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Introduction

Olive (Olea europaea L.) is a Mediterranean fruit tree species well adapted to 
dry environments, showing stable growth and productivity under well-drained con-

ditions [1,2]. In recent years, olive cultivation has gradually expanded beyond tradi-

tional production regions into East Asian countries, including China and Japan, 
driven by climate change and increasing consumer demand [3,4]. Similar trends 

have also emerged in Korea, where olive cultivation has recently been attempted 

mainly in the southern coastal region and Jeju Island [5,6]. However, unlike its 
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root-zone flooding conditions (9–12 days), whereas ‘Picual’, ‘Leccino’, and ‘Mission’ showed 
rapid declines. Oxidative stress responses varied among cultivars, and H2O2 accumulation 
was not consistently associated with MDA levels. Principal component analysis (PCA) dis-
tinguished cultivar-specific oxidative stress response patterns based on H2O2 accumulation 
and MDA-associated lipid peroxidation, indicating distinct physiological response strategies 
among cultivars. The flooding tolerance index (FTI), calculated from standardized physio-
logical variables, identified ‘Frantoio’ and ‘Nocellara del Belice’ as the most tolerant cultivars
under the present root-zone flooding conditions. These findings suggest that flooding 
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growth, regulate oxidative stress, and recover after stress, and provide practical criteria 
for cultivar selection and rootstock development in poorly drained soils.
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traditional cultivation regions characterized by low summer precipitation and favorable drainage conditions, Korean cultivation 
environments are strongly influenced by concentrated summer rainfall and poorly drained soils.

Many orchard soils in Korea have been developed from converted paddy fields or fine-textured soils with high clay content, 

resulting in poor internal drainage and frequent waterlogging during heavy rainfall periods [7]. Under these conditions, excessive 
soil moisture and temporary root-zone flooding frequently occur during the summer season, causing oxygen deficiency within 

soil pores and the formation of reduced soil environments. Such conditions severely restrict root respiration and water uptake, 

leading to reduced shoot growth and physiological function [8,9]. These environmental limitations are considered major factors 
affecting the cultivation stability of olive under Korean growing conditions.

Olive is generally regarded as sensitive to excessive soil moisture and waterlogging, and hypoxic root-zone conditions induce 

complex physiological responses, including inhibition of root respiration, reduction in photosynthetic activity, impairment of water 
relations, and enhanced accumulation of reactive oxygen species (ROS) [10–12]. Plant responses to flooding and hypoxia differ 

among cultivars and are governed by the integrated responses of multiple physiological traits, including leaf water status, growth 

response, oxidative stress, and membrane stability [13,14]. Similar cultivar-dependent responses are also expected in olive and 
may provide important insights into flooding tolerance under poorly drained soil conditions.

Previous studies on olive cultivation have mainly focused on drought and salinity stress [15,16], largely because olive has 

traditionally been cultivated under dry Mediterranean climates. In contrast, studies evaluating flooding and hypoxic stress in 
olive remain limited, particularly those integrating physiological responses and survival characteristics across different durations 

of root-zone flooding. Considering the increasing cultivation of olive under Korean environmental conditions characterized by 

poor drainage and concentrated summer rainfall, practical cultivation strategies for overcoming excessive soil moisture and tempo-
rary root-zone flooding are required.

Therefore, the present study was conducted to evaluate differences in flooding tolerance among major olive cultivars by sequen-

tially analyzing relative water content (RWC), growth response, oxidative stress indicators, and survival duration under root-zone 
flooding conditions. This study aimed to provide a physiological basis for cultivar selection and management strategies applicable 

to poorly drained olive cultivation environments in Korea.

Results

Establishment of Reduced Root-Zone Conditions

The redox potential (Eh) in the flooded root-zone substrate rapidly decreased from approximately 325 mV before root-zone 
flooding treatment to 136.4 ± 6.8 mV at 1 day after treatment and thereafter remained relatively stable at approximately 140–150 

mV over the following 3–4 days (Fig. 1). These results confirmed that reduced root-zone conditions were rapidly established 

and maintained throughout the root-zone flooding treatment period. The rapid decline in Eh further indicates that oxygen dif-
fusion within the flooded root-zone substrate was severely restricted shortly after treatment initiation.

Morphological Changes in Leaves under Root-Zone Flooding Conditions

Before root-zone flooding treatment, olive leaves maintained dark green coloration with smooth and glossy surfaces regardless 

of cultivar (Fig. 2). In contrast, leaves exposed to root-zone flooding conditions exhibited reduced green coloration together with 

increased gray-green or silver-gray appearance irrespective of cultivar. These visual symptoms became progressively more pro-
nounced as root-zone flooding duration increased.

Such changes are consistent with physiological responses commonly observed under hypoxic stress conditions, including re-

duced photosynthetic activity, chlorophyll degradation, and structural alterations in leaf tissues [17].
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(A) (B)

Fig. 2. Morphological changes in olive leaves under root-zone flooding conditions: (A) Leaves before root-zone flooding treatment 
showing dark green color and smooth surface; (B) Leaves after root-zone flooding treatment showing reduced greenness, grayish 
coloration, and increased surface roughness.

Fig. 1. Changes in redox potential (Eh) in the flooded root-zone substrate during root-zone flooding treatment.

Eh rapidly decreased within 1 day after root-zone flooding and stabilized at approximately 140-150 mV thereafter. Day 0 represents 
the redox condition before flooding initiation. Values represent mean±standard error (n=5).
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Changes in Leaf Relative Water Content (RWC) According to Root-Zone Flooding Duration

Leaf relative water content (RWC) generally decreased with increasing root-zone flooding duration in all cultivars (Fig. 3). 

A pronounced decline in RWC was already observed at 3 days after root-zone flooding treatment, indicating that leaf water 

status was rapidly affected during the early stage of stress.
Cultivar differences became more distinct after 6 days of root-zone flooding treatment. ‘Frantoio’ and ‘Nocellara del Belice’ 

maintained RWC values of approximately 60% even after 6 and 9 days of root-zone flooding, showing relatively smaller reductions 

under prolonged root-zone flooding conditions. In contrast, ‘Leccino’, ‘Mission’, ‘Picual’, and ‘Taggiasca’ exhibited substantial de-
clines in RWC after 6 days of root-zone flooding, decreasing to approximately 40–50%. ‘Coratina’, ‘Arbequina’, ‘Verdal’, and 

‘Picholine’ exhibited intermediate responses between these groups.

Under 12 and 15 days of root-zone flooding treatment, RWC continuously decreased in most cultivars; however, ‘Frantoio’ 
and ‘Nocellara del Belice’ still maintained relatively higher water status than the other cultivars. Clear cultivar-dependent differ-

ences in leaf water retention capacity were observed under prolonged root-zone flooding conditions.

(A) (B)

(C)

Fig. 3. Changes in leaf relative water content (RWC) of olive cultivars during root-zone flooding treatment.

Cultivars are presented in three panels: (A) Arbequina, Coratina, Correggiola, and Frantoio; (B) Leccino, Manzanillo, Mission, and 
Nocellara del Belice; (C) Picholine, Picual, Taggiasca, and Verdal. RWC generally decreased with increasing root-zone flooding dura-
tion, and cultivar differences became more pronounced after 6 days of treatment. Values represent mean ± standard error (n = 5).
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Post-Flood Relative Growth after Different Root-Zone Flooding Durations

Post-flood relative growth generally decreased with increasing root-zone flooding duration in all cultivars, although the timing 

and magnitude of reduction differed considerably among cultivars (Table 1). At 3 days after root-zone flooding treatment, 

post-flood relative growth varied widely among cultivars, ranging from 4.8% to 159.6%. ‘Picual’ and ‘Taggiasca’ exhibited relatively 
low recovery growth responses, whereas ‘Frantoio’, ‘Nocellara del Belice’, and ‘Arbequina’ maintained relatively higher post-flood 

relative growth, with the remaining cultivars exhibiting intermediate responses.

3 days 6 days 9 days 12 days 15 days

Arbequina 159.6 ± 44.3 38.6 ± 14.4 1.7 ± 1.8 0.0 0.0

Coratina 26.3 ± 26.4 24.0 ± 14.9 0.0 0.0 0.0

Correggiola 73.7 ± 19.4 0.0 0.0 0.0 0.0

Frantoio 148.1 ± 31.4 170.4 ± 50.3 111.0 ± 34.3 73.6 ± 19.9 15.6 ± 9.0

Leccino 38.8 ± 23.8 52.4 ± 32.7 14.5 ± 14.5 0.0 0.0

Manzanillo 29.1 ± 10.9 0.7 ± 0.6 23.7 ± 23.1 5.5 ± 4.2 0.0

Mission 65.4 ± 42.2 35.4 ± 23.6 2.0 ± 2.0 0.0 0.0

Nocellara del Belice 142.0 ± 26.4 124.8 ± 44.2 96.5 ± 55.8 28.6 ± 23.5 0.6 ± 0.6

Picholine 29.4 ± 13.7 8.5 ± 6.9 27.9 ± 20.8 31.0 ± 31.0 3.1 ± 3.1

Picual 4.8 ± 3.2 0.0 0.0 0.0 0.0

Taggiasca 14.2 ± 8.3 11.5 ± 11.4 2.4 ± 2.4 8.1 ± 8.1 0.0

Verdal 102.6 ± 30.1 26.9 ± 25.8 16.1 ± 16.0 14.8 ± 14.3 5.5 ± 5.5

Values represent mean±standard error (SE; n=5). Relative growth was calculated from shoot length increase during the 30-day recovery period after 
each root-zone flooding treatment. Non-surviving plants or plants showing no shoot regrowth during the recovery period were assigned a value 
of 0.0%. In some treatments, SE values were equal to or similar to the mean because shoot regrowth occurred in only a few replicate plants.

Table 1. Post-flood relative growth (%) of olive cultivars during the 30-day recovery period after different root-zone flooding dura-
tions

As root-zone flooding duration increased beyond 6 days, post-flood relative growth rapidly declined in most cultivars. 
However, ‘Frantoio’ and ‘Nocellara del Belice’ maintained relatively higher recovery growth after prolonged root-zone flooding. 

Notably, ‘Frantoio’ maintained post-flood relative growth of 73.6% even after 12 days of root-zone flooding, whereas most other 

cultivars showed little or no shoot regrowth. These results indicate that cultivar differences in post-flood recovery capacity became 
increasingly pronounced as root-zone flooding duration increased.

Oxidative Stress Responses under Root-Zone Flooding Conditions

Hydrogen peroxide (H2O2) accumulation and lipid peroxidation (MDA) in olive cultivars exhibited distinct response patterns 

depending on cultivar and did not show consistent trends under root-zone flooding conditions (Fig. 4).

‘Picual’ exhibited the highest H2O2 accumulation, indicating a strong ROS-related response under root-zone flooding 
conditions. In contrast, ‘Mission’ and ‘Leccino’ exhibited relatively low or intermediate H2O2 accumulation but maintained relatively 

high MDA levels, suggesting substantial membrane damage caused by lipid peroxidation. These responses indicate that ROS accu-

mulation and membrane damage did not necessarily occur simultaneously among cultivars.
‘Frantoio’ and ‘Verdal’ maintained relatively low levels of both H2O2 and MDA, indicating limited ROS accumulation and 

membrane damage under root-zone flooding conditions.

Principal component analysis (PCA) based on H2O2 and MDA was performed using cultivars with complete data for both 
variables. PC1 and PC2 explained 58.1% and 41.9% of the total variation, respectively (Fig. 5). In the score plot, PC1 mainly 
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separated cultivars according to the relative predominance of H2O2 accumulation and lipid peroxidation, whereas PC2 dis-

tinguished cultivars with comparatively low oxidative stress indicators from those with greater oxidative injury. ‘Picual’ was clearly 

separated in the lower-right quadrant, reflecting pronounced H2O2 accumulation. In contrast, ‘Mission’ and ‘Leccino’ were posi-
tioned toward the lower-left region, corresponding to relatively high MDA accumulation. ‘Frantoio’, ‘Verdal’, and ‘Picholine’ were 

located in the upper region of the plot, indicating relatively low levels of H2O2 and MDA and comparatively stable oxidative 

stress responses. These results demonstrate that oxidative stress response patterns differed among olive cultivars under root-zone 

(A)

(B)

Fig. 4. Hydrogen peroxide (H2O2) accumulation and lipid peroxidation, expressed as malondialdehyde (MDA) content, in olive culti-
vars under root-zone flooding conditions: (A) H2O2 content; (B) MDA content. H2O2 and MDA levels varied among cultivars and did 
not show a consistent relationship. ‘Picual’ exhibited the highest H2O2 accumulation, whereas ‘Mission’ and ‘Leccino’ showed rela-
tively high MDA levels despite lower or moderate H2O2 accumulation. In contrast, ‘Frantoio’ and ‘Verdal’ maintained low levels of 
both H2O2 and MDA. Values represent mean±standard error (n=5).
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flooding conditions.

Survival Duration (LT50)

Analysis of survival duration (LT50) under root-zone flooding conditions revealed clear differences among cultivars (Table 
2). ‘Frantoio’ and ‘Nocellara del Belice’ maintained relatively longer survival durations, whereas ‘Picual’, ‘Mission’, ‘Leccino’, and 

‘Coratina’ exhibited markedly shorter survival durations. Cultivars exhibiting relatively longer survival duration generally main-

tained higher RWC and growth responses under root-zone flooding conditions.

Flooding Tolerance Index (FTI)

Comprehensive evaluation using the flooding tolerance index (FTI) revealed clear differences in flooding tolerance among 
olive cultivars under the present root-zone flooding conditions (Table 3). ‘Frantoio’ exhibited the highest FTI value (7.18), asso-

ciated with high RWC (1.25), relative growth (2.04), and LT50 (2.42), together with relatively low H2O2 (−0.94) and MDA (−0.53) 

values. These responses indicate relatively stable physiological activity and oxidative balance under root-zone flooding conditions.
‘Nocellara del Belice’ and ‘Verdal’ also exhibited relatively high FTI values of 2.44 and 2.35, respectively, although their physio-

logical response patterns differed. ‘Nocellara del Belice’ maintained relatively high survival duration and water retention capacity 

despite moderate membrane damage, whereas ‘Verdal’ maintained relatively low MDA values, indicating comparatively stable mem-
brane integrity under root-zone flooding conditions.

Fig. 5. Principal component analysis (PCA) of oxidative stress responses in olive cultivars under root-zone flooding conditions based 
on hydrogen peroxide (H2O2) and malondialdehyde (MDA).

The PCA was performed using cultivars with complete data for both variables. PC1 and PC2 explained 58.1% and 41.9% of the total 
variation, respectively. ‘Picual’ was separated in the lower-right quadrant, reflecting pronounced H2O2 accumulation, whereas 
‘Mission’ and ‘Leccino’ were positioned toward the lower-left region, corresponding to relatively high MDA accumulation. ‘Frantoio’, 
‘Verdal’, and ‘Picholine’ were located in the upper region, indicating relatively low H2O2 and MDA levels. Dashed horizontal and verti-
cal reference lines indicate PC2 = 0 and PC1 = 0, respectively, defining the four quadrants.
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‘Picholine’ and ‘Manzanillo’ exhibited intermediate flooding tolerance with FTI values of 1.71 and 0.84, respectively. In contrast, 
‘Correggiola’ (−1.18), ‘Arbequina’ (−1.38), and ‘Taggiasca’ (−1.04) exhibited relatively low FTI values because several physiological 

indicators showed negative responses under root-zone flooding conditions.

‘Leccino’ (−2.25) and ‘Mission’ (−2.44) exhibited low FTI values because of reduced growth maintenance capacity, shorter 
survival duration, and relatively higher oxidative stress indicators. Notably, ‘Picual’ exhibited the lowest FTI value (−4.69), charac-

terized by extremely high H2O2 accumulation (2.58) and markedly reduced relative growth (−0.53), indicating high susceptibility 

to root-zone flooding stress.
Overall, the FTI analysis under the present experimental conditions suggested that flooding tolerance in olive cultivars was 

closely associated with the maintenance of water status, growth capacity, oxidative stress regulation, and survival duration under 

prolonged root-zone flooding conditions.

Discussion

The present study systematically evaluated cultivar-dependent flooding tolerance in olive under root-zone flooding conditions 
by integrating physiological and biochemical responses associated with hypoxic stress. In particular, leaf water status, growth re-

sponse, oxidative stress regulation, and survival duration were comprehensively analyzed. The results demonstrated that flooding 

LT50 survival duration (days) Cultivars

<3 Picual, Mission, Leccino, Coratina

3 Taggiasca, Correggiola, Verdal, Picholine, Manzanillo, Arbequina

12 Frantoio, Nocellara del Belice

LT50 was defined as the root-zone flooding duration at which 50% of plants survived, based on post-flood regrowth during the 30-day recovery 
period. A value of <3 days indicates that survival was already below 50% at the first evaluated flooding duration

Table 2. Estimated LT50 duration of olive cultivars under root-zone flooding conditions

RWC (Z) Relative growth (Z) H2O2 (Z) MDA (Z) LT50 (Z) FTI

Arbequina −0.03 −0.53 −0.73 0.81 −0.74 −1.38

Coratina 0.1 −0.53 −0.2 – −0.74 –

Correggiola 0.03 −0.53 0.49 −0.55 −0.74 −1.18

Frantoio 1.25 2.04 −0.94 −0.53 2.42 7.18

Leccino −0.46 −0.53 −0.29 0.81 −0.74 −2.25

Manzanillo −0.22 0.35 0.13 −0.31 0.53 0.84

Mission −0.32 −0.53 −0.57 1.42 −0.74 −2.44

Nocellara del Belice 0.53 0.66 −0.92 0.83 1.16 2.44

Picholine 0.64 0.09 −0.21 −0.88 −0.11 1.71

Picual −0.75 −0.53 2.58 0.09 −0.74 −4.69

Taggiasca −0.18 −0.07 0.63 0.05 −0.11 −1.04

Verdal 0.29 0.13 −0.50 −0.90 0.53 2.35

Values represent standardized scores (Z) for each parameter. Relative water content (RWC), relative growth, and LT50 were considered positive con-
tributors to root-zone flooding tolerance, whereas H2O2 and MDA were considered negative contributors. FTI was calculated as a composite index 
by summing standardized values of RWC, relative growth, and LT50, and subtracting those of H2O2 and MDA. A dash indicates not determined.

Table 3. Summary of flooding tolerance index (FTI) and related physiological responses in olive cultivars
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tolerance was not determined by a single physiological trait but rather by the integrated interaction of multiple physiological 
and biochemical characteristics. These findings further suggest that flooding tolerance in olive should be interpreted as a complex 

adaptive response associated with the maintenance of physiological balance under prolonged root-zone hypoxia.

Leaf relative water content (RWC) was identified as one of the most important indicators associated with flooding tolerance. 
Cultivars exhibiting rapid reductions in RWC generally showed suppressed post-flood recovery growth and shorter survival 

duration. In contrast, cultivars such as ‘Frantoio’ and ‘Nocellara del Belice’, which maintained relatively stable water status, also 

maintained higher post-flood recovery growth and longer survival duration. These results indicate that maintenance of leaf water 
status plays an important role in sustaining physiological activity under root-zone flooding conditions [18,19]. Under hypoxic 

root-zone environments, inhibition of root respiration and water uptake directly affects leaf water relations, ultimately resulting 

in stomatal closure, reduced photosynthetic activity, and growth suppression. Therefore, cultivar-dependent differences in water 
retention capacity may represent an important adaptive characteristic associated with flooding tolerance in olive cultivars.

Post-flood relative growth analysis further demonstrated that recovery growth after root-zone flooding represents an important 

tolerance-related trait distinct from simple survival. Although post-flood recovery growth rapidly declined in many cultivars after 
6–9 days of root-zone flooding treatment, ‘Frantoio’ maintained relatively stable recovery growth even after 12 days of treatment. 

This pattern suggests that the capacity for shoot regrowth and growth-related metabolic activity were not completely disrupted 

in ‘Frantoio’ during prolonged hypoxia [20]. In addition, several cultivars maintained survival despite markedly reduced growth 
responses, indicating delayed recovery following flooding stress. This observation further suggests that recovery capacity following 

hypoxic stress represents an important component of flooding tolerance evaluation. Under practical orchard conditions, survival 

alone may not sufficiently reflect long-term cultivation stability if post-stress recovery and regrowth are substantially delayed.
Beyond water status and post-flood recovery growth, root-zone flooding directly influences plant energy metabolism and 

intracellular redox balance through the establishment of hypoxic root-zone environments. Under oxygen-deficient conditions, re-

striction of aerobic respiration may promote the accumulation of reducing equivalents such as NADH, which can subsequently 
contribute to reactive oxygen species (ROS) production and membrane damage [11,21]. Prolonged reduced conditions may further 

destabilize intracellular electron flow and oxidative balance, thereby accelerating physiological injury during flooding stress. 

Therefore, regulation of oxidative stress and maintenance of membrane stability are considered critical components of flooding 
adaptation in plants.

In the present study, H2O2 accumulation and lipid peroxidation, expressed as MDA content, did not necessarily exhibit propor-

tional responses among cultivars, suggesting that ROS accumulation and membrane damage were regulated through partially in-
dependent physiological processes. ‘Picual’, which exhibited extremely high H2O2 accumulation, showed a strong ROS-related re-

sponse during root-zone flooding. In contrast, ‘Mission’ and ‘Leccino’ exhibited relatively limited H2O2 accumulation but showed 

high MDA levels, indicating substantial membrane damage associated with lipid peroxidation. These responses suggest that mem-
brane stability under root-zone flooding conditions may not be determined solely by ROS accumulation level but also by culti-

var-dependent differences in antioxidative regulation, membrane protection capacity, and tolerance to oxidative injury.

Conversely, ‘Frantoio’ maintained relatively low levels of both H2O2 and MDA, indicating effective suppression of oxidative 
damage during prolonged hypoxia. This pattern reflects relatively stable regulation of intracellular redox balance and membrane 

integrity under root-zone flooding conditions. Furthermore, these findings support the interpretation that ROS may function 

not only as toxic molecules but also as signaling components involved in stress adaptation and cellular regulation [22,23]. 
Therefore, flooding tolerance in olive may be associated not simply with suppression of ROS production but with the capacity 

to maintain oxidative balance under prolonged hypoxic conditions.

The PCA and flooding tolerance index (FTI) analyses effectively integrated these cultivar-dependent physiological responses. 
In particular, the FTI reflected cultivar differences that were difficult to explain using individual physiological indicators alone, 

suggesting that flooding tolerance in olive is associated with the integrated maintenance of water status, oxidative stress regulation, 

membrane stability, growth capacity, and survival duration. The PCA results further indicated that ROS accumulation and mem-
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brane damage did not necessarily progress simultaneously among cultivars, suggesting that flooding adaptation strategies differed 
depending on cultivar characteristics.

These findings suggest that cultivar selection may represent an important adaptive strategy for olive cultivation under Korean 

environmental conditions where drainage improvement is often limited. In many Korean orchard soils characterized by poor 
internal drainage and concentrated summer rainfall, temporary or repeated root-zone flooding frequently occurs during the grow-

ing season. Under such environments, cultivar-dependent differences in physiological stability and recovery capacity may directly 

influence long-term cultivation performance and orchard sustainability.
Overall, the present study demonstrated clear cultivar-dependent differences in flooding tolerance from physiological and bio-

chemical perspectives and identified ‘Frantoio’ and ‘Nocellara del Belice’ as relatively promising cultivars for cultivation under 

poorly drained soil conditions in Korea. Furthermore, the results suggest that flooding tolerance in olive may be interpreted 
as an integrated consequence of oxidative stress regulation, membrane stability, maintenance of physiological activity, and recovery 

capacity under hypoxic root-zone conditions. These findings provide a physiological basis for future studies investigating redox 

metabolic regulation associated with flooding tolerance and may contribute to the establishment of practical cultivar selection 
and orchard management strategies under poorly drained cultivation environments.

Materials and Methods

Plant Materials and Growth Conditions

Twelve olive (O. europaea L.) cultivars were used in this study. Two-year-old rooted cuttings with uniform growth were selected 

for the experiment. Plants were transplanted into 12 L containers filled with a substrate mixture consisting of peat moss, cocopeat, 
and perlite at a ratio of 4 : 2 : 4 (v/v). All plants were maintained under identical greenhouse conditions before treatment initiation 

to minimize variation in plant growth and physiological status. After sufficient acclimation and stabilization of growth, the 

root-zone flooding experiment was conducted in July.

Root-Zone Flooding Treatment

Root-zone flooding treatment was performed using five independent flooding tanks (W × L × H = 3 × 4 × 1 m; approximately 
12 m³ each). Each tank contained all twelve cultivars, with five potted plants per cultivar assigned to five flooding durations: 

3, 6, 9, 12, and 15 days after treatment initiation. Plants were placed in the tanks while remaining in their containers, and 

the water depth was maintained at approximately 40 cm so that the water level remained above the substrate surface throughout 
the treatment period.

At each sampling time, one plant per cultivar was removed from each tank. Thus, each cultivar had 25 plants in total, and 

five biological replicates were obtained for each cultivar at each flooding duration. The water level was continuously maintained 
by slowly supplying water through a pipe installed at the lower side of each tank to minimize disturbance of the reduced root-zone 

conditions (Fig. S1). The flooding tank was considered as a replicate block in the experimental design.

To confirm the establishment of reduced conditions in the root zone under flooding treatment, redox potential (Eh) was 
monitored during the treatment period. Eh was measured in the flooded root-zone substrate of potted plants at the mid-depth 

of the substrate. Eh rapidly decreased after flooding initiation and remained at low levels throughout the experiment, indicating 

that reducing conditions were established and maintained in the root zone during the treatment period.

Growth and Physiological Measurements

Post-flood recovery growth was evaluated based on shoot growth during the 30-day recovery period after each root-zone 
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flooding duration. After each flooding treatment (3, 6, 9, 12, or 15 days), plants were removed from the flooding tanks, drained, 
and transferred to normal cultivation conditions with aerated root-zone conditions. Shoot length was measured immediately after 

transfer to recovery conditions (L0) and again after the 30-day recovery period (L1). Relative growth during the recovery period 

was calculated as follows:

Post-flood relative growth (%) = [(L1 − L0) / L0] × 100

Leaf relative water content (RWC) was determined using fully expanded mature leaves. Fresh weight (FW) was measured 

immediately after leaf sampling. Leaf samples were then immersed in distilled water under dark conditions until full saturation 

was achieved, after which surface moisture was gently removed and turgid weight (TW) was recorded. Samples were subsequently 
dried at 70°C for at least 48 h to determine dry weight (DW). RWC was calculated according to the following equation:

RWC (%) = [(FW − DW) / (TW − DW)] × 100

Hydrogen peroxide (H2O2) and malondialdehyde (MDA) contents were analyzed according to the methods described by 

Velikova et al. [24] and Heath and Packer [25], respectively. For LT50 estimation, plant survival was determined based on post-flood 
regrowth during the 30-day recovery period after drainage. Plants showing an increase in shoot length and maintaining visible 

shoot viability during the recovery period were considered surviving, whereas plants showing no shoot growth together with 

visible wilting or dieback symptoms were considered non-surviving. LT50, defined as the flooding duration at which 50% of plants 
survived, was used to estimate survival duration under root-zone flooding conditions.

Statistical Analysis and Flooding Tolerance Index (FTI)

All experiments were conducted using five replicate tanks as blocks. Analysis of variance (ANOVA) was performed to evaluate 

treatment effects, and mean comparisons were conducted using Duncan’s multiple range test at p < 0.05.

Principal component analysis (PCA) was performed based on oxidative stress indicators, including H2O2 and MDA. To in-
tegrate physiological responses associated with flooding tolerance, data from the 12-day flooding treatment were used because 

this duration provided clear cultivar differentiation while maintaining viable tissue availability and comparability of physiological 

measurements among cultivars. Each parameter was standardized using Z-score transformation based on the mean (μ) and stand-
ard deviation (σ) of each variable as follows:

Z = (X − μ) / σ

The flooding tolerance index (FTI) was defined in this study as a screening index to compare cultivar-dependent flooding 

tolerance under the present experimental conditions. Equal weights were assigned to the standardized variables because in-
dependent validation data were not available to justify differential weighting among traits. Positive contributors to flooding toler-

ance, including RWC, post-flood relative growth, and LT50, were added, whereas negative contributors, including H2O2 and MDA, 

were subtracted according to the following equation:

FTI = Z(RWC) + Z(post-flood relative growth) + Z(LT50) − Z(H2O2) − Z(MDA)

Higher FTI values indicate relatively greater flooding tolerance under the present root-zone flooding conditions.
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