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Abstract

Water scarcity is predicted to intensify due to climate change, population growth, and
industrial expansion. This poses serious problems for long-term food safety and agricul-
tural sustainability. This field experiment involved varying the sowing times three times
(advance, normal and delayed seed sowing) and the irrigation water levels three times,
with three replications. The result shows the maximum height of the plant, length of the tip,
number of grains per tip, and grain production (5063 kg ha~!) were achieved via regular
planting with sufficient irrigation (T1). Although the output was somewhat reduced (2-3%),
the treatment of water irrigation with the deficit (T2, T3) improved the plant level water use
efficiency by 10-23%and reduced the trace of blue water by 12-28%. T3 had the lowest blue
water track (736 m3 t~1). Conversely, advance and delayed seed sowing combined with
deficit irrigation significantly reduced yield up to 14% and increased blue water footprint
under full irrigation. Economic analysis revealed that T1 provided the highest net income
(Rs: 376,284 ha~'), while T2 and T3 retained 97-98% as compared to the advance seed
sowing with well water, while improving water productivity. Therefore, it is concluded that
the normal sowing with a 15-30% irrigation deficit enhances water productivity without
substantial yield losses, providing a climate-adaptive approach for wheat production in
water-scarce regions.

Keywords: planting times; irrigation water levels; wheat productivity; water footprints

1. Introduction

Water scarcity has become a critical concern across South Asia, where many regions are
experiencing severe water shortages. Due to population pressure, industrial expansion, and
climate change, the situation will only worsen in the years to come [1,2]. Since agriculture
uses around 70% of blue water, this might have major effects on the region’s long-term
food security and agricultural sustainability [3]. Similarly, as agriculture continues to
be the greatest freshwater consumer in the world, its usage is becoming crucial to food
security. One cannot stress the significance of water in population increase and economic
development. The availability of clean irrigation water is a worldwide concern. In many
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arid and semi-arid parts of the world, irrigation water resources are running low. In semi-
arid and dry areas, groundwater has emerged as a significant irrigation supply due to the
scarcity of surface water. Groundwater levels are steadily dropping, and the overuse of
these finite water supplies has made it necessary to create water-saving techniques (such
as deficit irrigation) to increase agricultural output and irrigation water efficiency. Poor
irrigation management techniques have also led to extremely low agricultural water usage
efficiency, which persists today and exacerbates the water issue. Therefore, increasing the
irrigation water productivity of various crops cultivated in semi-arid locations, such wheat
or grain crops, is necessary to enhance the management and consumption of soil water.

Over the past twenty years, the idea of water footprint (WF) has been widely applied
to the management of freshwater resources. WF is a measure of the quantity of water used
to grow particular crops and other goods. Blue water is freshwater from rivers, lakes, and
aquifers used for irrigation, whereas green water is rainwater that is held in soil and used
by crops. The cultivation of wheat and rice, for example, is responsible for around 45% of
the blue WE, making them major users of water worldwide [4]. According to research, the
effects of climate change on water demand and wheat grain output has caused the blue
WE to rise by 4% [5]; therefore, sowing times and irrigation water level strategies still need
further investigation, such as in the Sindh, Pakistan.

In Pakistan, a lot of wheat varieties that are high yielding and moderately early
maturing are planted. According to Bokhari et al. [6], the irrigated wheat crop in Pakistan
is typically harvested in April after being planted between November and December,
depending on how long the previous crop was in rotation. When crops such as rice,
cotton, sugarcane, pigeon pea, or potato are grown before wheat, the sowing of wheat is
usually delayed. This late planting often requires a greater number of irrigations, as the crop
experiences low temperatures during the establishment stage and high temperatures during
the reproductive phase [7]. Due to its exposure to unfavorable meteorological conditions,
particularly maximum and minimum temperatures, which are critical in determining the
crop’s productivity and output, late-planted wheat clearly suffers from a yield penalty [8].
Grain yield can be significantly reduced by even a single day of exposure to unusually high
temperatures during the grain filling process. Both the rate and duration of grain filling
are adversely affected when temperatures exceed 30 °C during the reproductive stage,
and such terminal heat stress ultimately leads to a substantial reduction in wheat yield [9].
On the other hand, early-planted wheat yields more since it is not at risk of terminal heat
stress [10]. Later phases of late-planted wheat may experience higher temperatures, which
might increase evapotranspiration losses and lengthen the need for irrigation and water
footprints. Under the changing climate, adjusting the planting times might be a suitable
and economical adaptation approach, particularly to prevent the detrimental effects of
terminal heat stress on yield and blue water usage [11]. Numerous short-term and on-
station experiments on changes in the wheat planting season have been conducted in
a variety of agro-ecologies [12]; nevertheless, there is a dearth of data regarding actual
on-farm circumstances. The effects of changing the planting timing on yield and water
footprints across yearly weather changes are also unknown. Experiments on such features
are costly and time-consuming, but necessary in order to observe the impact of such
changes in sowing dates under long-term climatic circumstances. Furthermore, there is
a lack of information on the performance of the most important wheat crop in practical
on-farm settings with variable planting times and inadequate irrigation water. However,
complex interactions between sowing dates, environmental factors, and crop physiology are
crucial for developing adaptive management strategies that can sustain wheat productivity
amidst changing climatic conditions. As climate change continues to pose unprecedented
challenges, research efforts must prioritize cost-effective, scalable solutions that empower
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farmers to make informed decisions and enhance the resilience of wheat production systems
globally. In light of the above facts and figures, this study was conducted to assess the
effect sowing time variations and irrigation water levels on the growth and yield of wheat
crops, and its blue water footprints.

2. Materials and Methods

This field study was conducted during the 2023-24 cropping season at the experimental
station of department of Irrigation and Drainage, Faculty of Agricultural Engineering and
Technology, Sindh Agriculture University, Tandojam (Figure 1). Figure 2 shows the average
monthly minimum and maximum air temperatures, wind speed, relative humidity, and
rainfall recorded during the study period.
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Figure 1. Bird eye view of experimental site.
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Figure 2. Weather conditions in Tandojam during November 2023 to March 2024.
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2.1. Treatment and Arrangement

The experimental study was conducted using a Randomized Complete Block Design
(RCBD) with three sowing periods and three irrigation water levels, each replicated three
times. A total of nine combined treatments were set up, and the experimental design is
shown in Table 1. A total of 27 subplots were prepared for the experiment, each with an
average field size of 4 m in width and 4 m in length. The basin irrigation method was used
for growing the wheat crop, and an additional wheat crop was sown in the surrounding
buffer zone to maintain uniform environmental conditions at the experimental site.

Factor-A: Sowing time variations = 03

SD1 =15 days in advance
SD2 = Normal sowing time (actual sowing time of 1st November in the local field)
SD3 = 15 days in delay

Factor-B: Irrigation water levels = 03

CW = Control water (existing irrigation practice 75 mm)
DW1 = Deficit water (15% deficit existing irrigation practice at each irrigation (63.75 mm))
DW2 = Deficit water (30% deficit existing irrigation practice at each irrigation (52.5 mm))

Table 1. Treatment arrangements (sowing times and irrigation water treatments).

Sowing Time Irrigation Water Levels
Treatments
Factor-A Factor-B
CW T1
SD1 DW1 T2
Dw2 T3
CW T4
SD2 DW1 T5
DW2 T6
CW 17
SD3 DW1 T8
DwW2 T9

2.2. Land Preparation, Cultural Practices, and Soil Water Properties

A moldboard plow was used to completely plow the whole study area. A disk harrow
was used to crush the resultant clods, and a laser leveler was used to level them. Before
experiment, the plot was divided into 24 subplots; the entire plot was level. After applying
a 100 mm soaking doze to the entire field, the board costing sowing method was used on
various sowing dates based on the treatments. In this study, a popular TD-1 wheat crop
variety was chosen. Nonetheless, fertilizer applications were applied in accordance with
guidelines. During the experiment period, groundwater was utilized for irrigation at the
experimental location in order to assess the water quality. Every time, water samples were
gathered and brought to the lab to measure the irrigation’s pH and EC. The average water
quality is shown in Table 2. Before the experiment, composite soil samples were taken from
each plot at soil depths of 0-20, 20-40, 40-60, 60-80, and 80-100 cm, and the average values
are presented in Table 3.
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Table 2. Average electrical conductivity and pH of irrigation water.

X Characteristic
Sampling Dates
EC(dSm™1) pH
Sowing time 2.01 7.3
Vegetative stage of wheat 2.09 74
Milky stage of wheat 211 7.2

Table 3. Initial basic properties of soil profile 0-100 cm depth.

Soil Property Soil Layer (cm) Values Soil Property Soil Layer (cm) Values
0-20 11.3 0-20
20-40 15.2 20-40
Soil moisture content (%) 40-60 20.2 Soil texture 40-60 Silt clay loam
60-80 20.0 60-80
80-100 22.3 80-100
Dry bulk density (g cm3) 0-100 1.19 Soil porosity (%) 0-100 41
Field capacity (%) 0-100 42 Infiltration rate (mm h~1) Rootzone 7.8
0-20 2.50 0-20 7.8
Soil electrical 20-40 211 20-40 7.8
conductivity (ECy.5) 40-60 2.13 Soil pH 40-60 8.1
ds/m 60-80 2.50 60-80 8.0
80-100 3.01 80-100 7.9

2.3. Irrigation Plan and Measurement

The irrigation scheduling was based on the soil moisture, and each irrigation applica-
tion was carried out as shown in Figure 3, along with the treatments (irrigation scheduling
prepared via DRIP, Tandojam). The flow meter was used to supply the required depth of
irrigation water. The amount of irrigation water used and the soil moisture deficit from the
first to the last growth stage are shown for the experimental period in Table 4.
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Figure 3. Irrigation scheduling for wheat.
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Table 4. Total volume of irrigation water used, the soil water deficit, and total water consumed in the
different treatments during base period of wheat crop.

Soaking Irrigation Soil Water Deficit Total Water Consumed
Treatment D 1 -

ose (mm) (mm) (mm m~—1) (mm) (m3 ha-1)
T1 375.0 0.110 475.110 4751
T2 316.5 0.104 416.604 4166
T3 262.5 0.098 362.598 3626
T4 375.0 0.134 475.134 4751
T5 100 316.5 0.128 416.628 4166
T6 262.5 0.127 362.627 3626
T7 375.0 0.160 475.16 4752
T8 316.5 0.153 416.653 4167
T9 262.5 0.148 362.648 3626

2.4. Measurement and Analysis

Measurements of various crop growth parameters were taken every 15 days during
this planned study period. Plants were chosen and tagged under each of the planned
treatments [13,14]. As soon as the crop was harvested, roots from a 20 cm x 30 cm region
in a soil profile 0-30 cm deep were sampled in order to determine how the water stress
affected the plants’ root growth. To determine dry root biomass, the roots were separated
by the soil, washed, and then dried in an oven set at 75 °C for 60 h. Root density was
calculated as the ratio of root dry weight to the sampled area. The aboveground dry
biomass divided by the total water consumption was used to calculate the plant level
water use efficiency (WUEp) [15]. Plant level water use efficiency was calculated as the
aboveground dry biomass per total water consumption. To estimate profitability, the gross
return was divided by the cultivation cost to calculate the net return. The blue water
footprint was subsequently derived using the following formula:

Water applied as irrigation (m® / ha)
Grain yield (Kg ha™!)

Blue water footprints (m>Kg™') =

The field-collected data were statistically analyzed using ANOVA (analysis of variance)
techniques following RCBD with three replicated plot arrangements under field trials, using
an Excel spreadsheet and an SPSS package (SPSS version 22.0, SPSS Inc, Chicago, IL, USA).

3. Results

The water scarcity situation is expected to worsen in the coming years due to climate
change, population growth, and industrial development. These challenges could have
significant consequences for agricultural sustainability and long-term food availability.
In this context, there is an urgent need to adopt new practices, such as adjusting sowing
dates for wheat crops and improving soil water management in regions with limited
water resources.

3.1. Plant Height and Spike Length

The plant height of the wheat crop was significantly affected by the different sowing
dates and deficit water levels (Figure 4). The highest plant height was measured in T4 at
107.2 cm, while the lowest measured was in T3 at 81.4 cm. However, the average plant
height decreased by 22.5%, 26.2%, 31.7%, 7.5%, 5.3%, 0.4%, 3.5%, and 4.5% under T1, T2, T3,
T5,T6, T7, T8, and T9, respectively, compared to the normal sowing time and control water
treatment (T4). Across the sowing dates, the plant height was highest after the control
water treatment (existing irrigation practice) and lowest after the deficit water treatment
(30% deficit in the existing irrigation practice). Similarly, when the actual sowing time
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was compared with sowing 15 days in advance or sowing delayed by 15 days, the actual
sowing time treatment produced substantially increased plant height, with increases of
17.8% or 1.4%, respectively. Moreover, statistical analysis showed that both sowing dates
and irrigation water levels significantly influenced the plant height of wheat. The spike
length of the wheat crop was significantly affected by different sowing dates and deficit
water levels (Figure 4). The highest spike length was recorded in T4 at 14.2 cm, while the
lowest was in T3 at 12.4 cm. However, the average spike length decreased by 2%, 8%,
14%, 13%, 9%, 1%, 10%, and 11% under T1, T2, T3, T5, T6, T7, T8, and T9, respectively,
compared to T4. Across the sowing dates of the wheat crop, the spike length was highest
under the control water treatment (existing irrigation practice) and lowest under deficit
water treatment (30% deficit in the existing irrigation practice). Similarly, when the actual
sowing time was compared with sowing 15 days in advance or sowing delayed by 15 days,
the actual sowing time treatment produced substantially increased spike lengths, with
increases of 0.6% or 0.9%, respectively. Moreover, statistical analysis showed that sowing
dates had a non-significant effect, while irrigation water levels significantly influenced the
spike length of wheat.
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Figure 4. Plant height and spike length of wheat crop as affected by treatments. The error bars
correspond to standard errors, and treatment means followed by different letters are significantly
different at the 0.05 significance level, as determined by Duncan’s multiple range test; *** and
** indicate significance at the p < 0.001 and p < 0.01 levels, respectively, while ns denotes a non-
significant difference. The values are means + SE (1 = 3).

3.2. Test Weight, Dry Biomass, and Grain Yield

Table 5 presents the test weight, dry biomass, and seed yield of the wheat crop,
determined from the harvested samples collected from the experimental plots. Moreover,
statistical analysis showed that sowing dates and irrigation water levels significantly
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influenced the test weight of wheat. The test weight of the wheat seeds was significantly
affected by different sowing dates and by deficit water levels. The maximum test weight
was found in T5, while the minimum was in T9. However, the average test weight increased
by 5.7% in the T5 treatment, and decreased by 10%, 6.5%, 17.9%, 3.1%, 18%, 20%, and 26.9%
under T1, T2, T3, T6, T7, T8, and T9, respectively, compared to T4. Similarly, when the
actual sowing time was compared with sowing 15 days in advance or sowing delayed by
15 days, the actual sowing time treatment resulted in substantially increased test weights,
with increases of 11% or 18.5%, respectively. On the other hand, the dry biomass of the
wheat crop was significantly affected by different sowing dates and deficit water levels
(Table 5). The highest dry biomass was measured in T5 at 6932 kg ha~!, while the lowest
was measured in T9 at 6376 kg ha—!. However, the average dry biomass increased by
1% in the T5 treatment, and decreased by 1%, 2%, 5%, 1%, 2%, 6%, and 8% under T1,
T2, T3, T6, T7, T8, and T9, respectively, compared to the normal sowing time and control
water treatment (T4). Across the sowing dates of the wheat crop, the dry biomass was
highest under the control water treatment (existing irrigation practice) and lowest under the
deficit water treatment (30% deficit in the existing irrigation practice) with expected normal
sowing dates and different irrigation water levels. Similarly, when the actual sowing time
was compared with sowing 15 days in advance or sowing delayed by 15 days, the actual
sowing time treatment produced substantially increased dry biomass, with increases of
2.5% or 4.9%, respectively. Moreover, statistical analysis showed that sowing dates and
irrigation water levels significantly influenced dry biomass.

Table 5. Test weight, biomass, and seed yield of wheat crop as affected by different treatments
throughout the growing season. The values are means £ SE (1 = 3). Treatment means followed by
different letters are significantly different at the 0.05 significance level, as determined by Duncan’s
multiple range test.

S(();\; icllirr_i?e Irrigati((;l;c‘;\éifzz Levels Treatment Test Weight D:Iz;lil(:?la)ss ?;e(gdh\;iﬂ;l
CW T1 30£064 6780 + 41 be 4658 £ 28 ¢

SD1 DW1 T2 31+03d 6730 4 57 ¢ 4615 + 42 <d
DW2 T3 284+ 0.7¢ 6578 & 49 4 4554 + 35°¢

CW T4 33+06P 6882 + 4120 5063 4= 27 2

SD2 DW1 T5 354152 6932 4902 4959 4 47
DW2 Té6 32+ 1.2b¢ 6780 =4 74 be 4928 439 P

CwW T7 284+ 0.6 6740 4+ 39 © 4557 +27°¢

SD3 DW1 T8 275+ 1.2¢ 6477 + 61 de 4615 4 50 <4
DW2 T9 26 +18f 6376 + 96 © 4453 + 45

The harvested grain yield of the wheat crop was significantly affected by different
sowing dates and by deficit water levels (Table 5). The highest grain yield was recorded
in T4 at 5063 kg ha~!, while the lowest was in T9 at 4453 kg ha~!. However, the average
grain yield decreased by 9%, 10%, 11%, 2%, 3%, 11%, 10%, and 14% under T1, T2, T3, T5,
T6, T7, T8, and T9, respectively, compared to T4. Across the sowing dates of the wheat crop,
the grain yield was highest under the control water treatment (existing irrigation practice)
and lowest under deficit water treatment (30% deficit in the existing irrigation practice).
Similarly, when the actual sowing time was compared with sowing 15 days in advance
or sowing delayed by 15 days, the actual sowing time treatment produced substantially
increased grain yield, with increases of 7.5% or 8.9%, respectively. Moreover, statistical
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analysis showed that sowing dates had a non-significant effect, while irrigation water levels
significantly influenced the grain yield of wheat.

3.3. Root Development

The root development of the wheat crop was significantly affected by different sowing
dates and by deficit water levels (Figure 5). The largest root development was recorded
in T5, while the smallest was recorded in T7. However, the average root development
increased by 1%, 3%, 5%, and 3% under T1, T3, T5, and T6, and decreased by 6%, 54%,
41%, and 26% under T2, T7, T8, and T9, respectively, compared to the normal sowing time
and control water treatment (T4). Across the sowing dates, root development was greatest
under the deficit water treatment (30% deficit in the existing irrigation practice) compared
to the control water treatment (existing irrigation practice). Similarly, when the actual
sowing time was compared with sowing 15 days in advance or sowing delayed by 15 days,
the actual sowing time treatment resulted in substantially increased root development,
with increases of 3% or 30.1%, respectively.
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Figure 5. Root development of wheat crop, as affected by different treatments throughout the
growing season.

3.4. Plant Level WUE and Water Footprints

Figure 6 shows that plant level water use efficiency (WUE,) increased with greater
water stress under all sowing treatments. Moreover, statistical analysis indicated that
sowing dates and irrigation water levels significantly influenced the plant level water
use efficiency in wheat crops. The highest plant level water use efficiency was found in
T6 at 1.87 kg m 3, while the lowest was in T7 at 1.42 kg m 3. The average plant level
water use efficiency increased by 10%, 20%, 13%, 23%, 7%, and 18% in the T2, T3, T4,
T6, T8, and T9 treatments, respectively, while it decreased by 1% and 2% under T1 and
T8, respectively, compared to T4. Similarly, when the actual sowing time was compared
with sowing 15 days in advance or sowing delayed by 15 days, the actual sowing time
treatment resulted in substantially increased plant level water use efficiency, with increases
of 2.5% or 5%, respectively. Moreover, the blue water footprint of the wheat crop was
significantly affected by different sowing dates and by deficit water levels (Figure 7),
and it decreased with increased water stress. The increased blue water footprint was
calculated in T7 at 1.04 m3 Kg_l, while the lowest was calculated in T6 at 0.74 m3 Kg_l.
The average blue water footprint increased by 8% and 10% in the T1 and T7 treatments,
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respectively, and decreased by 4%, 18%, 12%, 28%, 4%, and 15% under T2, T3, T5, T6, T8,
and T9, respectively, compared to the normal sowing time and control water treatment (T4).
Across the sowing dates of the wheat crop, the blue water footprint increased under the
control water treatment (existing irrigation practice) and was lowest under the deficit water
treatment (30% deficit in the existing irrigation practice) with expected normal sowing
dates and different irrigation water levels. Similarly, when the actual sowing time was
compared with sowing 15 days in advance or sowing delayed by 15 days, the actual sowing
time treatment resulted in substantially increased blue water footprints, with increases of
8.1% or 9.8%, respectively. Moreover, statistical analysis showed that sowing dates and
irrigation water levels significantly influenced blue water footprints.
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Figure 6. Plant level water use efficiency of wheat crop, as affected by treatments. *** indicate
significance at the p < 0.001 level. The values are means + SE (1 = 3).
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Figure 7. Blue water footprints of wheat crop, as affected by different sowing dates and deficit water
levels. *** indicate significance at the p < 0.001 level. The values are means + SE (1 = 3).

3.5. Economic Cost

The different sowing dates of wheat, irrigation doses, and labor costs under different
treatments are presented in Table 6. The highest output value, in rupees, was estimated
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in T4 at Rs. 506,304, while the lowest was estimated in T9 at Rs. 445,280. The average net
income decreased by 12%, 14%, 16%, 3%, 4%, 16%, 14%, and 19% under T1, T2, T3, T5,
T6, T7, T8, and T9, respectively, compared to the normal sowing time and control water
treatment (T4).

Table 6. Economic benefits (rupees ha~!) of wheat production under different treatments (sowing
dates and deficit irrigation water).

S =1 g 7] g 2
P @ S 2 c - N g_ g
- [ &0 = S > 2 £ & 8
Sowing Irrigation 5 %o ] = 3w - K] 5] S = E :‘2 =)
Time Water Levels E < & O ,['; 3 2 B S ks %6 E g
[ ) E = <1 Y = = 3 -— E Q =)
151 - 1) g — o & 9 = o E
= g < s ] — = 4 S &+
< 5 i g < £ e £ & <
a8 "_]“ ] ﬁ o — )
= 192] = o] S
(Factor-A) (Factor-B) Z
CW T1 28,800 24,100 77,120 130,020 465,824 3.58 335,804 —40,480 —12%
SD1 DW1 T2 28,800 24,100 77,120 130,020 461,472 3.54 331,452 —44,832 —14%
DW2 T3 28,800 24,100 77,120 130,020 455,400 3.50 325,380 —50,904 —16%
CW T4 28,800 24,100 77,120 130,020 506,304 3.89 376,284 0 0%
SD2 DW1 T5 28,800 24,100 77,120 130,020 495,880 3.81 365,860 —10,424 —3%
DW2 T6 28,800 24,100 77,120 130,020 492,844 3.79 362,824 —13,460 —4%
CW T7 28,800 24,100 77,120 130,020 455,704 3.50 325,684 —50,600 —16%
SD3 DW1 T8 28,800 24,100 77,120 130,020 461,472 3.54 331,452 —44,832 —14%
DW2 T9 28,800 24,100 77,120 130,020 445,280 3.42 315,260 —61,024 —19%

4. Discussion

The late planting of wheat subjects the crop to lower temperatures during its initial es-
tablishment and higher thermal stress at the reproductive phase, consequently necessitating
additional irrigations [7]. The plant height of the wheat crop was significantly influenced
by sowing dates and irrigation levels (Figure 4). The highest plant height was recorded in
those with a normal sowing time and with control irrigation, while the lowest was observed
in those with advanced sowing and deficit irrigation, representing a 22% reduction in plant
height under both these treatments. These results align with prior research, emphasizing
the critical role of normal sowing times and adequate irrigation in wheat growth. Soulé
et al. [16] reported that wheat sown on November 15th achieved a plant height of 98 cm,
and this declined with delayed sowing dates. Similarly, Fazily and Habibi [17] observed
that sowing wheat around mid-November resulted in significantly taller plants compared
to earlier or later sowing dates. These studies reinforce the importance of sowing time
alignment with favorable climatic conditions for maximizing growth. In contrast, greater
depletion levels led to reduced growth, demonstrating the adverse effects of water stress
on wheat development. This study demonstrates that wheat spike length is significantly
influenced by irrigation water levels, while sowing dates have a non-significant effect
(Figure 4). Across the treatments, the average spike length decreased by 1-14% compared
to T4, highlighting the significant role of water availability in promoting normal wheat
development. Our findings coincided with Baloch et al. [18], who found that early sowing,
on 16 October, produced spikes averaging 11.04 cm, while later sowing, on 30 October,
resulted in slightly smaller spikes (10.91 cm). Furthermore, sowing in December or later
resulted in even shorter spikes (9.4 cm), suggesting that both delayed sowing and water
stress can have cumulative negative effects on wheat growth. This observation aligns with
our results, which showed that optimal irrigation under T4 contributed to the greatest
spike length, demonstrating the importance of consistent water availability in enhancing
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wheat growth. While deficit irrigation strategies are crucial for water conservation, our
results underscore the potential trade-offs in yield and crop performance, particularly in
water-scarce regions. Finally, Zhang et al. [19] emphasized that water stress, particularly
during the flowering and grain-filling stages, significantly reduces wheat yields. The 14%
reduction in spike length observed in our study under deficit irrigation supports their
findings, reinforcing the importance of ensuring adequate water availability during critical
reproductive stages to maintain optimal wheat growth.

Under different treatments, the seed index, dry biomass, and seed yield of the wheat
crop were affected significantly (Table 5). The variation in test weight aligns with findings
by Igbal et al. [20], who observed that normal sowing and irrigation conditions result in
heavier seeds due to enhanced grain filling. Deficit irrigation during the reproductive
stage likely caused insufficient translocation of photosynthates to the grains, reducing
test weight, as highlighted by Zhang et al. [19] (2017). Late sowing, as in T9, shortened
the grain-filling period due to higher temperatures during later growth stages, leading
to poor seed development, as noted by Foulkes et al. [21]. These results underscore the
detrimental effects of water stress and improper sowing times on seed quality. Dry biomass
was also significantly affected, with the highest value recorded at 6932 kg ha=! in T5 and
the lowest at 6376 kg ha—! in T9, showing an 8% reduction. Statistical analysis indicated
that irrigation levels played a more prominent role than sowing dates. The reduction in
dry biomass under deficit irrigation can be attributed to limited water availability, which
reduces photosynthetic rates and nutrient uptake, as discussed by Chai et al. [22]. Early
sowing (T1 and T2) or late sowing (T9) likely caused suboptimal growth conditions, either
from low temperatures during early development or high temperatures during later growth
phases, resulting in lower biomass production, as supported by Mahboob et al. [23]. Dry
biomass was highest under the control irrigation, demonstrating the importance of water
availability during vegetative growth stages, as observed by Lobell et al. [24], who reported
that water stress reduces leaf area, chlorophyll content, and overall biomass accumulation.
However, grain yield was highest under the control irrigation and the normal sowing time,
while early and late sowing reduced yield by 7.5% and 8.9%, respectively. Water stress, as
observed in T3 and T9, causes kernel abortion and reduced grain size, which are primary
contributors to yield loss, as reported by Zhang et al. [19]. Additionally, late sowing
exposes the crop to higher terminal heat stress during critical grain-filling stages, further
exacerbating yield reduction, as noted by Fischer et al. [25]. Furthermore, delayed sowing
(T9) resulted in shortened growth periods, reducing the time available for vegetative and
reproductive development. This aligns with the work of Roudier et al. [26], who found that
delayed sowing, compounded by water stress, leads to reduced yields in wheat, due to
limited biomass production and poor grain filling.

The plant level water use efficiency (WUEp) of wheat was significantly influenced
by sowing dates and irrigation water levels (Figure 6). The increased WUEp observed in
T6 suggests that moderate water stress can optimize water use efficiency by promoting
more conservative water use and maximizing transpiration for biomass production. These
findings are consistent with the work of Farooq et al. [27], who observed that mild water
stress improves water use efficiency by enhancing root development and water absorption.
On the other hand, excessive water stress in T7 (late sowing with deficit irrigation) led to
reduced WUEp due to limited transpiration, inefficient water utilization, and decreased
grain yield. This finding highlights the need for balanced water use to avoid wasting
resources while maintaining crop productivity. Moreover, certain irrigation treatments
enhanced soil water consumption and antioxidant activities in wheat, suggesting that
moderate water stress can be beneficial for improving water use efficiency.
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The blue water footprint of wheat, representing freshwater consumption during
crop production, was significantly influenced by sowing dates and irrigation water levels
(Figure 7). The highest blue water footprint was associated with the control irrigation
treatment, while deficit irrigation (30% deficit) led to a lower water footprint. This finding
is consistent with Chukalla et al. [28], who noted that deficit irrigation reduces water use
without drastically affecting crop yield. The timing of sowing also influenced the blue
water footprint, with both early (T1) and late (T7) sowing increasing water consumption
compared to normal sowing. When comparing the actual sowing time to sowing 15 days
earlier or later, the actual sowing time resulted in a significantly increased blue water
footprint, with increases of 8.1% and 9.8%, respectively. This supports findings by Zhang
et al. [29], who observed that adjusting planting dates can significantly impact blue water
use, with each delay increasing water use by up to 2.0 mm. These results emphasize the
importance of optimizing both sowing dates and irrigation practices to reduce water foot-
prints while maintaining crop productivity. With increasing concerns about water scarcity,
strategic irrigation scheduling and sowing time management are crucial for sustainable
wheat production.

5. Conclusions

The results of current field trail confirmed that sowing times and irrigation water
levels significantly affected wheat growth, yield, plant level water use efficiency, blue water
footprint, and net return. The largest plant height was measured in T4 at 107.2 cm, while
the lowest measured was in T3 at 81.4 cm. A similar trend was observed in grains per spike.
Normal sowing with full irrigation produced the maximum grain yield (5063 kg ha™1),
while deficit irrigation improved WUEp by up to 23%, with only a minor yield reduction
(2-3%). Similarly, when the actual sowing time was compared with sowing 15 days in
advance or sowing delayed by 15 days, the actual sowing time treatment resulted in
substantially increased plant level water use efficiency, with increases of 2.5% or 5%,
respectively. The average blue water footprint increased by 8% and 10% in the T1 and
T7 treatments, respectively. Economic analysis indicated that moderate deficit irrigation
retained 97-98% of the maximum net income (Rs: 376,284 ha~!), making it a viable strategy
for improving water productivity without substantial economic losses. The results show
that the normal sowing times with a 15-30% irrigation deficit optimizes wheat productivity
while significantly reducing water consumption.
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