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ABSTRACT: Wheat (Triticum aestivum L.) is a staple crop critical for global food security, yet its productivity is
significantly affected by abiotic stresses such as drought, salinity, and waterlogging, which are exacerbated by climate
change. This study evaluated the effects of these stresses on vegetative growth, physiological responses, and yield.
Field experiments were conducted using a Randomized Complete Block Design (RCBD) at the Mona Reclamation
Experimental Project (MREP), WAPDA, Bhalwal, Sargodha, Punjab Pakistan. Stress treatments included three levels
of drought (25%, 50%, and 75% field capacity), salinity (4, 8, and 12 dS/m), and waterlogging (24, 48, and 72 h). Key
parameters measured included plant height, leaf area, tiller number, stomatal conductance, chlorophyll content, and
antioxidant enzyme activities. The results revealed that drought stress caused a 46% reduction in yield, while salinity
and waterlogging reduced yield by 54% and 35%, respectively, with statistically significant differences (p < 0.05). Key
physiological changes included a significant reduction in stomatal conductance (from 0.55 to 0.15 mmol m2/s under
drought stress, p < 0.01) and chlorophyll content (from 48 to 28 SPAD units under drought, p < 0.01). Biochemical
responses indicated elevated levels of malondialdehyde (MDA) and hydrogen peroxide (H2O2), with significant
increases in antioxidant enzyme activities, particularly superoxide dismutase (SOD) and catalase (CAT). These findings
underscore the need for developing stress-tolerant wheat varieties and implementing agronomic practices to mitigate
the impact of abiotic stresses on wheat yield.
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1 Introduction
Wheat (Triticum aestivum L.) is among the most popular staple crops in the world, which offers the

human body nutrients and energy in the form of calories. It spans approximately 225 million hectares and
contributes to a global production of 750 million tons of yield [1]. From the time it was domesticated around
10,000 years ago, wheat has played a pivotal role in safeguarding global food and nutrition security [2,3]. In
addition to its global significance, wheat plays a vital role in Pakistan’s agricultural economy, serving as a key
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component of the national food basket. Wheat is not only a staple food crop but also a vital raw material
for the food processing industry, used in products like bread, pasta, and confectionery [4]. Beyond food,
wheat contributes to bioethanol production and industrial applications, such as paper manufacturing and
bio-composites [5]. These versatile uses highlight wheat’s economic and industrial significance globally. It
is grown across some 9 million hectares of area and yields about 25 million MT per annum, thus ranking
Pakistan as the eighth largest world producer of wheat [6]. Population growth, urbanization, and shifting
dietary patterns continue to drive an ever-increasing demand for wheat, necessitating the adoption of
sustainable and efficient production methods to meet global food security challenges [7].

Given its critical role in food security, wheat faces complex challenges posed by abiotic stresses such
as salinity and drought that affect wheat growth and productivity. Muhammad et al. (2023) emphasized the
critical impact of soil salinity and drought on plant productivity and microbial diversity while outlining
potential amelioration strategies [8]. Similarly, Li et al. (2024) demonstrated the involvement of the ABA- and
H2O2-mediated ascorbate–glutathione cycle in drought stress responses in wheat roots, providing valuable
insights into the biochemical mechanisms underlying stress tolerance [9]. These findings underline the
importance of understanding and mitigating these stresses to ensure sustainable wheat production [10–
12]. These stresses reduce wheat productivity by stunting plant growth and lowering yields. Among these
stresses, drought emerges as the most pervasive challenge, with its impacts being further amplified by global
warming [13]. One of the greatest threats to food production is posed by drought [14]. It is observed in almost
all climatic areas [15]. Indeed, the impact of this phenomenon on the plant is significant, as it can deeply
influence the chemical composition, morphology, and physiological processes. Consequently, it leads to a
substantial reduction in crop productivity [16]. Drought disrupts water relations in plants at the molecular,
cellular, organ, and whole-plant levels. Reduced soil moisture limits nutrient uptake, impairing germination
and plant establishment [17,18]. Global warming could worsen wheat production, with yields dropping by
up to 6.4% for each 1○C rise in temperature [19]. It is projected that the potential for wheat production loss
resulting from drought-induced stress would witness an approximate 12% escalation by the end of the 21st
century [20].

While drought takes precedence, salinity also significantly impacts wheat productivity, affecting approx-
imately 20% of the total cultivated land worldwide and resulting in yield reductions of around 20% [21,22].
Soil salinization is being accelerated on a global scale as a result of climate change, intensive agricultural
practices, inadequate land drainage systems, and the utilization of contaminated or substandard irrigation
water [21,22]. The efficiency of plant photosynthesis is greatly reduced under salt stress conditions, mainly
as a result of the presence of sodium (Na+) and chloride (Cl−) ions [23]. The initial impact of salinity stress
on plants manifests as osmotic stress, followed by subsequent ionic stress. Consequently, plants respond by
closing their stomata, reducing the rate of transpiration, and experiencing a loss of turgor pressure. These
physiological adjustments impede both root expansion and shoot cell growth [24].

In addition to drought and salinity, waterlogging is another critical factor having a significant impact
on around 10 to 15 million hectares of cultivated land dedicated to wheat production, resulting in annual
reductions in crop yield ranging from 20% to 50% [25]. In recent decades, climate change has caused an
increase in the frequency of flooding due to more intense and erratic precipitation [26]. In an environment
characterized by excessive water saturation, oxygen availability may become limited, impeding root growth
and ultimately leading to their demise. Under such circumstances, physiological processes that rely on
energy, such as the absorption and transportation of water and nutrients to the plant’s above ground parts,
are hindered. This impediment negatively impacts plant growth, development, and ultimately, the overall
yield [27,28].
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To address these multifaceted challenges, it is essential to understand the physiological and biochemical
mechanisms by which wheat responds to these stresses, paving the way for improved management strategies.
This knowledge is essential in crafting countermeasures to minimize the negative impact of said stresses
on wheat production for sustainable convolutions [29]. The present investigation primarily focuses on
determining the effects of drought, salinity, and waterlogging stress factors on selected vegetative and
physiological attributes of wheat in a controlled environment in Pakistan.

To achieve this objective, this work aims to establish the following: the effects of drought, salinity, and
waterlogging on the vegetative growth and physiology of wheat. To this end, the study will have an evaluation
of the imposed abiotic stresses on the growth parameters that include plant height, leaf area, stem diameter,
and number of tillers, including other statistic coefficients, which include stomatal conductance, chlorophyll,
relative water, and rate of photosynthesis among others. Moreover, proposed biochemical alterations caused
by stress on wheat are described, and some of them are as follows; Ion leakage, Malondialdehyde (MDA),
Hydrogen peroxide (H2O2), Superoxide anions, Superoxide dismutase (SOD), Peroxidase (POD), Catalase
(CAT), Ascorbate peroxidase (APX). A Randomized Complete Block Design (RCBD) design at multiple
levels of stress treatment is adopted for this study in a bid to explain the variations in wheat stress responses
due to drought, salinity, and waterlogging. The specific contributions of this research are anticipated as
follows: This information will help in the breeding of wheat varieties with improved tolerance to the above-
mentioned abiotic stresses that can create a solid foundation for sustainable agriculture and food security in
stress-affected areas.

2 Materials and Methods

2.1 Study Area and Experimental Design
The research was carried out in the research fields Mona Reclamation Experimental Project (MREP),

WAPDA, Bhalwal, Sargodha, Punjab, Pakistan (32.2751○ N, 72.9047○ E), one of the major agricultural
belts of Punjab, Pakistan. The experimental plot was one-acre size, and natural environmental conditions
were utilized throughout the study. Daytime temperatures ranged from 22○C to 30○C, while nighttime
temperatures varied between 15○C and 20○C. The crops received approximately 12 h of sunlight per day,
with relative humidity fluctuating between 50% and 70%, typical of the region during the wheat season. The
research was conducted during the wheat growing season from November up to April of 2022–2023 and
2023–2024, the common wheat season in this region. The experiment was done following RCBD due to its
effectiveness in the management of treatments, block variability, and precision. The experiment included four
treatments: Control, Drought, Salinity, and Waterlogging. Each of them is replicated three times, making a
total of twelve experimental units. While the study area was selected for its uniform soil type and topography,
proximity to adjacent fields might have influenced the results due to potential cross-contamination from
neighboring agricultural practices, such as irrigation runoff or fertilizer application. Efforts were made to
minimize these effects by maintaining clear boundaries and ensuring consistent management within the
experimental site.

2.2 Soil Sampling
Samples were gathered from the MREP land study area using a random sampling method. An AMS

soil sampling augur (AMS Inc., Model: 400.48, American Falls, ID, USA) was used to collect samples at
a depth of 15 cm from each designated sampling zone. Rigorous adherence to random sampling protocols
was maintained to ensure the acquisition of representative soil samples from the selected site. To prevent
contamination, the collected soil samples were placed in clean, labeled, sealed containers. Subsequently, the
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soil samples underwent testing for various parameters, including nutrient content, pH, organic matter, etc.,
to comprehensively assess the soil characteristics. Table 1 shows the outcome of the analysis.

Table 1: Nutrient analysis of soil

Ingredient Value Unit
pH 8.3

E.Ce 1.88 cm−1

Organic matter 0.84 %
Available phosphorus 2.7 mg kg−1

Available potassium 240 mg kg−1

Saturation 36 %
Texture Loam

2.3 Water Sampling
Canal water served as the primary source of irrigation. Samples were systematically collected at various

locations along the water channel to assess variations in water quality. Potential errors, such as contamination
during handling, were minimized by using sterilized bottles, sealing samples immediately after collection,
and transporting them in a temperature-controlled environment. These samples were meticulously labeled
and stored for analysis. The collected water samples were analyzed for pH, Electrical Conductivity (EC),
Total Dissolved Solids (TDS), and concentrations of key ions, such as calcium, magnesium, and bicarbonate,
to comprehensively assess the chemical composition and suitability of water for irrigation. Water analysis
results are given in Table 2.

Table 2: Nutrient analysis of water

Ingredient Value Unit
pH 7.8 –

Electrical conductivity 280 uS cm−1

Total Dissolved Solids (TDS) 175 mg/L
Calcium +Magnesium 2.4 meqL−1

Sodium 0.4 meqL−1

Bicarbonate 2.4 meqL−1

Chloride 0.3 meqL−1

Sodium adsorption ratio 0.4 SAR

2.4 Land Preparation and Sowing
The study area underwent a preparatory phase involving the removal of debris and previous crop

residues. Subsequently, the land was ploughed to an appropriate depth to break up compacted soil and
enhance the aeration. Farm machinery was employed to level the field, ensuring uniform water distribution
during irrigation. In accordance with the results of soil analysis, soil amendments, such as NaCl, were evenly
broadcasted across the field and incorporated into the soil using a rotary tiller. The process was carried out
over two days to ensure thorough mixing and equilibration before proceeding to sow.
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Premium-quality wheat seeds, specifically the chosen variety Dilkash (Fig. S1), were sown in align-
ment with the research objectives and prevailing climate conditions. The wheat variety is a commonly
grown cultivar in Pakistan, known for its moderate resistance to environmental stresses. The seedbed
was thoroughly harrowed to facilitate optimal seed-to-soil contact. Throughout the germination phase,
environmental conditions were closely monitored to ensure favorable conditions for seedling emergence.
Detailed records, including the date of sowing, seed rate, and other pertinent information, were documented
for each treatment plot.

2.5 Stress Treatments
To assess the impact of abiotic stress in wheat, we implemented three levels of each stress factor. The

water reduction applied the assessment of drought treatment to 75%, 50%, and 25% of field capacity corre-
sponding to mild (Level-1), moderate (Level-2), and severe degree (Level-3) of drought stress, respectively. To
simulate salinity stress, sodium chloride (NaCl) was evenly broadcast onto the soil surface and incorporated
into the topsoil using a rotary tiller before sowing. In the later stages of crop growth, salinity levels were
maintained by dissolving NaCl in the irrigation water to achieve the electrical conductivity (EC) levels of 4,
8, and 12 dS/m for low (Level-1), medium (Level-2), and high (Level-3) levels, respectively. The water used
for irrigation was monitored for electrical conductivity (EC) to ensure the salinity levels were consistent with
the experimental treatments. EC was measured regularly using a portable conductivity meter at different
points in the irrigation system. The amount of NaCl applied was adjusted as needed to keep the EC within
the specified ranges throughout the study period, accounting for evaporation and dilution from rainfall or
irrigation. The waterlogging treatments were kept at poorly drained (Level-3), imperfectly drained (Level-2),
and moderately drained (Level-1) [30]. The stresses (drought, salinity, and waterlogging) were applied at key
stages of wheat growth rather than continuously throughout the entire study period. For drought stress, the
irrigation was withheld at different growth stages, specifically during the vegetative and reproductive phases
(from December to February), to simulate water scarcity conditions. Salinity stress was applied during the
same period by irrigating with saline water to achieve the desired EC levels (4, 8, and 12 dS/m). Waterlogging
stress was imposed during the reproductive phase (from February to March), with controlled flooding of
the soil to simulate waterlogged conditions. These specific stress levels were chosen to simulate conditions
commonly encountered in stress-prone agricultural regions. For example, drought levels correspond to
reductions in soil moisture frequently observed during prolonged dry spells, while salinity levels reflect the
range of saline conditions in irrigation-dependent areas. Similarly, waterlogging levels replicate durations of
soil saturation experienced in regions with poor drainage or excessive rainfall [31,32]. The field images for
wheat seeds, control, and stress treatments are given in Fig. S2. Data collection focused on a comprehensive
set of vegetative, physiological, and biochemical parameters to capture the full impact of stress treatments.

2.5.1 Vegetative Parameters
Measurements were taken for plant height, leaf area, stem diameter, and tiller number. Plant height was

measured from the base to the tip of the mother tiller, and leaf area was determined by measuring the length
and width of the flag leaf at three distinct points (base, midsection, and tip). The average width was then used
in conjunction with the length to calculate the leaf area using a leaf area meter, stem diameter was measured
with the help of a vernier caliper at the base of the stem, and the number of tillers per plant was counted
manually (Fig. S3).
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2.5.2 Physiological Parameters
Stomatal conductance was measured using “Delta-T porometer AP4 (Delta-T Devices Ltd., Burwell,

Cambs., UK), chlorophyll content was assessed with a Minolta SPAD-502 chlorophyll meter, and relative
water content (RWC) was calculated using the formula:

RWC (%) = ( Fresh weight −Dry weight
Turgid weight −Dry weight

) × 100

The photosynthetic rate was determined using a portable photosynthesis system available at the Institute
of Biological Sciences, Khwaja Fareed University of Engineering and Information Technology, Rahim Yar
Khan, which provided real-time data on the net photosynthesis rate.

2.5.3 Biochemical Parameters
The biochemical parameters were measured using standard protocols described in the literature.

Malondialdehyde (MDA) content, which is an indicator of lipid peroxidation, was measured according to
the method of Heath et al. [33]. The tissue samples were homogenized in trichloroacetic acid (TCA), and the
MDA content was determined by measuring the absorbance at 532 nm. Hydrogen peroxide (H2O2) content
was quantified by the method of Perez et al. [34], using a spectrophotometric assay based on the reaction
between H2O2 and titanium sulfate, with absorbance measured at 410 nm.

For antioxidant enzyme activities, Superoxide dismutase (SOD), Peroxidase (POD), and Catalase (CAT)
were measured following the protocols outlined by Beauchamp et al. [35], Kar et al. [36], and Aebi [37],
respectively. SOD activity was determined by the inhibition of photochemical reduction of nitro blue
tetrazolium (NBT). In contrast, POD and CAT activities were measured by their ability to decompose
hydrogen peroxide, with absorbances read at 470 and 240 nm, respectively.

The physiological and biochemical parameters were measured at three key stages: vegetative growth,
flowering, and grain filling. Measurements for physiological parameters such as stomatal conductance,
chlorophyll content, and photosynthetic rate were taken at 30, 60, and 90 days after sowing (DAS),
corresponding to the vegetative, reproductive, and grain-filling stages, respectively. Biochemical parameters,
including antioxidant enzyme activities (SOD, POD, CAT), MDA, and H2O2 content, were measured at
similar intervals to assess the stress-induced oxidative damage and the plant’s biochemical responses at each
critical growth stage.

2.5.4 Yield and Spike Length
The final yield was calculated by harvesting and weighing the grains from each plot, while spike length

was measured from the base to the tip of the spike (Fig. S3).

2.6 Statistical Analysis
The results obtained in this study were analyzed through analysis of variance or ANOVA to assess the

level of the treatment’s efficacy. The treatment means were compared using the Least Significant Difference
(LSD) test at the 5% probability level to determine significant differences within the treatment means. Statis-
tical analysis was performed using Statistix 8.1 software. The homoscedasticity was analyzed using Levene’s
test, normality test (Shapiro-Wilk test), and Box-cox; square root transformation was used depending on the
results of the test. Also, correlation analyses were performed to compare the interconnection of the various
physiological and biochemical indexes under stress treatment.
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3 Results

3.1 Vegetative Parameters
The vegetative parameters of wheat, including plant height, leaf area, stem diameter, and tiller number,

were significantly affected by the applied abiotic stress treatments. These parameters were analyzed to
assess the impact of drought, salinity, and waterlogging on wheat growth, and the results were statistically
significant, indicating the robustness of the findings.

3.1.1 Plant Height
The control group exhibited an average plant height of 140 ± 5 cm. In contrast, drought stress

significantly reduced plant height (p < 0.01), with the severe drought condition (Level-3) yielding an average
height of 85 ± 4 cm. This reduction highlights the critical impact of water deficit on cellular processes
essential for elongation growth. Similarly, salinity stress resulted in a significant decrease (p < 0.05) in plant
height, with the highest salinity level (12 dS/m) producing an average height of 100 ± 3 cm. The ionic and
osmotic stresses under saline conditions limit water uptake and nutrient availability, thereby stunting growth.
Waterlogging also significantly reduced plant height (p < 0.05), with the longest duration (72 h) causing
an average reduction of 95 ± 3 cm. The anaerobic soil conditions induced by waterlogging restrict root
respiration and nutrient absorption, impeding overall growth (Fig. 1).

Figure 1: (Continued)
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Figure 1: Effects of drought, salinity, and waterlogging stress treatments on wheat growth parameters. (A) Plant height
(cm), (B) Leaf area (cm2), (C) Tiller number, and (D) Stem diameter (mm). Each bar represents the mean ± SE
(n = 3 replicates). Different letters above the bars indicate statistically significant differences (p < 0.05) as determined
by the Least Significant Difference (LSD) test all mean values were recorded at the end of the stress imposition. Stress
treatments include three levels of drought (Level-1, Level-2, and Level-3), salinity (Level-1, Level-2, and Level-3), and
waterlogging (Level-1, Level-2, and Level-3), with the control group for comparison

3.1.2 Leaf Area
The leaf area, a crucial determinant of the plant’s photosynthetic efficiency, was significantly affected by

the stress treatments. Control plants had an average leaf area of 35 ± 2 cm2. Drought conditions, particularly
at Level 3, significantly decreased the leaf area to 20± 1.5 cm2 (p< 0.01). This reduction is an adaptive response
to minimize water loss through transpiration. Salinity stress also reduced leaf area, with the highest level
causing an average area of 22 ± 2 cm2. High salinity levels cause ion toxicity and osmotic stress, leading to
reduced leaf growth. Waterlogging, especially at prolonged exposure, also significantly decreased the leaf
area (p < 0.05), with an average area of 25 ± 1.8 cm2 observed at 72 h of waterlogging. The limited oxygen
availability under these conditions adversely affects root function, leading to reduced leaf expansion and
growth (Fig. 1).

3.1.3 Stem Diameter
The control group had an average stem diameter of 8 ± 0.3 mm. Drought stress significantly reduced

the stem diameter (p < 0.01), with the most severe level showing an average diameter of 5 ± 0.2 mm. This
reduction is attributed to limited water and nutrient availability, which affects the deposition of structural
carbohydrates and lignin. Salinity stress also caused a significant decrease (p < 0.05) in stem diameter, with
the highest salinity level resulting in an average diameter of 6 ± 0.3 mm. The combined effects of ion toxicity
and osmotic stress reduce the plant’s ability to sustain robust stem growth. Waterlogging conditions led to
a significant reduction (p < 0.05) in stem diameter, with the longest waterlogging duration resulting in a
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diameter of 6 ± 0.2 mm. The hypoxic conditions in waterlogged soils impair nutrient uptake, which is crucial
for stem growth (Fig. 1).

3.1.4 Tiller Number
The number of tillers per plant, a critical factor for potential grain yield, was also significantly impacted

by the stress treatments. Control plants had an average of 7 ± 0.4 tillers. Drought stress, particularly at the
most severe level, significantly reduced tiller number to an average of 3 ± 0.2 tillers (p < 0.01). Stress inhibits
the initiation and development of tillers due to water scarcity. Salinity stress caused a significant reduction
(p < 0.05) in tiller numbers, with the highest level showing an average of 4 ± 0.3 tillers. The osmotic and
ionic stress from salinity impedes tiller formation. Waterlogging also resulted in a significant decrease (p <
0.05) in tiller number, with an average of 4 ± 0.2 tillers observed under the longest duration of exposure.
The anaerobic conditions limit the availability of oxygen, which is crucial for the growth and development
of tillers (Fig. 1).

3.2 Physiological Parameters
The physiological parameters of wheat, including stomatal conductance, chlorophyll content, relative

water content, and photosynthetic rate, were significantly influenced by the different abiotic stress treatments.
Changes in stomatal conductance and chlorophyll content are key indicators of plant stress. Reduced stomatal
conductance limits CO2 uptake, decreasing photosynthesis and growth. Similarly, lower chlorophyll content
reduces photosynthetic efficiency, directly impacting energy production and overall plant productivity.

3.2.1 Stomatal Conductance
Under control conditions, the average stomatal conductance was 0.55 mmol m2/s. Drought stress

significantly reduced stomatal conductance, with the most severe drought level (Level-3) recording an
average of 0.15 mmol m2/s (p < 0.01). This reduction is a typical plant response to water deficit, aiming
to minimize water loss by reducing stomatal aperture. Salinity stress also caused a significant decrease in
stomatal conductance (p < 0.05), with the highest salinity level resulting in an average conductance of
0.25 mmol m2/s. The ionic stress and osmotic adjustment in response to high salinity lead to partial stomatal
closure, limiting gas exchange. Waterlogging had a similar effect, with the longest exposure (72 h) reducing
the stomatal conductance to 0.30 mmol m2/s (p < 0.05). The hypoxic conditions created by waterlogging
disrupt root function and decrease the uptake of essential nutrients and water, thereby affecting stomatal
regulation (Fig. 2).

3.2.2 Chlorophyll Content
Chlorophyll content is an important indicator of photosynthetic capacity and plant health. In control

plants, the chlorophyll content was measured at 48 SPAD units. Drought stress led to a significant reduction
(p < 0.01) in chlorophyll content, with the most severe drought condition showing an average of 28 SPAD
units. The decrease in chlorophyll content under drought conditions can be attributed to chlorophyll
degradation and reduced chlorophyll synthesis, both of which are common responses to water deficit. Salinity
stress also significantly affected chlorophyll content (p < 0.05), with the highest salinity treatment reducing
it to 32 SPAD units. High salinity levels cause ionic and osmotic stress, leading to chlorophyll degradation
and reduced photosynthetic efficiency. Waterlogging resulted in a significant reduction (p < 0.05), with an
average chlorophyll content of 34 SPAD units at the longest duration. The reduced chlorophyll content under
waterlogged conditions can be linked to the limited oxygen availability, which affects chlorophyll synthesis
and overall plant metabolism (Fig. 2).
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Figure 2: Effects of drought, salinity, and waterlogging stress treatments on physiological parameters of wheat. (A)
Stomatal conductance (mmol m2/s), (B) Chlorophyll content (SPAD units), (C) Relative water content (RWC, %), and
(D) Photosynthetic rate (μmol m2/s). Each bar represents the mean ± SE (n = 3 replicates). Different letters above the
bars indicate statistically significant differences (p < 0.05) as determined by the Least Significant Difference (LSD) test.
All mean values were recorded at the end of the stress imposition. Stress treatments include three levels of drought
(Level-1, Level-2, and Level-3), salinity (Level-1, Level-2, and Level-3), and waterlogging (Level-1, Level-2, and Level-3),
with the control group for comparison

3.2.3 Relative Water Content (RWC)
RWC is a measure of the water status of plant tissues and is crucial for maintaining cell turgor and

metabolic activity. The control plants exhibited an average RWC of 85%. Under drought conditions, RWC
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significantly decreased (p < 0.01), with the most severe drought level showing an average of 55%. This decline
in RWC reflects the reduced water uptake and increased water loss due to transpiration under drought stress.
Salinity stress also led to a significant decrease in RWC (p < 0.05), with the highest salinity level resulting
in an average RWC of 60%. The osmotic stress from salinity reduces water uptake, leading to a lower RWC.
Waterlogging conditions similarly affected RWC, with the longest exposure showing a significant reduction
(p < 0.05) to 62%. The anaerobic conditions under waterlogging restrict water uptake and transport, resulting
in lower RWC (Fig. 2).

3.2.4 Photosynthetic Rate
The photosynthetic rate, a key indicator of plant productivity, was significantly affected by the stress

treatments. In control plants, the photosynthetic rate was recorded at 25 μmol m2/s. Drought stress led to a
substantial reduction (p < 0.01) in the photosynthetic rate, with the most severe drought condition showing
an average of 12 μmol m2/s. This reduction is due to the combined effects of reduced stomatal conductance,
chlorophyll degradation, and lower RWC, all of which limit photosynthetic activity. Salinity stress also caused
a significant decrease in the photosynthetic rate (p < 0.05), with the highest salinity level resulting in an
average rate of 15 μmol m2/s. The ionic and osmotic stress under saline conditions impairs photosynthetic
machinery, reducing overall photosynthesis. Waterlogging had a similar impact, significantly reducing the
photosynthetic rate (p < 0.05) to 18 μmol m2/s at the longest exposure duration. The reduced oxygen
availability in waterlogged soils affects root respiration and energy supply, thereby limiting photosynthetic
capacity (Fig. 2).

3.3 Biochemical Parameters
The biochemical parameters, including ion leakage, malondialdehyde (MDA) content, hydrogen per-

oxide (H2O2) content, superoxide anion levels, and antioxidant enzyme activities (SOD, POD, CAT, APX),
were critically evaluated to understand the oxidative stress responses of wheat under drought, salinity, and
waterlogging conditions. The increased activities of antioxidant enzymes (SOD, POD, CAT, and APX) under
stress conditions are a plant’s response to mitigate oxidative damage caused by reactive oxygen species (ROS).
This upregulation of antioxidants helps protect key cellular components, thereby sustaining physiological
processes such as photosynthesis. Elevated antioxidant activity helps maintain photosynthetic efficiency
by reducing oxidative damage to photosynthetic machinery, which is often compromised under drought,
salinity, and waterlogging stress. Consequently, the higher antioxidant enzyme activities observed in stressed
plants are linked to the maintenance of photosynthetic rate and other physiological functions, helping the
plant manage stress and mitigate yield loss.

3.3.1 Ion Leakage
Ion leakage serves as an indicator of membrane stability and integrity, with higher values indicating

increased membrane damage. Under control conditions, ion leakage was relatively low at 10%. However, it
significantly increased (p < 0.01) under drought stress, with the highest level (Level 3) showing an average ion
leakage of 30%. This increase is attributed to the disruption of membrane integrity due to oxidative stress.
Salinity stress also caused a significant rise in ion leakage (p < 0.05), with the highest salinity treatment
resulting in 28% leakage. The accumulation of toxic ions, particularly Na+ and Cl−, contributes to membrane
damage under saline conditions. Waterlogging induced a similar increase (p < 0.05), with ion leakage
reaching 25% at the most prolonged exposure. The hypoxic conditions in waterlogged soils cause cellular
respiration to shift to anaerobic pathways, leading to the accumulation of toxic metabolites that damage cell
membranes (Fig. 3).
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Figure 3: Effects of drought, salinity, and waterlogging stress treatments on biochemical parameters in wheat. (A) Ion
leakage (%), (B) Malondialdehyde (MDA) content (nmol/g FW), (C) Hydrogen peroxide (H2O2) content (nmol/g FW),
and (D) Superoxide anion (O2−) content (nmol/g FW). Stress treatments include three levels of drought (Level-1, Level-
2, and Level-3), salinity (Level-1, Level-2, and Level-3), and waterlogging (Level-1, Level-2, and Level-3), with a control
group for comparison. Data are presented as mean ± SE. Different letters above the bars indicate statistically significant
differences (p < 0.05) based on the Least Significant Difference (LSD) test. All mean values were recorded at the end of
the stress imposition

3.3.2 MDA Content
MDA is a by-product of lipid peroxidation and serves as a marker of oxidative stress. Control plants

had an MDA content of 1.5 nmol/g fresh weight (FW). Under drought stress, MDA levels significantly
increased (p < 0.01), with the most severe stress level showing an average of 4.5 nmol/g FW. The elevated
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MDA content indicates enhanced lipid peroxidation, a common response to oxidative stress caused by water
deficit. Salinity stress also significantly increased MDA content (p < 0.05), with the highest salinity level
resulting in 4.0 nmol/g FW. The ion imbalance and osmotic stress under salinity accelerate the generation of
reactive oxygen species (ROS), leading to lipid peroxidation. In waterlogged conditions, MDA content also
rose significantly (p < 0.05), with the longest exposure showing an average of 3.8 nmol/g FW. The anaerobic
environment under waterlogging exacerbates oxidative damage, increasing lipid peroxidation (Fig. 3).

3.3.3 H2O2 Content
Hydrogen peroxide is a common ROS involved in signaling and stress responses. Under control

conditions, H2O2 content was 1.0 μmol/g FW. Drought stress significantly elevated H2O2 levels (p < 0.01),
with the highest drought level showing an average of 3.0 μmol/g FW. The increase in H2O2 content reflects the
enhanced oxidative stress under water deficit conditions, which can damage cellular components. Salinity
stress also led to a significant increase in H2O2 content (p < 0.05), with the highest salinity treatment
resulting in 2.8 μmol/g FW. The ion toxicity and osmotic stress under saline conditions contribute to the
overproduction of H2O2. Waterlogging similarly increased H2O2 content significantly (p < 0.05), with levels
reaching 2.5 μmol/g FW at the most prolonged exposure. The lack of oxygen under waterlogged conditions
leads to increased ROS production, including H H2O2 (Fig. 3).

3.3.4 Superoxide Anion Levels
Superoxide anion (O2

−) is another ROS that can cause oxidative damage. Control plants had an average
O2
− level of 1.0 nmol/g FW. Drought stress significantly increased superoxide anion levels (p < 0.01), with the

highest stress level showing an average of 2.8 nmol/g FW. The generation of superoxide anions under drought
stress results from disrupted electron transport chains in chloroplasts and mitochondria. Salinity stress also
significantly elevated O2

− levels (p < 0.05), with the highest salinity treatment resulting in 2.5 nmol/g FW. The
excessive uptake of Na+ and Cl− under saline conditions can lead to ROS generation, including superoxide
anions. Waterlogging also led to a significant increase in O2

− levels (p < 0.05), with the longest exposure
showing an average of 2.3 nmol/g FW. The anaerobic conditions under waterlogging disrupt mitochondrial
electron transport, leading to increased ROS production (Fig. 3).

3.3.5 Antioxidant Enzyme Activities
The activities of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), catalase

(CAT), and ascorbate peroxidase (APX) were measured to assess the plant’s defense mechanisms against
oxidative stress.

SOD Activity
SOD activity in control plants was 100 units/mg protein. Drought stress significantly increased SOD

activity (p < 0.01), with the highest level reaching 180 units/mg protein. SOD is crucial for dismutating
superoxide anions into hydrogen peroxide and oxygen, thereby mitigating oxidative damage. Salinity stress
also significantly elevated SOD activity (p < 0.05), with the highest salinity level resulting in 160 units/mg
protein. Waterlogging increased SOD activity to 150 units/mg protein, indicating an adaptive response to
counteract increased ROS levels (Fig. 4).
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Figure 4: Effects of drought, salinity, and waterlogging stress treatments on antioxidant enzyme activities in wheat.
(A) Superoxide dismutase (SOD) activity (Units/mg protein), (B) Peroxidase (POD) activity (Units/mg protein), (C)
Catalase (CAT) activity (Units/mg protein), and (D) Ascorbate peroxidase (APX) activity (Units/mg protein). Stress
treatments include three levels of drought (Level-1, Level-2, and Level-3), salinity (Level-1, Level-2, and Level-3), and
waterlogging (Level-1, Level-2, and Level-3), with a control group for comparison. Data are presented as mean ± SE.
Different letters above the bars represent statistically significant differences (p < 0.05) as determined by the Least
Significant Difference (LSD) test. All mean values were recorded at the end of the stress imposition

POD Activity
POD activity under control conditions was 20 units/mg protein. Under drought stress, POD activity

significantly increased (p < 0.01), with the highest level reaching 45 units/mg protein. POD plays a role
in scavenging hydrogen peroxide, reducing oxidative damage. Salinity stress significantly increased POD
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activity (p < 0.05), with the highest salinity level reaching 40 units/mg protein. Waterlogging conditions also
increased POD activity to 38 units/mg protein, highlighting the enzyme’s role in ROS detoxification (Fig. 4).

CAT Activity
CAT activity was 30 units/mg protein in control plants. Drought stress significantly elevated CAT

activity (p < 0.01), with the highest stress level showing 60 units/mg protein. CAT decomposes hydrogen
peroxide into water and oxygen, a critical reaction in mitigating oxidative stress. Salinity stress increased
CAT activity to 55 units/mg protein (p < 0.05). Waterlogging also led to a significant increase in CAT activity,
reaching 50 units/mg protein (p < 0.05) (Fig. 4).

APX Activity
APX activity in control plants was 15 units/mg protein. Drought stress significantly increased APX

activity (p < 0.01), with the highest level reaching 35 units/mg protein. APX reduces hydrogen peroxide in
water using ascorbate as an electron donor. Salinity stress significantly elevated APX activity (p < 0.05), with
the highest level reaching 30 units/mg protein. Waterlogging also increased APX activity to 28 units/mg
protein, highlighting the enzyme’s role in maintaining cellular redox homeostasis under stress conditions
(Fig. 4).

3.4 Yield and Spike Length
The impact of drought, salinity, and waterlogging on wheat yield and spike length was substantial,

indicating the sensitivity of these parameters to abiotic stresses. The data presented significant variations
in yield and spike length across different stress treatments, reflecting the physiological and biochemical
disruptions caused by these stresses. The reductions in yield and spike length observed under stress con-
ditions are primarily due to impaired plant growth and physiological processes. Stress-induced reductions
in vegetative growth parameters, such as plant height, leaf area, and tiller number, limit the plant’s capacity
to produce photosynthates necessary for grain development. Additionally, decreased stomatal conductance
and chlorophyll content reduce the plant’s ability to photosynthesize efficiently, further limiting the energy
available for reproductive processes. The resulting lower photosynthetic capacity translates into reduced
grain filling, which directly affects yield and spike length. Moreover, stress-induced oxidative damage can
impair the development of reproductive structures, leading to smaller spikes and fewer grains per spike.

3.4.1 Yield
Under control conditions, the average yield was approximately 4800 kg/ha. However, drought stress

led to a significant reduction in yield, with the most severe level (Level 3) showing an average yield of only
2600 kg/ha (p < 0.01). The yield reduction observed under drought stress (46%) can be attributed to the
significant declines in stomatal conductance and photosynthetic rate, which limited carbon assimilation and
energy production. Salinity stress also significantly impacted yield (p < 0.05), with the highest salinity level
(12 dS/m) resulting in an average yield of 2300 kg/ha. Yield reduction under salinity (54%) was primarily
due to ionic toxicity and osmotic stress under saline conditions disrupting metabolic processes, leading to
reduced grain filling and overall productivity. Waterlogging stress caused a similar decline in yield, with
the longest exposure (72 h) resulting in an average yield of 3100 kg/ha (p < 0.05). Under waterlogging,
yield reduction of up to 35% is likely due to the anaerobic conditions limiting oxygen availability to the
roots, impairing their function and reducing nutrient uptake, which ultimately affects grain yield (Fig. 5;
Supplementary Materials).
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Figure 5: Effects of drought, salinity, and waterlogging stress treatments on spike length (cm) and grain yield (kg/ha)
in wheat. (A) Spike length (cm) and (B) Yield (kg/ha) under three levels of drought (Level-1, Level-2, and Level-3),
salinity (Level-1, Level-2, and Level-3), and waterlogging (Level-1, Level-2, and Level-3), compared with the control
group. Data are presented as mean ± SE. Different letters above the bars indicate statistically significant differences
(p < 0.05) as determined by the Least Significant Difference (LSD) test. All mean values were recorded at the end of the
stress imposition

3.4.2 Spike Length
Spike length is a critical component of yield as it correlates with the number of grains per spike. The

control group exhibited an average spike length of 12 cm. drought stress significantly reduced spike length
(p < 0.01), with the most severe drought treatment showing an average spike length of 8 cm. This reduction
is due to inhibited growth and development of reproductive structures under water stress. Salinity stress also
significantly decreased spike length (p < 0.05), with the highest salinity treatment resulting in an average
spike length of 7 cm. The negative impact of salinity on spike length is associated with reduced cell division
and elongation due to ionic imbalances and osmotic stress. Waterlogging similarly affected spike length,
with the longest exposure resulting in an average spike length of 6.5 cm (p < 0.05). The hypoxic conditions
under waterlogging disrupt hormone balance and nutrient distribution, adversely affecting the development
of reproductive structures (Fig. 5; Supplementary Materials).

3.5 Comparative Analysis
The comparative analysis of the impact of drought, salinity, and waterlogging on wheat revealed signifi-

cant variations across multiple vegetative, physiological, and biochemical parameters. The greater sensitivity
of wheat to drought compared to salinity and waterlogging is due to distinct physiological and biochemical
mechanisms. Drought directly limits water availability, impairing nutrient uptake, photosynthesis, and
stomatal conductance. In contrast, salinity primarily disrupts ion balance and osmotic potential, while
waterlogging affects root respiration and nutrient uptake due to oxygen deficiency. Drought’s more severe
impact on water relations and overall metabolism explains its greater effect on plant growth and productivity.
These stress conditions induced distinct responses, which were quantitatively and statistically significant,
highlighting the differential sensitivity of wheat to various abiotic stresses.
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3.5.1 Vegetative and Physiological Parameters
Among the vegetative parameters, plant height, leaf area, stem diameter, and tiller number were

all significantly reduced under stress conditions compared to the control. Drought stress had the most
pronounced effect, reducing plant height by 55 cm, leaf area by 15 cm2, stem diameter by 3 mm, and tiller
number by 4 tillers per plant. Salinity and waterlogging also caused significant reductions but to a lesser
extent compared to drought. The reduction in these parameters was statistically significant, with p-values
less than 0.01 for drought and less than 0.05 for salinity and waterlogging, indicating strong evidence of the
effects of these stressors.

In terms of physiological parameters, stomatal conductance, chlorophyll content, relative water content
(RWC), and photosynthetic rate were all adversely affected by the stress treatments. Drought stress resulted
in the most substantial decrease in stomatal conductance (by 0.40 mmol m2/s) and photosynthetic rate (by
13 μmol m2/s), reflecting severe limitations on gas exchange and photosynthesis. Salinity and waterlogging
also significantly reduced these parameters, with the reductions in chlorophyll content and RWC being
particularly notable under salinity. The statistical significance of these reductions was confirmed with
p-values less than 0.01 for drought and less than 0.05 for salinity and waterlogging.

3.5.2 Biochemical Parameters
The analysis of biochemical parameters showed significant increases in ion leakage, MDA content,

H2O2 content, and superoxide anion levels under all stress conditions, indicating elevated oxidative stress.
Drought stress resulted in the highest levels of ion leakage (30%), MDA content (4.5 nmol/g FW), and H2O2
content (3.0 μmol/g FW). These increases were statistically significant (p < 0.01), suggesting that drought
induces more severe membrane damage and oxidative stress than salinity or waterlogging. The activities of
antioxidant enzymes (SOD, POD, CAT, APX) were also significantly elevated under stress conditions, with
the highest activities observed under drought stress, indicating an upregulation of the antioxidant defense
system to counteract ROS accumulation.

3.5.3 Yield and Spike Length
The yield and spike length were significantly reduced under all stress treatments, with drought causing

the most significant reductions. The average yield under drought stress was 2500 kg/ha, a substantial decrease
from the control yield of 6000 kg/ha. Spike length was also notably reduced under drought (by 7 cm), with
similar but less pronounced reductions observed under salinity and waterlogging. These reductions were
statistically significant (p < 0.01 for drought; p < 0.05 for salinity and waterlogging), highlighting the impact
of these stresses on reproductive development and overall productivity.

3.6 Correlation Analysis
The correlation table provides insights into the relationships between various physiological, biochemi-

cal, and yield-related parameters in wheat under different abiotic stress conditions. The positive correlations
observed between plant height, leaf area, and yield (r = 0.75–0.80) suggest that taller plants with larger leaf
areas are more capable of producing higher yields. This relationship indicates the importance of maintaining
robust vegetative growth for achieving optimal grain production under stress conditions. Similarly, strong
positive correlations between photosynthetic rate, stomatal conductance, and chlorophyll content (r =
0.70–0.85) highlight the interdependence of these factors in maintaining efficient photosynthesis. Efficient
stomatal conductance and higher chlorophyll content contribute to maintaining photosynthetic efficiency,
even under abiotic stress. In contrast, negative correlations between ion leakage, MDA content, and yield
(r = −0.60 to −0.65) reflect the detrimental effects of oxidative stress on productivity. Elevated ion leakage
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and MDA levels, which are markers of membrane damage, were associated with reduced yields, emphasizing
the critical role of maintaining cellular stability to mitigate stress impacts. High levels of reactive oxygen
species (ROS), indicated by elevated superoxide anion and H2O2 content, are associated with reduced yield
and spike length, further emphasizing the importance of antioxidant defenses like SOD and CAT activities
in mitigating stress impacts. These correlations underline the complexity of stress responses in wheat and the
need for integrated strategies to enhance stress tolerance and maintain crop yields under adverse conditions
(Table 3).

4 Discussion
The findings of this study elucidate the differential responses of wheat to drought, salinity, and

waterlogging, providing valuable insights into the physiological, biochemical, and yield-related impacts of
these abiotic stresses. Drought leads to reduced water availability, affecting photosynthesis and nutrient
uptake. Salinity disrupts osmotic balance and ion transport, while waterlogging induces hypoxia, limiting
root respiration and nutrient absorption. These stress responses are interlinked and collectively contribute
to the observed reductions in growth and yield. The significant reduction in plant height, leaf area, stem
diameter, and tiller number under drought conditions is consistent with the well-documented effects of water
deficit on plant growth and development. Drought stress inhibits cell expansion and division by reducing
turgor pressure and disrupting water and nutrient uptake [38]. Similar findings have been reported by Chaves
et al. [39], who observed that water scarcity severely limits vegetative growth by affecting photosynthetic
capacity and carbon assimilation. Recent studies have shown that wheat responses to abiotic stresses vary
considerably depending on environmental factors, genotype, and stress intensity. Our findings on drought-
induced reductions in stomatal conductance and chlorophyll content are consistent with studies by Chaves
et al. [40] and Munns [41], who reported significant reductions in photosynthesis and growth under water-
limited conditions. These studies also found that drought stress reduces grain yield primarily through
impaired photosynthetic capacity and water use efficiency, similar to our observations.

The impact of salinity stress on wheat was also profound, as indicated by the significant decreases in
chlorophyll content and increases in ion leakage. Salinity stress induces osmotic and ionic stresses, leading
to nutrient imbalance, chlorophyll degradation, and reduced photosynthetic efficiency [42]. The results align
with the work of Ahmad et al. [43], who noted that high salinity levels disrupt cellular homeostasis, leading to
oxidative stress and cellular damage. The pronounced yield reduction (46%) under drought stress highlights
the sensitivity of wheat to water scarcity, which disrupts physiological processes, including photosynthesis
and water-use efficiency. Similarly, the 54% reduction under salinity stress aligns with findings of ion
accumulation and osmotic imbalances reducing plant vigor and grain development. The relatively lower
yield loss under waterlogging (35%) reflects the plant’s partial ability to tolerate short-term hypoxia, though
prolonged waterlogging ultimately disrupted root function and grain filling. The reduction in yield and
spike length under salinity stress reflects the inhibition of reproductive processes, which is corroborated by
Negrão et al. [44], who highlighted the sensitivity of reproductive structures to ionic toxicity. Regarding
salinity, Zhang et al. [45] and Munns et al. [46] highlighted that salinity impairs wheat growth through
osmotic stress and ion toxicity, which is in line with our findings of reduced plant height and chlorophyll
content under saline conditions. However, while we observed a reduction in yield at 12 dS/m, similar to
findings by Ahmed et al. [47], other studies, such as those by Devkota et al. [48], reported that certain
wheat varieties can withstand higher salinity levels, potentially due to more efficient ion exclusion or osmotic
adjustment mechanisms.
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Waterlogging stress also significantly affected wheat growth and development, particularly by reducing
oxygen availability in the root zone. The hypoxic conditions resulting from prolonged waterlogging impair
root respiration, nutrient uptake, and hormonal balance, which are crucial for plant growth [49]. This is
consistent with the findings of Voesenek et al. [50], who emphasized the negative impact of waterlogging on
root function and the overall health of plants. The elevated levels of malondialdehyde (MDA) and hydrogen
peroxide (H2O2) under all stress conditions indicate enhanced lipid peroxidation and oxidative damage,
which is a common response to abiotic stresses [51]. The increased activities of antioxidant enzymes (SOD,
POD, CAT, APX) suggest an upregulation of the antioxidant defense system to mitigate the effects of reactive
oxygen species (ROS). Similar observations were made by Apel et al [52], who discussed the critical role
of antioxidants in protecting plants from oxidative stress. Waterlogging has been less extensively studied in
wheat, but our results align with the findings of Ploschuk et al. [53] and Pais et al. [54], who found that
waterlogging significantly impairs wheat root function and nutrient uptake, leading to reduced grain filling
and yield. In particular, we observed a strong correlation between waterlogging and reduced spike length and
yield, which corroborates findings by Arduini et al. [55], who observed similar reductions in wheat under
flooded conditions.

The correlation analysis revealed strong positive correlations between photosynthetic rate, chlorophyll
content, and yield, highlighting the importance of maintaining photosynthetic efficiency for optimal yield
under stress conditions. Conversely, the negative correlations between ion leakage, MDA content, and yield
underscore the detrimental effects of membrane damage and oxidative stress on productivity. These findings
are in line with the study by [56], which emphasized the importance of ROS management in sustaining
photosynthesis and plant growth under stress.

The practical implications of these findings are significant for wheat cultivation, especially in regions
vulnerable to abiotic stresses. The observed reductions in yield and spike length under drought, salinity,
and waterlogging stress highlight the need for developing wheat varieties with enhanced tolerance to
these conditions. Breeding programs should prioritize traits such as improved root architecture, which can
enhance water and nutrient uptake, particularly under drought and waterlogged conditions. This approach is
supported by Wasson et al. [57], who demonstrated that deeper root systems contribute to drought tolerance
by accessing water from deeper soil layers.

In addition to root traits, the enhancement of antioxidant enzyme activities is crucial for improving
stress tolerance. The upregulation of enzymes like SOD, POD, CAT, and APX observed in this study indicates
that these components of the antioxidant defense system play a vital role in mitigating oxidative damage.
Therefore, incorporating genetic traits that enhance the antioxidant capacity of wheat could be a key strategy
for improving resilience to abiotic stresses [58]. Moreover, the development of salt-tolerant varieties that can
maintain ion homeostasis and reduce the toxic effects of Na+ and Cl− accumulation is essential. The use of
molecular markers and gene-editing technologies, such as CRISPR/Cas9, can facilitate the introduction of
these traits into commercial wheat varieties [59].

Agronomic practices also play a crucial role in managing abiotic stress. Proper irrigation management
is essential for mitigating the effects of drought and salinity. Techniques such as drip irrigation and the
use of mulches can help conserve soil moisture and reduce salinity levels by minimizing water evaporation
and salt accumulation [60]. Additionally, soil management practices, such as the use of gypsum and
organic amendments, can improve soil structure and drainage, thereby reducing the negative impact of
waterlogging [42]. Crop rotation and the use of salt-tolerant cover crops can also enhance soil health and
reduce the buildup of salinity in the soil profile.

Furthermore, precision agriculture technologies, such as remote sensing and geographic information
systems (GIS), can be utilized for early detection and monitoring of stress symptoms, enabling timely
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intervention and management. For instance, monitoring chlorophyll content and canopy temperature can
provide early indicators of water stress, allowing for the adjustment of irrigation schedules [61]. Overall, the
integration of advanced breeding techniques, agronomic practices, and precision agriculture can significantly
enhance the resilience of wheat cultivation systems to abiotic stresses. CIMMYT’s development of drought-
tolerant wheat varieties has led to successful adoption in water-scarce regions, and the University of Sydney’s
research on salt-tolerant wheat has improved yields in saline-prone areas. Additionally, agronomic practices
such as drip irrigation and mulching have been implemented in regions like India to mitigate the effects
of water stress and waterlogging, respectively. These case studies underscore the effectiveness of combining
breeding and agronomic strategies to improve stress tolerance in wheat.

While this study provides valuable insights into the effects of drought, salinity, and waterlogging
on wheat, several limitations need to be acknowledged. One of the primary limitations is the controlled
environment in which the experiments were conducted. While controlled conditions allow for the precise
measurement of responses to specific stressors, they do not fully replicate the complexity of field conditions,
where multiple stresses can occur simultaneously. Future research should include field trials across diverse
agroecological zones to validate the findings and assess the real-world performance of stress-tolerant wheat
varieties [62]. This approach will help identify the interactions between different stressors and environmental
factors, providing a more comprehensive understanding of plant responses.

Another limitation is the focus on a limited number of physiological and biochemical parameters.
While the study provides a detailed analysis of key parameters, it does not encompass all the aspects of plant
responses to abiotic stresses. Future studies should explore additional factors, such as hormonal regulation,
root-soil interactions, and the role of secondary metabolites in stress tolerance. The integration of omics
technologies, such as genomics, transcriptomics, and metabolomics, can provide a more holistic view of the
molecular and metabolic pathways involved in stress responses [63]. For instance, transcriptomic analysis
can identify differentially expressed genes under stress conditions, revealing key regulators and pathways
that can be targeted for genetic improvement.

Moreover, this study did not explore the genetic diversity present in wheat germplasm for stress
tolerance. The inclusion of diverse genetic resources in future studies can help identify novel alleles and
genes associated with stress tolerance. The use of advanced genetic tools, such as genome-wide association
studies (GWAS) and quantitative trait locus (QTL) mapping, can facilitate the identification of genetic
loci linked to desirable traits [64]. Additionally, research should focus on the development and evaluation
of biotechnological approaches, such as the use of transgenic plants and CRISPR/Cas9 gene editing, to
enhance the stress tolerance of wheat. Although the controlled environment allows precise control over the
experimental conditions, it does not fully capture the complexity of real-world field conditions. Factors such
as soil variation, unpredictable weather events, and pest and disease outbreaks, which were not considered in
this study, could significantly influence the plant’s response to stress. Future research should incorporate field
experiments to assess the broader applicability of these results and explore the combined effects of abiotic
and biotic stresses on wheat productivity.

The study did not address the potential trade-offs associated with enhancing stress tolerance, such as
possible reductions in yield or quality under optimal conditions. Future research should investigate these
trade-offs and explore strategies to balance stress tolerance with high productivity. The development of wheat
varieties that can maintain stable yields under both stress and non-stress conditions is crucial for sustainable
agriculture and food security.
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5 Conclusion
This study provides a comprehensive analysis of the effects of drought, salinity, and waterlogging

on wheat growth, physiology, and yield. Among the three abiotic stresses, drought had the most severe
impact, causing a 50% yield reduction, followed by salinity (40%) and waterlogging (30%). These stresses
significantly reduced vegetative parameters such as plant height, leaf area, stem diameter, and tiller number,
as well as physiological traits like stomatal conductance, chlorophyll content, and photosynthetic rate.
Biochemical analysis revealed elevated oxidative stress markers, including malondialdehyde (MDA) and
hydrogen peroxide (H2O2), accompanied by increased activities of antioxidant enzymes such as superoxide
dismutase (SOD) and catalase (CAT), indicating the plants’ defense response to mitigate stress-induced
damage. The study underscores the need for developing stress-tolerant wheat varieties through advanced
breeding and biotechnological approaches that enhance traits such as efficient antioxidant systems, osmotic
regulation, and robust root structures. Agronomic practices like improved irrigation management and soil
amendments, combined with precision agriculture tools for early stress detection, can further mitigate these
stresses. By integrating these approaches, sustainable wheat production can be achieved, ensuring food
security in regions vulnerable to climate change and environmental challenges.
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