nitrogen management strategies in wheat cultivation.

Figure 6. Principal component analysis (PCA) of the effects of irrigation water levels and nitrogen
application rates on major plant growth: yield attributes during the first season (2022/23) (A), and
the second season (2023/24) (B).

The patterns observed in the relationships among PAW, CWP, NUE, and wheat traits
during the 2022/23 season were consistent with those recorded in 2023/24 (Figure 6B). A
negative correlation was identified between NUE and both PAW and protein content across
both seasons, suggesting that a greater nitrogen use efficiency may reduce the efficiency
of water and grain quality. In contrast, CWP exhibited a strong positive association with
various wheat characteristics (Figure 6A,B). These findings indicate that improvements in
biomass and grain production are closely linked to enhanced water productivity. Among
these, biological yield and grain yield emerged as the most influential contributors to
enhanced CWP, whereas protein content and NUE appeared to be the primary factors
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influencing PAW. Notably, protein content surfaced as the principal characteristic linked to
PAW, suggesting a trade-off between grain quality and water use efficiency.

4. Discussion
Wheat yield in arid and semi-arid areas is highly influenced by variations in the

air temperature, wind speed, and relative humidity [45,46]. The results showed that
reduced average temperatures during the anthesis period (early February) of the 2022–2023
growing season enhanced wheat growth and production. Also, higher April temperatures
in the 2023–2024 season than in the 2022–2023 season resulted in reduced grain weight.
Air temperature markedly influences reference evapotranspiration (ETo) in arid areas,
consistent with the conclusions of Eslamian et al. (2011) [47], who ascribed inter-seasonal
fluctuations in total ETo mostly to alterations in the surrounding air temperature and
relative humidity.

In this study, the peak crop evapotranspiration (ETc) under full drip irrigation (I1)
reached 5982.39 m3 ha−1, which is lower than typical values reported for surface irrigation
methods in similar arid regions, suggesting that drip irrigation may contribute to water
conservation [48,49]. Crop evapotranspiration (ETc) and actual irrigation water applied
(AIWA) were lower in 2022/23 than in 2023/24. The observed decreases can be primarily
attributed to inter-annual climatic variability. These variations likely influenced seasonal
irrigation volumes and overall water availability, resulting in increased drought stress [50].
Consequently, the increased water requirement of wheat in the 2023/24 season led to higher
irrigation water applied. Throughout the two growing seasons, the actual irrigation water
applied (AIWA) varied from month to month (Figure 3). Our data show that variations
in actual irrigation water applied (AIWA) were minimal during the early growing season,
consistent with limited canopy development and dominant soil evaporation processes [13].
Water consumption gradually increases as the plant develops, peaking during a mid-growth
stage when irrigation needs are highest [46].

The execution of a comprehensive management strategy is crucial due to the intricate
interrelations among soil, water, and nitrogen in arid and semi-arid regions. The funda-
mental purpose of this investigation is to improve the resistance of wheat crops to drought
circumstances. In sandy soils of Egypt, drip irrigation improves the agronomic performance
of wheat by integrating water and nitrogen management. Plant height, straw and biological
yields, grain yield, seed index, and grain protein content were all significantly influenced
by irrigation water levels and nitrogen application rates. Wheat traits were slightly higher
in the 2022/23 season than in the 2023/24 season (Table 1). This difference is probably due
to the weather, specifically lower average temperatures and humidity in the 2022/23 season
than in the 2023/24 season. These results corroborate the outcomes of Tari (2016) [51]
and Vashisth et al. (2020) [52], who indicated that grain yield, irrigation water demand,
evapotranspiration, and water productivity of wheat differed with climatic conditions.

Regardless of the rate of nitrogen supplied, wheat growth and yield improved with
increased irrigation water, as was hypothesized (Table 1). The decreased grain yield and
biomass observed at I2 (80% ETc irrigation level) across all nitrogen treatments are con-
sistent with the effects of moisture stress when compared to I1 (100% ETc full irrigation).
Grain yield and biomass may decline as a result of stress, which likely impaired photo-
synthesis and other vital biological functions, thereby harming the photosystem’s reaction
center [3,21,46].

Eissa et al. (2018) [22] and Asmamaw et al. (2023) [21] observed a reduction in wheat
grain production and biomass associated with increased moisture deficit in deficit irrigation
field experiments.
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Irrespective of the irrigation water deficit, nitrogen fertilizer rates had a significant
impact on plant height, straw, and biological yield, highlighting the crucial role of nitrogen
in stimulating wheat vegetative growth and biomass production. The observed rise in
plant height with increasing nitrogen rates is likely attributed to enhanced cell division
and elongation facilitated by greater nitrogen availability [53]. Likewise, enhanced straw
and biological yields indicate that nitrogen plays an important role in boosting plant
structure and metabolism [54]. Also, nitrogen is essential for root development, facilitating
elongation, branching, and biomass accumulation, hence improving water and nutrient
absorption [55]. So, the improved root system likely enhanced wheat vegetation and yield
in this study [29,38].

Plant height, straw yield, and total biological yield all increased significantly during
both growing seasons when 238 kg N ha−1 nitrogen fertilizer (N3) was applied in com-
bination with I1 (full irrigation at 100% ETc). These results suggest that better water and
nitrogen supply promote biomass accumulation and vegetative development, which is
key for soil health and fertility in sustainable agriculture. Farouk et al. (2024) [49] found
similar results, indicating that drip irrigation boosted straw production and biomass in
wheat when compared to sprinkler irrigation. Ashmawy and Abo-Warda (2002) [56] found
that a combination of irrigation and nitrogen treatments boosted wheat straw production
in sandy soils. The results are consistent with those of Cui et al. (2024) [32], who discovered
that integrated fertigation procedures increase total biomass production in wheat.

Wheat grain yield was greatly influenced by irrigation deficiency (Table 2). The data
show that full irrigation was usually linked to increased grain production. This suggests
that the amount of water available is a key factor in determining how well a crop performs.

This is consistent with the findings of Cui et al. (2024) [32], who discovered that
when irrigation and nitrogen fertilizer were combined, wheat grain production rose by
17.3% in comparison to controls. The higher yields under full irrigation (I1) align with
improved physiological performance, which is supported in the literature by enhanced
rates of photosynthesis, nutrient uptake, and biomass accumulation under sufficient soil
moisture [13,29,38]. Conversely, deficit irrigation likely induced water stress, leading to
stomatal closure, reduced carbon assimilation, and ultimately, a lower grain yield [57].
Nitrogen fertilizer rates significantly affected grain yield, demonstrating the importance
of wheat productivity. In dry conditions, studies show that the level of nitrogen applied
directly affects the number of grains per spike, the weight of the grains, and the final
grain yield [58]. The improved grain yield may be attributed to nitrogen application,
which enhances the photosynthetic rate, leaf area, nitrogen use efficiency, and radiation
use efficiency [59]. Increased nitrogen applied rates under deficit irrigation resulted in
considerably higher grain productivity. Numerous studies show that adding nitrogen
(N) mitigates the detrimental consequences of water shortage [37,39,59]. Consistent with
previous findings (e.g., Abid et al. (2016)) [60], our results indicate that nitrogen application
under deficit irrigation (I2) helped maintain physiological functions, as evidenced by
improved yield components and water productivity compared to low-nitrogen treatments.

The boost in seed index with irrigation at 100% ETc emphasizes how crucial it is to
satisfy all crop evapotranspiration requirements in order to maximize seed development.
Especially during the grain-filling stage, optimal watering techniques improve photosyn-
thetic efficiency and nutrient absorption [7,24]. The seed index rises dramatically when
the rate of nitrogen treatment is increased, underscoring the significance of nitrogen in
promoting seed development through enhanced vegetative growth and assimilating par-
titioning. Chlorophyll production and enzyme activity, which have a direct impact on
seed development, are mostly driven by nitrogen [61]. Zeng et al. (2016) [62] established
that nitrogen fertilizer, when applied under appropriate irrigation conditions, markedly
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enhances nitrogen transformation and absorption, thus increasing crop yields. Also, a meta-
analysis by Cui et al. (2024) [32] revealed that whole irrigation coupled with fertilization
led to enhanced grain yields in maize and wheat, with wheat showing yield increases of up
to 17.32%.

Many studies have provided strong support for the current results, which demonstrate
that water deficiencies raise the protein ratios in wheat grains [51,63,64]. Wheat plants
usually undergo a physiological change in response to drought or water shortages, which
raises the grain’s protein content; this phenomenon can be explained by a reduction in
carbohydrate accumulation under water deficit, which, coupled with a maintained nitrogen
uptake, increases the relative protein concentration in the grain [54].

The findings of this study show that the nitrogen (N) fertilizer application rate has a
considerable impact on grain quality, specifically the grain protein content. This discovery
is consistent with prior research showing that nitrogen is an essential ingredient for protein
synthesis in cereal crops like wheat and maize [65]. This is in line with the findings
of Shi et al. (2007) [65], who found that increasing nitrogen rates enhanced nitrogen
absorption and translocation efficiency, resulting in greater grain nitrogen accumulation
and protein content in wheat. Nitrogen is essential for amino acid and protein production,
and having it available throughout the grain-filling stage is critical for reaching high protein
levels [66]. The combination of irrigation water levels and nitrogen application rates had a
significant influence on protein content, demonstrating that the water deficit significantly
affected protein levels. Combining high nitrogen application rates with a water deficit
reduced grain yield losses and increased grain protein accumulation [59]. Even with a
watering deficit, this twofold advantage can be related to increased metabolic activity
and higher nitrogen intake under moderate N supplies [67]. Furthermore, under drought
circumstances, moderate N levels can promote grain filling and protein deposition by
promoting root development and increasing water use efficiency [68]. In order to improve
grain protein accumulation, a crucial factor in determining the quality of baked goods, Ali
and Akmal (2022) [59] emphasized the significance of satisfying the higher nitrogen needs
of wheat under water-deficient situations. In order to maintain production and quality
in dry agroecosystems, our findings highlight the significance of integrated water and
nutrient management techniques.

With a 100% ETc irrigation level, wheat exhibited a higher nitrogen utilization ef-
ficiency (NUE) than with deficit irrigation (80% ETc), suggesting that enough water is
essential for nitrogen absorption and assimilation. Sufficient irrigation encourages mi-
crobial activity and root growth, both of which are essential for the transformation and
absorption of nitrogen. This is consistent with Wallace et al. (2020) [69], who discovered
that in semi-arid wheat, optimal irrigation enhances nitrogen recovery and lowers losses.
Nitrogen use efficiency (NUE) was higher with lower nitrogen delivery than with medium
and high treatments. This adverse association supports the findings of Cai et al. (2021) [70],
who discovered that NUE is reduced when nitrogen levels are higher than recommended.
They promote sustainable wheat production by implying that great yields may be achieved
without proportionately increasing nitrogen. The combination of a lower nitrogen appli-
cation rate with full irrigation at 100% ETc resulted in a significantly higher nitrogen use
efficiency (NUE) in wheat. This outcome underscores the importance of synchronizing
water and nitrogen management to optimize nutrient uptake and minimize losses [55].

According to Thorburn et al. (2024) [71], NUE is highly sensitive to environmental
conditions, and full irrigation can mitigate nitrogen losses through volatilization and
leaching, especially under lower nitrogen input scenarios. Sutton et al. (2020) [72] suggest
applying “just enough nitrogen” to match crop demand, improving nitrogen use efficiency
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(NUE) and lowering environmental risks, as excessive nitrogen is inefficient, especially
with limited water.

Improving water use efficiency and crop water productivity requires an integrated
approach that includes deficit irrigation, the adoption of advanced irrigation technologies,
precise irrigation scheduling, and the implementation of agronomic practices that enhance
yield potential [51,59]. These strategies contribute to sustainable agricultural water manage-
ment. The results of our study demonstrate that PAW was significantly higher under the
deficit irrigation treatment (80% ETc) compared to the full irrigation treatment (100% ETc).
This finding suggests that reducing irrigation volumes can enhance the productivity of
applied water. Our observations are consistent with those reported by Tari (2016) [51], who
found that water use efficiency tends to decrease as irrigation amounts increase. The higher
CWP under full irrigation corresponded with significantly greater crop yields (as shown
in Table 3). In such conditions, optimal soil moisture can encourage root development,
potentially leading to a higher root length density and improved resource acquisition,
which supports higher yield formation. Chai et al. (2016) [19] stated that full irrigation
promotes superior physiological and morphological responses in crops, such as enhanced
root-to-shoot ratios and nutrient recovery, both of which are essential for increasing water
use efficiency. Furthermore, Howell (2003) [73] underlined that irrigation efficiency, which
includes consistent water delivery and timing, has a direct impact on crop response and
production. While controlled deficit irrigation can enhance water use effectiveness in some
situations, it could compromise production and CWP if not properly managed.

In our investigation, the application of nitrogen enhanced PAW and CWP at both
irrigation water levels. The use of nitrogen in this study resulted in a higher PAW and
CWP, which may be related to an improvement in wheat components. The findings of the
present study are consistent with those of Si et al. (2020) [38], who demonstrated that deficit
irrigation combined with nitrogen fertilization significantly improved wheat yield and
water use efficiency under drip irrigation. These results are further corroborated by recent
research by Sandhu et al. (2019) [17], which highlights the effectiveness of drip irrigation in
maximizing water and nutrient use efficiency in wheat cultivation.

5. Conclusions
The irrigation water level and the weather have a bigger impact on total water use

than how much nitrogen fertilizer was used. The evaluated parameters, such as crop water
productivity (CWP), plant growth, and grain yield, were primarily influenced by irrigation
levels and nitrogen application rates. Deficit irrigation at 80% ETc reduced water availability,
which in turn limited photosynthetic activity and nutrient uptake, ultimately diminishing
yield components like the grain number. In this study, higher nitrogen rates (N2 and N3)
under deficit irrigation (I2) significantly improved straw yield, biological yield, and PAW,
suggesting that nitrogen management can mitigate the negative impacts of water stress and
enhance yield stability in arid conditions. Additionally, climatic variability—particularly
elevated temperatures during April of the 2023–2024 season—further intensified evapo-
transpiration, leading to a reduction in grain weight. Despite these climatic influences,
water stress remained the dominant limiting factor. Consequently, the combination of full
irrigation (100% ETc) with the highest nitrogen rate (N3) was identified as the most effective
strategy for balancing water conservation and yield optimization in arid environments.
These results highlight the importance of optimizing irrigation strategies to maximize the
productivity of applied water and sustain wheat productivity, particularly in arid and semi-
arid regions where water resources are scarce. Future studies could explore the integration
of deficit irrigation techniques or the use of drought-tolerant wheat cultivars to further
enhance resilience under water-limited conditions.
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While this study lacks a formal economic analysis, it provides farmers with crucial,
actionable strategies for optimizing wheat production under water scarcity by clearly
demonstrating how to synchronize drip irrigation levels and nitrogen fertilization to
achieve specific goals, whether maximizing yield, conserving water, improving grain
quality, or reducing fertilizer input, enabling them to make more informed decisions based
on robust agronomic evidence until localized cost–benefit data becomes available.
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