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Abstract

Wheat production in arid and semi-arid regions faces increasing pressure from water
scarcity, climate change, and abiotic stresses. This review compares wheat production
systems in Egypt and the Ningxia Hui Autonomous Region of northwestern China to ex-
amine how differences in agroecological conditions, irrigation systems, breeding priorities,
and agricultural modernization influence wheat production and climate resilience. Al-
though both regions rely heavily on irrigation, their production challenges differ: Egypt
faces extremely limited rainfall, strong dependence on Nile water, and increasing pressure
to improve domestic wheat production, whereas Ningxia combines low and seasonally
uneven precipitation with dependence on Yellow River irrigation and challenges related to
drought, salinity, and soil alkalinity. The comparison also reveals distinct but potentially
complementary approaches to wheat improvement. Ningxia’'s experience with long-term
germplasm evaluation, genetic characterization, and the development of cultivars adapted
to local production conditions offers opportunities to strengthen wheat improvement in
Egypt. Conversely, Egyptian research on heat adaptation, early-maturing cultivars, and
water-saving agronomic practices, including raised-bed planting, offers potentially useful ap-
proaches for Ningxia, subject to local validation. The principal contribution of this review is
to integrate these contrasting regional experiences to identify reciprocal, context-dependent
adaptation strategies rather than assuming that technologies can be transferred directly
between regions. The review highlights the need for collaborative breeding, comparable
multi-location field trials, improved irrigation management, and integrated assessment of
yield, water productivity, grain quality, and environmental sustainability. These insights
provide a basis for developing locally adapted strategies for more resilient wheat production
in water-limited environments.

Keywords: wheat germplasm; water-use efficiency; irrigation management; climate change;
abiotic stress; sustainable agriculture; arid and semi-arid regions

1. Introduction
1.1. A Future Perspective on the Global Food Problem

Considering the effects of climate change and water shortages, the global agricultural
sector is confronted with unprecedented challenges in satisfying the food security demands
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of a rapidly growing population. The Food and Agriculture Organization (FAO) projects
that by 2050, there will be over 9.7 billion people on the planet, which will significantly
increase the demand for food.

It is estimated that agricultural production must rise by 60-70% from current levels in
order to meet future consumption needs [1]. As a result of the growing global population,
the effects of climate change, water scarcity, and changing consumer demands, agricultural
production systems must undergo significant changes. It is anticipated that productivity
gains, such as increased yields and more intensive land use, will be the main source of the
necessary increase in primary food production, rather than the expansion of cultivated
areas. These improvements will maximize crop productivity under environmental stress
conditions such as salinity and drought [2].

1.2. Nutritional Value of Wheat

About 36% of the world’s population relies on wheat as its main source of nutrition [3].
Wheat provides about 55% of the carbohydrates and 21% of the calories consumed world-
wide. Because of its high nutritional content and substantial contribution to human diets,
wheat is one of the most important staple crops in the world. It is a rich source of bioactive
substances, vitamins, and macronutrients that are essential for human health. Carbohy-
drates, proteins, and trace amounts of lipids, minerals (Cu, Mg, Zn, P, and Fe), vitamins
(B and E), riboflavin, niacin, thiamine, and fiber make up the majority of wheat grains (Ta-
ble 1). Wheat is a significant source of energy in human diets, with carbohydrates making
up the majority of the grain—about 70-75%—primarily in the form of starch (Figure 1).
The typical range of protein content is 10-15%, depending on environmental factors and
genetics. The elasticity of dough and the quality of bread-making depend on wheat proteins,
particularly gluten-forming proteins (gliadins and glutenins). Although lipids make up
only 2-3% of the total, they help wheat-based products function and deliver energy [4-8].

In addition to their genetic and morphological differences, wheat types are important
sources of dietary nutrients, although their nutritional composition varies according to
genotype, growing conditions, and grain processing. Wheat grain contains carbohydrates,
predominantly starch, as well as proteins, dietary fiber, lipids, vitamins, and minerals. The
USDA FoodData Central database provides nutritional composition data for different wheat
products and food entries, supporting the assessment of wheat as a major source of dietary
energy and nutrients [9].

Table 1. Major nutritional and bioactive components of wheat grain and their functional significance
for human health.

Class Key Components Functional/Nutritional Significance
Vitamins B-complex (B1, B2, B3, B5, B6), E, K Essential Cofactgrs in metabolic pathways and
energy production [4,5]
Minerals K, B, Mg, Fe, Zn, Cu, Se Crucial for enzyma'tlc activity, oxygen transport, and
cellular homeostasis [5]
Amylase, protease, lipase; superoxide Support digestion and antioxidant defense
Enzymes : ;
dismutase mechanisms [4,5]
) . . Gluten proteins; essential amino acids Major source of plant protein; biological value
Proteins and amino acids T o . L
(lysine-limited) limited by lysine deficiency [8]
N Phenolics, flavonoids Provide antioxidant and health-promoting
Bioactive compounds - . :
(e.g., apigenin, quercetin) properties [8]

Other constituents

Contribute to physiological and metabolic

Glycoproteins, indole compounds, choline functions [5]
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Figure 1. Average nutritional composition of common wheat grain per 100 g. Source: Adapted from
Wieser et al. [8].

1.3. Classification of Wheat Types

The genus name for wheat, Triticum, comes from the Latin word “tero” (I thresh). The
current name, Triticum aestivum, refers to hexaploid bread wheat with genomes A, B, and
D, as opposed to tetraploid macaroni wheat, Triticum durum, which contains genomes A
and B and is mostly used to make pasta. Bread wheat (Triticum aestivum) is currently the
most commonly grown wheat. This type of free-threshing wheat has a hexaploid genome
(AABBDD). According to Nesbitt and Samuel, it arose as a result of a recent hybridization
between a diploid (DD) and an allotetraploid wheat (AABB) that took place no more than
8000 years ago, including Aegilops tauschii var. strangulata [10].

Triticum durum and Triticum aestivum are composed of seven pairs of chromosomes
(2n = 14). Wheat is cultivated as a spring or winter crop. In order to develop and mature
quickly and be harvested before the autumn snowfall arrives, spring wheat varieties are
propagated in extremely cold areas. In more moderate climates, winter wheat is sown prior
to the arrival of winter snowfall, which would otherwise cover the seedlings. When the
snow thaws in the spring, this leads to vernalization and allows for quick development. In
warm areas, the difference between winter and spring wheat is almost negligible. There is a
significant difference between early and delayed maturity [11]. Endosperm texture, seed
coat, dough strength, color, and planting season have all been used to differentiate wheat
varieties. The following is a quick description of these [12].

1.3.1. Red and White Wheat

Red wheat varieties are preferred in environments that permit harvesting prior to
germination because they usually show higher latency than white types. White wheat
cultivars can be produced in arid regions during the ripening and harvesting stages, and
they are ideal for bread and flat noodles [13].
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1.3.2. Soft and Hard Wheat

Although there are several varieties of wheat grown all over the world, they all fall into
two basic categories: hard wheat and soft wheat [14]. In hard and soft wheat, resistance to
crushing is associated with seed integrity and variety [13].

1.3.3. Strong and Weak Wheat

The primary barrier to making leavened bread is the entire DNA sequence code for
the proteins required to produce a sturdy, elastic dough that can trap gas bubbles during
fermentation and allow the dough to rise. The dough’s special flexibility is mostly due to
the type and amount of gluten it contains. Varieties with a high gliadin—glutenin content
are viscous and produce expansible doughs that are ideal for making cookies, while those
with a low gliadin—glutenin level are stronger and more elastic, making them ideal for
bread-making [5]. Variations in high-molecular-weight glutenin alleles are almost directly
linked to the resilience of the dough and bread quality. In bread wheat varieties, there are
three or five main high-molecular-weight glutenin subunits [15,16]. Glu-D1 genes encode
two of these subunits, Glu-B1 genes encode one or two, and Glu-A1l genes encode either
none or one. More than half of the variation in the viscoelastic characteristics and baking
capacity of dough can be attributed to the composition of high-molecular-weight glutenin
subunits in wheat [17-19].

1.3.4. Winter and Spring Wheat

These types differ in the need for a cold phase for optimal development and reproduc-
tive growth. This requirement for vernalization has been greatly impacted by changes at
the Vrn-1 position (located on the long arms of group 5 chromosomes), such as Vrn-B1,
Vrn-Al, and Vrn-D1, and their superficial adjustment by minor flower-inducing genes [20].
All three wheat genomes have alleles at Vrn-1b that confer winter growth habits, while
dominant Vrn-1la alleles in any of the three genomes and the presence of the recessive
allele confer spring growth habits. However, because Vrn-1 genes are closely associated
with genes that provide cold tolerance, they persist throughout the winter [20,21]. Wheat
development is greatly influenced by a number of factors, including temperature, the re-
quirement for a cold phase, variety, and plant responses to the proper lengths of dark and
light intervals during their developmental period. Winter wheat cultivars were shown to
mature more quickly throughout the flowering period when exposed to cold temperatures
(usually between 3 and 10 °C) for 6 to 8 weeks. Greater day exposure has also been shown
to enhance development; thus, as the days lengthen in the spring, greater exposure to light
promotes better growth. The maturity rates of different types fluctuate constantly because
of how differently they react to temperature, photoperiod, vernalization, and the degree of
interaction between different elements. Consequently, they aid in the expansion of wheat’s
global spread and adaptation in agriculture [22,23].

In China, both winter and spring wheat types are cultivated, whereas in Egypt, only
spring wheat is grown, which is sown in the winter months from mid-October to mid-
November and harvested from mid-April to June. The temperature requirements of winter
and spring wheat cultivars differ significantly. For normal heading and flowering, winter
wheat requires a period of cold exposure (vernalization) at temperatures between 0 °C
and 5 °C. These varieties are planted in the autumn, go dormant in the winter, and start
growing again in the spring. Winter wheat types can tolerate temperatures as low as
—20 °C in their early stages, but as the plant approaches heading, its frost resistance slowly
decreases. Spring wheat can be cultivated in the spring and does not require vernalization.
Although it reaches maturity in late summer, it is more vulnerable to drought and frost
than winter wheat.
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1.4. Wheat Production in China and Egypt

Wheat is grown in more than 70% of the world’s agricultural areas. Global grain
production is approximately 2862.8 million tons, with wheat production representing about
27% of global grain production in 2024/2025 [24]. China produces approximately 140 million
tons of wheat, making it the world’s largest wheat producer and accounting for 17% of global
wheat production (estimated at 800 million tons in 2024/2025); thus, its wheat production
is crucial to the global supply-demand balance. In contrast, despite high productivity
per unit area, Egypt remains one of the largest wheat importers worldwide due to the
gap between domestic production and national consumption. Recent estimates indicate
that Egypt produces approximately 9.5 million tons of wheat annually, while imports
reach about 12.7 million tons. Accordingly, total national wheat availability reaches nearly
22.2 million tons per year. Based on these figures, wheat imports account for approximately
57% of Egypt’s total wheat supply, whereas domestic production contributes about 43%,
reflecting a significant dependence on international markets to ensure food security. Per
capita wheat consumption in China is about 64.3 kg, whereas in Egypt, it is about 173.3 kg
in 2024/2025 [25]. Both China and Egypt face critical challenges in sustaining wheat
production under limited freshwater resources. The Ningxia Hui Autonomous Region
(Yellow River Ningxia Valley in China) and Egypt’s Nile Valley and Delta represent two
contrasting yet comparable systems where irrigated agriculture is the foundation of wheat
production. While China has achieved significant technological advancement in irrigation
efficiency and yield optimization, Egypt continues to face structural constraints related to
water scarcity and land fragmentation.

1.5. Wheat Cultivation Conditions

Wheat growth, yield, and grain quality are influenced by climatic conditions and soil
properties, particularly temperature, water availability, and soil fertility. As a C3 crop, wheat
generally performs well under relatively cool conditions, although its adaptation varies
among genotypes and growth stages. The crop is cultivated across a wide range of latitudes,
altitudes, and agroecological environments, reflecting substantial genetic diversity and
adaptability. However, suboptimal temperatures, water deficits, and soil-related constraints
can adversely affect crop development and productivity. These challenges are becoming
increasingly important in wheat-producing regions because climate change and growing
water scarcity intensify abiotic stresses, particularly in arid and semi-arid environments [26].

1.5.1. Temperature Requirements at Different Growth Stages

Temperature influences wheat development, yield formation, and grain quality
throughout the growing season, and the magnitude and consequences of temperature
stress depend on the developmental stage, stress intensity, and duration of exposure. Tem-
perature affects germination, leaf and tiller development, stem elongation, spike formation,
flowering, and grain filling. Therefore, understanding stage-specific temperature responses
is essential for identifying appropriate adaptation strategies in contrasting wheat-producing
environments [27].

a. Germination

Wheat can germinate across a relatively broad temperature range, although the ger-
mination rate and seedling establishment vary with temperature. The reported optimal
range is approximately 12-25 °C, with faster germination generally occurring at warmer
temperatures within this range and slower germination under cooler conditions [28-30].
Temperature during establishment is relevant to both Egypt and Ningxia, but the associated
risks differ according to the sowing season and local climate. In Egypt, sowing dates should
support timely establishment while avoiding the subsequent exposure of reproductive de-
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velopment to excessive temperatures. In Ningxia, sowing dates and cultivar characteristics
need to be matched to the local growing season and the risk of low temperatures during
establishment and early development.

b. Vegetative growth: leaf development and tillering

During vegetative growth, temperature affects leaf appearance, tiller formation and
survival, root development, and the establishment of yield components. Moderate tempera-
tures generally favor sustained vegetative growth, whereas frost can injure young tissues and
growing points, and excessive heat can restrict tillering and accelerate development [29-32].
In Ningxia, where wheat production is exposed to substantial seasonal temperature varia-
tion, cultivar selection and sowing time should account for local cold conditions and the
duration of the vegetative period. In Egypt, management should support adequate tiller
establishment while limiting the risk that delayed development or inappropriate sowing
dates will expose later growth stages to high temperatures. These considerations indicate
that temperature adaptation depends not only on the crop’s optimum temperature but also
on the timing of exposure relative to crop development.

c. Reproductive development and grain filling

The reproductive stages, particularly spike development, meiosis, anthesis, and grain
filling, are highly sensitive to temperature stress. High temperatures around flowering
can impair reproductive processes and reduce grain set, while heat after anthesis can
accelerate senescence, shorten the grain-filling period, and reduce grain weight and starch
accumulation [33,34]. The resulting yield losses depend on the timing, intensity, and
duration of heat exposure, as well as cultivar characteristics and water availability.

These responses have distinct implications for Egypt and Ningxia. In Egypt, high
temperatures toward the end of the growing season can expose wheat to terminal heat stress
during flowering and grain filling. Adaptation therefore includes selecting heat-tolerant
cultivars and optimizing sowing dates so that sensitive reproductive stages occur under
comparatively more favorable temperatures. In Ningxia, adaptation requires matching
cultivar development and sowing dates to the regional growing season, while accounting
for cold conditions earlier in the season and the possibility of high temperatures during
later development. Early or appropriately adapted cultivars may help reduce exposure to
terminal heat, but their suitability needs to be evaluated under local conditions.

Opverall, the comparison suggests that temperature-related adaptation should be based
on the timing of stress relative to crop phenology rather than on a single temperature
threshold applied to all growth stages and environments. For both regions, locally adapted
cultivars, appropriate sowing dates, and multi-location field evaluations are important for
identifying combinations that maintain yield and grain quality under prevailing thermal
conditions. However, the relative importance of cold tolerance, reproductive heat tolerance,
and grain-filling duration should be determined according to regional climate patterns and
production systems.

1.5.2. Water Requirements

Wheat can withstand a wide variety of moisture conditions. Three-quarters of the
world’s wheat-growing regions receive between 375 and 875 mm of precipitation annually,
according to FAO data. The range of 250 to 1500 mm of annual rainfall is frequently
mentioned as the ideal range for wheat. The crop gets adequate moisture within this range
without running the risk of waterlogging. For a successful harvest, wheat specifically needs
30-38 cm (12-15 inches) of water during the growing season. In China, for winter wheat,
average rainfall during the growing season from October to May ranges from approximately
60-200 mm. Supplemental irrigation is required because the water consumption is about
450-500 mm. Farmers generally irrigate winter wheat three to five times, with 180-300 mm
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of the total water application per season, from wells, rivers or reservoirs. In Egypt, the wheat
crop requires 4-6 irrigations depending on the soil type and rainfall. Water requirements at
different stages of wheat growth to reach physiological maturity and achieve the expected
yield are, on average, about 350-600 mm [35,36].

1.5.3. Soil Requirements

Although the crop can thrive in a wide range of soil types, some are obviously better
suited than others. For example, wheat grows best in fertile, deep, well-drained loam
soil. According to Bayer Crop Science, loam and clay loam soils are the best for growing
wheat. These soil types provide the drainage, aeration, water-holding capacity, and nutrient
retention that wheat roots need to grow healthily.

Loamy soils are composed of a well-balanced blend of sand, silt, and clay. They drain
well enough to prevent waterlogging while retaining enough moisture to keep the plant alive
between rainfall events. Increased clay content in clay loam soils aids in moisture retention
and provides a strong foundation for root development. Wheat can flourish in sandy soils
despite their propensity to dry out quickly and lose nutrients through leaching. Sandy soils
require more frequent irrigation and fertilization. On the other hand, very heavy clay soils
may become waterlogged, which can lead to root rot and denitrification. Soils with a pH
of 6.0-7.5 (tolerating up to 8.0) are ideal for wheat growth because they provide the best
nutrient availability. Alkaline environments (> 7.5-8.0) may result in micronutrient deficits,
while highly acidic soils (pH < 5.5) may make elements like manganese and aluminum
toxic. Crop development and soil conditions are enhanced by soil amendments like gypsum
for sodic soils and lime for acidic soils. Waterlogging limits root respiration, raises the risk
of disease, and results in nutrient losses; hence, proper drainage is crucial for wheat. Excess
water is removed from well-drained soils while sufficient moisture is retained. Long-term
shallow water tables drastically reduce production, yet wheat can withstand groundwater
depths of 0.6-0.8 m in sandy loam and silt loam soils and 0.8-1.0 m in clay soils [37-39].

1.5.4. Responding to Altitude and Latitude

Because wheat is very adaptable to a wide range of latitudes and altitudes, it is fre-
quently grown. It can grow up to 3000 m above sea level; in Tibet, it has been recorded
at 4570 m. Cooler temperatures at higher elevations may enhance grain quality, but they
also shorten the growing season. Although it can grow outside of these ranges, wheat is
primarily farmed between 30° and 60° N and 27° and 40° S. While it is usually sown in
autumn and harvested in spring or summer in temperate countries, it is grown at cooler
altitudes or during the dry season in tropical regions [40].

1.5.5. Soil Management and Fertilization

High wheat yields require integrated soil management techniques in addition to favor-
able soil and meteorological conditions. Nitrogen is the most yield-limiting element because
of its significant impact on vegetative development and grain protein production; thus,
balanced fertilization with nitrogen, phosphorus, and potassium, as well as secondary and
micronutrients, is crucial. By adding organic matter, soil fertility can be further increased,
thereby improving soil structure, water-holding capacity, microbial activity, and nutrient
mineralization. In addition to promoting biological nitrogen fixation, crop rotation with
leguminous plants helps break the cycles of pests and diseases linked to continuous wheat
cultivation. Furthermore, conservation tillage techniques, such as reduced or no-tillage
systems, increase soil aggregation, reduce erosion, and improve moisture retention; yet,
because of the possibility of nitrogen immobilization in surface residues, they require careful
fertilizer management [17,18,41].
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1.6. Scientific Rationale and Knowledge Gap

Egypt and the Ningxia Hui Autonomous Region of northwestern China provide a scien-
tifically relevant comparative framework for examining wheat production under contrasting
water-limited agroecological conditions. Wheat production and food security are increas-
ingly challenged by climate variability, pressure on agricultural resources, and the need to
improve the efficiency and resilience of food production systems [1,24,25]. In Egypt, wheat
production is closely associated with irrigation and the management of limited freshwater
resources, making water availability and crop water requirements central considerations
for production sustainability [31,36]. In Ningxia, wheat production provides an opportu-
nity to examine adaptation to arid and semi-arid conditions and the broader challenge of
improving agricultural water productivity under changing environmental conditions [39].
Although the two regions differ in their climatic characteristics, agricultural contexts, and
production systems, both provide relevant settings for investigating how water availability
and environmental stresses influence wheat performance and management priorities.

Climate-related stresses are important considerations in this comparison because
temperature and water availability affect wheat development, yield formation, and grain
quality. Heat stress during reproductive and grain-filling stages can reduce wheat yield
and alter grain development, while drought responses vary with the timing and sever-
ity of water limitation [3,26,27,33]. Temperature and water availability also influence
germination and seedling establishment, with implications for crop establishment under
contrasting environments [28-30]. Furthermore, crop simulation studies demonstrate the
importance of accounting for environmental variability and model uncertainty when eval-
uating wheat production and future yield responses [4,34,37]. These findings provide a
scientific basis for comparing the environmental constraints affecting wheat production in
Egypt and Ningxia and for examining how regional breeding and agronomic strategies
address those constraints.

The comparison is also relevant to wheat genetic improvement and the adaptation of
cultivars to specific production environments. Wheat genetic diversity has been affected by
domestication and subsequent breeding, highlighting the importance of genetic resources
for continued crop improvement [10]. In Ningxia, the genetic composition and breeding
history of wheat cultivars provide a regional basis for examining the relationship between
breeding progress and local production requirements [21]. Genetic regulation of flowering
time is another important component of wheat adaptation because flowering phenology
influences crop development and environmental exposure [20,22,23]. These genetic and
developmental considerations can be examined alongside evidence on heat and drought
responses to clarify how breeding priorities may differ between regions. Nevertheless, the
potential usefulness of a cultivar or breeding strategy in another region cannot be assumed
from its performance in its original environment; its suitability requires evaluation under
the target region’s climatic conditions and management practices.

Beyond yield and stress adaptation, wheat production must also be considered in
relation to resource-use efficiency and grain quality. Integrated nutrient management and
improved nutrient-use efficiency are important components of sustainable cereal produc-
tion [2,17,18]. At the same time, wheat quality is influenced by grain composition, storage
proteins, and the genetic and environmental factors affecting processing and end-use char-
acteristics [5,18,19]. Because wheat contributes substantially to human diets, production
strategies should consider not only grain yield but also nutritional composition and quality
attributes relevant to food processing and consumption [6,8]. A comparative assessment of
Egypt and Ningxia therefore benefits from considering yield performance, environmental
adaptation, resource management, and grain quality as connected rather than isolated
dimensions of wheat production.
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Despite the substantial body of research on wheat stress responses, crop modeling,
genetic improvement, nutrient management, and grain quality, these topics are often investi-
gated as separate components of wheat production. The specific knowledge gap addressed
by this review is the need for an integrated comparison of how these components relate to
the contrasting agroecological and production contexts of Egypt and Ningxia. In particular,
a region-to-region synthesis can help clarify how environmental constraints intersect with
breeding priorities, water and nutrient management, and grain-quality objectives, while
distinguishing common challenges from region-specific requirements. This comparison is
intended to synthesize the implications of the available literature rather than to assume that
the two regions have identical production constraints or that practices can be transferred
directly between them.

Accordingly, this review compares wheat production in Egypt and Ningxia through
an integrated examination of environmental constraints, genetic resources and breeding
priorities, water and nutrient management, and grain yield and quality. It aims to identify
areas in which the experience of one region may inform research and practice in the other,
while recognizing that potential transferability must be assessed through region-specific val-
idation. By identifying both shared challenges and context-dependent responses, the review
provides a scientific basis for reciprocal learning and for prioritizing future comparative
research toward more resilient and resource-efficient wheat production systems.

2. Literature Search Strategy and Study Selection

Relevant literature published between 2000 and 2026 was identified through searches
of Web of Science, Scopus, and Google Scholar. The search focused on wheat production
systems in Egypt and the Ningxia Hui Autonomous Region of northwestern China, with
particular attention to agroecological conditions, irrigation and water-use efficiency, climate-
related stresses, wheat breeding, and agronomic management. The principal search terms

e

irrigation,

” o

included “wheat,” “Egypt,” “Ningxia, water-use efficiency,” “drought stress,”

i e i 7o

“heat stress,” “salinity,” “alkalinity,” “wheat breeding,” “cultivar adaptation,” and “agro-
nomic management.” These terms were combined in different ways to identify literature
relevant to the objectives of the review.

Studies were selected based on their relevance to wheat production, environmental
constraints, crop improvement, and management practices in the two regions. Priority was
given to studies conducted directly in Egypt or Ningxia. Studies from other regions of China
were also considered when they provided relevant evidence on wheat responses to abiotic
stresses, breeding strategies, or water-saving practices that could inform the discussion of
Ningxia. Findings from outside Ningxia were interpreted in the context of their original
study locations and were not treated as direct evidence from Ningxia. Their potential
applicability was assessed in relation to differences in climate, soil properties, irrigation
conditions, and production systems. This approach enabled the review to integrate region-
specific findings with broader evidence while acknowledging the limitations of transferring

results between different agroecological environments.

3. Cultivated Area and Productivity per Unit Area

Globally, wheat production is high, and there is a large area under cultivation. World-
wide wheat production reached 800 million tons in 2025, with 221 million hectares under
cultivation, yielding an average of 3.5 tons per hectare [25].
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3.1. Egypt
3.1.1. Introduction of Wheat in Egypt

Throughout Egypt’s history, wheat has been the most significant crop. Egyptians
obtain 45% of their daily protein and one-third of their daily calories from wheat-based
foods, primarily in the form of subsidized baladi bread [42]. Over 22.5 million tons of
wheat are consumed annually in Egypt, with a per capita share of 175 kg. This is more than
100 kg higher than the global average per person per year [43]. Egypt is the world’s largest
importer of wheat, but it produces only about half of the 22.5 million tons needed each
year, importing more than 50% of its consumption. Russia and Ukraine accounted for 85%
of Egypt’s total wheat imports, with 20-25% coming from Ukraine and 60-66% from the
Russian Federation, depending on the year [44]. Egypt must rely on imports to make up for
the 8 to 9 million tons of wheat it produces annually. Egypt is the most populous country
in the Arab world and the third most populous in Africa. Wheat is the most important food
crop for the Egyptian diet, occupying about 1.5 million hectares of cultivated land. It is also
regarded as a highly strategic and political commodity in Egypt.

Egypt’s population is currently expanding at a rate of 1.94 percent annually. By 2030,
it is expected to reach 124 million, and by 2050, the demand for wheat is expected to nearly
double [45].

3.1.2. Wheat Production and Development:

However, 96.5% of Egypt’s land is desert. Only roughly 3.5 million hectares of the
approximately 100 million hectares of land—including the “new lands” that have been
reclaimed from the desert in recent decades—are used for agricultural production [46].
Egypt has one of the fastest rates of population increase in the world, in addition to a severe
lack of arable land and water. Currently, the population is expanding at a pace of 1.94%,
adding over 2 million people annually [47]. Egypt’s water resources are derived from
multiple sources, including approximately 55.5 BCM yr~! from the Nile River, 1.6 BCM
yr~! from effective rainfall along the northern Mediterranean coastal zone (including Sinai),
2.4 BCM yr~! from non-renewable deep groundwater in the Western Desert and Sinai, and
6.5 BCM yr~! from shallow groundwater systems. Despite these contributions, the total
available water supply is estimated at 66 BCM yr~!, which falls short of the current national
water demand of approximately 79.5 BCM yr~! across different sectors [48].

A substantial water deficit of approximately 13.5 BCM yr~! persists between available
resources and national demand. This gap is partially mitigated through the reuse of agri-
cultural drainage water, both formally regulated and informally practiced. However, the
Egyptian water resources system remains fundamentally constrained by limited supply
capacity. On the demand side, several inefficiencies further exacerbate the situation, in-
cluding evaporation losses from open water surfaces, seepage from canals and drainage
networks, percolation losses from irrigated fields, and the proliferation of aquatic weeds
within irrigation channels.

The agricultural sector plays a pivotal role in the national economy, contributing
around 14% to gross domestic product (GDP) and employing approximately 31% of the
labor force. Moreover, nearly 53% of the population resides in rural areas, with livelihoods
directly or indirectly dependent on agriculture [49]. Egyptian agriculture is predominantly
characterized by smallholder farming systems; over 80% of farmers cultivate less than
2 ha, while nearly half operate on holdings smaller than 0.4 ha [50]. Despite their limited
land size, smallholders are central to food production, employment generation, and the
utilization of land and water resources. The agricultural sector in Egypt faces mounting
structural constraints driven by limited arable land, increasing water scarcity, and expanding
desertification [51], which are likely to intensify with upstream developments such as
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the Grand Ethiopian Renaissance Dam on the Blue Nile and rapid population growth.
These pressures are further compounded by land degradation, climate change impacts,
and persistent rural poverty. In addition, high production costs, inadequate irrigation
infrastructure, and pronounced land fragmentation continue to undermine agricultural
productivity, particularly among smallholder farmers.

Under these conditions, agriculture is becoming progressively less attractive, especially
for younger generations, prompting increased rural-to-urban migration. Consequently, the
sector struggles to satisfy the country’s expanding and evolving food demand, resulting in
a significant reliance on food imports, particularly staple crops such as wheat [43].

In response to increasing pressure on wheat supply, the Egyptian government has
explored a range of strategies aimed at enhancing wheat productivity, improving grain
quality, and optimizing processing technologies. One such approach involves increasing
flour extraction rates from both domestic and imported wheat. For example, efforts have
been made to raise the extraction rate of flour used in subsidized baladi bread from 82%
to 87.5%, thereby maximizing output from available grain resources. In parallel, blending
strategies have been investigated to partially substitute wheat in bread production. These
include the incorporation of barley into wheat flour; however, this approach has been
constrained by the limited availability of barley, which is widely used in the beverage
industry. More recently, alternative formulations such as a 50:50 mixture of potatoes and
wheat have also been experimentally evaluated [45,52-54]

In response to rising dependence on wheat imports and their associated economic and
supply risks, the government of Egypt introduced a long-term development framework
in 2014 aimed at strengthening domestic production capacity. Within the “Sustainable
Development Strategy: Vision 2030,” a central objective is to enhance national wheat self-
sufficiency through expanding cultivation into newly reclaimed sandy soils. This objective is
pursued through two complementary pathways. The first emphasizes yield intensification
(vertical expansion) by improving productivity per unit area via the adoption of high-
performing wheat genotypes and the application of efficient, water-saving irrigation systems.
The second focuses on area expansion (horizontal expansion), which involves cultivating
newly available lands using wheat varieties specifically selected for their tolerance to harsh
environmental conditions, including drought, salinity, and climate variability. Together,
these approaches reflect an integrated strategy designed to increase wheat production while
optimizing resource use under conditions of water scarcity and land limitation [36,55].

The expansion of wheat cultivation in Egypt is constrained by a complex set of interre-
lated factors. Rapid population growth is placing increasing pressure on food production
systems, theoretically requiring a substantial increase in cultivated land area. However,
this is hindered by limited water availability, the prevalence of abiotic stresses, fragmented
landholdings, ongoing urban encroachment, and competition with other winter crops,
in addition to rising production costs. Collectively, these constraints significantly limit
opportunities for horizontal expansion [36,47,56]. As a result, research institutions such as
the Agricultural Research Center under the Ministry of Agriculture and Land Reclamation,
along with the National Research Center and various agricultural faculties, have increasingly
prioritized vertical expansion strategies. These efforts focus on improving yield per unit
area, particularly under both biotic and abiotic stress conditions. Key interventions include
the development and dissemination of early-maturing wheat varieties, which contribute to
improved water-use efficiency and allow for higher cropping intensity [57]. In addition,
there has been an emphasis on increasing the distribution of certified seeds, establishing
demonstration and extension fields to promote best management practices, and encouraging
the adoption of raised-bed planting systems. This cultivation technique has been shown to
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reduce irrigation water requirements by approximately 25%, decrease seed rates by about
15%, and enhance yield uniformity and overall productivity [58].

3.1.3. Statistics of Wheat Production

For the 2025/26 marketing year (July—June), wheat production in Egypt is projected
to reach approximately 9.3 million metric tons, reflecting a modest increase of about 1%
compared to the 2024 /25 season. This growth is primarily attributed to a slight expansion in
the harvested area, which is expected to rise to around 1.43 million hectares, up from nearly
1.4 million hectares in the previous year. The expansion in cultivated area is largely influ-
enced by improved government procurement prices, which provide farmers with stronger
economic incentives to allocate more land to wheat production. Consequently, farmers’
planting decisions are closely linked to these price signals. Under Egyptian conditions,
wheat is typically sown in November and harvested in April, aligning with the country’s
winter cropping season [45].

3.2. Ningxia, China
3.2.1. Introduction of Wheat in Ningxia

The Ningxia Hui Autonomous Region is divided into three main areas based on
natural conditions and economic and social development: the northern Yellow River valley,
the middle dry zone, and the southern mountain region. The core of agricultural land
in northern Ningxia is the irrigated area. Ningxia has good resources for agricultural
development. One of China’s four main gravity irrigation systems is the Yellow River
irrigation area, which runs 397 km across Ningxia [59,60]. In Ningxia, the total area
devoted to wheat cultivation is estimated at approximately 80,000 ha, with an average
productivity of about 3.45 t ha~!. Both spring- and winter-sown wheat types are grown
in this region. Farmers often apply seeding rates considerably higher than optimal levels
to secure stable yields, with recommended rates reaching up to 375 kg ha~! [61]. Field
evaluations of international germplasm, including nurseries from CIMMYT such as ESWYT
and IBWSN, are conducted at the Crop Research Institute of the Ningxia Academy of
Agriculture and Forestry Science (38° N, 106° E; 1120 m above sea level). The region
experiences a mean annual rainfall of approximately 201.4 mm, with nearly two-thirds
(62.2%) occurring between June and September. The dominant soil type is cumulic clay
with a slightly alkaline reaction (pH = 7.2), containing about 1.51% organic matter, along
with available nutrient levels of 28.2 mg kg~! phosphorus, 107 mg kg~! potassium, and
11.9 mg kg~! nitrogen [62,63].

The Yellow River Ningxia Valley, situated in northwestern China, is characterized
by relatively flat terrain at an elevation of around 1100 m. The area benefits from a well-
developed irrigation infrastructure, largely supported by the Yellow River, which plays a
critical role in sustaining agricultural production under arid conditions.

In the Yellow River Ningxia Valley, water availability represents the primary constraint
on crop productivity. Precipitation is highly seasonal and unevenly distributed, with more
than 60% occurring between July and September. Both spring- and winter-sown wheat are
cultivated in the region. Spring wheat is typically sown in early March and harvested by July,
whereas winter wheat is planted in late September and reaches maturity by late June [64-66].
This region is particularly suitable for producing high-protein wheat due to its relatively
long grain-filling duration combined with elevated temperatures during this critical growth
stage, which favor protein accumulation. However, agricultural production faces multiple
constraints, including arid climatic conditions, a fragile ecosystem, limited irrigation water
availability, and significant wind erosion along the south-north gradient [64—66]. Under
these challenging conditions, the adoption of conservation tillage practices has gained impor-
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tance in Ningxia, as such approaches can help reduce soil degradation, improve water-use
efficiency, and enhance environmental sustainability. Nevertheless, despite their potential,
conservation tillage systems remain insufficiently developed and lack well-established,
region-specific models, particularly in arid zones bordering desert areas and in irrigated
lands dependent on the Yellow River [64—66].

3.2.2. Wheat Production and Development

Over the past 57 years, Chinese wheat (Triticum aestivum) production has grown
significantly, mainly as a result of new varieties and improved crop management techniques.
The substantial increase in wheat yield has been largely attributed to uniform sowing at
lower seeding rates to control lodging and the use of leaf number and stage of development
to determine the best time to apply fertilizers and irrigation water. However, flood irrigation
and tillage-based methods have also led to major issues, such as reduced soil fertility and
quality, environmental pollution, and the wasteful use of water resources. Improving
water- and nutrient-use efficiency will be the main challenge facing wheat production in the
future. To improve agricultural environments and stabilize or increase wheat production
in China, we strongly recommend conservation-agriculture-based resource conservation
technologies such as zero or reduced tillage, flat or raised-bed-planting systems, and sensible
management of crop residues to prevent field burning [67].

Ningxia, a province in northwestern China with a variety of ecological types, has a
long history of wheat farming. Since the 1950s, five major updates of bread wheat varieties
have been implemented. The first variety update of Ningxia spring wheat resulted from the
widespread cultivation of Australian wheat germplasm “Quality” in the 1950s. The second
variety update of Ningxia wheat breeding resulted from the successful use of the Italian
wheat resource “Abbondanza” in the 1960s. The milestone variety “Doudi 1” represents
the third variety update in the 1970s. “Ningchun 4,” one of the most popular spring
wheat varieties in China, was the fourth variety update of Ningxia wheat. “Ningchun 50”,
which debuted in the 2000s, represents the most recent variety update [68-70]. In China,
“Abbondanza” has been planted on more than 667,000 hectares as a tribute to the founding
parents [57]. The ancestral founding parents of many modern wheat cultivars are important
genetic resources for the creation of new cultivars.

Wheat breeding has benefited greatly from the introduction of wheat germplasm
to Ningxia. Introduced bread wheat germplasms such as “Quality” and “Cajeme F-71”
have fueled research on wheat breeding programs in the Ningxia Basin [68-70]. Superior
landraces with special genetic resources for environmental adaptation formed the basis for
wheat improvement programs in the early 1950s. Analyzing the genetic contributions made
to bread wheat by landraces, introduced wheat varieties, and specific founding parents at
different genomic levels during the past few decades is essential to guiding future wheat
breeding in Ningxia [68-72].

3.2.3. Wheat Production Statistics

China is the world’s largest producer of wheat, accounting for 18% of global wheat
production, with an annual production area of over 27 million hectares and a production
output of 140 million tons in 2025. Despite late planting, wheat production is expected
to grow slightly to 140.1 million tons in 2026-2027 due to improved yields. Consumption
of 150 million tons and imports of 6 million tons are anticipated. Bread wheat (Triticum
aestivum L.) is widely distributed throughout China’s diverse geographical conditions
because of its high output and broad range of adaptation [73].
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4. Analysis of Wheat Production Systems in Ningxia and Egypt

Wheat (Triticum aestivum L.) constitutes a strategic staple crop in both Ningxia (China)
and Egypt, yet production systems differ substantially due to climatic conditions, water
availability, differences in yield and quality improvement, and agricultural practices.

4.1. Analysis of Wheat Production Systems in Ningxia
4.1.1. Current Situation of Wheat Cultivation in Ningxia

The wheat-growing area in Ningxia accounts for approximately 3% of the total national
wheat cultivation area. Despite its relatively small share, the region is considered repre-
sentative of wheat production systems in northwestern China. Agroecological conditions
vary considerably within the region: the northern plains around Yinchuan are significantly
affected by soil salinity and alkalinity, whereas the southern mountainous zones are char-
acterized by arid conditions and limited precipitation. Although irrigated areas benefit
from favorable solar radiation and thermal resources, overall growing conditions remain
constrained [74].

In response to these challenges, the wheat research group at the Crops Research Insti-
tute of the Ningxia Academy of Agriculture and Forestry Science has conducted long-term,
region-specific research aimed at overcoming key production limitations. Their breeding
and management strategies have prioritized early maturity, high yield potential, superior
grain quality, disease resistance, improved water-use efficiency, and enhanced tolerance to
abiotic stresses. Extensive germplasm screening efforts in Ningxia have led to the evaluation
of more than 12,000 accessions of wheat. By integrating conventional breeding approaches
with modern biotechnological tools, researchers have released 23 improved cultivars char-
acterized by enhanced tolerance to drought and salinity, high yield potential, superior
grain quality, resistance to major diseases, and strong gluten properties tailored for specific
end-uses. Notably, varieties developed in the region account for approximately 60% of those
officially approved in northwestern China, highlighting their regional importance [71,74,75].

The adoption of these improved cultivars has expanded considerably, with newly
released varieties occupying nearly one-third of the national spring wheat area annually.
Among them, the cultivars Ningchun 58 and Ningchun 62 have consistently set new yield
benchmarks for spring wheat in the region over consecutive years. Maximum yields have
reached approximately 11.6 t ha~! for spring wheat, while winter wheat productivity has
peaked at around 12.0 t ha=!.

Cumulatively, these varieties are disseminated across approximately 4.36 million mu
within and beyond the region, generating substantial economic returns estimated at 350
million yuan. This widespread adoption has reinforced the dominance of the Ningchun
series in northern spring wheat production zones, sustained Ningxia’s role as a key seed pro-
duction base, and supported the development of regional brands such as “Sai Bei Xue” and
“Xue Hua Fen” within the Hetao Irrigation District. Overall, these advancements contribute
significantly to strengthening regional food security and improving farmers’ livelihoods.

Wheat is mostly grown in Ningxia’s irrigated dry and semi-arid regions along the
Yellow River basin, which offer a consistent supply of water despite the region’s otherwise
low and variable annual rainfall (180-350 mm) [76].

Winter wheat monoculture and winter wheat-summer maize rotation are the two pri-
mary cropping systems used in the area. Winter wheat is planted in October and harvested
in June. Under irrigated conditions, average yields range from 4.0 to 5.5 t ha~!, but under
water-limited or rainfed conditions, yields can fall to 2.5-3.0 t ha=! [77]. Nitrogen, applied
at rates of 150-200 kg N ha~!, is a major component of fertilization regimes. To increase
productivity and reduce environmental impact, integrated nutrient-water management is
becoming increasingly popular [78]. Although drip and sprinkler technologies are gaining
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popularity and increasing water productivity to 1.5-2.5 kg m~3, irrigation is still predomi-
nantly based on flood and furrow systems [79]. Research into drought-tolerant cultivars
and optimal irrigation scheduling is driven by two fundamental constraints: soil salinity
and water scarcity.

4.1.2. Supply, Demand and Challenges in Ningxia

In Ningxia, the wheat sector faces several structural and technical constraints.

First, there is a pronounced imbalance between production and consumption. In recent
years, total wheat output has fluctuated between approximately 250,000 and 270,000 tons,
whereas annual demand is estimated at around 850,000 tons. Consequently, local production
satisfies only about one-third of total consumption requirements, highlighting a substantial
supply gap.

Second, economic returns from wheat cultivation remain relatively modest, which
weakens farmers’ incentives to expand production. High input costs combined with com-
paratively low returns make wheat less attractive than other major crops. On average,
production costs are estimated at about 550 yuan per mu, while gross returns reach approxi-
mately 1200 yuan per mu, resulting in a net income of around 650 yuan per mu. This limited
profitability significantly constrains farmers” willingness to allocate land to wheat [80,81].

Third, foundational research on germplasm resources requires further strengthening.
Although the region possesses considerable genetic diversity, the identification and func-
tional characterization of key genes remain insufficient. In particular, the development of
robust technical systems for precise germplasm evaluation is still limited, especially for
traits related to heat tolerance, drought resistance, and salinity—alkalinity tolerance. As a
result, the number of elite, widely usable breeding materials remains relatively low [80,81].

Fourth, progress in improving grain quality traits has been relatively constrained.
Despite a favorable genetic background, breeding efforts have historically prioritized yield
maximization, leading to the widespread adoption of medium-strength and medium-hard
wheat types. There remains a shortage of specialized varieties, including strong-gluten
types for bread-making, varieties with elevated resistant starch content, and biofortified
lines such as selenium-enriched wheat [82-84].

4.2. Analysis of Wheat Production Systems in Egypt
4.2.1. Current Situation of Wheat Cultivation in Egypt

With a per capita consumption of between 180 and 200 kg annually, Egypt is one of the
world’s largest consumers of wheat, reaching more than twice the global average of about
67 kg per year. Egypt imports 45-55% of its annual wheat requirements, producing barely
half of the 22.5 million tons of wheat it consumes. This exceptionally high demand places
considerable strain on domestic supply systems. Egypt imports around 40% of its wheat
consumption, or about 14 million tons annually, to meet domestic demand, making it one
of the world’s largest importers of wheat. An estimated USD 2 billion is spent annually as
a result of this over-reliance on imports [85]. Furthermore, it exposes the nation to food
security risks due to international price volatility and trade disruptions, which could also
lead to more widespread social instability. Therefore, increasing wheat self-sufficiency is
essential for boosting national resilience, reducing government expenditure, and decreasing
reliance on foreign markets. However, due to productivity constraints, domestic wheat
production remains insufficient to meet demand [86].

In response, current research programs seek to raise wheat yield and improve the
nutritional value of flour, thereby promoting long-term food security and national capacity
building. Egyptian research institutions are working to increase the yield of wheat varieties
resistant to fungal and rust diseases. Additionally, the National Research Center is focusing
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on improving wheat productivity and quality in newly reclaimed sandy soils under climate
change conditions, as well as assessing imported wheat varieties under salt and drought
stress [87,88].

4.2.2. Supply, Demand and Challenges in Egypt

Wheat production occurs mainly in the Nile Delta and Valley, under a hyper-arid
climate with negligible rainfall. The country depends entirely on irrigation from the Nile,
making wheat cultivation highly water-dependent [89]. Egypt employs a single wheat
season per year (November—April), with yields ranging from 6.0 to 8.0 t ha~! under optimal
irrigation and management, although water productivity varies between 1.8 and 3.0 kg m~3
depending on field management and irrigation technique [90].

Egypt leads the world in wheat production under irrigated spring wheat condi-
tions, with a potential output reaching 7.5 t ha™!, according to published statistics from
2023 [89,91]. Nevertheless, Egypt has a severe supply—demand imbalance despite this
potential and the scale of its agricultural sector, with a total cultivated area of 1.5 million
hectares [58,85]. The nation recently produced about 10.0 x 10° t of wheat, but this was
substantially exceeded by consumption, estimated at 20.6 x 106 t. This discrepancy leads
to an astounding 10.6 x 10° t wheat shortfall, which perpetuates the supply-demand mis-
match and solidifies Egypt’s reliance on international markets to meet its national food
security needs.

First, the small size of landholdings, where most farmers own less than one acre,
makes it difficult to organize agricultural operations and adopt mechanization, resulting in
significant waste and losses [92].

Second, there is limited use of modern agricultural machinery in planting, maintenance,
and harvesting operations. Increased use of agricultural mechanization is a crucial strategy
for two reasons: loss reduction and yield gap closure. Mechanization is equally important
for minimizing post-harvest losses, which are estimated to be as high as 20.6% of the
total supply along the entire value chain, even though it encourages reliance on fossil
fuels. Modern, efficient machinery for tasks like land preparation and precision planting
is scientifically proven to optimize resource use and help farmers bridge the significant
yield gap. A larger proportion of the harvested crop is secured, and physical grain loss
is reduced through the use of modern, high-efficiency combine harvesters and improved
handling systems [46,93].

Third, to increase domestic production in Egypt, financial incentives that encourage
wheat-producing farmers to allocate larger portions of their cropland to wheat cultivation
are required. The majority of farmers have inadequate knowledge of contemporary agro-
nomic techniques and limited access to information. Adequate and sustainable agricultural
practices, such as crop rotation, balanced nutrient supply, and the use of organic amend-
ments, must also be enabled through appropriate policies to help wheat producers increase
their output. However, the most crucial elements are technologies and interventions that
enhance irrigation water supply and improve its efficiency of use [94].

Fourth, although drip and sprinkler systems have recently been installed in high-value
plots, basin and furrow irrigation remain the most common irrigation methods [95].

Fifth, to maximize output, fertilization is extensive, with nitrogen inputs averaging
180-220 kg N ha~!, supplemented by phosphate and potassium. Policies promoting water-
saving technologies and precision agriculture are required because of constraints such as
salt accumulation, water allocation restrictions, and growing land pressure resulting from
population expansion [35,47,96,97].

Finally, comparative analysis highlights key differences and similarities. Ningxia
faces climatic variability and water scarcity as primary limitations, whereas Egypt’s major
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challenge is managing a fixed water supply under high demand. Both regions rely on
irrigation to sustain wheat productivity, but Ningxia is transitioning from traditional flood
irrigation to modern water-saving systems, while Egypt emphasizes optimization of existing
water resources, reuse, and precision irrigation [35]. Yields are generally higher in Egypt
due to controlled irrigation and fertile delta soils, while Ningxia exhibits greater internal
variability due to climate and soil limitations.

5. Comparison of Agro-Environmental Conditions and Irrigation
Strategies in Ningxia and Egypt

Agro-environmental factors and irrigation practices in Egypt and Ningxia (China)
show clear structural variations in water resource management, as well as convergent
constraints related to aridity. Northwest China’s Ningxia region has a semi-arid to arid
continental climate with significant annual precipitation variability and a heavy reliance
on Yellow River irrigation [51,64,76,98]. Conventional flood irrigation is still widely used
despite a long history of irrigation development, which leads to inefficient water use and
contributes to soil salinization, alkalinity, and nutrient leaching [79]. Water-saving irri-
gation methods, including drip and micro-irrigation, have shown notable increases in
water productivity and resource-use efficiency as a result of recent agricultural policy and
technological advancements [99].

Egypt, on the other hand, has an extremely dry climate with very little precipitation
and almost complete dependency on the Nile River as its main source of water [89]. Based
on a vast network of canals and basin irrigation techniques, the irrigation system is highly
organized and regulated. However, the strain on scarce water resources has increased due
to rising water demand from population growth and climate change. As a result, national
plans have placed a high priority on modernizing irrigation by expanding pressurized
irrigation techniques, including sprinkler and drip irrigation, in addition to institutional
initiatives aimed at improving the efficiency of water allocation [90].

Overall, even though both areas are moving toward more efficient irrigation in the
face of water constraints, their governing challenges—such as increasing wheat yield under
saline stress and water scarcity—differ significantly. While Egypt must maximize the use of
a fixed and severely limited water supply, requiring strict water governance and efficiency-
driven management measures, Ningxia faces the dual constraints of climatic variability and
historically poor irrigation practices. The effects of temperature trends, drought and water
stress, yield impacts and adaptation needs are illustrated in Table 2.

Table 2. Climate change effects on wheat production and adaptation strategies in Ningxia and Egypt.

Aspect

Ningxia (Northwest China) Egypt

Temperature trends

Climate change modeling indicates potential
impacts on wheat production; however, the
magnitude and direction of these impacts
depend on the model, time horizon, and regional
conditions [92].

Future climate scenarios indicate increasing
drought and wheat meteorological-disaster risks.
The severity varies by scenario and time

period [98].

Drought and water stress

Drought risk and meteorological stresses may
affect wheat during sensitive growth stages.
Irrigation and crop management are therefore
important [98].

Water scarcity is a major constraint. Wheat water
requirements and climate impacts must be
considered alongside limited water

resources [31,48,92].

Potential yield impacts

Climate-related drought and meteorological
stresses may threaten wheat production.
However, yield impacts should not be inferred
from meteorological risk indices alone [98].

Climate change models indicate potential
changes in wheat production, although results
depend on the assumptions and methods used.
Heat stress can also affect wheat growth, yield,
and grain quality [3,27].
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Table 2. Cont.

Aspect Ningxia (Northwest China) Egypt
Incorporate drought-risk information into crop Improve 1rr.1gat10n an.d water mllar?age.ment and
. ) . e . evaluate suitable cultivars and irrigation
Adaptation strategies planning and evaluate irrigation practices and

practices under water

locally adapted cultivars [59,98]. scarcity [48,57,58,91,95,96].

5.1. Ningxia Region (China)

Ningxia is located in the temperate arid and semi-arid desert climate zone, with an
average annual precipitation of 180-367 mm. Its total area is 66,400 km?, and its geographic
range is 104°17'-107°39" E to 36°06'-37°50" N. The Tengger Desert, the Yellow River and its
surrounding alluvial plain, the central low hills and mountains, and the southern Loess
Plateau comprise the region from north to south. Ningxia is crucial for maintaining the
aquatic ecology and water environment of the Yellow River, producing food, ensuring
the security of water resources in the Hetao Plain, and fortifying the ecological barrier in
northern China. Ecologically delicate and sensitive areas and desertified terrain make up
about half of the region (Figure 2) [100]. It is characterized by:

e  Semi-arid continental climate;

e Annual precipitation: 180-367 mm;

e  High evaporation rates;

e Large diurnal temperature variation;

e  Dependence on Yellow River irrigation.

Wheat production is concentrated in irrigated plains where water diversion systems
from the Yellow River support intensive agriculture. Recent studies show that irrigation-
driven intensification has significantly increased wheat output in northern China, de-
spite reductions in cultivated land area, due to improved irrigation infrastructure and
technology [38].
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Figure 2. Scope of the study area (produced on the basis of the base map of the standard map with
reference number GS (2019) 1822) [100].
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5.1.1. Wheat Water-Use Efficiency and Water Productivity in Ningxia
Water-Saving Irrigation Practices in China

A recent meta-analysis across China’s wheat regions (including semi-arid northwest
areas such as Ningxia) quantified the effects of water-saving irrigation (WSI) [64]. Drip irri-
gation and micro-sprinkler irrigation significantly reduced irrigation water input (by 35%)
without reducing yields. These systems increased water-use efficiency (WUE) by approxi-
mately 18.7% for drip and 10.1% for micro-sprinkler methods across studies. Moderately
reduced irrigation (60-100% of full irrigation) optimized WUE while maintaining sta-
ble yields [64,101]. Comparative water management and water-use efficiency in wheat
production systems of Egypt and Ningxia are shown in Table 3.

Table 3. Comparative water management and water-use efficiency in wheat production systems of
Egypt and Ningxia.

Aspect

Egypt (Arid Environment) China (Ningxia/Arid and Semi-Arid Regions)

Water Source and
Irrigation Dependency

Wheat production depends heavily on irrigation, Wheat production in Ningxia’s irrigated plains
with the Nile River serving as Egypt’s principal ~ depends substantially on water diverted from the
water source for agriculture [2,5]. Yellow River [68,69].

Water Productivity (WP)

Water-saving irrigation and optimized
Optimizing irrigation and nitrogen management deficit-irrigation strategies have been
can improve wheat water productivity under investigated to improve wheat productivity and
Egyptian conditions [4,66]. water-use efficiency in northern and
northwestern China [67,70,71].

Water-Use Efficiency
(WUE)

Optimized irrigation and water-saving methods

Irrigation system selection and nitrogen can improve wheat yield and WUE in northern
management influence wheat productivity and ~ China; the magnitude of improvement depends
WUE under Egyptian conditions [64,65]. on the irrigation strategy and study

conditions [70,71].

Key Strategies for
Improvement

Adopt water-saving irrigation technologies,
optimize irrigation scheduling, and evaluate
deficit-irrigation strategies under local
conditions [67,70,71].

Optimize irrigation methods and scheduling,
improve nitrogen management, and select
suitable wheat cultivars [64-66].

Water Stress and WUE

Water stress is a major constraint on wheat production in arid and semi-arid environ-
ments. Its effects on grain yield and water-use efficiency (WUE) depend on the intensity
and timing of water deficits, cultivar characteristics, and irrigation management. Evidence
from the Loess Plateau indicates that irrigated wheat yields were approximately 22% higher
than rainfed yields, while WUE responded to water stress and management practices [102].
However, this yield difference reflects the specific conditions of the original study and
should not be directly extrapolated to Ningxia without considering differences in climate,
soil properties, and production systems.

Ningxia-specific studies provide more direct evidence of the relationship between
irrigation management, yield, and water productivity. A two-year field experiment in the
Ningxia Yellow River irrigation area found that combining a 20% reduction in irrigation
water with a 25% reduction in nitrogen application increased spring-wheat WUE by ap-
proximately 21.8% and 31.19% relative to conventional irrigation and nitrogen management
in 2021 and 2022, respectively. The treatment also reduced crop water consumption while
maintaining or improving yield, although the magnitude of the response varied between
years [103]. These findings suggest that coordinated water and nitrogen management
may improve water productivity under local conditions, rather than relying on irrigation
reduction alone.
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Additional evidence from Ningxia shows that irrigation amount affects spring-wheat
photosynthetic characteristics, transpiration, WUE, and yield components, with responses
varying among cultivars and irrigation treatments [104]. Research on drip-irrigated spring
wheat in the Ningxia Yellow River irrigation area has also demonstrated that water allo-
cation can influence dry-matter translocation and grain-filling characteristics, indicating
that the timing and distribution of irrigation may be as important as the seasonal irrigation
total [105]. Moreover, a recent assessment using the AquaCrop model and XGBoost-SHAP
analysis identified May and June as critical irrigation months for spring wheat in the
Ningxia Irrigation District, with yield responses to irrigation deficits showing a nonlinear
pattern [106]. Because this last study combines crop modeling with historical meteorolog-
ical and yield data, its results are useful for regional planning but should be interpreted
alongside field-based validation.

WUE depends on both grain yield and actual evapotranspiration, and therefore must
be interpreted alongside the method used to calculate it. Grain yield per unit of seasonal
evapotranspiration is not equivalent to grain yield per unit of irrigation water applied. A
reduction in irrigation may increase irrigation-water productivity while decreasing total
yield; consequently, WUE alone is insufficient to establish whether a management practice
improves overall productivity. Comparisons should report grain yield, irrigation amount,
actual evapotranspiration where available, and the precise WUE metric.

Overall, the Loess Plateau studies provide useful evidence on general relationships
between water stress, yield, and WUE, but differences in rainfall regimes, soil conditions,
wheat growth habits, and water-supply systems limit direct transferability to Ningxia.
Local studies of irrigated spring wheat provide a stronger basis for evaluating irrigation
scheduling and water-saving practices in the Yellow River irrigation area. Further multi-year
field experiments are needed to establish the reliability of these practices across cultivars,
soil conditions, and contrasting seasonal water availability.

5.1.2. Wheat Variety Evaluation in Ningxia (China)
Genetic Diversity and Breeding

e A major study assessed the genetic composition of 121 local Ningxia wheat cultivars
and 86 introduced lines, revealing significant differences in genes controlling yield,
quality, adaptation, and stress resistance.

O  Modern Ningxia cultivars often carry dwarfing alleles (Rht-B1b and Rht-D1b)
and yield-related favorable alleles such as Hap-1 at GW2-6B, which help increase
grain weight and adaptation.

O Introduced varieties have provided important genetic diversity and have been
essential in broadening the local breeding base.

O  Traditional landraces differ significantly from modern cultivars in both genetic
diversity and adaptation traits [72,103].

Agronomic Trait Diversity

e A 2025 study analyzing 63 spring wheat varieties (lines) approved in Ningxia
(1979-2020) [104]. found improvement trends including earlier maturity, reduced
plant height, increased grains per spike, higher main grain weight, and improved
harvest index in varieties released after 2015. However, many modern varieties had
a relatively narrow genetic base compared with older lines, and only recent lines
showed noticeable yield trait improvements. Some modern and introduced lines carry
favorable alleles (e.g., Rht Blb, Rht D1b, and Hap 1 at GW2 6B) associated with yield
and grain size, indicating potential impacts on yield performance [103]. Chinese data

https://doi.org/10.3390/agronomy16212209


https://doi.org/10.3390/agronomy16212209

Agronomy 2026, 16, 2209

21 0f 38

focus more on genetic and agronomic trait diversity than on field yield trials of named
commercial varieties.

However, agronomic trait improvements (e.g., grain weight, harvest index) are tied to

yield potential in newer lines. Genetic differences at yield-related genes among Ningxia

lines and introduced germplasm suggest breeding efforts affect yield traits.

5.1.3. Climate Change Impacts: Temperature and Drought Trends on Wheat in Ningxia

Long-term climate projections for Ningxia Province show rising temperatures under
future climate scenarios (e.g., SSP1-2.6, SSP2-4.5, and SSP5-8.5), with increases of about
0.037-0.45 °C per decade depending on emissions pathways. Higher temperatures can
stress wheat crops and increase heat and water demand [105,106].

Average annual precipitation is projected to increase modestly, but the combination of
higher temperatures, dry-hot winds, and increased drought risk during the wheat-
growing season suggests wheat growth will be more vulnerable to water stress in many
future scenarios [100,106].

Dry-hot wind events, which can accelerate evapotranspiration and soil moisture loss,
are expected to become more frequent and intense, further increasing wheat drought
risk and meteorological disasters linked to drought and heat stress [18,106]. Effective
irrigation is projected to be increasingly necessary to mitigate the negative impacts of
drought and hot winds on wheat yields in arid and semi-arid parts of Ningxia [98].
Drought frequency and intensity during critical stages of wheat development (e.g.,
germination, heading) are likely to increase, posing risks to overall wheat yield stability
unless effective adaptation measures (such as irrigation scheduling, drought-tolerant
varieties, and improved water management) are applied [38,106].

5.1.4. Wheat Varieties and Genetic Improvement in Ningxia (China)

Historical Breeding and Variety Development

Wheat breeding in Ningxia started in the 1950s-1960s, initially using local landraces
and imported varieties.

Modern cultivars incorporate introduced germplasm from Northern China and inter-
national sources, aimed at improving yield, stress tolerance, and quality traits (Table 4).

Table 4. Comparison of wheat variety evaluation and stress-tolerance traits in Ningxia and Egypt.

Dimension

Ningxia Wheat Variety Evaluation

Egypt Wheat Variety Evaluation

Genetic Focus

Genetic diversity and alleles associated with yield,
grain quality, and adaptation are assessed in local
and introduced germplasm [72,103].

Genetic diversity, disease resistance, and agronomic
performance are evaluated among Egyptian bread
wheat cultivars [101,105].

Breeding History

Studies of Ningxia spring wheat varieties document
changes in agronomic traits and genetic diversity
over time [104].

Egyptian breeding programs have developed
cultivars such as Sakha 96, with emphasis on
agronomic performance and early

maturity [101,105].

Trait Evaluation

Evaluation focuses on yield-related alleles and
agronomic traits, including grain number, grain
weight, plant height, and harvest index [103,104].

Cultivar comparisons examine grain yield, yield
components, performance across environments, and
technological characteristics [103,104].

Stress Tolerance

Genetic diversity and adaptation-related traits
provide a basis for assessing the potential of wheat
germplasm under environmental stress [72,103].

Studies evaluate cultivar responses to water stress
and disease pressure, including variation in yield
and disease resistance [100,101].

Significant breeding achievements include semi-dwarf varieties using Rht-B1b and Rht-
D1b dwarfing genes, which increase harvest index and reduce lodging risk [72,103].
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Genetic Improvement for Yield
e  Recent breeding efforts have focused on:

O Increased grain number per spike;

O  Improved 1000-grain weight;

O  Early maturity and plant height reduction;
O  Harvest index improvement.

e  Genetic analysis of Ningxia wheat shows the use of favorable alleles such as GW2-6B
(grain width) and Ppd-D1 (photoperiod sensitivity) for yield enhancement.

e  Modern varieties released after 2015 show higher yield potential compared to older
cultivars, although genetic diversity among modern lines is relatively narrow [103,107].
The comparison of wheat variety evaluation and stress-tolerance traits in Ningxia and
Egypt is shown in Table 4.

Stress Adaptation

e Breeding focuses on drought and heat stress tolerance, critical in the semi-arid
Ningxia region.

Traits such as a deep root system, osmotic adjustment, and early maturation are targeted
for adaptation [38,106].

5.2. Egypt (Nile Valley and Delta )

Egypt is a transcontinental nation in northeastern Africa that stretches into southwest
Asia via the Sinai Peninsula. Its official name is the Arab Republic of Egypt (ARE). Geo-
graphically, it spans an area of around one million square kilometers and is located between
latitudes 22-32° N and longitudes 24-37° E. Its borders are Sudan to the south, Libya to the
west, the Mediterranean Sea to the north, and the Red Sea and Palestine to the east [46,47].
Administratively, Egypt was divided into 19 governorates (Figure 3).

28°E 32°E
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Figure 3. Governorates of the Egyptian Nile region. Source: Authors’ map prepared using
governorate-level administrative boundary data provided by CAPMAS and accessed through ArcGIS
Online (Esri, version 2026.2) [108].

Egypt’s regional importance in Africa, the Middle East, and the Mediterranean is
influenced by its strategic location. With an average annual rainfall of 60 to 190 mm along
the Mediterranean coast, 25 to 60 mm in the Nile Delta, and less than 25 mm in Upper Egypt
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and its surrounding regions, Egypt has a dry climate. It is situated in North Africa and
includes semi-desert, desert, and temperate grassland biomes [108]. Egypt experiences hot,
dry summers and moderate winters due to its arid desert climate. Winter rainfall is sparse,
erratic, and mostly limited to the northern coastal regions; yearly precipitation seldom
exceeds 200 mm. Large desert plateaus make up the majority of Egypt’s topography, with
the Nile Valley and Delta, which make up about 4% of the country’s total land area, serving
as the main areas for agriculture and human habitation [47].

Egypt’s water resources are limited and depend mostly on the Nile River; they are aug-
mented by non-renewable and renewable groundwater, infrequent rainfall, and flash floods
in the Sinai. Egypt is becoming increasingly dependent on non-conventional water sources
as a result of growing water scarcity. These include desalinated brackish water, treated
wastewater (about 0.7 BCM/year), and agricultural drainage water (about 5 BCM/year).
An estimated 7 BCM of groundwater is abstracted each year. These limitations demon-
strate how crucial effective water management techniques are to maintaining agricultural
output and ecological balance in Egypt’s mostly desert environment [89]. Traditional and
non-traditional irrigation systems are the two main types. The main difference between
these two forms is whether the soil surface is used as a water conveyor from the point
of entry into the field to the site of application. In traditional irrigation methods, the soil
is used in this way. The modern or non-traditional methods use other water conveyance
systems, such as pipes and emitters in a drip irrigation system, or pipes and sprinklers in a
sprinkler irrigation system. Conventional methods include strip irrigation, basin irrigation,
border irrigation, and furrow irrigation [109]. One of the world’s oldest irrigation-based
agricultural systems is found in Egypt. Wheat production is concentrated in:

e Nile Delta;
e Irrigated lands in Middle and Upper Egypt.

Key characteristics include:

e Hyper-arid climate;

e Annual rainfall: <100 mm in most regions;

e  Dependence on the Nile River as the sole renewable water source;
e Intensive irrigated agriculture.

Egypt’s wheat is extremely susceptible to climate fluctuations, especially rising tem-
peratures and water scarcity, which have a major impact on yield stability [90,110].

5.2.1. Wheat Water-Use Efficiency and Water Productivity in Egypt
Water Productivity and Irrigation Management

A recent modeling study using the DSSAT CERES-Wheat model evaluated irrigation
effects on wheat yield and water productivity under water scarcity in Egypt. Results showed
that frequent irrigation (50% depletion) increased yield by up to 22% compared to less
frequent irrigation (90% depletion). On the other hand, reduced irrigation increased water
productivity (WP), with some cultivars achieving 15-20% higher water productivity under
water-limited conditions [91]. Strategic irrigation can balance yield and conservation in arid
Egyptian climates [111]. Research at Fayoum University assessed five bread wheat cultivars
over two seasons under water-stress conditions (drought index evaluation). Different water
stress treatments significantly influenced yield performance among cultivars, indicating
varietal differences in drought tolerance and adaptability [112].

Irrigation Methods and Productivity

e  Experiments in Upper Egypt comparing irrigation techniques (traditional, surge furrow,
and alternate furrow) found that improved methods:
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O Increased grain yield and water productivity under deficit-irrigation scheduling
(e.g., after 50% depletion of available soil water).

O  Surge furrow irrigation produced the highest yields and associated productivity
improvements in wheat [113].

O  Field studies under drip irrigation in North Sinai report improvements in the water
use performance of wheat (Sakha 8, Giza 7, Giza 69), suggesting that effective
irrigation systems can enhance WUE compared to less efficient systems [114].

5.2.2. Wheat Varieties Evaluation in Egypt
Genetic Diversity and Breeding

A study on Egyptian wheat cultivars (e.g., Misr-1, Sohag-5, Gemmeiza-12, and
Giza-171) identified genetic diversity and disease resistance; for example, Gemmeiza-12
was found to possess strong resistance against certain fungal pathogens, suggesting value
for breeding [93,115].

A newly released cultivar, Sakha 96, has been evaluated for early maturity, high grain
yield, and resistance to wheat rust diseases across multi-year yield trials [116,117].

Agronomic Trait Diversity

Evaluation of 16 bread wheat varieties across locations in Middle and Upper Egypt
(e.g., Sids and El-Minya) showed differences in yield and stress tolerance. Stress tolerance
indices were calculated using yields under favorable vs. stress environments, highlighting
performance variation among varieties [118].

e Ibrahim evaluated eight bread wheat cultivars (e.g., Gemmeiza 7-10, Sakha 92-94,
Giza 164, and Giza 168), with Gemmeiza 10 showing the highest grain yield per hectare
and superior yield components, including tiller number and grains per spike. Other
cultivars differed in yield-related traits, with Gemmeiza 7 showing superior biological
yield and quality traits [119].

e Naif and Abdelghany evaluated four Egyptian wheat cultivars (Gemmeiza 11, Giza 168,
Sids 12, and Bani Sweif 5) across two growing seasons and reported significant geno-
typic differences in several agronomic and yield-related traits, including number of
spikes, grains per spike, grain yield, and harvest index [120].

e  Ghallab et al. evaluated five bread wheat cultivars (e.g., Sakha 95, Misr 3, and Sids 14)
under drought stress (skipping irrigation). Sakha 95 and Misr 3 exhibited better
drought tolerance indices (higher stress tolerance and yield index), with grain yield
reduced by up to 43% under severe stress [112].

e Elhag investigated 10 Egyptian wheat cultivars (e.g., Sakha 95, Sids 14, Gemmeiza 9,
Shandawel 1) under saline soil conditions. Sakha 95 and Sids 14 had a high 1000-grain
weight and good grain yield. Several other varieties showed high salinity toler-
ance [121].

e  Multiple local trials have compared commercial and newly bred cultivars under normal
and stress conditions (water or salinity) [87,96].

e  Some Egyptian cultivars, such as Gemmeiza 10 and Sakha 96, have repeatedly shown
high yield performance in multi-location evaluations [93,122].

Comparison of wheat breeding programs, genetic targets, and stress adaptation in
Ningxia and Egypt is shown in Table 5.
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Table 5. Comparative analysis of wheat breeding strategies, genetic improvement, and stress adapta-

tion in Ningxia (China) and Egypt.

Comparative Aspect

Ningxia, China

Egypt

Breeding germplasm
and genetic base

The breeding base includes local wheat cultivars,
traditional germplasm, and introduced breeding
lines. Evaluation has revealed variation in
yield-related traits, grain quality, adaptation, and
stress resistance. The relatively narrow genetic
base of some modern cultivars highlights the
importance of introducing diverse

germplasm [72,103,104].

The breeding base includes locally adapted
cultivars and introduced germplasm used to
develop high-yielding varieties suited to
irrigated and arid production environments.
Historical and modern cultivars provide material
for improving productivity, maturity, and disease
resistance [93,100,122,123].

Major genetic
improvement targets

Targets include higher grain yield, increased grain
weight, more grains per spike, reduced plant
height, improved harvest index, and appropriate
maturity. Favorable alleles associated with
semi-dwarfism and grain weight, including
Rht-Blb, Rht-D1b, and GW2-6B-related variation,
have been reported in Ningxia wheat

germplasm [103,104].

Targets include high grain yield, early maturity,
heat and drought adaptation, salinity tolerance,
grain-filling performance, and resistance to major
wheat diseases. Improved grain number,
thousand-grain weight, and yield stability

are complementary

objectives [93,100,116,122,124,125].

Breeding methods and
selection approaches

Germplasm evaluation and comparative analysis
of local cultivars and introduced lines support the

identification of useful alleles and agronomic traits.

Genetic characterization and selection for yield
components, grain quality, and adaptation provide
a basis for improving locally adapted spring
wheat [72,103,104].

Hybridization between local and introduced
cultivars is used to combine desirable agronomic
and adaptive characteristics. Marker-assisted
selection for dwarfing and disease-resistance
genes, together with multi-location field
evaluation, supports cultivar selection [93,100].

Breeding and cultivar evaluation emphasize
adaptation to semi-arid conditions and

Drought adaptation is important in water-limited
production environments. Selection for

D h
rous ,t a}nd. irrigation-dependent production. Yield appropriate maturity, grain filling, and yield
water-limitation : . iy
. components, maturity, and harvest index are stability can help reduce the effects of water
adaptation . ; . - . ) )
relevant selection traits, while water management  deficits, particularly when combined with
complements genetic improvement [102-104]. efficient irrigation management [93,100].
Adaptation to local seasonal temperatures and Early flowering and maturity are important
Heat and suitable maturity characteristics are relevant to objectives for reducing exposure to high
temperature-stress stable production. Available varietal evidence temperatures during sensitive reproductive and
adaptation particularly emphasizes changes in maturity and  grain-filling stages. Heat adaptation is especially

yield-related traits [104].

relevant under Egypt’s arid climate [93,116,122].

Salinity and other
abiotic stresses

Salinity and alkaline soil conditions are relevant
constraints in parts of Ningxia. Combining locally
adapted germplasm with broader genetic diversity
may support cultivar development, although
individual cultivars require direct experimental
validation for salinity tolerance [72,103].

Salinity tolerance is an important breeding
objective in affected irrigated areas. Cultivar
selection and evaluation under relevant soil and
water conditions are necessary to identify
genotypes that maintain productivity under
saline conditions [93,100].

Biotic-stress resistance

Disease resistance forms part of the broader
breeding objective alongside yield, quality, and
adaptation. The cited Ningxia evidence provides
stronger support for genetic diversity and
agronomic improvement than for ranking specific
disease-resistance genes [103,104].

Resistance to wheat rusts and other major
pathogens is an explicit breeding target.
Resistance genes such as Lr, Sr, and Yr are
relevant to marker-assisted selection and cultivar
improvement [100,116,125].

Modern cultivars and
breeding progress

Evaluation of spring wheat varieties approved in
Ningxia between 1979 and 2020 identified trends
toward earlier maturity, reduced plant height,
increased grains per spike, improved grain weight,
and higher harvest index in newer varieties. These
trends indicate progress in selected agronomic
traits but do not establish the yield advantage of
every modern cultivar [104].

Modern cultivars such as Sakha 96, Giza 171, and
Gemmeiza 12 illustrate breeding efforts directed
toward productivity, maturity, and disease
resistance. Their performance should be
interpreted in relation to cultivar-specific field
trials and environmental conditions [93,122].

https://doi.org/10.3390/agronomy16212209


https://doi.org/10.3390/agronomy16212209

Agronomy 2026, 16, 2209

26 of 38

Table 5. Cont.

Comparative Aspect

Ningxia, China Egypt

Implications for future
breeding and
China-Egypt
collaboration

Ningxia germplasm offers opportunities to
investigate favorable yield-related traits and
adaptation to semi-arid production. Collaborative
breeding should include evaluation under
Egyptian heat, irrigation, and salinity conditions.

Egyptian germplasm and breeding experience
offer opportunities to investigate adaptation to
heat and irrigated arid environments.
Cross-regional evaluation could identify
complementary traits for developing cultivars
with improved yield stability under heat,
drought, and salinity stresses.

5.2.3. Climate Change Impacts, Temperature and Seasonal Effects

Sakha 96, a new cultivar evaluated across multiple seasons and locations (2017-2023),
shows superior early maturity and reasonable grain yield, especially with late planting,
compared with other commercial cultivars [123].

Climate analysis of Egyptian wheat production (2000-2021) shows that higher spring
and winter temperatures negatively affect wheat output. For example, a 1 °C increase
in average spring or winter temperature is correlated with a reduction in wheat produc-
tion, indicating sensitivity to warming trends [124]. Egypt’s arid climate and reliance
on Nile irrigation make wheat especially vulnerable to shifts in temperature, precipita-
tion variability, and water availability due to climate change [47,89]. Other research
also indicates that increases in maximum and minimum winter temperatures (e.g.,
by 1 °C) are associated with a decline in wheat productivity per unit area. Humidity
changes also affect wheat yields. This highlights the sensitivity of wheat productivity
to changes in key climatic factors, including temperature and moisture [90,110].
Wheat growers in the Nile Delta already report vulnerability to hydro-climatic fluc-
tuations such as drought, extreme rainfall, and saltwater intrusion—events likely to
be exacerbated under climate change. This affects production and farmers” economic
outcomes [36,47]. Comparative agronomic features of wheat production in Ningxia

and Egypt are shown in Table 6.

Table 6. Comparative agronomic features of wheat production in Ningxia and Egypt.

Feature

Ningxia, China

Egypt

Wheat-growing season

October-June for winter wheat; February-July
for spring wheat [68,69]

November-April [58]

Irrigation systems

Flood and furrow irrigation, with increasing
emphasis on water-saving irrigation
technologies [38,46,99,100]

Basin and furrow irrigation, with efforts to
improve irrigation efficiency [58,89,90]

Annual precipitation (mm)

Approximately 180-350 mm; precipitation
varies across the region [68]

Generally less than 100 mm in major
wheat-producing areas [58]

Grain yield (tha!)

Varies with wheat type, season, irrigation, and
nitrogen management [38,69,100]

Varies with cultivar, location, and crop
management [97,98]

Water productivity (kg m=3)

Influenced by irrigation practices and nitrogen
management [38,99,100]

Influenced by irrigation management and
water availability [89,90]

Nitrogen fertilizer
management

Research has examined nitrogen reduction in
combination with water-saving
practices [38,100]

Nitrogen management has been investigated in
relation to wheat productivity and
resource-use efficiency [35,97]

Major production constraints

Climate variability, soil salinity and alkalinity,
and irrigation-water management [68,79,99]

Water resource limitations, soil salinity, and
competition for agricultural land and
water [35,58,89,97]
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5.2.4. Wheat Varieties and Genetic Improvement in Egypt
Traditional and Modern Varieties

e  Egyptian wheat production historically relied on landraces and early released varieties
such as Sakha 8, Giza 164, and Gemmeiza 9.

e  Modern cultivars are bred for high yield, early maturity, and disease resistance (e.g.,
Sakha 96, Giza 171, Gemmeiza 12) [93,122].

Yield and Stress Traits

e  Breeding programs focus on drought and salinity tolerance, critical for Egypt’s arid
and irrigated wheat areas.
e Improved traits in modern varieties include:

O  Early flowering to escape heat stress;

Increased tiller number and grains per spike;

Higher 1000-grain weight;

Resistance to wheat rusts (Puccinia spp.) and other pathogens [116,125].

O O O

Genetic Improvement Approaches

e  Hybridization among high-yielding local and introduced varieties is widely used.
e  Marker-assisted selection (MAS) is increasingly applied for:

O  Rht genes (semi-dwarfism);
O Disease-resistance genes (e.g., L, Sr, Yr).

e  Multi-location field trials evaluate yield stability, stress tolerance, and quality traits
before cultivar release [93,100].

6. Comparative Analysis of Quality Traits Between Egyptian Wheat
Cultivars and Wheat Cultivars Grown in Ningxia, China

Wheat quality traits play a crucial role in determining the nutritional, technological,
and industrial value of wheat products. These traits are influenced by genotype, environ-
mental conditions, agronomic practices, and climatic factors. Egyptian wheat cultivars are
primarily bred for heat tolerance, adaptability to arid environments, and bread-making
quality, whereas wheat cultivars grown in Ningxia Province, China, are strongly selected
for drought tolerance, grain hardness, processing quality, and water-use efficiency. This
comparative review analyzes major quality characteristics, including grain protein content,
gluten strength, grain hardness, sedimentation value, rheological behavior, and industrial
suitability of wheat cultivars from both regions. The analysis highlights significant differ-
ences in breeding priorities and environmental adaptation, while identifying opportunities
for genetic exchange and collaborative breeding strategies. A comparative evaluation of
quality traits is shown in Table 7.

The evaluation criteria and indicators used to compare grain quality and stress adapta-
tion are summarized in Table 8.

Table 7. Evidence-based comparison of wheat quality traits and stress adaptation in Egyptian and
Ningxia wheat cultivars.

Quality Trait

Grain protein
content

analytical conditions

Assessment Criteria Egyptian Wheat Cultivars Ningxia Wheat Cultivars
Measured .gralr(l)/ﬂour protein Variable among cultivars and Variable among cultivars and
concentration (%) under . . . . . o
Comparable growing an d environments; quantitative data environments; quantitative data

required for ranking [85,126] required for ranking [103]
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Table 7. Cont.

Quality Trait Assessment Criteria Egyptian Wheat Cultivars Ningxia Wheat Cultivars
Gluten index, glutenin Cultivar-dependent; evaluate f;rOOI;%;gljl;:e;;](:cl?;gdgﬂlism-
Gluten strength composition, and dough using rheological P germp !

resistance/stability

measurements [85]

cultivar-specific verification
required [103]

Grain hardness

Instrumental kernel hardness
index or equivalent
standardized measurement

Requires cultivar-specific
measurements

Requires cultivar-specific
measurements

Sedimentation
value

SDS-sedimentation volume (mL)
measured using the same protocol

Significant genetic variation has
been reported among Egyptian
genotypes [85]

Compare cultivar-specific
sedimentation measurements
under defined conditions

Bread-making
quality

Standardized loaf volume, dough
stability, water absorption, and
baking performance

Relevant to Egyptian
bread-making systems; quantify
using standardized tests [85]

Assess using the same baking and
rheological protocols

Noodle-processing
quality

Noodle color, cooking loss,
texture, and sensory or
processing performance

Evidence required before
assigning a comparative category

Evidence required for specific
Ningxia cultivars; avoid
generalizing across the region

Drought tolerance

Grain-yield retention under water
deficit relative to well-watered
controls, using a defined
stress-tolerance index

Genotype-dependent drought
responses reported in Egyptian
wheat [126]

Assess using regional cultivar
trials and defined drought
tolerance indices

Heat tolerance

Grain-yield retention and
grain-filling performance under
documented heat stress

Heat adaptation is a relevant
breeding target; cultivar-specific
evidence is needed [120]

Comparative evidence under
equivalent heat-stress conditions
is needed

Water-use
efficiency

Grain yield per unit of crop
evapotranspiration or water
consumed, with the denominator
explicitly defined

Requires comparable field
measurements

Requires comparable field
measurements

Genetic diversity

Allelic richness, marker-based
diversity indices, or documented

Requires comparable molecular or

Regional breeding and genetic
studies provide relevant evidence,

for quality traits variation in quality-related loci phenotypic diversity data but direct comparison is
needed [103]
Table 8. Comparative evaluation criteria for wheat grain quality and stress adaptation in Egyptian
and Ningxia wheat cultivars.
Trait Evaluation Indicator Egyptian Wheat Cultivars Ningxia Wheat Cultivars

Grain protein content

Grain protein concentration (%)
measured on the same moisture basis

To be determined from
cultivar-specific data

To be determined from
cultivar-specific data

Gluten strength

Alveograph deformation energy (W),

gluten index, or standardized
rheological measurements

same method

To be determined using the

To be determined using the
same method

Grain hardness

Instrumental grain hardness index

To be determined using a
standardized test

To be determined using a
standardized test

Sedimentation value

Sedimentation volume (mL), using the

same standardized method

To be determined from
published or
experimental data

To be determined from
published or
experimental data

Bread-making quality

Standardized baking tests, loaf volume,
and dough rheological properties

Requires cultivar-specific
baking data

Requires cultivar-specific
baking data

Noodle-processing
quality

Standardized noodle color, texture,
cooking loss, and cooking quality

Requires cultivar-specific
processing data

Requires cultivar-specific
processing data

Drought tolerance

Grain-yield retention (%) under water
deficit relative to a well-watered control

Requires comparative
stress-trial data

Requires comparative
stress-trial data
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Table 8. Cont.
Trait Evaluation Indicator Egyptian Wheat Cultivars Ningxia Wheat Cultivars
Grain-yield retention and grain-filling . . . .
) ! Requires comparative Requires comparative
Heat tolerance traits under defined . .
i stress-trial data stress-trial data
heat-stress conditions
Grain yield per unit of water consumed . .
- . . Requires comparable Requires comparable
Water-use efficiency or supplied, with the method
. e water-use data water-use data

explicitly specified
Genetic diversity for Allelic richness, diversity indices, or Requires molecular or Requires molecular or
quality traits variation at specified quality-related loci ~ genetic data genetic data

6.1. Wheat Quality Traits in Eqyptian Cultivars

Egyptian wheat cultivars have shown considerable improvements in grain quality
during the last two decades due to national breeding programs.
Among the most important Egyptian cultivars are:

e Misrl;

e  Misr 3;

e Sakha95;

° Gemmeiza 11;
e Sohagb.

Recent studies demonstrated that Egyptian cultivars possess favorable bread-making
characteristics, particularly in terms of grain protein content, wet gluten percentage, dough
stability, and sedimentation value. Mansour et al. [126] reported that Egyptian cultivars
maintained relatively stable grain quality under water deficit conditions, especially cultivars
possessing superior drought tolerance mechanisms.

Additionally, recent molecular investigations showed that cultivars such as Misr 1 and
Sohag 5 contain high concentrations of essential minerals, including zinc and magnesium,
alongside elevated protein content and gluten quality. Environmental conditions in Egypt,
especially high temperatures during grain filling, may increase grain protein concentration
but can negatively influence grain weight and gluten stability.

a. Environmental Influence on Wheat Quality in Egypt

High temperatures during grain filling accelerate physiological maturity and may:

e  Reduce grain size;
e Increase protein concentration;
e  Affect gluten elasticity.

Water deficit conditions may also alter starch accumulation and rheological properties.

b. Genetic and Molecular Basis of Quality Traits

In Egypt, molecular breeding approaches such as SCoIl' markers, SDS-PAGE analysis,
and marker-assisted selection have been increasingly used to improve wheat quality and
stress tolerance simultaneously.

c. Industrial and Nutritional Implications (Egyptian Wheat Cultivars)

Egyptian cultivars are highly suitable for:

e Traditional flatbread;
e Baladi bread production;
e  Bakery products requiring moderate gluten strength.

6.2. Wheat Quality Traits in Ningxia Wheat Cultivars

Wheat cultivars grown in Ningxia Province are characterized by strong adaptation to
drought stress, low precipitation, temperature fluctuations and irrigation-limited condi-
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tions. Chinese breeding programs have heavily focused on grain hardness, gluten strength,
processing quality and water-use efficiency. Studies conducted in Ningxia revealed that
modern cultivars possess favorable alleles associated with higher protein content, strong
gluten properties, improved sedimentation value, and better bread and noodle-making
quality. Genome-wide association studies (GWAS) in Chinese wheat have identified several
quantitative trait loci (QTLs) associated with protein accumulation, gluten composition,
grain hardness and flour processing quality [103]. Widespread distribution of elite quality-
related alleles has been reported in Ningxia wheat germplasm, particularly genes associated
with semi-dwarfism, grain weight, and gluten performance.

a. Environmental Influence on Wheat Quality in Ningxia

The semi-arid climate of Ningxia, combined with cooler grain-filling periods compared
with Egypt, contributes to more stable protein synthesis, improved gluten quality and better
flour characteristics. Irrigation management in Ningxia also plays a critical role in stabilizing
grain quality under drought conditions.

b. Genetic and Molecular Basis of Quality Traits

Modern Chinese breeding programs have identified several genes associated with
grain quality, including Rht-B1b, Rht-D1b, GW2-6B and Sus2-2B. These genes contribute to
improved grain filling, increased grain hardness, and enhanced processing quality.

c. Industrial and Nutritional Implications (Ningxia Wheat Cultivars)

Ningxia cultivars are particularly suitable for:

Industrial bread-making;
Noodles;
High-quality flour production;

Strong-gluten-based food industries.

7. Future Perspectives

The comparison between wheat production systems in Ningxia, China, and Egypt
indicates that future research should move beyond general recommendations and focus on
testing complementary breeding and management strategies under the distinct environ-
mental and production conditions of the two regions. In Egypt, where wheat production
depends heavily on irrigation and crops may encounter high temperatures during reproduc-
tive development and grain filling, breeding and agronomic research should prioritize yield
stability under terminal heat stress, appropriate maturity, maintenance of grain weight, and
performance under restricted irrigation and salinity. In Ningxia, where limited precipita-
tion, seasonal variation in water availability, and local temperature conditions constrain
production, research should emphasize water productivity, adaptation to the local growing
season, and the maintenance of yield and grain quality under water-limited conditions.
These priorities should guide the selection of complementary parental materials rather than
imply that the same cultivar ideotype is suitable for both regions.

A first research priority is the reciprocal evaluation of Egyptian and Ningxia wheat
germplasm. Selected Egyptian cultivars and breeding lines should be tested in Ningxia
to identify material with useful yield stability, water productivity, and adaptation to local
growing conditions. Conversely, selected Ningxia germplasm should be evaluated in
Egyptian environments for reproductive-stage heat tolerance, grain-filling stability, and
performance under irrigation and salinity constraints. Initial trials should identify promising
parental lines and useful traits rather than assume that cultivars can be transferred directly
between regions. Multi-environment experiments should compare genotypes under clearly
defined irrigation regimes and, where feasible, controlled or well-characterized heat and
salinity conditions. Measurements should include grain yield, flowering and maturity
dates, grain number, thousand-grain weight, harvest index, grain-quality traits, and water
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productivity. Statistical analysis of genotype-by-environment interactions would help
distinguish broadly adapted material from genotypes suited to specific environments.

A second priority is to integrate conventional breeding with molecular characterization
and genomic tools in ways that reflect the genetic and environmental complexity of the
target traits. Marker-assisted selection can be used for validated major genes, including
relevant disease-resistance and plant-height loci, whereas genomic selection may be more
appropriate for complex traits such as drought adaptation, heat tolerance, yield stability,
and grain quality when adequate training populations and multi-environment phenotypic
data are available. Candidate genes and quantitative trait loci reported in Chinese wheat
germplasm should be validated in Egyptian and Ningxia genetic backgrounds before being
used in breeding decisions. The same principle applies to alleles identified in Egyptian
material. Selection should also assess potential trade-offs among yield, maturity, stress
adaptation, and grain quality, since the contribution of an individual allele may depend on
genetic background and growing conditions.

A third priority is to evaluate grain quality alongside agronomic performance. Egyp-
tian wheat improvement should maintain the processing characteristics required for local
bread products, including baladi bread, while investigating whether selected Ningxia
germplasm can contribute useful variation in grain hardness, gluten functionality, or other
relevant quality traits. In Ningxia, Egyptian germplasm should be evaluated against local
end-use requirements rather than assuming that its suitability for Egyptian bread-making
necessarily translates into suitability for noodles or other products. Comparisons should
use standardized analytical and processing methods and account for environmental and
management effects on protein concentration, gluten properties, sedimentation value, and
flour performance. This would enable breeding programs to identify material that com-
bines stress adaptation and yield stability with quality characteristics appropriate to the
intended market.

A fourth priority is to test the transferability of water-management practices between
the two systems. Egyptian irrigation research could inform the evaluation of irrigation
scheduling and deficit-irrigation strategies in Ningxia, while Ningxia’s experience with
water-saving irrigation and the assessment of water productivity could help guide trials in
Egyptian wheat-producing areas. Such exchanges should be treated as hypotheses for field
testing, not as universally applicable recommendations. Trials should quantify grain yield,
water applied, crop water use where measurable, water productivity, energy requirements,
and economic returns. Soil salinity, irrigation-water quality, drainage, and the availability
of irrigation infrastructure should be considered when interpreting results. This approach
would clarify which practices are transferable, which require adaptation, and which are
limited by local conditions.

Finally, comparative research should connect agronomic and breeding outcomes with
practical implementation. Collaborative field trials, participatory evaluation with farmers,
and economic assessments could determine whether promising cultivars and irrigation
practices provide benefits under commercial production conditions. Harmonized indicators
for yield stability, water productivity, grain quality, input costs, and soil-related constraints
would make results from Egypt and Ningxia more directly comparable. A coordinated
research framework involving germplasm characterization, multi-location testing, standard-
ized quality assessment, and economic evaluation would therefore provide a practical basis
for reciprocal wheat improvement while preserving the region-specific requirements of
each production system.
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8. Conclusions and Future Research Directions

This review compared climate-resilient wheat production systems in Ningxia, China,
and Egypt, highlighting the shared challenges of water scarcity, climate variability, and in-
creasing pressure on agricultural resources, as well as differences in irrigation infrastructure,
production systems, institutional capacities, and agricultural modernization. Although
both regions depend heavily on irrigation, their experiences demonstrate that climate adap-
tation requires context-specific strategies that integrate crop improvement, efficient water
management, sustainable soil management, and supportive agricultural policies.

The experience of Ningxia highlights the potential benefits of long-term regional wheat
breeding programs, systematic germplasm evaluation, improved cultivars, and the gradual
adoption of water-saving irrigation technologies. These approaches are particularly relevant
to regions experiencing drought, salinity, alkalinity, and substantial seasonal variations in
water availability. In contrast, Egypt’s experience emphasizes the importance of improving
water productivity under conditions of limited water availability, increasing domestic wheat
production, optimizing agronomic practices, and strengthening food security through more
efficient use of existing agricultural land and water resources. Nevertheless, the effectiveness
of these approaches depends on local environmental conditions, infrastructure, production
costs, and farmers’ capacity to adopt new technologies.

Several research priorities emerge from this comparison. First, future breeding pro-
grams should prioritize wheat genotypes that combine high yield potential with toler-
ance to multiple stresses, particularly heat, drought, salinity, and soil alkalinity. Inte-
grating conventional breeding with genomic selection, molecular characterization, and
multi-environment field evaluation could accelerate the identification of stable, locally
adapted cultivars. Greater attention should also be given to maintaining genetic diversity
and improving grain quality alongside yield and stress tolerance.

Second, research should focus on improving irrigation efficiency and crop water pro-
ductivity through optimized irrigation scheduling, regulated deficit irrigation where ap-
propriate, precision irrigation, and the integration of soil-moisture sensors, weather in-
formation, and remote sensing. Future studies should evaluate these technologies under
realistic field conditions, considering not only yield responses but also water savings, en-
ergy consumption, investment costs, and long-term environmental effects. In water-limited
regions, irrigation strategies should be assessed within the broader context of basin-level
water availability and competing demands among agricultural, domestic, industrial, and
ecological uses.

Third, integrated soil management requires greater research attention. Salinity and
alkalinity management, improved drainage, balanced fertilization, organic amendments,
conservation agriculture, and crop rotation should be evaluated in combination rather than
as isolated interventions. Long-term experiments are particularly important for determining
their effects on soil health, nutrient-use efficiency, greenhouse gas emissions, and the
sustainability of wheat production.

Fourth, digital and climate-smart agriculture offers opportunities to improve decision-
making under increasingly variable climatic conditions. Future research should investigate
the practical integration of crop simulation models, seasonal climate forecasts, remote
sensing, artificial intelligence, and digital decision-support systems. Such tools should be
validated across contrasting agroecological environments and designed to remain accessible
to smallholder farmers and agricultural extension services.

Fifth, further comparative research should examine the socioeconomic and institutional
conditions that determine whether successful technologies can be transferred between
regions. Priorities include participatory on-farm trials, economic assessments, farmer
adoption studies, improved seed systems, extension services, and policy mechanisms
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that support investment in water-saving technologies. Research should also evaluate the
distribution of costs and benefits among farmers with different landholding sizes and
resource capacities.

Based on the experiences of Ningxia and Egypt, several strategic options may be rele-
vant to other arid and semi-arid countries facing climate change. These include developing
locally adapted, climate-resilient crop varieties; improving irrigation scheduling and water
allocation; strengthening soil conservation and salinity management; expanding access
to reliable climate information; improving seed production and distribution systems; and
aligning agricultural research with national water and food security priorities. Countries
with well-developed irrigation infrastructure may benefit from precision management and
modernization, whereas regions with limited infrastructure may need to prioritize afford-
able, scalable interventions and improvements in water governance. In both situations,
technology transfer should be accompanied by farmer training, institutional coordination,
economic evaluation, and continuous monitoring of environmental outcomes.

Future studies should also adopt harmonized indicators to compare yield stability,
water productivity, energy use, profitability, soil health, and climate resilience across re-
gions. Long-term, multi-location experiments and interdisciplinary assessments would
help distinguish technologies that perform well under specific local conditions from those
that can be adapted more widely.

In conclusion, sustainable wheat production under climate change cannot be achieved
through yield improvement alone. It requires an integrated approach that combines genetic
improvement, efficient water use, sustainable soil management, digital innovation, and
supportive institutions. The comparative experiences of Ningxia and Egypt provide a useful
foundation for developing locally adapted strategies that strengthen agricultural resilience,
improve resource-use efficiency, and contribute to long-term food security in arid and
semi-arid regions.
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