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Flooding, caused by natural factors like extreme rainfall 
and snowmelt or human activities such as inadequate infra-
structure, results in water exceeding soil absorption capacity 
and natural drainage paths (Li et al. 2011; Loreti et al. 2016; 
Beegum et al. 2023). Climate change is exacerbating flood 
stress, leading to more intense, widespread, and prolonged 
flooding events (De San Celedonio et al. 2016; Ploschuk 
et al. 2023; De Castro et al. 2022). In agriculture, flood-
ing directly damages crops by causing root anoxia, which 
stunts growth and ultimately leads to plant death. This leads 
to significant yield and economic losses (Abdolshahi et al. 
2013; Broughton et al. 2015; Den Besten et al. 2021; Tian et 
al. 2023). Furthermore, it disrupts soil fertility by leaching 
essential nutrients, which impairs plant nutrition and eco-
system balance (Broughton et al. 2015; Den Besten et al. 
2021).

The tolerance of plants to flooding is determined by vari-
ous factors. The main factors include are: (i) the sensitiv-
ity of the species or cultivar (Manna et al. 2021; Raza et 
al. 2020; Singh 2023; Ramos Pais 2024), (ii) the develop-
mental stage of the plant at which flooding occurs (Setter 
and Waters 2003; De San Celedonio et al. 2014; Rivero et 

Introduction

Wheat holds a crucial place as a staple food worldwide. It 
is a vital source of energy, protein, vitamins, and miner-
als in human nutrition and stands out for its adaptability to 
diverse climatic conditions. Additionally, it serves as a key 
raw material for animal feed and various industrial applica-
tions (Atchison et al. 2010; Yavas et al. 2012; Tiryakioglu et 
al. 2023). Wheat production constitutes an important part of 
agricultural activities on a global scale and also stands out 
as a strategic product in world trade (FAO 2025). However, 
wheat production is increasingly threatened by environ-
mental and economic factors such as global climate change, 
drought, and dwindling water resources (Bahar and Yildirim 
2010; Tiryakioğlu et al. 2024).
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Abstract
This study investigated the effects of flooding stress on bread wheat (Triticum aestivum L.) at different growth stages and 
flooding durations. Two wheat cultivars, flood-tolerant Gönen 98 and susceptible Meta 2002, were subjected to flooding 
treatments of 10-, 20-, and 30-days during tillering, stem elongation, and heading stages. The research examined various 
agronomic characteristics, including plant height, number of fertile stems, number of fertile and sterile spikelet, number of 
grains per unit area, thousand-grain weight, unit area grain yield, biomass and harvest index. Results showed that flooding 
tolerance varied significantly across growth stages, with stem elongation being particularly susceptible to flooding stress. 
Short-duration flooding had minimal negative effects and sometimes acted as beneficial irrigation. However, long-duration 
flooding led to significant reductions in yield components, medium- or long-duration flooding causing up to 74% reduction 
in some parameters. The study also introduced a Stress Effect Rate (SER) to assess the impact of flooding stress in greater 
detail. SER values varied depending on flooding duration and growth stage, providing insights into periods of heightened 
susceptibility to water stress. These findings highlight the importance of considering growth stage-specific flooding toler-
ance in wheat breeding programs and in developing management strategies for wheat cultivation in flood-prone areas.
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al. 2022), (iii) the duration of the flooding event (Collaku 
and Harrison 2002; Malik et al. 2002; Mishra et al. 2023). 
Unfortunately, the number of studies that address these 
three factors simultaneously is insufficient. Studies have 
been conducted by addressing one or two of these factors. 
Determining wheat yield is a complex process where grain 
number per unit area is a critical factor, as environmental 
stressors significantly impact plant productivity by altering 
seed number and size (González et al. 2005; Rivero et al. 
2022). The number of grains per unit area is a function of 
the number of spikes per unit area and the number of grains 
per spike (Tiryakioğlu 2024). In wheat, the critical period 
for yield determination is centered on reproduction, as the 
flowering season and grain-filling stages are documented as 
being highly sensitive to abiotic stresses, leading to poten-
tial embryos or seed abortion (Rivero et al. 2022; Saharan 
et al. 2022).

Waterlogging during early growth stages, such as tiller-
ing, may allow for physiological adjustments. Consequently, 
such stress can result in less significant grain yield reductions 
compared to stress during the highly sensitive reproductive 
window. In contrast, other studies have shown that early 
waterlogging can still decrease biomass production during 
vegetative stages (Malik et al. 2001, 2002; Pang et al. 2004; 
De San Celedonio et al. 2014; Manna et al. 2021; Rivero et 
al. 2022). On the other hand, De San Celedonio et al. (2014) 
reported that waterlogging occurring early in the plant life 
cycle allows plants to recover from stress through differ-
ent mechanisms throughout the life cycle once the stress is 
removed. Robertson et al. (2009) showed that waterlogging 
in early stages of plant development in wheat delays the til-
lering period, promoting the emergence of a higher num-
ber of tillers and thus delaying the time to flowering. De 
San Celedonio et al. (2014) reached a similar conclusion, 
explaining that flowering time is delayed when plants are 
flooded in the early stages of development. This is likely 
related to a higher level of tillering, which may compensate 
for early tillering mortality, resulting in a final spike number 
per plant equal to or even slightly higher than controls.

There are various studies in the literature on the effect 
of flooding on different plants. Most of these studies have 
focused either solely on the stages of development or solely 
on the duration of exposure. In the present study, trials were 
conducted using both tolerant and sensitive wheat varieties 
to evaluate the effects of varying flooding durations at dif-
ferent developmental stages on yield and yield components. 
Additionally, flooding effects will be analyzed in conjunc-
tion with the Stress Effect Rate (SER).

Materials and Methods

Materials

The study was conducted in the research and application 
area of Hatay Mustafa Kemal University, Faculty of Agricul-
ture, Department of Field Crops (36°19′30″N, 36°11′45″E; 
85  m above sea level). Two bread wheat (Triticum aesti-
vum L.) cultivars differing in flooding tolerance were used: 
the flood-tolerant Gönen 98 and the flood-susceptible Meta 
2002 (Tiryakioğlu 2015).

Soil Properties

The basic physicochemical properties of the experimen-
tal soil were determined prior to the study. The soil was 
classified as clay-textured (59% clay, 24% silt, 17% sand) 
with an alkaline pH of 8.18 and low salinity (EC: 0.97 dS 
m⁻¹). Organic matter (1.33%) and total nitrogen (0.033%) 
contents were low. Among the available macronutrients, 
phosphorus was found to be deficient (6.35 ppm), while 
potassium levels were sufficient (281.3 ppm).

Experimental Design

The experiment was established in containers 
(86 × 34 × 30 cm) with a total of 72 containers, using a com-
pletely randomized design for genotypes (main plot: Gönen 
98 and Meta 2002) and growth stages (main factor: tillering, 
stem elongation, and heading). Flooding duration (0, 10, 
20, and 30 days) was arranged as a split-plot factor within 
genotypes and growth stages, with three replications. The 
containers were filled with soil taken from the top 30 cm 
of the field, sieved through a 1 cm mesh. Sowing was done 
manually in rows to achieve a plant density equivalent to 
500 viable seeds m⁻². Before planting, a compound fertilizer 
(15-15-15) containing nitrogen, phosphorus, and potassium 
was applied at 13.76 g per container, corresponding to 80 kg 
ha⁻¹ of pure nutrients. The remaining nitrogen requirement 
was met during the mid–stem elongation stage (Zadoks 
Growth Scale, ZGS 33) with ammonium nitrate (26% N), 
applied at 5.95 g per container, equivalent to 60 kg ha⁻¹ of 
pure nitrogen.

Irrigation and Flooding Applications

Following sowing, all containers were irrigated uniformly 
until seedling emergence (10 L per container). After emer-
gence, irrigation continued throughout the growing period 
by bringing the soil to field capacity. During non-flooding 
periods (before flooding and after flooding during the recov-
ery phase), irrigation was applied whenever soil moisture 
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decreased to 20% below field capacity and replenished back 
to field capacity. Soil moisture content was monitored daily 
using a digital soil moisture sensor (ProCheck, Decagon 
Devices Inc.).

Flooding treatments were applied at three growth stages: 
the beginning of tillering (ZGS 20), stem elongation (ZGS 
30), and heading (ZGS 50). The durations included con-
trol (0 days), short (10 days), medium (20 days), and long 
(30 days). Flooding was applied after the soil was fully 
saturated, creating a minimum water depth of 5 cm above 
the soil surface. At the end of each flooding period, water 
was drained through valves located at the bottom of the 
containers.

Stress Effect Rate (SER)

Plant responses to flooding duration were assessed using the 
Stress Effect Rate (SER) formula described by Zheng et al. 
(2023):

SER (%) = Stress Condition V alue − Control Condition V alue

Control Condition V alue
× 100

Where, Stress Condition Value = The measured value under 
stress at day n, Control Condition Value = The correspond-
ing value under non-flooded conditions, SER can take both 
positive and negative values. A value greater than zero (> 0) 
indicates a beneficial effect of stress, while a value less 
than zero (< 0) indicates a detrimental effect. Results are 
expressed as percentages.

Statistical Analysis

Data were analyzed using a “completely randomized design 
for genotypes (A) and periods (B); with flooding duration 
(C) arranged as a split-plot factor on A and B” through the 
MSTAT-C software.

Because genotype × flooding interactions were signifi-
cant for all traits, the effects of flooding stress were eval-
uated separately for each genotype. When interactions 
were significant, general response trends were interpreted 

accordingly. The least significant difference (LSD) test was 
applied for mean comparisons at p = 0.05. Pearson correla-
tion analysis was performed by using SPSS 27.

The statistical model used in the analysis is presented 
below:

Yijkl =µ +Ai +Bj + (AB)ij + ϵ1(ij)k

+ Cl + (AC)il + (BC)jl + (ABC)ijl + ϵ2(ijkl)

Where, Yijkl = Observed response, µ = Overall mean, 
Ai = Effect of the ith level of factor A, Bj = Effect of the 
jth level of factor B, (AB)ij = Interaction effect between 
A and B, ϵ 1(ij)k = Main-plot error, Cl = Effect of the 
lth level of factor C, (AC)il = Interaction effect between 
A and C, (BC)jl = Interaction effect between B and C, 
(ABC)ijl = Three-way interaction effect A × B × C, 
ϵ 2(ijkl) = Sub-plot error.

Results

Daily Temperatures and Thermal Period

The changes in daily temperatures in the years studied are 
given in Fig. 1. Also, the changes in the thermal period from 
sowing to maturity and from anthesis to maturity can be seen 
in Fig. 2. It is known that there were suitable growth condi-
tions for wheat production in areas where the average daily 
temperature is from 10 °C to 25 °C. During the experiment, 
the lowest monthly average temperature was 3.0 °C and the 
highest was 26.3 °C. Average temperatures indicated to be 
suitable for wheat cultivation.

Agronomic Characteristics

The number of fertile stems, the number of fertile spike-
lets, the number of grains per unit area and thousand-grain 
weight were affected significantly (p < 0.05) by genotypes 
according to the results of ANOVA. However, growth 

Fig. 1  Change of the daily 
maximum, minimum, and average 
temperature (°C) from sowing to 
maturity
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Gönen-98 and Meta-2002 had 14.2 and 12.6 fertile spikelet, 
respectively.

The number of sterile spikelets ranged from 1.76 to 2.36 
for the growth stages, and the maximum value was observed 
in the heading stage, similar to the result for the number of 
fertile spikelet (Table 2). The stem elongation stage was sus-
ceptible to flooding. According to the flooding duration, the 
number of sterile spikelets varied between 1.82 and 2.25. 
The highest value was obtained from medium- and short-
duration, which were in the same statistical group, followed 
by the control and long-duration. Meta-2002 and Gönen-98 
had the same (2.08) value of sterile spikelet in genotypes.

The number of grains per unit area varied between 
9,598 and 11,696 according to the mean values for growth 
stages (Table  2). The highest value was observed in the 
tillering stage, followed by heading and stem elongation. 
As expected, the number of grains per unit area was also 
affected by flooding, especially in stem elongation, as with 
sterile and fertile spikelets. For flooding duration, the num-
ber of grains per unit area ranged from 8,544 to 14,405. 
Although control came to the forefront with its highest 
value, short-duration flooding took to first place among 
flooding durations. Hence, increasing flood duration dra-
matically reduced the grain number. According to the geno-
types, Meta-2002 was 10,960 while Gönen-98 was 9,904.

Thousand-grain weight ranged from 21.9 g to 29.9 g for 
the growth stages, and the maximum value was observed 
in the tillering stage, similar to previous parameters 
(Table 2). The heading stage was more susceptible to flood-
ing. According to the flooding duration, the thousand-grain 
weight varied between 16.6 g and 32.4 g. The highest value 
was obtained from short-duration, followed by the control 
and medium-duration. Short-duration came to the forefront 
with its highest value because the short-duration flooding 
resembled irrigation for the plants. The plants also tolerated 
the medium-duration flooding. However, the plants exposed 
to flooding for a long duration almost lost their grain weight 

periods and flooding durations affected all parameters sig-
nificantly (Table 1).

The plant height varied between 51.5 and 61.3  cm 
according to the mean values for growth stages (Table 2). 
The highest value was observed in the heading stage, fol-
lowed by tillering and stem elongation. The plant height was 
affected more by flooding, especially in the stem elongation 
stage. For flooding duration, the plant height values ranged 
from 43.2 cm to 64.3 cm. Short-duration flooding came to 
the forefront along with the control group with the values 
of 64.3  cm and 63.3  cm, respectively, while F30 had the 
minimum value. As expected, the plant height decreased 
when the plants were exposed to flooding for a long period, 
like 30 days. According to the genotypes, Meta-2002 was 
57.3 cm while Gönen-98 was 56.5 cm.

The number of fertile stems ranged from 427 to 521 for 
the growth stages, and the maximum value was observed 
in the tillering stage in contrast to the result of plant height 
(Table 2). However, similar to the plant height, the number 
of fertile stems was affected more by flooding, especially in 
the stem elongation stage. According to the flooding dura-
tion, fertile stem number varied between 400 and 627. The 
highest value was obtained from the control group, followed 
by short-duration to long-duration, respectively. Therefore, 
increasing the flooding duration affected the number nega-
tively. Meta-2002 and Gönen-98 had 495 and 465 fertile 
stems in genotypes.

The number of fertile spikelets was found to be not sig-
nificant and varied between 13.0 and 13.7 (Table  2). The 
highest value was observed in the heading stage, followed 
by tillering and stem elongation. It decreased, especially 
in the stem elongation stage, exposed to flooding. For the 
flooding duration, the number of fertile spikelet values 
ranged from 12.5 to 14.1. Short-duration had the maximum 
value, while long-duration had the minimum. Similarly to 
the number of fertile stems, increasing the flooding dura-
tion negatively affected the number of fertile spikelets. 

Fig. 2  Change of growing degree days (GDD) from sowing to maturity (a) and from anthesis to maturity (b)
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by 50%. Gönen-98 and Meta-2002 had 24.5  g and 26  g 
thousand-grain weight in genotypes.

The unit area grain yield is one of the indicators that best 
expresses total yield, especially in trials conducted in con-
tainers. It varied between 238 g and 348 g according to the 
mean values for growth stages (Table 2). The highest value 
was observed in the tillering stage, followed by stem elon-
gation and heading. As expected, the unit area grain yield 
was also affected by flooding, especially after the tillering 
stage, as with the thousand-grain weight. For the flooding 
duration, the unit area grain yield value ranged from 107 g 
to 410 g. Besides, increasing flooding, especially long-dura-
tion flooding, negatively affected the unit area grain yield 
and decreased the value by one-third. According to the gen-
otypes, Meta-2002 was 275 g while Gönen-98 was 281 g.

The biomass ranged from 695 to 937 g for the growth 
stages, and the maximum value was observed in the tillering 
stage, followed by heading and stem elongation (Table 2). 
According to the flooding duration, the biomass varied 
between 454 and 1,050. The highest value was obtained 
from the short-duration because the short-duration flooding 
resembled irrigation for the plants. However, being exposed 
to long-duration flooding decreased the biomass by about 
60%. Gönen-98 and Meta-2002 had 799 and 780 biomass 
in the genotypes.

The harvest index varied between 28.7 and 37 according 
to the mean values for growth stages (Table 2). The highest 
value was observed in the tillering stage, followed by stem 
elongation and heading. As expected, the harvest index was 
also affected by flooding, especially in the heading stage, as 
with the thousand-grain weight. For the flooding duration, 
the harvest index values ranged from 23.2 to 40.5. Control 
came to the forefront with its highest value, followed by 
floods of short and medium duration. Besides, increasing 
flooding negatively affected the harvest index. According 
to the genotypes, Meta-2002 was 33.2 while Gönen-98 was 
32.9.

Correlation

Some components, such as plant height, number of fertile 
stems, number of fertile spikelets, number of sterile spike-
lets, number of grains per unit area, thousand-grain weight, 
biomass, and harvest index, affect the yield in direct or 
indirect ways. For this reason, it is important to understand 
the relationship between these yield elements and unit area 
grain yield (Table 3). The unit area grain yield was highly 
correlated with biomass (r = 0.92), number of grains per unit 
area (r = 0.89), number of fertile stems (r = 0.85), and har-
vest index (r = 0.84). On the other hand, there were also high 
correlations between biomass and number of fertile stem 
(r = 0.87) and biomass and number of grains per unit area 
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(r = 0.86). Consequently, unit area grain yield was mainly 
correlated with important yield parameters.

Principal Component Analysis (PCA)

The relationships among yield, yield components, geno-
types, growth stages, and flooding duration were further 
explored using PCA. The biplots were generated based on 
the first two principal components, which explained 73.77% 
of the total variation (Table  4). PC1 was strongly associ-
ated with unit area grain yield (AGY), Bio, number of fertile 
stems (NFS), number of grains per unit area (NGA), thou-
sand-grain weight (TGW), harvest index (HI), and plant 
height (PH). PC2 was primarily loaded with the number of 
fertile spikelets (NFSp) and the number of sterile spikelets 
(NSS).

Three different biplots were created for the genotype, 
growth stage, and flooding duration examined in the study. 
In the generated PCA biplots, it was determined that the 
AGY, TGW, and HI traits, which were in the same region 
and had the same direction, were highly correlated with 
each other. Similarly, the NGA, NFS, and Bio traits, which 
were in a different region but had the same direction, were 
also positively correlated with these three traits. The PH 
trait, located in the same direction, was correlated with these 
traits as well, although to a lesser extent compared to the 
others.

In the analysis conducted regarding genotypes (Fig. 3), 
it was found that the Gönen-98 cultivar was positioned in 
the positive direction and closer to the other traits; how-
ever, it was located in a relatively central position similar to 
Meta-2002. These results indicate that Gönen-98, which is 
described as flood-tolerant in the literature, showed a higher 
correlation with the examined traits compared to the Meta-
2002 cultivar, albeit the difference was subtle. However, it is 
crucial to note that the reported tolerance response of these 
cultivars (Tiryakioğlu et al. 2015) was specific to the tiller-
ing stage. Both the literature and the findings of this study 
suggest that the flooding response of wheat cultivars can 
vary significantly depending on the growth stage at which 
the stress occurs.

The growth stages exposed to flooding were located in 
different regions (Fig.  4). This situation showed that the 
periods during which plants were exposed to flooding dif-
fered in terms of yield and yield components. The fact that 
plants exposed to flooding at an early stage (tillering) were 
in the same region and direction as many of the examined 
traits indicated that plants could relatively tolerate this 
stress. The stem elongation stage showed a weak relation-
ship with the NSS, NFSp, and PH traits, which were in a 
negative direction and a different region. In contrast, these 
traits were relatively more highly correlated with flooding 
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was considered as zero, and other values were evaluated 
accordingly.

The plant height was negatively affected by the flood-
ing, regardless of growth stages. Long-duration flooding 
significantly reduced plant height, particularly during the 
early growth stages. However, short-duration flooding in 
the tillering stage had a neutral effect, while it had positive 
effects in the stem elongation and heading stages. Besides, 
plants tolerated the medium- or long-duration flooding in 
the heading stage more than in the tillering or stem elonga-
tion stages.

Medium- or short-duration flooding slightly increased 
the number of fertile stems in the tillering stage, while long-
duration flooding had a negative effect. Plants exposed to 
medium-duration flooding were negatively affected when 
the flooding occurred in the stem elongation stage. How-
ever, plants tolerated the flooding in the heading stage and 
even benefited from it.

In contrast to the plant height and the number of fertile 
stems, the number of fertile spikelets was positively affected 
by short- and medium-duration flooding in the tillering 
stage. After this growth stage, however, SER mostly had a 
negative value for the number of fertile spikelets. It can be 
concluded that plants were more susceptible after the tiller-
ing stage.

The number of sterile spikelet values showed a similar 
effect in all three growth stages compared to the number of 
fertile spikelets, and SER had negative values. While rela-
tively fewer losses occurred during short-duration floods, 
these losses increased nearly three to four times during 
medium- and long-duration floods. Reduction in the number 
of sterile spikelets was greater in prolonged floods, espe-
cially during the stem elongation stage. Even short-duration 
flooding caused losses in the number of sterile spikelets 
regardless of the growth stages.

The number of grains per unit area was also affected by 
the flooding duration, like the number of sterile spikelets, 
regardless of the growth stages. Even short-duration flood-
ing during early growth stages caused greater losses, while 
its effect decreased slightly during later growth stages. In 

during the heading stage. This result supports the mean table 
created from the ANOVA results.

In terms of the duration of flooding exposure (Fig.  5), 
the analysis showed that plants not exposed to any flood-
ing were more strongly associated with AGY, TGW, and HI. 
Under short-duration (SD) flooding, plants not only toler-
ated it but also exhibited a positive relationship, showing a 
very high correlation especially with traits like NGA, NFS, 
and Bio, and a low correlation with PH, NSS, and NFSp. 
As the flooding duration increased (MD and LD), it was 
observed that the applications were positioned in the oppo-
site direction to yield and yield components in the biplot, 
and their relationships with these traits gradually weakened. 
The fact that the medium-duration (MD) flooding appli-
cation was located relatively close to the center but in the 
negative region indicated that this application exhibited a 
variable relationship profile in terms of the examined traits.

Stress Effect Rate

Stress Effect Rate (SER) showed the effect of growth stages 
and flooding durations on some yield components (Fig. 6). 
In general, the SER value below zero (SER < 0) indicated 
that both growth stages and flooding durations negatively 
affected the related parameters. However, a SER value 
above zero (SER > 0) showed that the related parameter 
is positively affected. In this respect, the control group 

Table 3  Correlations and coefficients between unit area grain yield (AGY) and some yield components (Plant height (PH), number of fertile stem 
(NFS), number of fertile spikelet (NFSp), number of sterile spikelet (NSS), number of grains per unit area (NGA), thousand-grain weight (TGW), 
biomass (Bio), and harvest index (HI))
NFS PH NFS NFSp NSS NGA TGW AGY BIO

0.74 **
NFSp 0.48 ** 0.30 *
NSS 0.29 * 0.12 ns 0.01 ns
NGA 0.60 ** 0.81 ** 0.41 ** 0.06 ns
TGW 0.46 ** 0.62 ** 0.16 ns 0.16 ns 0.45 **
AGY 0.61 ** 0.85 ** 0.34 ** 0.13 ns 0.89 ** 0.80 **
BIO 0.72 ** 0.87 ** 0.41 ** 0.21 ns 0.86 ** 0.67 ** 0.92 **
HI 0.35 ** 0.60 ** 0.12 ns -0.02 ns 0.66 ** 0.83 ** 0.84 ** 0.59 **

Table 4  Eigenvalues and percentage of variance explained by the prin-
cipal components from the PCA of agronomic traits under flooding 
stress
Number Eigenvalue Percent (%) Cum Percent (%)
1 5.435 60.394 60.394
2 1.203 13.372 73.765
3 1.036 11.516 85.281
4 0.579 6.434 91.716
5 0.415 4.617 96.332
6 0.202 2.245 98.577
7 0.113 1.261 99.837
8 0.009 0.106 99.943
9 0.005 0.057 100.000
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prolonged floods, especially during the stem elongation and 
heading stages.

BIO, which had a high correlation with AGY, also 
showed similar results in terms of SER. It showed a slight 
positive effect against short-duration flooding in all growth 
stages examined. However, it was significantly affected by 
medium- and long-duration flooding.

As a final remark, SER may serve as a practical and 
comparative indicator for future studies aiming to quantify 
genotype-specific responses across different growth stages 
and flooding durations.

Discussions

Agronomic Characteristics

Due to global climate change, the frequency and severity of 
flooding events have been increasing recently (Broughton 
et al. 2015; Pérez-Jiménez and Pérez-Tornero 2021). Con-
sequently, the exposure of the most widely cultivated crop 

fact, the effect of short-duration flooding during the stem 
elongation stage was less than that during the tillering stage. 
It decreased even further during the heading stage. How-
ever, the effect of medium- and long-duration flooding was 
high in almost every growth stage.

Plants tolerated the short-duration flooding in the whole 
growth period for the thousand-grain weight. In the early 
growth stage, such as tillering, plants also resisted medium-
duration flooding. However, increasing flooding dura-
tion caused a loss in thousand-grain weight. This loss was 
multiplied by the later growth stages. Besides, the plants 
were susceptible during the heading stage, even exposed to 
medium-duration flooding.

Unit area grain yield showed a similar effect in the whole 
growth stages compared to the components, which had 
positive SERs. While relatively fewer losses occurred dur-
ing short-duration floods in the tillering stage, these losses 
increased nearly two to three times during medium- and 
long-duration floods. The plants resisted short-duration 
flooding in the stem elongation and heading stages. How-
ever, the reduction in the unit area grain yield was greater in 

Fig. 3  Principal component analysis (PCA) biplot of agronomic traits under flooding stress, grouped by genotype (Gönen-98 and Meta-2002)
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genotypes—one sensitive to stress (Gönen 1998) and one 
tolerant (Meta 2002) (Tiryakioğlu et al. 2015).

In the present study, although there were differences 
among genotypic levels in terms of agronomic traits affect-
ing yield such as NFS, NFSp, NGA, and TGW, the Gönen-
98 genotype performed well in NGA, and the Meta-2002 
genotype performed well in NFS and TGW. Therefore, 
despite these differences, no significant differences were 
observed between the two genotypes in terms of AGY val-
ues (Table 2). PCA analysis for the genotypes shows that the 
Gönen-98 variety is positioned closer to and on the positive 
side of the other examined traits (Fig.  3). In contrast, the 
Meta-2002 variety is located nearer to the center. The higher 
correlation of Gönen-98 with the examined traits compared 
to Meta-2002 supports the idea that this variety is more 
tolerant to flooding stress. However, the small difference; 
although it has been previously determined in a study by 
Tiryakioğlu et al. (2015) that the genotypes respond differ-
ently to flooding, this study covers the seedling stage. The 
current findings indicate that the plant responses to flooding 
stress are dynamic (Tian et al. 2021) and can vary depend-
ing on the growth stages of the plant (Setter and Waters, 

worldwide, wheat, which has the largest planting area, to 
this stress is increasing day by day.

The expression of waterlogging stress in wheat plants 
is influenced by many factors, including the stage of plant 
development during which it occurs (Bailey-Serres and 
Voesenek 2008; Magneschi and Perata 2009), how long 
the effect lasts (Xu et al. 2016), the depth of waterlogging 
(Garssen et al. 2015), the climate during the stress period 
(Colmer and Voesenek 2009), soil conditions (Robertson 
et al. 2009; Pais et al. 2023), topographical factors, even 
the plant’s genetic makeup (Ahsan et al. 2007; Xu et al. 
2016), and epigenetic factors. In recent years, the increased 
frequency and intensity of global climate anomalies have 
directed researchers toward studies related to this stress. 
However, most studies (Ploschuk et al. 2023; Wollmer et 
al. 2018) have examined these factors individually, and 
there is insufficient literature on the interactions between 
two or three factors (Nóia Júnior et al. 2023). This study 
investigated the changes in agricultural traits of wheat at 
different developmental stages when exposed to waterlog-
ging for short, medium, and long durations, focusing on two 

Fig. 4  Principal component analysis (PCA) biplot of agronomic traits under flooding stress, grouped by growth stage (Tillering, Stem Elongation, 
and Heading)
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sensitive period to flooding is generally the generative stage 
(especially between stem elongation and flowering). Stress 
during this period directly affects spike fertility and grain 
number, leading to the most severe yield losses (Liu et al. 
2020, 2021). These findings are quite consistent with our 
observations. The lower negative impact of flooding during 
the jointing stage on yield and its components, compared to 
later developmental stages, is undoubtedly due to the longer 
recovery period after stress, as well as the fact that the joint-
ing stage involves creating new tillers to replace dead ones 
(Deng et al. 2009; De San Celedonio et al. 2014; Ding et 
al., 2020), and the formation of new adventitious roots from 
damaged root systems (De San Celedonio et al. 2014; De 
San Celedonio et al. 2017; De Castro et al. 2022). However, 
such compensatory mechanisms are not present during the 
stem elongation stage and afterward. De San Celedonio et 
al. (2014), in their study on wheat and barley, reported that 
the greatest yield losses occurred when water accumulation 
was applied from the emergence of the 7th leaf until flower-
ing. Conversely, Wu et al. (2015), in a two-year field study 
on wheat, found that the highest yield loss due to flooding 
occurred during the jointing, stem elongation, booting, and 

2003; Tian et al. 2021). Therefore, making a final judgment 
about the genotype based solely on stage-specific responses 
is not appropriate. Indeed, Setter and Waters (2003) stated 
that different tolerance mechanisms exist at the plant and 
tissue levels in wheat, and thus, genotypic responses can 
vary according to the plant’s developmental stage.

Flood stress varies depending on the plant’s growth 
stages but negatively affects wheat yield and its components 
(De San Celedonio et al. 2014; Ding et al. 2020; Tian et al. 
2021). In our study; it was determined that the most sig-
nificant negative impact of flooding on grain yield occurs 
during the heading-grain filling stage, followed by the stem 
elongation stage (with reductions of 28.45% and 31.61% 
respectively compared to the jointing stage). However, the 
difference between these two stages was statistically insig-
nificant. The least affected stage was found to be the joint-
ing stage. The parameters NGA and TGW were decisive in 
forming this result. It was observed that NGA is determined 
by NFS. The PCA analysis conducted for different plant 
growth stages also supports these findings (Fig. 4). Many 
studies on cereals (Li et al. 2001; Asgari et al. 2012; Liu et 
al. 2020, 2021; Pais et al. 2023) have shown that the most 

Fig. 5  Principal component analysis (PCA) biplot of agronomic traits, grouped by flooding duration (Control, Short-Duration (SD), Medium-
Duration (MD), and Long-Duration (LD))
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our findings and those of similar studies, as well as stud-
ies with different results, demonstrate once again that flood 
stress is a multifaceted event influenced by many param-
eters. In conclusion, Tian et al. (2021) conducted a meta-
analysis of 2,419 comparisons from 115 studies worldwide 
to comprehensively evaluate the overall change in grain 

flowering stages when flooding was applied for 35 days, 
with the most significant impact during the jointing stage. 
Similarly, a study by Araki et al. (2012) determined that 
flood tolerance was highest during flowering, followed by 
the stem elongation stage. The findings of Ren (2016) and 
Wang (2020) also align with these last two studies. Both 

Fig. 6  The effect of stress on 
some yield components (a: plant 
height, b: number of fertile stem, 
c: number of fertile spikelet, d: 
number of sterile spikelet, e: 
number of grains per unit area, 
f: thousand-grain weight, g: unit 
area grain yield, h: biomass, i: 
harvest index) in wheat, in which 
four different periods of flood-
ing [(F0: control, F10: 10 days 
(short-duration), F20: 20 days 
(medium-duration), F30: 30 days 
(long-duration)] were applied 
in three different development 
stages (1: tillering, 2: stem elon-
gation, 3: heading) (SER: stress 
effect rate)
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both AGY and Bio decreased significantly as the duration of 
flooding increased. The reduction in AGY was 4.63% after 
a 10-day (short) flood, 50.24% after a 20-day (medium) 
flood, and 73.90% after a 30-day (long) flood compared to 
the control. In Bio, the decreases were 4.17%, 35.92%, and 
54.96%, respectively. The PCA analysis results regarding 
the duration of flood exposure also detailed these findings 
(Fig.  5). Furthermore, our results are confirmed by other 
studies (Tian et al. 2019; Zhang et al., 2023). Additionally, 
according to a meta-analysis conducted by Tian et al. (2021) 
based on hundreds of studies, it was reported that increas-
ing flood duration leads to reductions in crop yield, with 
the greatest decreases occurring in field and pot conditions 
within the range of 15 < D ≤ 28 days (53.19% and 55.96%). 
In our findings, the increase in Bio value during short-term 
flooding (10 days) compared to the control is mainly due 
to the activation of plant compensatory mechanisms during 
the recovery period following flooding during the tillering 
stage (data not shown). Indeed, Zhang et al. (2023) stated 
that early-stage flooding generally results in better recov-
ery because it provides a longer ‘compensation period’ 
until harvest, and that after stress-induced water withdrawal 
during the tillering stage, new tillers can form, replacing 
the dead main stem. Similar findings were reported by De 
San Celedonio et al. (2014). The absence of this new tiller 
formation in our results is due to the fact that the formed 
tillers largely remained sterile in the later stages (data not 
shown). Since in our study the sowing date was late (Janu-
ary 3), the newly formed tillers during the recovery period 
after stress could not develop sufficiently to enter the gen-
erative phase due to the combined effects of photoperiod 
and thermoperiod (Masle et al. 1989; Gonzalez et al., 2002) 
and thus could not attain fertility. In our study, a significant 
increase of 4.17% in biomass yield was observed compared 
to the control following short-term flooding (Table 2). This 
increase is thought to be due to the newly formed tillers 
during the recovery process after the tillering stage flood. 
Indeed, Pampana et al. (2016) also reported that short-term 
flooding could increase wheat yield, but longer durations 
resulted in significant reductions.

Stress Effect Rate (SER)

A parameter called SER was calculated to assess the impact 
of flooding stress on wheat in greater detail. The SER val-
ues, which varied depending on the duration of flooding 
(ranging from 10 to 30 days) at different growth stages, 
helped identify the periods during which wheat plants were 
more susceptible to water stress. The analyses revealed that 
SER values were higher at certain growth stages, indicat-
ing that yield losses differed based on the timing of stress 
exposure. These findings highlight the importance of SER 

yield caused by flooding. Their results indicated that flood 
stress at different growth stages significantly reduces crop 
yield, with the most substantial reduction occurring during 
the reproductive period (41.90%) and vegetative growth 
stage (34.75%). It was suggested that early-stage flooding 
might allow plants to recover through various physiologi-
cal mechanisms. One of these compensatory mechanisms at 
this stage is the formation of aerenchyma in newly formed 
adventitious roots (AR). Pan et al. (2021) described AR for-
mation as a typical adaptive change in plant morphology, 
noting that during prolonged flooding, ARs develop in the 
internodes of the hypocotyl or at the base of the stem, sup-
porting gas exchange, water, and nutrient absorption. They 
also indicated that AR formation can partly replace primary 
roots that die due to hypoxia stress, maintaining metabolic 
cycles and supporting normal growth and development. In 
summary, they stated that ARs contain more aerenchyma 
than primary roots, which enhances both oxygen intake and 
diffusion capacity.

The negative impact of waterlogging stress on wheat is 
undoubtedly related not only to the period during which the 
stress occurs but also to the duration of the stress. However, 
considering the concept of duration as a direct, quantifiable 
value like days or hours is not a correct approach. Because, 
in stress situations where many environmental factors such 
as waterlogging are effective simultaneously, factors origi-
nating from the plant (genotype, developmental stage, etc.) 
as well as environmental factors like climate conditions, soil 
structure and composition, topographical features, and even 
interactions such as genotype-environment interactions all 
influence the process. For example, in studies conducted 
under fully controlled conditions where many factors like 
water culture are managed and an anoxic environment is 
created in a short time (Barrett-Lenard et al., 1988; Biemelt 
et al. 1998; Malik et al. 2009), the negative effects of stress 
on the plant can be immediately observed through param-
eters such as root responses like water and mineral uptake, 
stomatal conductance, photosynthesis rate, and transpira-
tion rate. However, under field conditions (Pampana et al. 
2016; Ren et al. 2016), these effects may only be observable 
over a period measured in days or even longer. Therefore, in 
our study, we chose to express the duration in days based on 
morphological and physiological changes in the plant, and 
also to categorize it as ‘short (10 days)’, ‘medium (20 days)’, 
and ‘long (30 days)’. Because the longer wheat is subjected 
to waterlogging, the more extensive the damage becomes, 
and subsequently, the plant’s recovery becomes increasingly 
difficult. In other words, as the duration of stress increases, 
the permanence of the damage also increases.

The negative impact of flood stress on all parameters 
affecting wheat yield shows a very strong linear relationship 
with duration (Table 3). In our study, it was determined that 
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Conclusions

The research demonstrated that wheat’s tolerance to flood-
ing varies significantly across different growth stages and 
flooding durations. The stem elongation stage appeared to 
be particularly susceptible to flooding stress, with notable 
decreases in agronomic traits, such as plant height, num-
ber of fertile stems, and number of fertile and sterile spike-
lets when flooding occurred during this period. In contrast, 
flooding during the early growth stages, especially tiller-
ing, showed less severe impacts on the plants. Interestingly, 
grain-related parameters such as number of grains per unit 
area, thousand-grain weight, and unit area grain yield were 
most affected by flooding during late growth stages, particu-
larly in the heading stage. This suggests that the timing of 
flooding is crucial in determining its impact on wheat yield.

The study also revealed that short-duration flooding 
had minimal negative effects and sometimes even acted as 
beneficial irrigation, regardless of the growth stage. How-
ever, long-duration flooding led to significant reductions 
in various yield components. These findings highlight the 
importance of considering growth stage-specific flooding 
tolerance in wheat breeding programs and in developing 
management strategies for wheat cultivation in flood-prone 
areas. Future studies should focus on developing flood-tol-
erant wheat varieties that can maintain yield stability even 
when exposed to prolonged flooding, especially during crit-
ical growth stages.
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as a criterion in selection studies aimed at developing flood-
tolerant wheat genotypes.

Plants face severe stress when their roots are exposed to 
hypoxia, which causes harmful effects on plants, such as a 
lack of nutrients, reduction in root growth, and insufficient 
oxygen (Da-Silva and Do Amarante 2020; Naidoo 2021). 
They have developed various adaptations that enhance their 
ability to withstand water stress. If a stress signal is present 
in the cell, a signaling molecule is activated in response, 
triggering a quick response in the plant (Da-Silva and Do 
Amarante 2020; Pérez-Jiménez and Pérez-Tornero 2021).

Decreases in grain yield and biomass deposition are 
often found in wheat grown under abiotic stresses during 
the reproductive stage (Li et al. 2013). Plants exposed to 
flooding in the reproductive stage, such as heading, were 
more negatively affected than in the vegetative stage (Setter 
and Waters 2003; De San Celedonio et al. 2014; Ding et al. 
2020). In this study, the effect of flooding on grain yield and 
its components was tested during the growth stages of wheat 
in which it was exposed to different durations. The SER val-
ues for all parameters were generally lower in the tillering 
stage than in later stages. It was found that the stages from 
stem elongation to anthesis in wheat were the most sensi-
tive to flooding in terms of yield failures (De San Celedo-
nio et al. 2014). Grain yield has been reported to decrease 
due to a reduction in tiller number, even when exposed to 
shorter flooding days (Gupta et al. 2022; Singh et al. 2019). 
Similar findings also showed that the average grain yield 
under stress conditions decreased by 26–36% (Golabadi et 
al. 2006).

In addition to the stages of development during which 
wheat is exposed to flooding, the duration of exposure is 
also very important (De San Celedonio et al. 2018). Regard-
less of the stage of development, serious losses have been 
observed in plants exposed to long-duration flooding. This 
situation has resulted in losses of up to 74% in unit area 
grain yield compared to non-flooding. Our results showed 
that wheat tolerated the short-duration flooding for some 
parameters and promoted the yield components compared 
to medium- or long-duration flooding. However, flooding 
effects varied across different growth stages, particularly 
during the vegetative period. Our findings align with those 
of previous studies, highlighting the sensitivity of wheat 
to flooding duration and growth stage. The reduced stress 
effect ratio (SER) values observed during the tillering stage 
suggest that this period is particularly vulnerable to flooding 
stress.
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