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Abstract  Drought stress significantly impacts 
soybean (Glycine max L. Merr.) productivity, mak-
ing selecting drought-resistant genotypes a criti-
cal focus for breeding programs. This study aims to 
select drought tolerance levels in various soybean 
genotypes by evaluating key morphological and yield 
factors. In this study, four different irrigation levels 
were applied in 2023 and 2024: irrigation stopped at 
the flowering stage (T1), pod-setting stage (T2), and 
pod-filling stage (T3), along with a control group 
(T0) that received regular irrigation. Through field 
experiments under controlled water stress conditions, 
we analyzed plant growth parameters and yield such 
as first pod height, plant height, number of branches, 
number of pods, seed yield, and 1000-seed weight. 
The first treatment (T1) at the flowering stage showed 
higher drought tolerance among the genotypes, likely 
because the plants had more time to activate their 
drought response mechanisms. However, the pod-
setting stage (T2) was identified as the most sensi-
tive to drought stress, leading to more significant 
yield reductions. The primary effect at the pod filling 
(T3) stage was the reduced seed size with wrinkles 
on the seed surface, which led to a decrease in 1000-
seed weight and seed yield per plant despite having a 
slight difference in seed count per plant compared to 

control. These highlight the critical nature of the pod-
setting stage in soybean cultivation under water-lim-
ited conditions. Despite facing a shorter drought than 
the flowering stage, sensitivity toward drought was 
the highest in the pod setting stage. Plant height and 
the number of branches had no significant impact on 
yield in this study. While T1 resulted in the shortest 
plants, seed yield and 1000-seed weight were lowest 
in T2 due to the high sensitivity of plants at that criti-
cal growth phase. A comprehensive analysis of data 
from both years showed  that the G7  variety exhib-
ited the highest level of tolerance under water-limited 
conditions. These findings highlight the importance 
of incorporating drought-tolerant traits in breeding 
programs to ensure the sustainability of soybean pro-
duction in water-limited environments.

Keywords  Abiotic stress · Drought · Soybean · 
Yield · Climate change

Introduction

Soybean (Glycine max L. Merr.) is one of the most 
important crops in global agriculture, providing high 
levels of oil and protein content. It is widely grown 
for its high nutritional content, valuable fatty acids 
and oils, protein-rich animal feed, and various food 
products. The soybean seeds contain approximately 
36–40% protein, 18–20% oil, and 30–35% carbohy-
drates by dry weight (Wilson et al. 2011). Beyond its 
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role in livestock nutrition, soybean oil is an essential 
feedstock for biodiesel production and is utilized in 
diverse sectors such as food processing, baking, tex-
tiles, pharmaceuticals, and chemicals. Due to its mul-
tiple benefits for human nutrition and soil health, the 
soybean is considered a "dual-purpose crop" (Gold-
schein 2011), contributing to both human food secu-
rity and sustainable farming practices (Kananji et al. 
2013). Furthermore, when included in crop rotations, 
soybean’s nitrogen-fixing properties improve soil 
fertility.

Plants are affected by many biotic and abiotic 
stress factors during their growth and development 
periods. Recently, drought has become one of the 
most critical stress factors that limit productivity with 
increasing global warming. Drought stress results in 
significant yield loss in soybean, with a reduction of 
up to 40% under moderate conditions (Marinho et al. 
2022) and potentially as high as 80% depending on 
the severity and timing of stress (Guimarães-Dias 
et  al. 2012). The most noticeable effects of drought 
are evident during the early stages of soybean growth, 
particularly on seedlings (Han et  al. 2022). Drought 
negatively impacts soybean germination and all sub-
sequent growth stages, with severe consequences 
during the reproductive phase, significantly affect-
ing seed development (Igiehon et  al. 2021). Soy-
bean’s sensitivity to water deficit is strongly linked 
to the growth stage, with moderate water shortages 
generally not compromising productivity or quality 
(Vaghar et al. 2020). However, drought stress during 
the developmental stage significantly impacts yield 
potential (Zhang et  al. 2022). While drought stress 
during the seedling stage may stimulate root devel-
opment, benefiting overall plant growth, this can 
also increase the plant’s water demand for pod filling 
(Zhengbin et  al. 2011). Drought episodes occurring 
at flowering time result in severe reductions in final 
yield. Researchers have identified key environmen-
tal factors associated with drought stress to achieve 
higher and more stable soybean yields and are devel-
oping new soybean genotypes with enhanced drought 
tolerance (Jogawat et al. 2021).

Studies have demonstrated that soybean plants are 
highly susceptible to dry periods due to their substan-
tial water requirements and limited tolerance to water 
deficits (Hossaina et al. 2014). As a result, researchers 
have actively sought soybean varieties with enhanced 
drought resistance from various regions globally 

(Pathan et  al. 2010; Fenta et  al. 2012; Mabulwana 
2013). Studies showed that soybean yield depends on 
the amount of water used (transpiration) and yield to 
biomass ratio (harvest index) (Passioura and Angus 
2010). Since soybeans are C3 plants, they lose more 
water through evaporation and use water less effi-
ciently for photosynthesis than C4 plants.

Seed yield in soybeans is linked to several fac-
tors, including the number of main-stem nodes on 
each plant, the number of branches bearing pods that 
emerge from each node, the number of seeds within 
each pod, and the final weight of each mature seed. 
The soil’s water content variability is a crucial fac-
tor that significantly impacts this yield equation. 
Drought conditions that induce water deficits during 
critical growth periods dramatically reduce the seed 
yield. Water provides a vital dual purpose, acting as 
a solvent and a transport medium for essential nutri-
ents throughout the plant. Furthermore, water has a 
critical role in photosynthesis, acting as an electron 
donor, a necessary element in converting sunlight into 
energy (McConnell et al. 2010). The size of the shoot 
at the time of flowering, measured by the height of 
the main stem, the length of the branches, the number 
of nodes, and the total leaf area, significantly influ-
ences soybean yield. Drought stress impacts the num-
ber of nodes per plant and the number of pods per 
node. However, this response varies among different 
cultivars and depends on the timing and duration of 
the drought stress interval (Yan et al. 2020). Another 
study provided the significance of physiological traits 
such as photosynthetic rate, leaf chlorophyll content, 
and yield components like pod and seed numbers, 
which are adversely affected by drought (Yan et  al. 
2020).

The number of seeds in soybeans depends on dif-
ferent conditions such as the duration and number 
of flowers on the plant, pod filling and seed forma-
tion time. Plants that experience drought stress dur-
ing flowering have a shorter period and produce 
fewer flowers and seeds. Research showed that water 
stress directly affects the amount of water in the 
flower and how well the flower functions (Zhou et al. 
2022). The timing and duration of drought stress sig-
nificantly impact soybean pod and seed production 
(Staton 2020). The early pod formation stage is the 
most critical period for drought stress, as it dramati-
cally reduces the number of pods and seeds (Aziez 
and Prasetyo 2022). Drought stress during flowering 
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and pod development also significantly decreases har-
vested seed number. Some studies have shown that 
when drought occurs during seed formation, the pod-
filling time is shortened, causing the seeds to shrivel 
(Desclaux et  al. 2000). Studies indicated significant 
yield reductions (13–64%) in seed size, seed number, 
and overall yield due to drought stress (Kisman and 
Sudarmawan 2002). These findings are consistent 
with those of researchers like Zhou et al. (2022), who 
highlight that drought stress increases the possibility 
of pod abortion and reduces pod set by hindering pod 
growth and metabolism.

Early drought, occurring immediately after polli-
nation, often leads to a significant loss of immature 
seeds (embryos), thereby reducing the total seed yield 
of the plant. This reduction is primarily due to the 
plant’s inability to generate sufficient carbohydrates 
(sugars) through photosynthesis, which are necessary 
for the growth and development of immature seeds. 
Notably, it has been observed that both reduced light 
availability and supplemental watering during the pol-
lination period can also result in premature seed drop. 
In contrast, drought stress during the pod-filling stage 
generally does not cause seed mortality. However, it 
results in smaller seeds due to the reduced time avail-
able for seed growth. Studies have shown that while 
drought during this later stage yields smaller seeds, 
the total seed number remains unaffected compared 
to plants not subjected to drought conditions (Kness 
2020; Aziez and Prasetyo 2022).

Water scarcity, or drought stress, disrupts the natu-
ral developmental cycle of plants, thereby negatively 
affecting their overall yield (Desclaux et  al. 2000). 
Under drought conditions, plants may prematurely 
transition from the vegetative stage, characterized 
by the growth of leaves and stems, to the reproduc-
tive stage, which involves the formation of flowers 
and seeds. This accelerated progression results in a 
reduced number of branches and a shortened duration 
for each growth phase. Also, drought-stressed plants 
may initiate seed formation earlier than usual, bypass-
ing the developmental stage during which some seeds 
fail to mature fully. Consequently, the entire growth 
cycle is expedited, leading to premature senescence 
and a reduced timeframe for seed production.

The Mediterranean region frequently faces sum-
mer droughts, making developing drought-tolerant 
soybean varieties a significant advantage. Such varie-
ties mature faster and possess mechanisms to endure 

dry conditions with minimal yield losses (Kivuva 
2013; Fuganti-Pagliarini et al. 2017). This adaptation 
is crucial to reducing soybean import expenditures, 
addressing the shortage of vegetable oil production, 
and ensuring the availability of high-quality animal 
feed. To enhance soybean yield and yield compo-
nents, researchers must focus on breeding soybean 
varieties that integrate farmers’ preferred traits with 
high drought tolerance, ensuring their resilience in 
challenging climates.

This study aimed to evaluate drought tolerance 
levels in various soybean genotypes by assess-
ing key morphological traits and yield components 
under differing irrigation regimes. By implement-
ing controlled non-stressed (NS) and three different 
irrigation regimes with drought-stressed (DS). The 
research aimed to identify genotypes that maintain 
productivity under limited water availability. This 
study provides insights into the adaptability of soy-
bean genotypes to drought conditions, contribut-
ing to the development of more resilient cultivars 
for sustainable agricultural practices in water-scarce 
environments.

Materials methods

Plant materials

This study utilized 10 soybean genotypes as genetic 
material, comprising 4 local varieties and 6 exotic 
genotypes sourced from the USDA (Table  1). The 
field experiment was conducted with a randomized 

Table 1   List of local and exotic genotypes used in the experi-
ment

Code of genotype Genotype Origin

G1 Agroyal Local Variety
G2 Lider Local Variety
G3 Arisoy Local Variety
G4 Antsoy Local Line
G5 PI 556687 USDA
G6 PI 603452 USDA
G7 PI 556759 USDA
G8 PI 547551 USDA
G9 PI 595645 USDA
G10 PI 471938 USDA



	 Euphytica          (2025) 221:44    44   Page 4 of 21

Vol:. (1234567890)

block design (RBD) design with three replications at 
the West Mediterranean Agricultural Research Insti-
tute (36–52° N,30–50° E) located in Antalya, south-
ern Turkey, during the first week of June to the first 
week of October in the 2023 for 1st experiment and 
in 2024 for 2nd experiment. No rainfall would affect 
the experiment during the critical periods as average 
monthly rainfall was 2.7 mm during the experimen-
tal duration from June to October in 2023 (June 9.2, 
July 0.0, August 0.1, September 4.1, October 0.3) 
and for 2024 was 2.8 mm (June 8.1, July 0.2, August 
0.0, September 3.8, October 1.8) according to Turk-
ish State Meteorological Service. Temperature fluc-
tuations were from 23 to 45  °C during the growing 
seasons. This low rainfall and high temperature indi-
cated that the experimental area exhibited a semiarid 
climate.

Methods

In this study, a randomized block design (RBD) with 
three replications was conducted for 10 different 
genotypes and 4 different irrigation levels. Four dif-
ferent irrigation regimes were applied: irrigation was 
stopped at the flowering stage (T1), the pod-setting 
stage (T2), and the pod-filling stage (T3), while the 
control group (T0). The irrigation with a drip irriga-
tion system twice a week throughout the growing sea-
son, approximately 30  min for each irrigation time. 
This short-term irrigation was done to prevent water 
leakage into the plants under drought stress. The 
genotypes were planted in 4-row plots of 1-m length, 
70 cm between rows and 5 cm between plants within 
the rows. To minimize border effects, exterior plants 
served as guard plants, and data collection focused 
on interior plants. When sowing, 30 g of a 10:10:15 
ratio garden fertilizer was mixed with drip irrigation 
water and applied to 150 square meters to provide 
good nutrition to the seedlings. Recommended agro-
nomic and agricultural practices were carried out uni-
formly for all lines. Before harvest, three plants were 
randomly selected from each replicate and observed 
and analyzed.

Data collection

Plants were measured with high precision during the 
harvest process. While collecting data, plants in the 
middle were randomly selected and measured.

	 I. 	 1st Pod height

The vertical distance from the soil surface to 
the first pod on each plant was manually measured 
using a measuring tape. To ensure the accuracy of 
the data, three plants were randomly selected from 
each replication within each treatment group.

	II.	 Plant height

The length from the soil surface to the last pod 
was measured with tape. As in the first pod height 
measurement, three plants per treatment were ran-
domly selected.

	III.	 Number of branches

The number of lateral branches on each of the 
three selected plants was also determined through 
manual counting.

	IV.	 Number of pods

The pods found on the selected plants were 
counted and placed in envelopes. They were then 
placed in an oven at 40 degrees Celsius for 48 h to 
bring them to optimum humidity.

	XXII.	 Seed yield

Seeds were removed from oven-dried pods by 
hand. Seeds from each plant sample were weighed 
using a precision balance to determine the yield per 
plant. These individual plant yields were then aver-
aged to obtain the results.

	VI.	 1000-seed weight
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After seed collection and yield determination, 
one hundred seeds were randomly selected from 
each sample corresponding to every treatment 
within each replication. The weight of these one 
hundred seeds was measured using a standardized 
analytical balance. This measurement was subse-
quently multiplied by ten to estimate the weight of 
one thousand seeds.

Analysis

This trial was set up as the main factor genotypes and 
the sub-factor irrigation methods. Data analysis was 
performed each year, and then the means of the data 
from each year were compared and combined using 
JMP statistical software, which offers advanced tools 
for comprehensively evaluating experimental data. 
The software enabled efficient data organization, 
exploration, and the application of a range of statisti-
cal techniques to investigate relationships and effects 
within the experimental design. Standardized values 
were utilized for direct path analysis to identify traits 
directly influencing yield.

Results

A combined ANOVA was performed to assess the 
impact of drought stress levels on ten soybean gen-
otypes. The results indicated that drought was the 
primary factor contributing to variation across most 
measured traits, as reflected by significant values. The 
drought treatments significantly impacted key charac-
teristics such as plant height, pod number, biomass, 
seed number, seed weight, and water use efficiency, 
highlighting the critical role of water availability in 
determining soybean performance. The overall seed 
yield per plant in the 2024 trial was lower than in 
2023. The reason for this is approximately one week 
of extreme heat and hot and dry winds during flower-
ing, which reduced the number of pods and the num-
ber of seeds in the pods and consequently reduced the 
final seed yield per plant.

There was no significant difference in the height of 
the first pod between different treatments for most of 
the genotypes, except for G8, which showed a slight 
but notable considerable difference for the results of 
2023 but showed no significant difference for 2024. 
This study showed that drought treatment effects on 

first pod height were minimal for varieties (Table 2). 
Over the years, significant differences were observed 
among genotypes across all treatments (Fig.  1). In 
2023 and 2024, genotype G10 had the highest first 
pod height, measuring 24.5 cm and 24.6 cm, respec-
tively. G4 followed it in 2023 (24.1  cm) and G1 in 
2024 (23.1 cm). In contrast, G5 consistently showed 
the lowest values, with 13.6 cm in 2023 and 14.5 cm 
in 2024, followed by G6 with 17.9  cm in 2023 and 
17.0 cm in 2024 (Table 3). These findings highlight 
the key role of genetic variation in determining the 
first pod height. When all varieties were consid-
ered collectively, there was no significant difference 
between treatments in either year. For instance, T2 
recorded 20.1 cm in 2023 and 19.9 cm in 2024, while 
T1 measured 20.7 cm in 2023 and 20.4 cm in 2024. 
This indicates that drought treatments had a very low 
impact on first pod height across the studied geno-
types (Table 4).

Over consecutive years, significant differences 
in plant height were observed among treatments for 
most varieties. However, G6 and G10 showed no 
significant differences in 2023, G7 and G9 showed 
no differences across both years, and G8 showed no 
differences in 2024 (Fig.  1, Table  2). A greater sig-
nificance level was observed when treatments were 
analyzed collectively across all varieties. In 2023, 
genotype G6 had the tallest plants at 126.5  cm, fol-
lowed by G8 at 118.1 cm. In 2024, G8 had the tall-
est plants at 126.2 cm, followed by G9 at 112.0 cm. 
Conversely, G2 recorded the shortest plant heights for 
both years at 86.8 cm and 93.2 cm, followed by G1 in 
2023 (99.7 cm) and G4 in 2024 (95.8 cm) (Table 3). 
Across all varieties, there was a significant difference 
between treatments. T1 recorded the shortest plant 
heights for both years (89.9 cm in 2023 and 90.5 cm 
in 2024), while T0 had the tallest plants (122.8 cm in 
2023 and 122.2 cm in 2024) (Table 4). These results 
indicate that treatment effects were more influential 
than genotypic differences under specific conditions.

The number of branches per plant is not typically 
considered a critical trait for quality, yield, or bio-
chemical characteristics. However, it can affect per-
plant yield and the number of pods per plant. The 
branch number is generally affected by genotype and 
field conditions, such as plant spacing and row dis-
tances, and in this study, there are no significant dif-
ferences between treatments within individual geno-
types for either year (Table 2). However, all varieties 
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were analyzed collectively across treatments, and a 
high significance level was detected, indicating con-
siderable variation in branching among varieties. In 
2023, G10 had the highest number of branches per 
plant (7.0), followed by G2 (6.8), while G5 and G8 
recorded the lowest (4.6 each). In contrast, no sig-
nificant differences were observed in 2024, with G7 
recording the highest number of branches (5.8) and 
G1 the lowest (4.7) (Table 3). When treatments were 
analyzed collectively across all varieties, no signifi-
cant differences were found in 2023, with T1 record-
ing 5.3 branches per plant and T4 at 5.4. However, a 
slight significance was noted in 2024, with T2 show-
ing the lowest number of branches (4.9) and T3 and 
T0 the highest (5.6 each) (Table  4). These results 
showed that genetic variation among varieties signifi-
cantly influences branch number more than treatment 
effects.

The number of pods per plant varied significantly 
across treatments, with a high statistical significance 
observed in all genotypes. Genotypes G10 and G3 
exhibited the most significant responses to different 
treatments, while G1 showed the lowest significance. 
In 2023, genotypes G4, G6, and G7 showed no sig-
nificant differences in pod count across treatments, 
whereas in 2024, G5 and G8 showed the highest sig-
nificance levels, and G9 displayed no significant dif-
ferences (Table  2). When analyzed cumulatively by 
genotype, G7 had the lowest average pod count in 
2023 (92.0 pods per plant), while G10 had the high-
est (174.2 pods per plant). In 2024, G5 recorded 
the lowest pod count (49.5 pods per plant), and G1 
was the highest (73.8 pods per plant) (Fig. 1). How-
ever, there was no significant difference in pod count 
between varieties across both years, suggesting that 
treatment effects were more impactful than genetic 
differences in this context (Table  3). A cumulative 
analysis of treatments across all genotypes revealed 
substantial differences. Treatment T2 resulted in an 
average of 94.7 pods per plant in 2023, and T1 pro-
duced 40.4 pods per plant in 2024. The control group 
(T0) achieved the highest averages, with 163.7 pods 
per plant in 2023 and 78.0 pods per plant in 2024 
(Table 4).

Seed yield is closely linked to pod count, as pod 
production directly impacts overall yield (Fig.  1). 
Significant differences were observed between treat-
ments across all varieties in this experiment. Geno-
type G9 exhibited the highest significance level in Ta
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Fig. 1   The values of the characters examined according to the applied drought stress levels in 2023 and 2024
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Fig. 1   (continued)
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Fig. 1   (continued)
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Fig. 1   (continued)
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Fig. 1   (continued)
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Fig. 1   (continued)
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Fig. 1   (continued)
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2023, while G10 showed the highest significance in 
2024 (Table  2). Under cumulative treatment condi-
tions, genotypes G2 and G4 recorded the highest 
yield in 2023, averaging 25.3 g. In 2024, G2 had the 
highest yield (11.6 g), followed by G10 (10.9 g). The 
lowest yields in 2023 were observed in G9 (15.8 g) 
and G7 (16.7 g), while in 2024, G5 and G9 had the 
lowest values, both at 7.6  g (Table  3). Treatment 
effects on yield were also significant across all geno-
types. In 2023, treatment T0 yielded the highest yield 
(35.9 g), while T2 had the lowest (12.0 g). In 2024, 
T0 again showed the highest yield (13.5 g), while T1 
recorded the lowest (6.2 g) (Table 4). Comparing seed 
yield averages in T1 and T2 conditions to those in T0 
conditions can determines the drought tolerance level 
of each genotype. The genotype with the highest ratio 
exhibits the greatest tolerance. Comprehensive analy-
sis indicated that G7 is the most tolerant, followed by 
G10. These findings emphasize the combined influ-
ence of genotype and treatment on seed yield, high-
lighting the variability in yield potential under differ-
ent growing conditions and genetic backgrounds.

The weight of one thousand seeds is an essen-
tial parameter for assessing the final yield potential 
of a genotype, as it reflects seed size and density—
key productivity indicators. Our findings revealed 
significant differences in seed weight across treat-
ments among all varieties, highlighting the impact 
of treatments on this trait (Fig.  1). In 2023, geno-
types G2, G3, G8, and G9 showed exceptionally 
high significance levels, while in 2024, G2, G3, and 
G8 exhibited the highest significance, suggesting 
these varieties had a strong response to treatments 
(Table  2). Cumulative analysis based on genotypes 
showed notable differences in seed weight. The 
highest 1000-seed weight in 2023 was observed in 
G10 (111.7  g), followed by G7 (103.1  g). In 2024, 
G10 (140.7  g) and G8 (129.2  g) recorded the high-
est values. In contrast, G6 and G1 had the low-
est seed weights in 2023 (72.1  g), and in 2024, G1 
(84.6  g) and G6 (85.4  g) again recorded the lowest 
values (Table  3). These results emphasize the vari-
ability in seed weight across genotypes and highlight 
the combined effects of genetics and treatments on 
this critical yield-determining parameter. Significant 

Fig. 1   (continued)
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differences were observed when analyzing treatment 
effects across all genotypes. In 2023, T2 showed the 
lowest seed weight, followed by T1. In 2024, T1 had 
the lowest value, followed by T2. The control group 
(T0) recorded the highest seed weight for both years 
(Table 4).

Discussion

Despite its agricultural importance, soybean produc-
tion is highly susceptible to abiotic stress factors, 
especially drought. The increasing prevalence of 
drought due to global warming has become a criti-
cal challenge, significantly limiting soybean yields. 
Drought tolerance is a positive trait for improving 
soybean productivity, particularly in regions prone to 
water scarcity. This study assessed the drought toler-
ance levels of soybean genotypes by analyzing mor-
phological and yield-related factors, offering valu-
able insights into the variability of drought responses 
among different genotypes.

Drought stress significantly influences the soy-
bean’s morphological traits, including plant height, 
branch number, and pod count. Wei et  al. (2018) 
found that drought stress significantly reduced all 
aspects of soybean growth and yield, particularly 
during the reproductive growth phases. Understand-
ing how soybeans respond to drought stress at differ-
ent growth stages is crucial for optimizing yields in 
drought-prone regions. The initial signs of drought 
stress, such as leaf wilting and scorching, are consist-
ent with previous observations (Islam et  al. 2022). 
Drought stress accelerates leaf senescence in soy-
beans, where plants shed older leaves to conserve 
water and energy under stressful conditions (Munne-
Bosch and Alegre 2004). This is a natural response 
to reduce water loss and improve the plant’s overall 
survival. This leaf senescence in soybeans starts with 
older leaves and progresses to younger ones. This pro-
cess helps redirect resources from senescing leaves to 
developing fruits and seeds, speeding up the plant’s 
life cycle under stressful conditions (Munne-Bosch 
and Alegre 2004). Initiation of drought at an early 
stage causes the activation of the drought response 
mechanism and leads to a considerable recovery in 
the loss from drought because early-stage plants acti-
vate their drought response mechanism better. The 
plants activate specific mechanisms to reduce water 

loss under stress conditions (Cattivelli et  al. 2008). 
Some of the mechanisms include partial closure of 
stomata to reduce water loss through transpiration 
(Flexas et al. 2006). Plants may reduce shoot growth 
to conserve energy and focus on root development to 
access deeper water sources (Cattivelli et  al. 2008; 
Cerezini et al.2019).

Drought at the flowering and pod-filling stage 
affects yield most (Engels et  al. 2017). Seed yield 
was strongly linked to pod count, with genotype and 
treatment effects playing a pivotal role. This study 
recorded the highest seed yields and weights in the 
control group, while drought-stressed treatments 
showed substantial reductions. Pod development is 
a crucial stage in determining soybean yield, which 
is heavily influenced by water availability. The num-
ber of pods per plant is a major contributor to over-
all yield. Water stress shortens the flowering period, 
leading to fewer flowers per plant (Siebers et al. 2015; 
Nadeem et al. 2019; Soba et al. 2022). In this study, 
all soybean varieties experience a reduction in pod 
numbers under varying levels of drought stress, simi-
lar to previous studies (Mwenye 2018; Fenta et  al. 
2014). Drought stress, particularly during early pod 
formation, significantly diminishes pod numbers, 
resulting in notable yield losses or, in severe cases, 
complete crop failure (Liu et  al. 2004; Lobato et  al. 
2009).

Drought stress adversely affects flower develop-
ment in soybeans, including flower opening and the 
maintenance of turgor pressure (Yee-Shan et  al. 
2013). These effects result in increased flower abor-
tion and reduced pollination success (Basal and 
Szabo 2019). Premature drying of flowers under 
drought conditions further diminishes pollination and 
pod formation (ICM 2017), leading to decreased pod 
set and overall yield. Desclaux et al. (2000) observed 
that early-season drought reduces the number of 
seeds per pod, whereas late-season drought predomi-
nantly impacts seed weight. Similarly, Brevedan and 
Egli (2003) showed that even brief periods of drought 
during seed filling cause significant yield reductions, 
highlighting the high sensitivity of this stage to water 
stress. Rudy and Coto (2003) identified reduced pod 
number as a primary factor in initial soybean yield 
losses, particularly during critical phases such as 
pod formation and seed filling. Likewise, studies by 
Rotundo and Westgate (2010) and Sehgal et al. (2018) 
confirm that drought stress during seed initiation 
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substantially decreases seed number and overall soy-
bean yield.

Drought stress significantly reduces the pod filling 
rate in soybean plants, leading to fewer seeds per pod 
and, consequently, a decline in overall yield (Nadeem 
et al. 2019). Similar findings were reported by Zhao 
et al. (2018), who observed notable reductions in seed 
weight and size, further contributing to yield losses. 
Drought conditions also increase tiny, shriveled, and 
wrinkled seeds (Wijewardana et  al. 2019; Abdel-
hamied et al. 2021). In our study, it was observed that 
small, shriveled and wrinkled seeds ratio increased 
under drought conditions. Studies by Pathan et  al. 
(2010) and Fried et  al. (2019) corroborate these 
results, demonstrating significant reductions in seed 
yield under drought conditions. The decline in seed 
production per plant under water-limited conditions is 
closely linked to critical developmental stages, mainly 
flowering and pod filling, which are highly sensitive 
to drought stress (Kobraei et al. 2011; Cerezini et al. 
2016; Nadeem et al. 2019).

The findings of this study align with those of 
Nadeem et  al. (2019), who reported that grain yield 
losses under drought conditions are influenced by 
factors such as drought severity, duration, the crop’s 
growth stage, and genetic variability among varie-
ties. Similarly, consistent with Farooq et  al. (2009), 
our research indicates that water deficits during the 
reproductive stage significantly reduce soybean yield. 
This reduction is primarily attributed to declines in 
key yield traits, including the number of pods per 
plant and the number of seeds per pod. Our results 
corroborate Mwale et al. (2017), who observed gen-
otype-specific responses to drought stress in cowpeas. 
Variations in grain yield among genotypes under dif-
ferent drought stages are consistent with prior studies 
(Mabulwana 2013; Hossain et al. 2014), demonstrat-
ing that genotypic behavior varies under diverse envi-
ronmental conditions (Fikere et al. 2014).

The response of plants to drought stress varies 
depending on the timing and intensity of the stress 
and differences between genotypes, even under iden-
tical conditions (Nadeem et al. 2019). Chiipanthenga 
(2020) reported a reduction in plant height when com-
paring drought-treated plants to control treatments. 
Similarly, our findings indicate a decrease in plant 
height from T1 to the control group T0 (Table  4). 
This reduction is attributed to inhibited cell division 
and elongation under drought conditions (Farooq 

et  al. 2009). A decrease in plant height impacts the 
total number of pods per plant, ultimately reducing 
the final yield (Mabulwana 2013). These findings are 
consistent with Mwenye (2018), who demonstrated 
that plant height does not significantly impact yield 
among soybean varieties under drought conditions.

Additionally, plant height was identified as an 
ineffective trait for distinguishing drought-tolerant 
varieties from drought-sensitive ones. Similarly, our 
results are similar to the previous study by Giordani 
et  al. (2019), who reported no significant correla-
tion between per-plant yield and plant height across 
varying drought levels. So, plant height is not a reli-
able yield indicator under different drought condi-
tions. While drought stress did not significantly affect 
the number of branches across genotypes, it notably 
influenced branch length and the number of pods on 
lateral branches, depending on the severity and timing 
of the drought (Frederick et al. 2001).

The 1000-seed weight is a key parameter for 
assessing soybean grain quality. Drought stress sig-
nificantly reduces seed quality by increasing the pro-
portion of smaller seeds and lowering overall seed 
vigor (Ahmed et al. 2011). Drought stress also leads 
to smaller seed sizes, resulting in reduced 1000-seed 
weight and a decline in overall seed quality (Kananji 
et  al. 2013). Similarly, Ku et  al. (2013) documented 
a decrease in seed size and 1000-seed weight under 
drought conditions, attributing this to an increased 
proportion of smaller seeds in water-limited envi-
ronments. Our study’s findings regarding 1000-seed 
weight are consistent with previous research. Simi-
lar to earlier studies, we observed that drought stress 
reduces seed size and decreases 1000-seed weight, 
reflecting the increased proportion of smaller seeds 
under water-limited conditions.

Conclusion

The findings emphasize the critical influence of 
water availability on plant performance, particularly 
for characteristics such as plant height, pod number, 
seed yield, and 1000-seed weight. Drought signifi-
cantly reduced seed yield among genotypes compared 
with the control group. While the first pod height was 
largely unaffected, with minimal differences across 
treatments, pod number and seed yield exhibited high 
sensitivity, demonstrating the critical role of water 
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during pod setting and flowering stages. The findings 
revealed that soybean plants were most sensitive to 
drought stress during the pod-setting stage, with more 
significant reductions in yield observed from the con-
trol group to the pod-setting stage than the flowering 
stage. In conclusion, this study underscores the criti-
cal need to develop and identify drought-tolerant soy-
bean genotypes.  A combined analysis of data from 
both years revealed that G7 exhibited the highest tol-
erance to water-limited conditions, followed by G10, 
offer valuable insights for future breeding programs. 
Expanding research to include a broader range of 
genotypes and environmental scenarios is essential 
for understanding drought adaptability and ensuring 
agricultural sustainability in the face of increasing 
climate variability. These results highlight the inter-
play between genotypic factors and environmental 
stress, with genotype-specific responses underscor-
ing the importance of breeding for drought tolerance. 
While genetic variation among genotypes influenced 
branching patterns and pod production, treatment 
effects dominated under severe drought conditions, 
showing the impact of water stress on productivity. 
This study will help the scientific community and 
farmers identify and select genotypes with enhanced 
tolerance to drought conditions.
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