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Abstract: In Egypt, wheat is the most consumed cereal grain, and its availability and affordability
are important for social stability. Irrigation plays a vital role in wheat cultivation, despite intense
competition for water resources from the River Nile across various societal sectors. To explore
how grain and above-ground biomass yields respond to total seasonal water input from sowing
to maturity in six bread wheat cultivars, eight field irrigation experiments were performed at four
locations representative of three agro-climatic zones in two consecutive cropping seasons. A three-
replicate strip-plot design was used with cultivars nested within the main plots featuring five
irrigation treatments, ranging from six to two applications. Overall, irrigation treatment significantly
affected nine agronomic traits. Compared with the six irrigation applications treatment (T1), the two
irrigation applications treatment (T5) decreased the times to heading and maturity by 6.6 (7.3%) and
8.6 (6.3%) days, respectively. Similarly, T5 reduced the plant height by 14.9 cm (14.3%), flag leaf area
by 12.0 cm2 (27.2%), number of spikes per square metre by 77.7 (20.1%), number of kernels per spike
by 13.9 (25.2%) and thousand grain weight by 10.0 g (19.6%). T5 also decreased the overall mean grain
yield and above-ground biomass yield by 2834.9 (32.0%) and 7910.4 (32.86%) kg/ha, respectively. The
grain yield and above-ground biomass production were consistently greater for all six cultivars at Al
Mataenah and Sids than at Nubaria and Ismailia in the two cropping seasons. All six cultivars showed
significantly greater responses to total seasonal water input for the grain yield and above-ground
biomass at Al Mataenah and Ismailia. These results emphasise the necessity for choosing regions
with favourable soil and climatic conditions to grow wheat cultivars that respond better to irrigation
to enhance the large-scale production of wheat in Egypt. The grain and above-ground biomass yields
were mostly linearly and positively associated with the total seasonal water input for all six cultivars
at all four locations. This suggests that maintaining the current irrigation schedule of six irrigations
is valid and should be practised to maximise productivity, particularly in areas similar to the three
representative agro-climatic zones in Egypt.

Keywords: abiotic stress; soil drought; sustainable water use; Triticum aestivum; yield stability

1. Introduction

Wheat (Triticum aestivum L.) is one of the most vital cereal crops worldwide [1]. Wheat
bread is the most important staple food in Egypt. Indeed, Egypt is the world’s largest
wheat-importing country to fill the deficit of more than 50% in consumption left by domestic
wheat production [2]. In 2022, 1.43 million hectares of land in Egypt were used for growing
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wheat, producing a total yield of 9.7 million tonnes. This wheat area accounted for 35.6%
and 46.7% of the total agricultural land and arable land areas, respectively (https://www.
fao.org/faostat, accessed on 25 July 2024). Wheat yield and production are limited by many
biotic and abiotic factors. They include weeds, pests, diseases, supra-optimal temperatures
and soil water stress. However, availability of water is the single most important factor
that can determine not only the total wheat yield but also whether the crop can yield
at all in Egypt. The River Nile is the main freshwater source for all sectors of Egyptian
society. The agricultural sector is the largest water consumer. Optimising irrigation in
wheat production is necessary for sustainable water management and for satisfying the
developmental needs of other sectors [3]. Optimal and efficient use of irrigation water to
maximise wheat productivity is always a research priority in Egypt [4,5].

Egypt is mostly in the subtropical area, but the southern part is tropical. In general, it
has an arid to semi-arid desertic climate and is located in the driest region of the Middle
East and North Africa. Thus, water shortage is a constant challenge in Egypt due to the
lack of sufficient rain, with rainfall contributing about 1.2% of annual water resources [6].
For instance, in many southern desert areas, it may rain once in many years. Typically,
the annual average rainfall across the country ranges from 20 to 200 mm and decreases
gradually from Lower (north) to Upper (south) Egypt [7]. Therefore, the Egyptian water
supply is very dependent on the Nile River, which provides c. 97% of Egyptian water needs,
while the remaining 3% comes from other sources such as rainfall and fossil groundwater.
Since the annual supply is limited to 55.5 billion cubic metres (m3) from the Nile River, this
is not enough to meet the water demands of all economic activities [8]. As the agricultural
sector consumes >80% of the national water supply, water management is critical to
rationalise and optimise the use of irrigation water through maximising crop productivity
and water-use efficiency [9].

Due to the hot dry summers and mild winters in Egypt, the wheat cropping season
normally starts from sowing the crop in November/December and finishes with harvesting
the crop in April/May the next year [10,11]. Wheat crop production is with spring wheat
cultivars and primarily concentrated in the agricultural lands in the Nile Delta. Rainfall
occurs during the winter as scattered showers, which are irregular and unpredictable. This
erratic source of water contributes little to the wheat crop evapotranspiration required for
stable, high grain yields. By contrast with basin irrigation which made use of the annual
flooding of the Nile River in ancient times, after construction of the Aswan High Dam
in 1964, controlled water flow in the river is now used to irrigate the wheat crop [12].
It is necessary to make the dependence on the Nile River for water more sustainable
and to continue to enhance the efficiency of water use in irrigation for wheat production.
However, producing enough food to feed Egypt’s large, rapidly growing population
remains a challenge, especially in the face of climate change [13–17].

In Egypt, food production is concentrated in three important agro-climate zones, based
on mean annual temperature and potential reference evapotranspiration (ETo) [18,19]. They
are Lower Egypt (the Nile Delta) in the north (30–31◦ N), Middle Egypt (28–30◦ N) and
Upper Egypt in the south (24–28◦ N) [20]. The Nile Delta includes c. 50% of Egyptian
agricultural lands while Middle and Upper Egypt account for the other 50% [21]. Most
wheat cultivation area is in the Nile Delta region, followed by Middle Egypt and the
smallest wheat cultivation area is in Upper Egypt. Under all climate change scenarios,
the temperature is projected to increase and, in consequence, potential evapotranspiration
will increase in all agro-climate zones [20,22–25]. The construction of the Grand Ethiopian
Renaissance Dam on the Blue Nile tributary in Ethiopia’s northern–western highlands will
probably decrease the supply of water to Egypt from the Nile River. It is estimated that
a 2% reduction in water from the Nile River could result in a loss of about 81,000 ha of
irrigated land. These changes will put more emphasis on sustainable water management
and the introduction of water-saving irrigation techniques in crop production [26–31].

In principle, different bread wheat cultivars have different responses to reducing the
number of irrigation applications and yield decreases with decreasing number of irrigations.

https://www.fao.org/faostat
https://www.fao.org/faostat
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However, several cultivars (e.g., Sids 1 and Sids 14) performed better for yield and other
traits with one less irrigation than the current six irrigation applications. In our field
experiments, Sids 14 performed well under soil salinity conditions (unpublished data).
Furthermore, cultivars Sakha 95, Sids 1 and Sids 14 were taller and had more kernels per
spike, a higher seed index and greater grain yield under reduced irrigations and showed
the best drought tolerance index. Flood irrigation is currently the most popular irrigation
method in old lands while drip and sprinkler irrigation are preferred methods on new
lands in Egypt. In large-scale wheat fields, a pivot irrigation system with fertigation is the
most efficient irrigation method for the new lands.

This study aimed to determine the effects of decreasing the total water input by
reducing the number of irrigation applications on the grain yield and other agronomic
traits for six wheat cultivars. It sought to quantify their responses in the grain and above-
ground biomass yields to the total seasonal water input and to provide guidelines for soil
and climatic conditions and suitable cultivars for large-scale irrigated wheat production
in Egypt.

2. Materials and Methods
2.1. Study Sites, Experimental Set-Up, Cultivars and Measurements of Agronomic/
Morphological Traits

Eight experiments were performed in a strip-plot design with a randomised complete
block design with three replications at four locations in two consecutive cropping seasons in
Egypt (Table 1, Figure 1). These experiments were performed by Sids Agricultural Research
Station in Bani Suef governorate (about 150 km south of Cairo), which is characterised
by high-yielding growing conditions; Nubaria Agricultural Research Station in Al-Behera
governorate in the west Nile Delta to represent the newly reclaimed lands under surface
irrigation; Ismailia Agricultural Research Station in Al-Ismailia governorate in the east
Nile Delta; and Al Mataenah Agricultural Research Station in Luxor governorate, which
is characterised by high-yielding soil and climatic conditions. Nubaria and Ismailia sites
represent the agro-climate zone in the Nile Delta in the north, Sids represents the agro-
climate zone in Middle Egypt and Al Mataenah represents the agro-climate zone in Upper
Egypt in the south. This agro-climate zone is characterised by hot temperature, high solar
radiation, dry atmosphere and rare rains [21].

Table 1. Experimental locations with latitude (◦), longitude (◦), altitude (m), soil texture type and soil
available water content (SAWC) (%) at field capacity and sowing dates.

Location * Latitude Longitude Altitude Soil Type SAWC Sowing Date

Nubaria 30.69 N 30.66 E 54
Loamy sand 12 05-Dec-2019
Loamy sand 13 25-Nov-2020

Sids 29.07 N 31.09 E 18
Clay 19 01-Dec-2019
Clay 18 25-Nov-2020

Al Mataenah 25.30 N 32.55 E 82
Clay loam 18 25-Nov-2020
Clay loam 18 27-Nov-2021

Ismailia 30.61 N 32.28 E 5
Sandy soil 12 13-Dec-2020
Sandy soil 12 21-Nov-2021

* Nubaria—Nubaria Agricultural Research Station in Al-Behera governorate, Sids—Sids Agricultural Research
Station in Bani Suef governorate, Al Mataenah—Kiman Al Mataenah Agricultural Research Station in Luxor
governorate, Ismailia—Ismailia Agricultural Research Station in Al-Ismailia governorate (see Figure 1).

At each site, six bread wheat cultivars were grown (Table 2) under five irrigation
treatments with pre-determined irrigation timings (Table 3). The six wheat cultivars were
selected to represent different genetic backgrounds. Sids 1 is a bread wheat cultivar with
high tillering capacity and good tolerance to different abiotic stresses. Sakha 95 and
Sids 14, respectively, accounted for c. 18.5% and 15% of the total wheat cultivated area
in Egypt in the 2023–2024 cropping season. The five irrigation treatments were coded
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as T1 (six irrigation times), T2 (five irrigation times), T3 (four irrigation times), T4 (three
irrigation times) and T5 (two irrigation times). The six-irrigation times treatment (T1) is
the recommended irrigation schedule in practice for Egyptian wheat production. Each
successive reduction cut-off from six to two irrigation times resulted in no additional water
being applied afterwards. The main plots were the number of irrigation times, and the
six cultivars (sub-plots) were randomly assigned to each of the five irrigation treatments.
The border width between the main irrigation plots was 12 metres (m) to avoid effects
due to the potential above- and below-ground water movement from one plot to another.
At Nubaria and Sids, experiments were performed in 2019/2020 and 2020/2021, while at
Ismailia and Al Mataenah, they were performed in 2020/2021 and 2021/2022 (Table 2).
Wheat seeds were planted at a rate of 50 g per sub-plot (3.5 × 1.2 m with six rows of
wheat 0.2 m apart). Thus, the plot area was 4.2 m2. However, the harvested plot area was
3.5 × 0.8 m (i.e., 2.8 m2) with the inner four rows of wheat at the end of the experiment
used to determine the above-ground dry biomass yield and grain yields adjusted to 14%
moisture content. In all experiments, recommended agronomic practices (e.g., control of
weeds, pests and diseases) were applied to the crop. Surface (i.e., flooding) irrigation was
used at all four locations. Phosphorus fertiliser was applied at 35 kg P ha−1, while nitrogen
fertiliser was applied at 180 kg N ha−1 split between the sowing time and the tillering stage.
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agro-climate zone in the Nile Delta in the north, Sids represents the agro-climate zone in Middle
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Table 2. Name, pedigree and selection of the six bread wheat cultivars in the experiments.

Cultivar Cross/Pedigree and Selection History Release Year

Sids 1 HD2172/Pavon “S”//1158.57/Maya 74 “S” Sd46-4Sd-2Sd-1Sd-0Sd 1996
Sids 14 BOW “S”/VEE “S”//BOW “S”/TSI/3/BANI SEWEF 1 SD293-1SD-2SD-4SD-0SD 2015
Sakha 94 Opata/Rayon//Kauz CMBW90Y3180-0TOPM-3Y-010M-010M-010Y-10M-015Y-0Y-0AP-0S 2004

Sakha 95 PASTOR//SITE/MO/3/CHEN/AEGILOPS SQUARROSA (TAUS)//BCN/4/WBLL1
CMA01Y00158S-040POY-040M-030ZTM-040SY-26M-0Y-0SY-0S 2019

Gemmiza 12 Bow “s”/Kvz “s”//7C/Seri 82/3/Giza 168/Sakha61 GM 7892-2GM-1GM-2GM-1GM-0GM 2011

Shandaweel 1 Site/Mo/4/Nac/Th.Ac//3* Pvn/3/Mirlo/Buc
CMSS93B00567S-72Y-010M-010Y-010M-3Y-0M-0THY-0SH 2011
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Table 3. Five irrigation input treatments with decreasing irrigation application times from six in
treatment 1 (T1) to two in treatment 5 (T5) at different times after sowing. Irrigation application
immediately after sowing was to aid seedling emergence and crop establishment.

Days After Sowing
Irrigation Timing

T1 T2 T3 T4 T5

0 1st 1st 1st 1st 1st
20 2nd 2nd
40 3rd 3rd 2nd 2nd 2nd
60 4th
80 5th 4th 3rd 3rd

110 6th 5th 4th

2.2. Measurements of Agronomic and Morphological Traits

As well as the above-ground biomass yield and grain yield, seven other morphological
and yield component traits were measured in each experiment. These included days from
sowing to heading date (DH), which was recorded when the spike emerged for a quarter
of its length in 50% of the plants at developmental stage Zadoks DGS 53 [32], days from
sowing to maturity date (DM), plant height (cm) (PH) measured from the soil surface to
spike top, flag leaf area (cm2) measured with an LAM-A Portable Leaf Area Meter (Biobase,
Nanjing, Jiangsu, China), number of spikes per square metre (NS m−2), number of kernels
per spike (NK S−1) and one thousand grain weight (1000 GWT) (g).

2.3. Daily Weather Records

Daily weather records from 1 November in the sowing year to 31 May the following
year of the mean, maximum and minimum air temperature (◦C), rainfall (mm), global
radiation (MJ m−2), relative humidity (%) and wind speed (m s−1) were obtained from
the nearby weather stations at each experimental site by the Central Laboratory for Agri-
cultural Climate (CLAC) at the Agricultural Research Centre (ARC) and are shown in
Supplementary Figures S1–S5. The daily potential reference evapotranspiration (ET0, mm)
was calculated using the method developed by Hargreaves [33]. The equation to calculate
ET0 is as follows: ET0 = 0.0135 × Rs × (Tave + 17.8), where Rs is the daily global solar
radiation in equivalent water evaporation (i.e., mm per day) and Tave is the daily mean air
temperature (◦C).

2.4. Data Analysis
2.4.1. Analysis of Variance for Agronomic and Morphologic Traits

Analysis of variance (ANOVA) was performed at each location to determine the
effects of irrigation treatment, cultivar, cropping season and their interactions on nine agro-
nomic/morphologic traits. The grain yield and above-ground dry biomass yield were based
on measurements per harvested experimental plot area when ANOVA was performed.

2.4.2. Determination of Relationships Between Grain/Above-Ground Biomass Yield and
Total Seasonal Water Input

Regressions were performed to determine the relationships describing the responses
of the grain yield and above-ground biomass yield to the total seasonal water input. The
total seasonal water input included all applied irrigation and the rainfall from sowing to
maturity dates. Determination of relationships describing the responses of the yield to the
total water input used the grain yield and biomass yield scaled up from kg per harvested
plot area to kg per hectare. Firstly, a simple linear relation was fitted to describe the response
of the grain yield or biomass yield to the total seasonal water input. Then, a quadratic term
was added in addition to the linear relationship to test whether it significantly reduced the
residual variance using the F-test at a probability threshold of p ≤ 0.10, rather than p = 0.05
or p = 0.01. This was performed to determine whether the yield response curve deviated
from being a straight line at this 10% probability level. For those cultivars for which only
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the linear relationship was sufficient, analyses of position (i.e., intercept) and parallelism
(i.e., slope) were performed to investigate whether the relationships of the grain yield and
biomass yield with the total water input were affected by the experiment location.

2.4.3. Grain Yield Stability Analysis

Following Eberhart and Russell [34], the grain yield stability parameters were calcu-
lated for six cultivars using the following regression model:

Yij = µi + βiIj + δij

where Yij is the mean grain yield of the ith cultivar at the jth environment, µi is the mean
grain yield of the ith cultivar over all environments, βi is the regression coefficient that
measures the response of the ith cultivar to varying environments measured as environ-
mental indexes, Ij is the environmental index obtained as the mean grain yield of all six
cultivars in the jth environment minus the overall mean grain yield of all cultivars over
all environments and δij is the residual square deviation from the regression line of the ith
cultivar in the jth environment. In this study, each irrigation treatment was considered to
be a separate environment under which each cultivar was grown. Thus, there were forty
environments for each cultivar at four locations over two cropping seasons.

Regression coefficients and regression residual mean squares for each cultivar were
taken as measures of the grain yield response to increasing the environmental index
and the specificity of stability, respectively. The stability of a cultivar can be defined by
jointly considering its mean grain yield over all irrigation environments and its regression
coefficient (βi) [34,35]. When the overall yield of a cultivar is large and its regression
coefficient is unity (i.e., βi = 1), its stability is average, and it is well suited to all irrigation
levels at all four locations. However, when its overall yield is small and its stability is
average, it is poorly suited to all irrigation levels. When the overall yield of a cultivar
is large and its regression coefficient is greater than unity (i.e., βi > 1), its stability is
below average and it is specifically suited to large irrigation amounts at all four locations.
When its overall yield is large and its regression coefficient is less than unity (i.e., βi < 1),
its stability is above average and it is specifically suited to relatively small irrigation
amounts. All ANOVA and regressions were performed using Genstat 24, a statistical
software (https://vsni.co.uk/software/genstat, accessed on 1 September 2024).

3. Results
3.1. Aggregated Weather and Total Seasonal Water Input in Each Irrigation Treatment

Weather records during the growing seasons are shown in Table 4. The mean maxi-
mum air temperature from sowing to the end of May the following year was greatest at Al
Mataenah and smallest at Nubaria in the two cropping seasons (Table 4). For the mean min-
imum air temperature, there were only small differences between the four sites. Nubaria
received the largest total rainfall from sowing to the end of May the next year (264.1,
288.0 mm) but Al Mataenah received negligible amounts of total rainfall (0.8, 5.6 mm) in
the two cropping seasons (Table 4). The air was the driest at Al Mataenah (30.8, 33.8% r.h.)
but contained most moisture (68.8, 65.7% r.h.) at Nubaria. The accumulated potential
evapotranspiration from 1 November to 31 May the next year was greatest (916.4) at Al
Mataenah in the 2020/2022 cropping season. Nubaria and Ismailia had relatively lower
temperatures, smaller reference potential evapotranspiration, more rainfall and more hu-
mid atmosphere in the two cropping seasons. The experimental site of Al Mataenah had
the highest temperatures, driest atmosphere, least rainfall and greatest reference potential
evapotranspiration in the two cropping seasons.

https://vsni.co.uk/software/genstat
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Table 4. Mean maximum (Tmax), minimum (Tmin), average (Tave) air temperature, average relative
humidity, wind speed in metres per second, total rainfall, global radiation and potential evapotran-
spiration (ETo) from sowing date (November/December) to end of May next year in each cropping
season at four locations.

Location Sowing Date Tmax
(◦C)

Tmin
(◦C)

Tave
(◦C)

Radiation
(MJ)

Rainfall
(mm)

Humidity
(%)

Wind Speed
(m s−1)

ETo
(mm)

Nubaria
05-Dec-2019 22.1 12.7 17.4 3535.8 288.0 68.8 3.5 700.6

25-Nov-2020 23.6 13.3 18.4 3717.9 264.1 65.7 3.1 757.3

Sids
01-Dec-2019 24.4 10.2 17.3 3731.0 100.8 54.4 2.9 746.3

25-Nov-2020 26.7 11.4 19.1 3910.1 29.9 45.7 2.9 817.2

Al Mataenah
25-Nov-2020 29.8 12.4 21.1 4169.6 0.8 30.8 2.8 916.4

27-Nov-2021 28.0 11.6 19.8 3915.9 5.6 33.8 3.0 836.3

Ismailia
13-Dec-2020 27.0 11.5 19.3 3351.7 81.6 57.5 2.5 706.9

21-Nov-2021 24.9 10.7 17.8 3288.9 22.0 56.4 2.7 670.6

The total amounts of irrigation for the five irrigation treatments are shown in Table 5.
The total amount of irrigation decreased from six to two irrigation times. Among the
eight treatments with six irrigation applications (i.e., T1), the largest irrigation amount was
640 mm at Sids in the 2021/2022 cropping season. In contrast, of the eight treatments with
two irrigation applications (i.e., T5), the smallest irrigation amount was 184 mm at Nubaria
in the 2019/2020 cropping season. The total seasonal water inputs were obtained by adding
the accumulated rainfall from sowing to maturity date to the total amount of irrigation
under each irrigation treatment (Table 5). These were the total water inputs with which the
response relationships of the grain yield and above-ground biomass yield were analysed.
After adding the accumulated rainfall to the treatment with six irrigation applications,
the largest total water input was 838.1 mm at Nubaria in 2020/2021. Conversely, of the
two irrigation applications treatments, the smallest total water input was 214.8 mm at
Al Mataenah in 2021/2022. Although the total rainfall was smallest at Al Mataenah and
intermediate at Sids, the grain yields were much greater at Al Mataenah and Sids than
at Nubaria and Ismailia. This was because Sids Agricultural Research station has high-
yielding conditions in the Nile Valley, while Al Mataenah Agricultural Research station has
high-yielding conditions in Upper Egypt.

Table 5. Accumulated rainfall, irrigation and total water input for five irrigation treatments from
sowing date to maturity date in two cropping seasons at four locations.

Site Sowing Date Rainfall
(mm)

Irrigation
Treatment

Irrigation
(mm)

Total Water Input
(mm)

Nubaria

05-Dec-2019 195.4

T1 524.0 719.4
T2 414.0 609.4
T3 321.0 516.4
T4 242.0 437.4
T5 184.0 379.4

25-Nov-2020 264.1

T1 574.0 838.1
T2 450.0 714.1
T3 355.0 619.1
T4 278.0 542.1
T5 210.0 474.1
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Table 5. Cont.

Site Sowing Date Rainfall
(mm)

Irrigation
Treatment

Irrigation
(mm)

Total Water Input
(mm)

Sids

01-Dec-2019 100.7

T1 600.0 700.7
T2 510.0 610.7
T3 410.0 510.7
T4 300.0 400.7
T5 210.0 310.7

25-Nov-2020 29.6

T1 640.0 669.6
T2 520.0 549.6
T3 420.0 449.6
T4 330.0 359.6
T5 220.0 249.6

Al Mataenah

25-Nov-2020 0.8

T1 614.0 614.8
T2 511.0 511.8
T3 416.0 416.8
T4 388.0 388.8
T5 221.0 221.8

27-Nov-2021 5.6

T1 621.1 626.7
T2 516.4 522.0
T3 416.4 422.0
T4 306.8 312.4
T5 209.2 214.8

Ismailia

13-Dec-2020 81.6

T1 615.5 697.1
T2 482.6 564.2
T3 354.8 436.4
T4 295.0 376.6
T5 189.0 270.6

21-Nov-2021 22.0

T1 439.0 461.0
T2 394.0 416.0
T3 340.0 362.0
T4 287.0 309.0
T5 214.0 236.0

3.2. Effect of Cropping Season, Irrigation Times and Cultivar on Agronomic/Morphological Traits

The Nubaria location represents the newly reclaimed lands. The soil texture type
was sandy or loamy sand at Ismailia and Nubaria, while it was clay or clay loam at Sids
and Al Mataenah. At Al Mataenah and Sids, all six wheat cultivars showed consistently
greater grain yield (Table 6) and above-ground biomass yield than at Nubaria and Ismailia.
Thus, analysis of variance was performed at each location to test the effects of the cropping
season (Season), irrigation times (Irrigation), cultivar and their respective two-way and
three-way interactions. The results of significance tests for the nine observed agronomic and
morphological traits are shown in Supplementary Tables S1–S4 at Nubaria, Al Mataenah,
Sids and Ismailia, respectively.

Table 6. Average grain yield (kg/ha) across all irrigation treatments over two cropping seasons for
six cultivars at four locations.

Location
Cultivar

Location Mean
Gemmiza 12 Sakha 94 Sakha 95 Shandaweel 1 Sids 1 Sids 14

Al Mataenah 9211.9 9341.7 9579.8 9950.0 9467.9 9204.8 9459.3
Ismailia 3893.2 4359.6 4324.0 4534.0 3889.4 4637.7 4273.0
Nubaria 5692.9 6263.1 6525.0 6160.1 5354.8 6744.0 6123.3

Sids 10,624.8 9833.7 9240.8 11,061.8 10,415.0 10,191.8 10,228.0

Cultivar mean 7355.7 7449.5 7417.4 7926.5 7281.8 7694.6
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3.2.1. Days to Heading and Maturity

Differences between cropping seasons resulted in different heading dates and thus
led to different maturity dates at all four sites (Supplementary Tables S1-2a, S1-2b, S1-2c
and S1-2d). Overall, the days from sowing to both the heading and maturity dates were
significantly reduced by decreasing the irrigation times. Cultivars differed significantly in
both heading and maturity dates at Nubaria, Al Mataenah and Ismailia but did not differ
at Sids. There were significant two-way and three-way interactions among the cropping
season, irrigation treatment and cultivar. These interactions were more of magnitude
rather than changes in direction for the effects caused by different irrigation times. Re-
gression analysis showed significant correlations (p < 0.01) for the six cultivars between
days to heading/days to maturity and the total seasonal water input (Table 7) over the
four locations. Compared with the six irrigation applications (T1) in the two cropping
seasons, the two irrigation applications (T5) advanced the heading date by 2.7, 9.3, 8.8 and
5.6 days and maturity date by 2.9, 18.4, 1.0 and 12.1 days at Nubaria, Al Mataenah, Sids
and Ismailia, respectively.

Table 7. Simple linear correlation coefficients (r) between total seasonal water input and nine
agronomic or morphological traits for six wheat cultivars. To reach statistical significance level at
5% and 1%, the critical thresholds for values of correlation coefficients are 0.312 and 0.403 at 5% and
1%, respectively.

Trait
Cultivar

Gemmiza 12 Sakha 94 Sakha 95 Shandaweel 1 Sids 1 Sids 14

Days to heading 0.51 0.52 0.48 0.53 0.55 0.52
Days to maturity 0.44 0.47 0.45 0.43 0.47 0.44
Plant height (cm) 0.58 0.63 0.63 0.61 0.64 0.67
Flag leaf area (cm2) 0.57 0.46 0.61 0.53 0.56 0.54
Spikes per m2 0.19 0.05 0.09 0.13 0.11 0.15
Kernels per spike 0.35 0.49 0.25 0.39 0.34 0.36
1000 GWT (g) 0.61 0.67 0.66 0.73 0.60 0.70
Grain yield (kg/2.8 m2) 0.34 0.42 0.35 0.36 0.26 0.46
Above-ground biomass yield (kg/2.8 m2) 0.38 0.33 0.35 0.37 0.26 0.46

3.2.2. Plant Height (cm)

Overall, plants were significantly taller in one of the two cropping seasons at all
four sites (Supplementary Tables S3a–d). The plant height decreased with the reduced
irrigation times and the shortest plant height was with the fewest irrigation times (i.e., T5).
Cultivars differed significantly in plant height at Nubaria and Ismailia but did not differ
at Al Mataenah and Sids. For those significant interactions involving irrigation treatment,
these interactions were of magnitude rather than change in direction for the effects caused
by different irrigation times. Regression analysis showed significant correlations (p < 0.01)
for the six cultivars between the plant height and total seasonal water input (Table 7) over
the four locations. Compared with the six irrigation applications (T1) in the two cropping
seasons, the two irrigation applications (T5) reduced the plant height by 11.1, 17.7, 11.1 and
5.7 cm at Nubaria, Al Mataenah, Sids and Ismailia, respectively.

3.2.3. Flag Leaf Area (cm2)

Overall, the flag leaf area was significantly larger in one of the two cropping seasons
at all four sites (Supplementary Tables S4a–d). The flag leaf area was significantly reduced
with fewer irrigation applications, such as three (T4) or two irrigation times (T5). Overall,
the flag leaf area differed significantly between cultivars. When the interaction between
the irrigation times and cultivar was significant, the effect of the irrigation times was not
only of magnitude but also changed the direction. For example, for cultivar Sid 1, the
flag leaf area was 54.9 cm2 with four irrigation applications (T3) but was 63.8 cm2 with
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two irrigation applications (T5) in the 2019/2020 cropping season. Regression analysis
showed significant correlations (p < 0.01) for the six cultivars between the flag leaf area
and total seasonal water input (Table 7) over the four locations. Compared with the six
irrigation applications (T1) in the two cropping seasons, the two irrigation applications (T5)
reduced the flag leaf area by 5.6, 24.7, 9.5 and 8.21 cm2 at Nubaria, Al Mataenah, Sids and
Ismailia, respectively.

3.2.4. Spikes per Square Metre

Overall, the number of spikes per square metre was significantly affected by the
cropping season at Nubaria and Sids but not at Al Mataenah and Ismailia (Supplementary
Tables S5a–d). Overall, the number of spikes per square metre decreased with fewer
irrigation times at all four locations. However, the effect of the irrigation times depended
on the cropping season at Nubaria and Sids but was independent of the cropping season at
Al Mataenah and Ismaila. Overall, the six cultivars significantly differed in the number
of spikes per square metre at Nubaria, Al Mataenah and Ismailia but not at Sids. The
two-way interactions between the cultivar and irrigation times were significant at Nubaria
and Ismailia but were not at Al Mataenah and Sids. Regression analysis did not show a
significant correlation for any of the six cultivars between the number of spikes per m2 and
total seasonal water input (Table 7) over the four locations. Nevertheless, the two irrigation
applications (T5) decreased the number of spikes per m2 by 87.8, 56.4, 87.8 and 151.1 at
Nubaria, Al Mataenah, Sids and Ismailia, respectively, compared with the six irrigation
applications (T1) in the two cropping seasons.

3.2.5. Number of Kernels per Spike

Overall, the number of kernels per spike was significantly affected by the cropping
season at Nubaria, Sids and Ismailia but not at Al Mataenah (Supplementary Tables S6a–d).
The number of kernels per spike was significantly reduced with the fewest irrigation times
(i.e., T5) at Al Mataenah, Sids and Ismailia but not at Nubaria. The six cultivars differed
significantly in the number of kernels per spike at Nubaria, Al Mataenah and Ismailia but
not at Sids. The effects of the two-way interactions between the irrigation times and cultivar
were significant at Nubaria, Al Mataenah and Ismailia but not at Sids. Regression analysis
showed significant correlations (p < 0.05) for all the cultivars except Sakha 95 between the
number of kernels per spike and total seasonal water input (Table 7) over the four locations.
Compared with the six irrigation applications (T1) in the two cropping seasons, the two
irrigation applications (T5) reduced the number of kernels per spike by 0.5, 27.7, 10.0 and
17.5 at Nubaria, Al Mataenah, Sids and Ismailia, respectively.

3.2.6. Thousand Grain Weight (1000 GWT, g)

Overall, the 1000 GWT was significantly greater in one of the two cropping seasons
at Al Mataenah and Ismailia but was not significantly different between the two cropping
seasons at Nubaria and Sids (Supplementary Tables S7a–d). In general, the 1000 GWT
decreased significantly with fewer irrigation times at Nubaria, Al Mataenah and Ismailia
but the five different irrigation treatments did not differ significantly in the 1000 GWT
at Sids. Overall, the six cultivars differed significantly in the 1000 GWT at Nubaria, Al
Mataenah and Ismailia but not at Sids. The two-way interaction between the irrigation times
and cultivar was significant only at Ismailia but not at the three other locations (Nubaria, Al
Mataenah and Sids). Regression analysis showed significant (p < 0.01) correlations for the
six cultivars between the 1000 GWT and total seasonal water input (Table 7) over the four
locations. Compared with the six irrigation applications (T1) in the two cropping seasons,
the two irrigation applications (T5) reduced the 1000 GWT by 2.1, 22.3, 2.0 and 13.6 g at
Nubaria, Al Mataenah, Sids and Ismailia, respectively.
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3.2.7. Grain Yield per Harvested Plot Area (kg/2.8 m2)

Overall, the plot grain yield (kg) was significantly greater in one of the two crop-
ping seasons at Nubaria and Ismailia but was not significantly different between the two
cropping seasons at Al Mataenah and Sids (Supplementary Tables S8a–d). The main ef-
fect of the cultivar was significant at Nubaria, Al Mataenah and Ismailia but not at Sids.
Overall, the plot grain yield was greatest in the treatment with six irrigation applications
(T1) and smallest in the treatment with two irrigation applications (T5) at all four sites.
Regression analysis showed significant correlations (p < 0.05) between the harvested plot
grain yield and total seasonal water input for all the cultivars except Sids 1 (Table 7) over
the four locations. Compared with T1 in the two cropping seasons, T5 decreased per
harvested plot grain yield by 14.2, 40.8, 24.9 and 47.9% at Nubaria, Al Mataenah, Sids and
Ismailia, respectively.

3.2.8. Above-Ground Biomass Yield per Harvested Plot Area (kg/2.8 m2)

Overall, the above-ground biomass production per harvested plot area (kg) was
significantly larger in one of the two cropping seasons at Nubaria and Ismailia but was
not statistically different between the two cropping seasons at Al Mataenah and Sids
(Supplementary Tables S9a–d). The main effect of the cultivar was significant at Nubaria
and Ismailia but not at Al Mataenah and Sids. Overall, the above-ground biomass yield
was greatest in the treatment with six irrigation applications (i.e., T1) and smallest in the
treatment with two irrigation applications (i.e., T5) at all four sites. Regression analysis
showed significant correlations (p < 0.05) between the harvested plot above-ground biomass
yield and total seasonal water input for all cultivars except Sids 1 (Table 7) over the
four locations. Compared with T1 in the two cropping seasons, T5 decreased per plot
harvested biomass yield by 7.6, 38.6, 20.1 and 62.2% at Nubaria, Al Mataenah, Sids and
Ismailia, respectively.

3.2.9. Correlation of Grain Yield with Other Agronomic and Morphological Traits

The simple linear correlation coefficients of the grain yield against eight agronomic
or morphological traits for the six cultivars are presented in Table 8. The grain yield was
weakly correlated with the days from sowing to the heading date and maturity date for
these six cultivars except Gemmiza 12 for which the grain yield was positively correlated
with the days from sowing to maturity (p < 0.05). However, the grain yield was strongly
correlated (p < 0.01) with the plant height, flag leaf area, number of spikes per square metre,
number of kernels per spike, 1000 GWT and above-ground biomass productivity for all
six cultivars except Gemmiza 12 for which the grain yield was weakly correlated with
the flag leaf area and 1000 GWT. Gemmiza12 was shown to be a wheat cultivar that was
very sensitive to irrigation application. The grain yield also showed a positive but weak
correlation with the flag leaf area for Sakha 94, Shandaweel 1, Sids 1 and Sids 14.

Table 8. Simple linear correlation coefficients (r) between grain yield per harvested plot area
(kg/2.8 m2) and eight agronomic or morphological traits for six wheat cultivars. To reach sta-
tistical significance level at 5% and 1%, the critical thresholds for absolute values of correlation
coefficients are 0.312 and 0.403 at 5% and 1%, respectively.

Trait
Cultivar

Gemmiza 12 Sakha 94 Sakha 95 Shandaweel 1 Sids 1 Sids 14

Days to heading 0.19 −0.01 −0.07 0.10 −0.06 0.14
Days to maturity 0.40 0.22 0.11 0.26 0.20 0.27
Plant height (cm) 0.74 0.72 0.71 0.69 0.48 0.63
Flag leaf area (cm2) 0.23 0.32 0.63 0.21 0.01 0.31
Spikes per m2 0.75 0.62 0.64 0.69 0.76 0.63
Kernels per spike 0.79 0.81 0.64 0.73 0.79 0.77
1000 GWT (g) 0.28 0.59 0.42 0.44 0.56 0.46
Above-ground biomass yield
(kg/2.8 m2)

0.87 0.83 0.84 0.85 0.84 0.85
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3.3. Grain Yield Response to Total Water Input

Firstly, the grain yield in kg per plot was scaled up from the harvested plot area
at 2.8 m2 to a per hectare area of 10,000 m2 (ha) for each cultivar under each irrigation
treatment at each location in each cropping season. Then, the responses of the grain yield to
the total seasonal water input between the sowing and maturity date were analysed using
regression procedures in Genstat 24.

There were mostly positive linear relationships between the grain yield and the total
seasonal water input for all six cultivars at all four locations. At Nubaria, there were no
significant reductions in the residual variance by including the quadratic term to describe
the relationships between the grain yield and total seasonal water input for Gemmiza
12 (p > 0.71), Sakha 94 (p > 0.84), Sakha 95 (p > 0.97), Shandaweel 1 (p > 0.50), Sids 1
(p > 0.97) and Sids 14 (p > 0.29). At Al Mataenah, there were also no significant reductions
in the residual variance by including the quadratic term to describe the relationships
between the grain yield and total seasonal water input for Gemmiza 12 (p > 0.88), Sakha 94
(p > 0.38), Sakha 95 (p > 0.71), Shandaweel 1 (p > 0.91), Sids 1 (p > 0.43) and Sids 14
(p > 0.81). At Ismailia, there were again no significant reductions in the residual variance by
including the quadratic term to describe the relationships between the grain yield and total
seasonal water input for Gemmiza 12 (p > 0.79), Sakha 94 (p > 0.79), Sakha 95 (p > 0.58),
Shandaweel 1 (p > 0.33), Sids 1 (p > 0.74) and Sids 14 (p > 0.66). At Sids, there were no
significant reductions in the residual variance by including the quadratic term to describe
the relationships between the grain yield and total seasonal water input for Sakha 94
(p > 0.57), Sakha 95 (p > 0.94), Shandaweel 1 (p > 0.21) and Sids 14 (p > 0.13). However,
the additional quadratic term significantly reduced the residual variance for Gemmiza 12
(p < 0.02) and Sids 1 (p < 0.08). Therefore, simple linear relationships between the grain
yield and total seasonal water input were chosen and fitted for all six cultivars at Nubaria,
Al Mataenah and Ismailia but only for four cultivars (Sakha 94, Sakha 95, Shandaweel 1
and Sids 14) at Sids (Table 9). The significant probabilities for the selected and estimated
relationships between the grain yield and the total seasonal water input are given in Table 9
for each cultivar.

The best fitted lines for each cultivar at each location are shown in Figure 2. For the
best fitted quadratic equation for Gemmiza 12 and Sids 1 at Sids, the probable optimal total
water input to achieve the apparent greatest grain yield can be calculated. The optimal
total water input at Sids was estimated at 562.2 and 545.7 mm for Gemmiza 12 and Sids 1,
respectively. Comparisons of the intercept and slope of the best fitted linear equations
showed significant differences between locations for a given cultivar (p < 0.01). Thus, the
response of the grain yield to the total seasonal water input varied between locations within
a cultivar. For example, Gemmiza 12 not only had a greater grain yield with a smaller
total seasonal water input but also had larger increases in the grain yield with increasing
water input at Al Mataenah than at Nubaria. However, it had greater grain yields with
smaller total seasonal water inputs but had similar grain yield increases with increasing
water input at Al Mataenah compared with Ismailia. Shandaweel 1 shared both similar
grain yields with the same total water input and similar increases in the grain yield with
increasing water input at Al Mataenah and Sids but had a significantly greater grain yield
and larger increases in the grain yield than at Nubaria.

Table 9. The estimated values for intercept and slope, the calculated percentage of variance accounted
for (R2) and the significant probability level for the best fitted linear relations for cultivars at each site
in describing the grain yield response to total seasonal water input from sowing to maturity.

Location Cultivar Intercept Slope R2 (%) Significant Probability

Nubaria

Gemmiza 12 2744 5.04 30.1 p < 0.06
Sakha 94 3327 5.02 47.9 p < 0.02
Sakha 95 4862 2.84 19.6 p < 0.11
Shandaweel 1 2857 5.65 52.9 p < 0.01
Sids 1 3447 3.26 37.2 p < 0.04
Sids 14 4400 4.01 62.9 p < 0.01
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Table 9. Cont.

Location Cultivar Intercept Slope R2 (%) Significant Probability

Al Mataenah

Gemmiza 12 4097 12.03 80.6 p < 0.01
Sakha 94 4098 12.33 78.1 p < 0.01
Sakha 95 5015 10.74 84.7 p < 0.01
Shandaweel 1 5768 9.84 82.8 p < 0.01
Sids 1 4097 12.63 69.7 p < 0.01
Sids 14 3580 13.23 93.7 p < 0.01

Ismailia

Gemmiza 12 −500 10.64 65.4 p < 0.01
Sakha 94 −699 12.25 71.3 p < 0.01
Sakha 95 −201 10.96 74.7 p < 0.01
Shandaweel 1 −786 12.88 78.7 p < 0.01
Sids 1 −141 9.67 66.4 p < 0.01
Sids 14 −867 13.33 75.3 p < 0.01

Sids *

Sakha 94 5655 8.68 37.7 p < 0.04
Sakha 95 7307 4.02 3.1 p < 0.28
Shandaweel 1 6552 9.37 67.2 p < 0.01
Sids 14 6687 7.28 45.8 p < 0.02

* At Sids, the quadratic term was significant at p < 0.1 for the cultivars Gemmiza 12 and Sids 1. The estimated
equation was y = −3559 + 55.2x − 0.049x2 for Gemmiza 12 and y = 884 + 38.2x − 0.035x2 for Sids 1.
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Figure 2. Grain yield in relation to total seasonal water input from both irrigation and rainfall from
sowing to maturity for six wheat cultivars at Nubaria (▲), Al Mataenah (■), Sids (▽) and Ismailia
(#). The dashed lines are drawn from the estimated equations in Table 9.

3.4. Abov-Ground Biomass Yield Response to Total Water Input

The above-soil surface biomass production in kg per plot was first scaled up from the
harvested area at 2.8 m2 to a per hectare area of 10,000 m2 (ha). Then, the responses of
the above-ground biomass yield to the total seasonal water input between the sowing and
maturity date were analysed using regression procedures in Genstat 24.

The relationships between the above-ground biomass yield and the total seasonal
water input were mostly positively linear rather than curvilinear for all six cultivars at all
four locations. At Nubaria, there were no significant reductions in the residual variance
by including the quadratic term to describe these relationships between the above-ground
biomass yield and total seasonal water input for Gemmiza 12 (p > 0.98), Sakha 94 (p > 0.18),
Sakha 95 (p > 0.21), Shandaweel 1 (p > 0.76), Sids 1 (p > 0.84) and Sids 14 (p > 0.83). At Al
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Mataenah, there were no significant reductions in the residual variance by including the
quadratic term to describe these relationships for Gemmiza 12 (p > 0.34), Sakha 94 (p > 0.83),
Sakha 95 (p > 0.62), Shandaweel 1 (p > 0.96), Sids 1 (p > 0.69) and Sids 14 (p > 0.62). At
Ismailia, there were again no significant reductions in the residual variance by including the
quadratic term to describe these relationships for Gemmiza 12 (p > 0.98), Sakha 94 (p > 0.48),
Sakha 95 (p > 0.94), Shandaweel 1 (p > 0.93), Sids 1 (p > 0.14) and Sids 14 (p > 0.97). At Sids,
there were no significant reductions in the residual variance by including the quadratic
term to describe these relationships for Gemmiza 12 (p > 0.12), Sakha 94 (p > 0.39), Sakha 95
(p > 0.46), Shandaweel 1 (p > 0.56) and Sids 1 (p > 0.13). However, the inclusion of an
additional quadratic term significantly reduced the residual variance for Sids 14 (p < 0.07)
at Sids. Therefore, simple linear relations were chosen and fitted for all six cultivars at
Nubaria, Al Mataenah and Ismailia but only for five cultivars (Gemmiza 12, Sakha 94,
Sakha 95, Shandaweel 1 and Sids 14) at Sids (Table 10).

Table 10. The estimated values for intercept and slope, the calculated percentage of variance ac-
counted for (R2) and the significant probability level for the best fitted linear relations for cultivars at
each site in describing the above-ground biomass yield response to total seasonal water input from
sowing to maturity.

Location Cultivar Intercept Slope R2 (%) Significant Probability

Nubaria

Gemmiza 12 11,488 9.25 26.3 p < 0.07
Sakha 94 15,732 4.47 24.1 p < 0.08
Sakha 95 14,943 7.65 42.1 p < 0.03
Shandaweel 1 12,699 9.49 40.6 p < 0.03
Sids 1 12,348 6.85 30.6 p < 0.06
Sids 14 15,674 7.17 28.2 p < 0.07

Al Mataenah

Gemmiza 12 12,271 37.44 81.8 p < 0.01
Sakha 94 15,480 32.33 78.6 p < 0.01
Sakha 95 15,937 32.57 85.3 p < 0.01
Shandaweel 1 16,122 30.97 89.4 p < 0.01
Sids 1 15,626 32.88 69.7 p < 0.01
Sids 14 12,448 36.27 92.7 p < 0.01

Ismailia

Gemmiza 12 −3534 38.39 93.3 p < 0.01
Sakha 94 −2941 40.63 88.1 p < 0.01
Sakha 95 −1621 34.60 90.2 p < 0.01
Shandaweel 1 −2074 37.42 90.1 p < 0.01
Sids 1 −2170 35.76 83.2 p < 0.01
Sids 14 −3559 40.88 95.8 p < 0.01

Sids *

Gemmiza 12 14,421 15.63 47.1 p < 0.02
Sakha 94 16,285 9.18 28.2 p < 0.07
Sakha 95 14,441 9.76 23.7 p < 0.09
Shandaweel 1 15,016 15.35 68.6 p < 0.01
Sids 1 17,503 8.10 15.2 p < 0.15

* At Sids, the quadratic term was found to be significant at p < 0.1 for the cultivar Sids 14. The estimated equation
for cultivar Sids 14 was y = −789 + 85.6x − 0.0753x2.

The best fitted lines for each cultivar at each location are shown in Figure 3. For the
best fitted quadratic equation for Sids 14 at Sids, the probable optimal total water input
to achieve the apparent maximum above-ground biomass yield was calculated and the
optimal total water input was estimated at 568.3 mm. Comparisons for the intercept and
slope of the best fitted linear equations showed significant differences between locations for
each of the six cultivars (p < 0.01). Thus, the response of the above-ground biomass yield
to the total seasonal water input varied with the location within a cultivar. For example,
Gemmiza 12 not only had a greater above-ground biomass yield with a relatively smaller
total seasonal water input but also had larger increases in the above-ground biomass yield
with the increasing water input at Al Mataenah than at Nubaria. However, Gemmiza 12
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had a greater above-ground biomass yield with a smaller total seasonal water input but
had similar increases in the above-ground biomass yield with the increasing water input at
Al Mataenah compared with Ismailia. Sakha 95 had similar increases in the above-ground
biomass yields with the increasing water input at both Al Mataenah and Ismailia but had a
significantly greater above-ground biomass yield at Al Mataenah than at Ismailia at any
given level of total seasonal water input.
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Figure 3. Above-ground biomass yield in relation to the total seasonal water input from both irrigation
and rainfall from sowing to maturity for six wheat cultivars at Nubaria (▲), Al Mataenah (■), Sids
(▽) and Ismailia (#). The dashed lines are drawn from the estimated equations in Table 10.

3.5. Grain Yield Stability

The stability parameters for the six cultivars are presented in Table 11 and the grain
yield response of each cultivar to the varying environmental index is shown in Figure 4.
Shandaweel 1 had the greatest mean grain yield (7926.5 kg/ha) and Sids 1 had the smallest
mean grain yield (7281.8 kg/ha). The overall mean grain yield over all the irrigation
treatments at the four locations in the two cropping seasons was 7520.9 kg/ha. The
regression coefficient of Shandaweel 1 was greater than one and its mean grain yield was
greater than the overall mean grain yield. It should be specifically suited to large irrigation
applications in favourable environments. The regression coefficient of Sakha 95 was less
than one and its mean grain yield was similar to the overall mean grain yield, suggesting
that it was less responsive to the total water input and should specifically be suited to
conditions with moderate irrigation application levels. The regression coefficients of
Gemmiza 12 and Sids 1 were greater than one and their mean grain yields were smaller than
the overall mean grain yield, suggesting that they reacted favourably to large total water
inputs and are probably better suited to conditions in which large irrigation applications
are available. The regression coefficients of Sakha 94 and Sids 14 were close to one and
their mean grain yields were similar to the overall mean grain yield. These two cultivars
should be suited to a wide range of irrigation water input conditions for achieving the
overall mean grain yield (Figure 4).
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Table 11. Estimated regression coefficient (βi) and the residual sum of squared deviations from
regression (S2di) for six cultivars in grain yield stability analysis. The grain yield for each cultivar
was the mean yield over all irrigation treatments across two cropping seasons and the coefficient of
determination was the percentage of variance accounted for (R2).

Cultivar Grain Yield (kg/ha) βi S2di R2(%)

Gemmiza 12 7355.7 1.0788 429,415 95.7
Sakha 94 7449.5 0.9768 296,957 96.4
Sakha 95 7417.4 0.8705 594,018 91.5

Shandaweel 1 7926.5 1.0749 210,918 97.9
Sids 1 7281.8 1.0717 400,651 95.9

Sids 14 7694.6 0.9273 331,070 95.5

Overall mean 7520.9 - - -
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Figure 4. The grain yield response of six wheat cultivars to varying environmental index. The envi-
ronmental index (Ij) was calculated as the mean grain yield of all six cultivars in the jth environment
minus the mean grain yield of all cultivars over all environments. Here, each irrigation treatment
was considered to be a separate environment in which each cultivar was grown.

4. Discussion

Our results suggest that it is inadvisable to save irrigation water by reducing the
number of times of irrigation in the current wheat production system in Egypt. This is
because the optimal wheat growth, above-ground biological yield and grain yield were
achieved under the six irrigation application treatments for all six cultivars at all four
locations in two cropping seasons. Wheat is grown as a winter crop that depends mainly
on irrigation water in Egypt, where rainfall is very limited during the cropping season.
Often, this small amount of rain is unreliable within the cropping season and between
cropping seasons. As demand on freshwater for irrigation is projected to increase in future,
improving agricultural water management is becoming more urgent than ever. Therefore,
we need to find cultivation methods, ways to irrigate and the correct/optimal timing of
irrigation application to use the available water more efficiently to sustainably improve
food production [36,37]. In addition, breeding, screening and cultivation of climate-smart
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wheat cultivars, which are water-efficient and drought- and/or heat-tolerant, should be
explored [38–43].

Our results showed that reduced water input through fewer irrigation applications
decreased the times from sowing to heading and to maturity, resulting in shorter plant
heights, decreased flag leaf area and reduced grain yield components, such as spikes
per square metre, number of kernels per spike and the thousand grain weight (1000
GWT). Overall, irrigation treatment resulted in significant effects on nine agronomic traits.
Compared with the six irrigation applications (T1), the two irrigation applications (T5)
decreased the times to heading and maturity by 6.6 and 8.6 days, respectively. T5 reduced
the plant height by 14.9 cm, flag leaf area by 12.0 cm2, number of spikes per square metre
by 77.7, number of kernels per spike by 13.9 and 1000 GWT by 10.0 g. T5 also decreased
the overall mean grain yield and biomass yield by 2834.9 and 7910.4 kg/ha, respectively.
Consequently, both the grain yield and above-ground biomass were significantly less with
the smallest total water input from the two irrigation applications than with the largest
total water input from the six irrigation applications. The responses of the grain and above-
ground biomass yields, agronomic and morphologic traits to reduced irrigation levels were
consistent with those in other reports [26,44–52].

The reduction in days to heading under different water stress conditions varied from 5
to 10% at Sids and Nubaria. However, the days to heading is an important agronomic trait
to determine the ability of a wheat genotype to withstand unfavourable conditions [51].
The grain yield was only weakly correlated with days from sowing to heading or maturity
dates but had a strong positive correlation with six other agronomic and morphological
traits across all six cultivars (Table 8). This implies that any adverse effects on any of these
six traits due to reduced total seasonal water input by reducing irrigation applications will
reduce the grain yields. The plant height under water stress conditions varied between
different agro-climatic zones, with the wheat cultivars Sids 14 and Sakha 94 being shorter at
Sids and Nubaria, respectively, while Sids 1 showed the smallest reduction in plant height
under the same stress conditions in both locations. The number of kernels per spike is
another crucial agronomic trait that significantly influences the overall grain yield in wheat
crops. The severe water stress condition reduced the number of kernels per spike. However,
genotypic differences among cultivars were evident, as Sakha 95 and Sids 1 showed the
least reduction in number of kernels per spike under water stress in different locations.
Consequently, both the grain yield and above-ground biomass yield were significantly less
with the least total water input and fewest irrigation applications compared to the highest
total water input and most irrigation applications.

Irrigation plays a pivotal role in wheat crop production. However, its great reliance on
a fixed supply of freshwater from the Nile River poses challenges for the rational use of
water for irrigation. The River Nile is not only the backbone of the national economy but
also the primary source of drinking water for the population. As the global temperature
is increasing under climate change, improved water management through irrigation will
become more challenging. It will be more important to save water while maintaining
high, stable wheat productivity [11,53]. From 2009 to 2019, wheat crop water requirements
increased by c. 12% in Lower Egypt, c. 15% in Middle and Upper Egypt and c. 18%
outside the Nile valley compared to 1987–1997 under the best farming conditions [54].
Another study indicated that irrigation amounts are expected to increase by 14.9% and
18.0%, while water productivity is expected to decline by 25.3% and 33.0% under two
climate change scenarios (RCP4.5 and RCP8.5, respectively) for 2100 for wheat [55]. The
wheat water footprint was estimated at 4348, 4825 and 5774 m3/ha in the Nile Delta, Middle
and Upper Egypt agro-climate zones, respectively [21]. These are equivalent to 434.8, 482.5
and 577.4 mm in total water requirements per hectare, respectively. The correspondingly
estimated averaged wheat grain yields from 2015 to 2019 were 6.72, 6.69 and 6.60 t/ha on
the old lands while they were 5.91, 6.07 and 6.07 t/ha on the new lands in Upper Egypt,
Middle Egypt and the Nile Delta, respectively.
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The irrigation schedule in these experiments was implemented in such a way that,
to save water, subsequent irrigation was stopped completely after the last designated
irrigation in a treatment. We found that the greatest grain yields across all six cultivars
and four locations occurred with the irrigation schedule that included six applications
(i.e., T1). However, there are other water-saving cultivation methods and techniques that
can help increase/maintain wheat production while reducing water usage [8,9,56–59]. For
example, dry planting, laser levelling and alternate furrow irrigation have been tested and
recommended as part of integrated irrigation management strategies [9]. Deficit irrigation
has also been shown to be a significant water-saving approach while maintaining wheat
crop yield [31,60–62]. Additionally, adopting raised-bed cultivation methods can reduce
irrigation water requirements by 15.1% while increasing wheat yields by 12.8% [19,63]. In
Egypt, efficient use of precipitation is limited, despite an abundance of sunshine, and there
is a significant reliance on irrigation for wheat growth and development. Under these semi-
arid and arid conditions, the focus should be on optimising the use of irrigation water and
improving irrigation technology and efficiency [64]. To improve water-use efficiency, appli-
cation of irrigation should include optimised scheduling based on the evapotranspiration
needs of the wheat crop, calculated using the reference potential evapotranspiration in rela-
tion to the phenological stages and crop canopy cover [19,65–69]. Future research should
also address the trade-offs between achieving high agronomic yields and considering the
associated economic and environmental impacts [70].

Egypt is a country with an arid to semi-arid climate. Annual precipitation decreases
from the north to south of the country. Even though there is more frequent rainfall along
the Mediterranean coast, rain-fed wheat production has not been practised in Egypt as it is
in the geographically neighbouring countries, such as Algeria, Morocco, Tunisia, Syria, Iraq
and Turkey. In those countries, wheat crop production can be rain-fed or with significantly
less water input. Egypt is blessed with the River Nile, which supplies freshwater for all
sectors of society. The present quota of water from the River Nile (at about 55.5 billion cubic
metres per annum) allows wheat production under irrigation conditions and as a result,
the wheat grain yield is much greater in Egypt than under rain-fed conditions in other
neighbouring countries. The wheat crop is currently scheduled to have five irrigations in
the north and six irrigations in the south with irrigation intervals of 20–25 days because
potential evapotranspiration in the south is greater than that in the north. Our estimated
relationships between the grain yield and total water input showed that the grain yield
continued to increase up to the irrigation treatment with a maximum of six applications.
This schedule of six applications proved good for heathy wheat growth and high grain
yield but is difficult to implement in countries such as Algeria, Morocco, Tunisia, Syria, Iraq
and Turkey where the wheat crop is rain-fed in practice or with low available water input.

In recent years, crop growth models have become essential for decision making in
managing crop production and have served as valuable research tools in assessing the
impacts of climate change and providing adaptation strategies for agriculture [54,55,71–74].
The daily weather records, agronomic and wheat growth data collected in these irrigation
experiments involving six cultivars will contribute to calibrating and validating useful
wheat growth models to address climate change challenges and decision-making pur-
poses [4,60]. Efficient supporting methods to link real-time weather with the wheat crop
growth simulation models can be developed and applied for scheduling irrigation times in
practice [75].

5. Conclusions

The highest grain yields were recorded with six irrigation applications while the lowest
were associated with two applications. Compared with the six irrigation applications (T1)
in relative terms, the two irrigation applications (T5) accelerated the times to heading and
maturity by 7.3% and 6.3%, respectively. T5 reduced the plant height by 14.3%, flag leaf
area by 27.2%, number of spikes per square metre by 20.1%, number of kernels per spike
by 25.2% and thousand grain weight by 19.6%. T5 reduced the overall mean grain yield
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and above-ground biomass yield by 32.0% and 32.9%, respectively. These findings on the
relationships between the wheat growth/yield parameters and water inputs support the
current irrigation schedule recommendation to irrigate wheat crops six times to achieve
a high, stable grain yield in Egypt. However, the greater grain yields observed at Al
Mataenah and Sids compared to Ismailia and Nubaria were probably due to the lower
fertility and poor water retention of the sandy soils at Ismailia and the newly reclaimed
lands at Nubaria. Both the grain and above-ground biomass yields showed a strong linear
relationship with the total seasonal water input, being more sensitive to water availability
at Al Mataenah and Ismailia than at Nubaria and Sids. The greatest average grain yield
and good yield stability of cultivar Shandaweel 1 achieved in these experiments indicated
its suitability for growth in favourable soil and climatic conditions with large irrigation
inputs. The average grain yields comparable to the overall mean grain yield and yield
stability of cultivars Sakha 94 and Sids 14 suggested they can be grown to a broader range
of total water inputs in all three major agro-climatic zones. Future research focused on
wheat cultivation methods and irrigation practices aimed at conserving water should
prioritise identifying and addressing the specific actual evapotranspiration needs of each
cultivar. These evapotranspiration demands should be determined using real-time daily
weather records, accounting for dynamic development in wheat growth stages and crop
canopy sizes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy14123057/s1, Figure S1:Daily mean air temperature (◦C) from
1 November to 31 May in 2019/2020 and 2020/2021 at Nubaria and Sids and from 1 November
to 31 May in 2020/2021 and 2021/2022 at Al Mataenah and Ismailia in Egypt. Figure S2: Daily
precipitation (mm) from 1 November to 31 May in 2019/2020 and 2020/2021 at Nubaria and Sids
and from 1 November to 31 May in 2020/2021 and 2021/2022 at Al Mataenah and Ismailia in Egypt.
Figure S3: Daily global radiation (MJ d−1) from 1 November to 31 May in 2019/2020 and 2020/2021
at Nubaria and Sids and from 1 November to 31 May in 2020/2021 and 2021/2022 at Al Mataenah
and Ismailia in Egypt. Figure S4: Daily wind speed (m s−1) from 1 November to 31 May in 2019/2020
and 2020/2021 at Nubaria and Sids and from 1 November to 31 May in 2020/2021 and 2021/2022 at
Al Mataenah and Ismailia in Egypt. Figure S5: Daily potential reference evapotranspiration (ETo)
from 1 November to 31 May in 2019/2020 and 2020/2021 at Nubaria and Sids and from 1 November
to 31 May in 2020/2021 and 2021/2022 at Al Mataenah and Ismailia in Egypt. ETo is calculated using
the method developed by Hargreaves (1975). Table S1: Results for significance tests for the respective
source of variation in the analysis of variance for the nine traits measured on six wheat cultivars with
five irrigation treatments in two cropping seasons at Nubaria. Grain and above ground biomass
yields in kg were based on harvested plot area of 2.8 m2. Table S2: Results for significance tests
for the respective source of variation in the analysis of variance for the nine traits measured on six
wheat cultivars with five irrigation treatments in two cropping seasons at Al Mataenah. Grain and
above ground biomass yields in kg were based on harvested plot area of 2.8 m2. Table S3: Results
for significance tests for the respective source of variation in the analysis of variance for the nine
traits measured on six wheat cultivars with five irrigation treatments in two cropping seasons at
Sids. Grain and above ground biomass yields in kg were based on harvested plot area of 2.8 m2.
Table S4: Results for significance tests for the respective source of variation in the analysis of variance
for the nine traits measured on six wheat cultivars with five irrigation treatments in two cropping
seasons at Ismailia. Grain and above ground biomass yields in kg were based on harvested plot area
of 2.8 m2. Table S1a: Number of days from sowing to heading date for six wheat cultivars under five
irrigation treatments in two cropping seasons at Nubaria. Table S2a:Number of days from sowing
to maturing date for six wheat cultivars under five irrigation treatments in two cropping seasons
at Nubaria. Table S3a: Plant height (cm) for six wheat cultivars under five irrigation treatments in
two cropping seasons at Nubaria. Table S4a: Flag Leaf area (cm2) for six wheat cultivars under five
irrigation treatments in two cropping seasons at Nubaria. Table S5a: Number of spikes per square
metre for six wheat cultivars under five irrigation treatments in two cropping seasons at Nubaria.
Table S6a: Number of kernels per spike for six wheat cultivars under five irrigation treatments in two
cropping seasons at Nubaria. Table S7a: Thousand grain weight (g) for six wheat cultivars under
five irrigation treatments in two cropping seasons at Nubaria. Table S8a: Mean grain yield (kg) per
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harvested plot area of 2.8 m2 for six wheat cultivars under five irrigation treatments in two cropping
seasons at Nubaria. Table S9a: Mean above ground biomass yield (kg) per harvested plot area of
2.8 m2 for six wheat cultivars under five irrigation treatments in two cropping seasons at Nubaria.
Table S1b: Number of days from sowing to heading date for six wheat cultivars under five irrigation
treatments in two cropping seasons at Al Mataenah. Table S2b: Number of days from sowing to
maturing date for six wheat cultivars under five irrigation treatments in two cropping seasons at Al
Mataenah. Table S3b: Plant height (cm) for six wheat cultivars under five irrigation treatments in
two cropping seasons at Al Mataenah. Table S4b: Flag Leaf area (cm2) for six wheat cultivars under
five irrigation treatments in two cropping seasons at Al Mataenah. Table S5b: Number of spikes
per square metre for six wheat cultivars under five irrigation treatments in two cropping seasons at
Al Mataenah. Table S6b: Number of kernels per spike for six wheat cultivars under five irrigation
treatments in two cropping seasons at Al Mataenah. Table S7b: Thousand grain weight (g) for six
wheat cultivars under five irrigation treatments in two cropping seasons at Al Mataenah. Table S8b:
Mean grain yield (kg) per harvested plot area of 2.8 m2 for six wheat cultivars under five irrigation
treatments in two cropping seasons at Al Mataenah. Table S9b: Mean above ground biomass yield
(kg) per harvested plot area of 2.8 m2 for six wheat cultivars under five irrigation treatments in two
cropping seasons at Al Mataenah.
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