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Abstract

This study aims to analyze changes in the morphological, agronomic and
physiological characteristics of rice plants resulting from a decrease in soil water
potential. The study was conducted through a literature review of various relevant
and credible scientific journals. The results indicate that a decrease in soil water
potential (kPa) is closely associated with the level of drought stress affecting rice
growth and productivity. Water stress leads to a reduction in plant height, the number
of tillers and the leaf area index (LAI), as well as an increase in leaf rolling as an
adaptive mechanism. Physiologically, there is a decrease in relative water content
(RWC), impaired photosynthesis, as well as increased spikelet sterility and reduced
grain filling. These impacts become more significant during the reproductive phase.
Therefore, water management based on soil water potential thresholds is crucial for
maintaining sustainable rice productivity.

Keywords: Rice, soil water potential, drought, morphology, physiology, crop yield

Introduction

Rice is a strategic food commodity that serves as the primary food source for more than
half of the world’s population and plays a vital role in social, economic, and cultural
aspects (Singh & Solanki, 2024). However, the sustainability of rice production
currently faces serious challenges due to increasing water scarcity, exacerbated by
population growth, climate change, and the degradation of natural resources (Datta et
al., 2017; Prasad et al., 2017). Conventional rice production is known to be highly water
-intensive, consuming approximately 34-43% of global irrigation water, thereby
exacerbating pressure on water availability and reducing production efficiency
(Thakur, 2022).

The impacts of water scarcity are increasingly evident in rain-fed rice systems,
where approximately 23 million hectares of land face drought stress, leading to
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significant yield declines (Wang et al., 2012). Furthermore, pressure on water resources
is exacerbated by urbanization, pollution, and excessive soil water extraction in various
regions such as Asia and the Americas (Aide, 2019). These conditions necessitate
innovations in rice cultivation systems to improve water use efficiency while

maintaining productivity.

Various approaches have been developed to address the challenge of water scarcity,
including the implementation of conservation agriculture techniques, the use of
drought-tolerant rice varieties, and the adoption of the System of Rice Intensification
(SRI), which has been proven to increase yields through more efficient water use
(Krishna et al., 2024; Mali et al., 2023). Additionally, the use of early-maturing varieties
is also a key strategy as it reduces water requirements during the growth cycle (Jaiswal,
2024).

These efforts must be supported by appropriate policies and international
cooperation to ensure the equitable distribution of resources and the sustainability of
the global food system (Asma et al., 2023). The development of adaptive, water-efficient
and sustainable rice production systems is key to maintaining food security amid
increasing pressure on water resources (Zeigler & Barclay, 2024). Water scarcity leads
to a decrease in soil water potential, causing crops to experience water stress. Soil water
potential can be measured using various units that are interchangeable, such as pf,
which reflects the logarithm of the water column height and indicates the level of water
availability in the soil. Some of the units used include 0.1 MPa = 1 bar = 14.504 psi =
1019.72 em H,O =100 kPa = 100,000 pascal = 100 kPa = 100,000 N/m?2 = 0.987 atm = 76 cm
Hg = water flow or suction of 10-15 liters per minute. If the sign is negative, it indicates
water suction by the plant because the water is already present in the soil pores and
matrix; if there is no negative sign, it indicates flow, pressure, or water that is spraying
or flowing.

In this article, the unit kPa will be used, as it is commonly employed in determining
soil water potential and soil matrix potential (Haskova et al., 2022). Kilopascals (kPa)
are a crucial unit for measuring matrix suction, which reflects the energy state of water
in the soil and is vital for understanding soil water availability. This measurement is
highly relevant for assessing soil moisture dynamics and plant water availability. The
relationship between kPa and volumetric water content is highly significant, as both
metrics provide insights into soil water retention and availability for agricultural
practices. Matrix suction, measured in kPa, indicates the water potential retained
within soil pores. This influences soil behavior, including effective stress and shear
strength (Zhang & Lu, 2019).

Soil suction of approximately -33 kPa is often correlated with field capacity, which
is important for irrigation management and understanding the available water capacity
(AWCQ) of plants (Beverly, 1996). A minus (-) sign in soil water potential units indicates
soil suction in soil pores, while a plus (+) sign indicates water pressure in irrigation
pipes; for example, -33 kPa is equivalent to pf 2.54, meaning the water status is at field
capacity, where water is in equilibrium and can be held by the soil against the force of
gravity. Water at field capacity can be taken up by plants. Meanwhile, 0 kPa indicates
free standing water that cannot be taken up by non-aquatic plants because the oxygen
content is zero. A value of >0 kPa indicates water under pressure, such as in irrigation
water (Novak & Hlavacikova, 2019).

Volumetric water content is a direct measure of the amount of water in the soil,
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expressed as a percentage of the total soil volume. This is important for modeling water
balance in various hydrological contexts (Turek et al., 2021). Research has shown that
volumetric water content at different tensions (e.g., -10, -33 kPa) can provide varying
estimates of field capacity, impacting irrigation strategies (Andabili et al., 2024).

While kPa provides a measure of water head, volumetric water content offers a
more direct assessment of water availability. However, these two metrics are
interrelated and are essential for a comprehensive soilwater management strategy
(Zhang & Lu, 2019).

Methods

The research methodology involved analyzing morphological and physiological
changes in rice plants under various soil moisture conditions. The study examined the
relationship between soil moisture status and morphological and physiological changes
based on research from the past and recent years published in various valid, credible
and reputable journals

The kPa scale and water availability

To understand the morphological, agronomic, and physiological changes in rice under
environmental stress conditions, it is necessary to first understand the relationship
between climate, water, soil, and plants. The water requirements of rice plants are
influenced by daily actual water needs, growth stage, climatic conditions, soil type, soil
texture, and cultivation techniques. Plants have limits to their tolerance for water
deficiency. Morphological, agronomic, and physiological changes vary among varieties
and cultivation techniques, as shown in the research results below.

Field capacity (FC) represents the optimal water status for various crop types, with
a water potential of -33 kPa or a suction potential (pf = 2.54). The field capacity water
status already constitutes mild drought stress for rice plants. Field capacity (FC) is
defined as the soil moisture content after excess water has drained off. Typically at a
water potential of 0 to -10 kPa as mild drought stress. Moderate drought stress for rice
plants occurs between -15 and -30 kPa, while severe drought stress occurs at water
potentials below -30 kPa. This distinction is crucial for effective water management in
agriculture and environmental conservation. Field capacity (0 to -10 kPa) allows for
optimal water availability, while moderate drought stress (-15 to -30 kPa) begins to
inhibit water uptake by the roots. Severe stress (> -30 kPa) significantly reduces water
availability, leading to drought stress and potential plant wilting (Gallus, 2022;
Nurjanov, 2019).

Modeling the interactions between soil, water, and plants is crucial because it
influences yield and evapotranspiration in rice crops. Different irrigation regimes result
in varying water-use efficiency and yields (Ramos-Fernandez et al., 2024). Although
this classification is useful for understanding soil moisture dynamics, some studies
indicate that roots can access water from deeper layers even under conditions wetter
than those defined by traditional field capacity (FC), suggesting a more complex
interaction between soil moisture and plant uptake than previously understood
(Logsdon, 2019). More complex interactions between soil moisture and plant uptake
than previously understood may occur under specific conditions (Logsdon, 2019).

The standard permanent wilting point criterion of -1500 kPa is often considered
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irrelevant for rice because the plant’s physiological response occurs at much higher soil
water potentials, around -70 kPa, which constitutes severe stress for rice plants (Zhang
et al., 2025).

Rice sensitivity

Significant yield losses occur when soil water potential drops to -75 kPa during critical
growth stages such as mid-booting and late booting (Wen-ping, 2007). Rice leaf water
potential (W1) is highly responsive to transpiration requirements (Kobata et al., 1993).

Different growth stages of rice exhibit varying sensitivities to water stress. The mid-
booting stage is particularly critical, where even mild stress can lead to substantial
yield losses (Wen-ping, 2007). Researches have shown that the relative transpiration
rate does not decrease significantly until soil water potential reaches approximately -78
kPa, indicating that rice can tolerate higher water potentials without immediate
adverse effects (Davatgar et al., 2009).

Water management strategies for rice should consider these physiological
thresholds rather than relying on conventional wilting points. Intermittent irrigation
practices that maintain soil moisture above -70 kPa can enhance growth and yield
(Lujun & T. Hirasawa, 2001). Conversely, while the traditional wilting point may not
apply to rice, it remains relevant for other crops that exhibit different physiological
responses to water stress. Understanding these differences is crucial for developing
effective irrigation strategies tailored to the specific needs of particular crops.

Morphoagronomic changes under drought stress

A decrease in soilwater potential significantly impacts plant height and the number of
rice tillers. Research shows that when it decreases, rice plants exhibit reduced growth
and yield, particularly during critical growth stages such as planting and flowering.
Drought stress is exacerbated by the presence of high vapor pressure deficit, which
increases transpiration and accelerates leaf water loss (Chang-zhan, 2005; Xi-wen et al.,
n.d.). Maintaining the soilwater table close to the surface is crucial for achieving
optimal plant height and growth (Setiawan et al., 2014).

Salinity stress can reduce soil water potential and may decrease tillering by 28%
(Chang-zhan, 2005). Physiological responses to various levels of water stress indicate
that rice plants are highly sensitive to water deficit, resulting in fewer effective panicles
and a reduced number of tillers (Davatgar et al., 2009).

Severe drought stress can reduce the number of panicles per plant (Davatgar et al.,
2009). Drought stress significantly affects rice growth, with plant height decreasing by
14.4% and tillering by 28% compared to the control, highlighting the negative impact of
reduced soil water potential on rice tillers during the tillering stage. Soil water potential
of 17.56 cm H,O influences seedling emergence, booting and tiller number (Duan et al.,
2016).

A decrease in soil water potential negatively impacts rice growth by affecting root,
stem and leaf development, ultimately leading to reduced plant height and fewer
effective tillers during different growth stages (Li, 2004; Ichsan et al., 2025).

This paper demonstrates that water stress, associated with a decrease in soil water
potential, negatively impacts rice growth by affecting root, stem and leaf development,
ultimately leading to reduced plant height and fewer effective tillers during different
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growth stages (Lian et al., 2004; Ichsan et al., 2024). When water potential decreased
from -0.04 MPa to —0.19 MPa, all parameters declined (Dos Santos et al., 2018).

The effect of declining soil water potential on the reduction of leaf area index (LAI)
and leaf rolling in rice plants is highly significant, particularly under drought
conditions. When soil water potential decreases, rice plants exhibit physiological
responses such as leaf rolling, which serves to minimize water loss and maintain leaf
water homeostasis (Ichsan et al., 2022). This response is crucial for understanding
drought tolerance in rice varieties (Wang et al., 2023).

Leaf rolling is the primary response to water deficit, observed as a reduction in the
leaf area exposed to the atmosphere, thereby lowering the transpiration rate (Singh et
al., 2011). Leaf rolling occurs before stomatal closure, indicating that it is an early
adaptive mechanism for conserving water under drought stress conditions (Wang et
al., 2023). The extent of leaf rolling varies among rice genotypes, with some exhibiting
significant rolling even to reduce transpiration rates, indicating a complex relationship
between leaf morphology and drought response (Cal et al., 2019).

A decrease in soil water potential leads to a reduction in LAL as rolled-up leaves
result in a smaller effective leaf area for photosynthesis (Sruthi et al.,, 2024). The
reduction in LAI due to leaf rolling can negatively impact overall plant growth and
yield, as observed in various studies correlating leaf rolling with reduced relative water
content and increased membrane leakage (Sruthi et al., 2024). Although leaf rolling is a
beneficial adaptation for water conservation, it can also lead to reduced photosynthetic
efficiency and yield potential in rice plants, highlighting the need for balanced water
management strategies to mitigate these effects.

Decreases in soil water potential influence leaf rolling in rice more through leaf
morphology than through leaf water status, with no consistent relationship between
leaf rolling and biomass or grain yield, underscoring the complexity of drought
responses (Cal et al., 2019). Decreased soil moisture causes leaves to roll in rice,
resulting in reduced relative water content and increased membrane permeability
(Ichsan et al, 2021). This stress negatively impacts plant growth, ultimately
suppressing the leaf area index (LAI) in aerobic rice (Sruthi et al., 2024).

A decrease in soil water potential, particularly at -15 kPa and -30 kPa, significantly
suppressed the leaf area index (LAI) in rice, delaying the peak LAI by 5 days compared
to conditions of continuous flooding, which led to increased leaf curling due to water
stress (Feng et al., 2016).

A decrease in leaf water potential before dawn due to water stress causes a delay in
the developmental stages of rice plants (Ichsan et al., 2022). The duration of this delay is
directly proportional to the accumulated water stress experienced by the plants,
thereby affecting a reduction in panicle weight and the number of spikelets per plant
(Ichsan et al.,, 2024). Furthermore, water stress during the early stages of panicle
development extends the time from planting to the flowering phase, indicating a delay
in the phenological phase (Ichsan et al., 2025). However, under more severe stress
conditions, the plant’s maturation period actually becomes shorter (Tsuda & Takami,
1991).
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The effect of soil moisture on the onset of panicle formation
and spikelet sterility

Low soil moisture prior to the onset of panicle formation can increase spikelet sterility
by disrupting pollen development, particularly during the panicle formation phase,
thereby leading to increased flowering failure (Suzuki et al.,, 2015; Ichsan et al., 2021).
Additionally, soil moisture stress from the panicle formation stage through flowering
inhibits pollen formation and deposition, as observed in the NERICA 1 and NERICA 4
varieties, resulting in reduced grain yield (Iwata-Higuchi et al., 2020).

Water stress during the meiosis phase also affects panicle morphology,
characterized by increased pre-flowering spikelet abortion and reduced spikelet
number, making it crucial to maintain plant water potential (Kato et al., 2008). A
decrease in water potential (-0.5 to -1.2 MPa) triggers leaf curling, reduces
transpiration, and disrupts panicle initiation and flowering (Pinheiro & Magalhaes,
1989).

Additionally, water stress during the reproductive phase increases spikelet sterility
due to excessive water loss in the panicle and disruption of reproductive functions
(Singh et al., 2009). Water deficiency also directly damages young microspores, reduces
pollen viability, and inhibits seed formation and filling (Nguyen & Sutton, 2009; Ichsan
etal., 2021).

Decrease in grain weight and grain filling percentage

Severe water deficit (approximately —45 kPa) significantly reduces grain weight and
grain filling percentage in rice, particularly during the active filling phase, due to a
decrease in the number of panicles, the number of spikelets per panicle and grain
weight during the critical phase (Yang et al., 2007). Water stress during the grain-filling
period has also been shown to reduce grain-filling percentage and grain weight under
normal nitrogen conditions, resulting in a yield reduction of approximately 11.6-14.7%
(Cai et al., 2006; Ichsan et al., 2024).

Although water potentials in the range of —65 to —60 kPa do not always directly
reduce 1,000-grain weight, these conditions still suppress the maximum and average
grain-filling rates, thereby disrupting the accumulation of final grain weight (Sanjari
Pireivatlou et al.,, 2011; Ichsan et al, 2021). In general, water stress reduces the
percentage of mature seeds, 1,000-seed weight, and total yield, with a greater impact on
indica hybrids compared to japonica (Zhao & Ye, 2004).

Additionally, water stress inhibits dry matter accumulation, enzyme activity and
photosynthesis, leading to reduced growth and seed yield. Water deficit can also
shorten the duration of grain filling by 5-17 days and reduce grain weight by up to 19—
40%, primarily through a decrease in the rate of grain filling (Rahman & Yoshida, 1985).
Overall, drought has a greater impact on the rate and efficiency of grain filling than on
its duration (Ichsan et al., 2025).

The relationship between kPa levels and yield reduction

Rice yields decrease as soil moisture deficit increases, particularly at lower kPa values.
This reduction is associated with reduced seed formation, which begins to appear at
-10 kPa and becomes more severe in the range of 25 to —40 kPa (Fan et al., 2024).
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Additionally, the soil’s water-holding capacity —influenced by clay content at pressures
of 300-500 kPa—plays a crucial role in water availability, where yield reduction

correlates with decreasing soil water potential (Singh et al., 2017).

Under conditions around -30 kPa, rice yields decline sharply due to water stress
causing spikelet damage and reduced dry weight, particularly during the reproductive
phase (Singh et al., 2010). A similar trend indicates that yield losses reach 17-24% at -5
to -30 kPa and become more pronounced under more severe stress conditions (Ullah &
Datta, 2018).

Mild stress (20 to -30 kPa) still reduces yield by approximately 9-14%, while
severe stress (40 to —50 kPa) can reduce yield by up to 28-35% (Meng et al., 2020).
Therefore, maintaining soil water potential within the optimal range is crucial, as yields

will decrease significantly below a certain threshold.

Decrease in relative water content (RWC) of leaves

A decrease in water potential in rice leaves leads to a decrease in relative water content
(RWC) with significant changes observed at a total water potential of approximately -
19.5 bar, corresponding to 0.33 RWC, indicating the impact of stress on leaf hydration
(Tomar & Ghildyal, 1973, Figure 1). Upland rice exhibited young leaf curling and a
significant decrease in cumulative transpiration under decreasing water potential,
indicating a physiological response to drought avoidance, while lowland rice showed
no significant changes in RWC (Lian et al., 2004; Ichsan et al., 2021).

Relative water content (RWC) in rice leaves decreased significantly with decreasing
soil water content (SWC), particularly in the PT1 and IR20 genotypes, indicating a
strong relationship between decreasing water potential and reduced RWC during
water deficit stress (Cha-um et al., 2010).

RICE GROWTH 1. LAND PREPARATION
STAGE EARLY VEGETATIVE 5. SEVERE STRESS 6. PERMANENT WILTING
{0 - 20 Days) (101 - 120 Days) (> 120 Days)
Healthy water
management
for optimal
growth and yreid
Small veeding
WW‘ Sovere water permanently.
stress yheld is lost
WATER CONDITION
TE:SO._ Saturated -~ Wet Maoist -~ Good Slightly Drying DOry ~ Stress Begins Very Dry Extremaly Ory
"%‘nm ~10 to ~30 kPa =30 to ~60 kPa ~60 to =90 kPa ~90 to ~150 kPa ~150 to ~1500 kPa < ~1500 kPa
(oF VALUE) @F20-25) (pF 2.6 - 3.0} (PF 31-35) (pF 3.6 -4.0) (pF 4.1 -4.2) oF >4.2)
b YES (Basy) YES (Easy) YES (Moderate) DIFFICULY Mii (Hard) NO
R Good growts Active tllering, Critical stage, Leaf roffing, reduced Severe stress, Leaf rolls,
y Y "o stress normal growth senutive to stress photosynthesis grain size shrinks stunted growth
Keep 2 - § cm Mantan moisture IRRIGATE NOW Irrigate immediately urigate immedately Yoo late -
i Pl Imigate when > ~60 kPa (before > ~50 kPa) {before ~150 to ~50 kPa) f 518 recoverable) cannot recover
. Stress causes high Moderate to high High yield loss Crop failure
SPICT ON YLD No Yeld loss Nojyteld foss yieid loss (20-70%) yield loss (>50%) (yleld do total loss)
NOTES: CONVERSION: 1 kPa = 0.01 MPs
* lkrigation should be done BEFORE 10d water potortial resches <30 (pF 2.8-3.0) 1o prevent stroxs. » The more negetive the soil water potential, the harder it is for plants %0 extract water. pF = log10 (~kPa)

* The moat critical stage is from panicie initiation to flowering.

Figure 1

* Bloakoriag ook temicmste pF 2.0 = ~100 kPa; pF 3.0 = ~1000 kPa

The effect of drought stress on rice physiological parameters (RWC, photosynthesis and yield.
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Table 1

Complete table of pf values, water potential units, soil water
status and plant water availability.

A decrease in water potential due to salinity stress leads to a reduction in relative
water content (RWC) in rice leaves, as osmotic stress inhibits water uptake, resulting in
a significant decrease in RWC, particularly observed in various rice genotypes under
100 mM NacCl treatment (Polash et al., 2018; Ichsan et al., 2024).

A decrease in leaf water potential (LWP) due to drought stress results in a
significant reduction in the relative water content (RWC) of rice leaves. This study
found a negative correlation between LWP and RWC, indicating that water stress
adversely affects leaf hydration (La Khun Thod et al., 2016; Ichsan et al., 2022).

Relative Water Content (RWC) in rice leaves decreased significantly with increasing
PEG-6000 concentrations, particularly at -0.58 MPa, indicating that a decrease in water
potential adversely affects RWC, contributing to reduced physiological performance
under water-stress conditions (Shereen et al., 2019). Under severe drought stress, leaf
water potential and water content decrease significantly (Ding et al., 2014).

To understand the effects of soil moisture status, drought levels, and water
availability on plants, refer to the soil moisture potential units presented in Table 1-10
below.

Table 2

Relationship between soil water status, rice

morphological-physiological changes and references.

PF | om kPs | MPFa | bar Pa (=) pui | am | Sodl water statws | Water availability Soil water |  Predicted soil Rice morphological Rice phyiological changes
el = =) =) =) =) fior plamts status (pF condition changes
00 | 1 | 0098 | 0.0001 | 0.000 98 | 0.014 | 0.001 | Samsaed, free Highly availsble; / kPa)
water, shundamt risk of anserobic
condinons pF0.0-1.5 | Ssturated / very - Incressed stem and leaf - High LAT incressed early
05 | 32 | 031 | 0.0003 | 0005 30 0.045 [ 0.003 | Very moit, wates Highly available (=0-5 moist flaoded elonzation (“escape” photosynthesis
maves sasily kPa) rice strategy) - Normal chlorophyll, but risk of
TO| 10 | 058 | o001 | ool ¥80 014 | 0.01 Wear sararation, Highly svailsble - Increased ssrenchyma root oxygen deficiency and
Fravianonsl water formation and ethylene swess
drains ragidly adventitions roots
15| 32 51 | 0.003 | 008 3100 | 0.45 | 0.03 Shighily mois, Faeadily svailable pF 2.0~ | Field capacity — | - Optimal plaat keight and - Stable wanspiration and
- wrater 154 (= imal water tiller number photosynthesis
10| 100 | 98 | ool | o BE00 14 | 0.0 | Dloist, ieirial field | Optimal avadlabiliny 10-33 availabilin = Moderate rooting depth, | - High RWC, normal chlorophyil
capacity kPa) uniform root diswibution and proline
25 | 316 | 31 | o3l | 031 | 31000 | 45 | 031 Field capacity Feadily available pFi0(x | Mild-moderate - Reduced vegetative - Decreased RWC, increased
(peneral) 100 kPa) drought (early growth (eight, leaves, proline and osmotic solutes
254 330 33 | 0033 | 0.33 | 33000 | 48 | 033 Standard field Uppes limit of stress) tillers) - Reduced stomatal conductance
capacity (-33 kPs) | “svailable wanes” - Increased deeper root and photosynthesis [3]
30 | 1000 98 | 009E | osE [ 93000 142 | 097 | =lisktly dry, matric Water becomes elonzation (desp rooting)
suctien incressing diffical far roats pF 3.3 (= | Moderate-severe - Leafrolling begins, - Decreasing chlorophyll;
32| 1580 | 135 | 0433 | 155 | 153000 | 225 | 133 | Sclluatimgtdry | Waiwuptke | 300-330 | drought, mear darker green leaves increased proline and ABA
Bepins 1o be kPa) critical limit = Maximum root = Respiration increases relative to
restricted elongation, increased photosynthesis, improved water-
35| 3160 | 309 | o309 | 309 | 309000 | 44.8 | 305 | Dry, strong mamic Reduced desp root volume use efficiency
e T availabiliry, early PF 3.7 (= | Severedrought, - Strong leaf rolling, - Significant RWC decline (= 60—
wilting 400 kPz) high strazz thinner upper leaves, T0%g,
37| 000 | 480 | 0480 | 480 [ 480000 | TLD | 484 Very dry Mamy plans drying leaves » Reduced chlorophyll and
wik - Decreased root fesh and | stomatal condunctance, impaired
40 | loooo | @30 | o2s0 | c80 | 280000 | 142 | g8 Very dry, smong Water mearly dry weight, root damage |  respirstion, increased ROS [3]
matzix forces wmavailable In some genoeypes
42 [ 13600 | 1350 [ 135 | 1535 [ 1550000 225 | 155 | Penmemem wilung Most planrs PF 40 (x | Verydry, severe | -Loss of turgor, severs - Very high proline in tolerant
wodnt (% —1 300 kPa} pennanasth wilt 980 KPa) swess leaf curling, wilting [Eenotypes; sharp physiological
- Reduced root volume decline in sensitive ones
and length, fewer tillers - Photosynthesis inhibited,
vagetative growth nearly stops
[6]
pF 4.1 (= Permanent - Dry leaves, no recavery - Very low RWC, chlorophyll
1500 kPa) wilting point after and protein degradation
(most plants) - Swuctural root damage, | - ROS accumulation canses cell
partial root death death in sensitive genotypes;
tolerant ones maintain oxmotic
zdjustment [2]
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Table 3 Table 5
Rice leaf rolling score vs soil water status and recent references. Rice leaf rolling score vs soil water status and recent
references.
FT5W | Interpretation of soi Sail water Leaf water General deseription of leaf and plamt
WatEr SLats potential potential (P FEIpORTes
(approz., kPa) '"f';l"p:;"* FISW | Interprecation of soll | Sellwaier |  Lealwater | General description of leaf and plant
1.0 Soul at field capacity =-10t-33 =005 t0—0.15 | Leaves flar stomats widely open, stable e st ( wmﬁ:lh] m‘:"lr?: reipenses
({optimal vater kPa MPa photosynthesis, high RWC; little to no s “::}
sumlabulity) Leaf relling scere 1-0) 10 Soil at freld eapacsty | =-10t0=33 | 300510 —0.15 | Leaves flss, stemats widely open, stable
03 Slightly below field | =-331t0-60 | ==0.1310-025 | Early reductionin RWC (optimal water P2 MFa photosyathesis, high RWC; little to 85
capacity kPa MPa ‘begmas 1o declme, shght leaf bending leaf rolling (score 1-1)
rolling score 2-3 03 Shshd)-'behwﬁdi ==33to~60 | ==013t0~023 | Earlyreductionm RWC
0.8 Mild-moderae =—60w—100 | =—025t0 0355 | Increased stomatal clonsre, moderate leaf capacity kPa MPa ‘begms o decline, slight leaf bending;
drought kFa APa rolling (score 4-3); photosynthesis begins rolling score 2-3
1o declme, RWC = 80-00% [T Mild-moderate =—0to—100 | 502510035 | Increased stomatal closure, moderate leal
04 Moderate—severe ==100t0 | =033 10 —0355 | Many mdmmgkafmllm drought e M volling (score 4-3); photosynthesis begins
drought 200 kPa MPa {scoee 6-7), sharply reduced trasspi S to dectue, RA'C > 0 0%
RWC =7 mkmwnmﬂ 04 Moderate—severe =:1mm =035 t0~0.55 | Many stomata closed, strong leaf rollmg
widaat activity drought —200 &Py MPa (score 6—7_]. sharply reduced transpiration,
S _ RWC = 70-30%; increased proline and
02 Near wiltmg pomt, = =200 to = =053 to —0.80 Leaves nearly fully rolled (score T-8), idant activity
wery lamited waber =500 kPa MPa some dryimg; abarp declme m 03 | Near wilting pomt, =-200t0 | =033 t0~080 | Leaves nearly fully rolled (score 1-3),
avadlablity photosynthess, RIWC = 80-70%; very limited water =500 iPa MPa some drying; aharp decline in
merekied oxidative stiess avarlability photosynthesss, RWC = 60-T0%;
0.0 Permanent waltmg £=1500 kPa ==0.80r0=12 | Leaxves fully rolled and dry, many do ot ncreaisd OXidAtVE Biess
point (ianapicable (pF 4.2) MPa or more recover after rewetting; sensitive vanieties (1] Permanest wiltmg S-1500kP2 | =-0.80t-12 | Leaves fully rolled and dry, many do not
water negative show tisse damage and severe vield loss point (aspiabie (pF 4.2) MPaormore | mecover after rewetting: Jensitive Vanietiss
water depleted) egative show timse damaze and srvere vield loss
Table 4
. . L Table 6
Comparison of drought tolerance levels of rice varieties based on
soil amendments. Soil-leaf water potential, ftsw and

morphophysiological, hormonal and antioxidant

responses of rice under drought stress.

Sl Amendment Maim effect on rice drousht
amendment description tolerance (relative mechanizms (brief)
Comparizom) B
[Sal | Sed | Leaf | FISW | Leafchasge: | Domimascacone | Acove | Heferemce |
Eiofsmlizar Rhcrobial DModerate—uzh, improves root | - Enbancad N B K mater | e | mater | Gwerox) | e bormeses | amcioxidanc | /concepe
mixnzes (g growth de."iL‘C.red_ixacell u;lake ‘T‘mm Ewsel) | (Tw B
m mm O:motc stres - Stmulation of %ﬂm ) |];':L?a us-1.0 Leaves fa, High ausim {LAAK
Azpieaster &) phyiehormones md ss | 3%hra| 015 | (opimal | green btieor | cytokinin
umﬁm l.l;[l““ kP M i il i at fo
Eentorsts | | ol amendments | hlpderate, mamly meprover ~Haduces H- 2nd o © [ | oo | bt | “oning
- -2 = Lo wida eupaasion; bow renr
dolomite to raduce acidity | zrowth and yield in acidic solls, Al sanmation 25 phososensitive ABA
(pH, ESP) indirect effect on drought - Improves i)
tolerance via improved stability and available W[ W% | U E | 05T | Uppelenes | ABA WEimw ROTF
m-m and sol structure water 100 | -lo0kia 00 (rmild begin o bend | incocase: ethylene | Eweeases:
- Py MP d ha) nd laghal 1l RO rise; 1A CAT and
ok Thazred biomass | FLEE, MiTeases avallable Walel | - LIDproves pOrcsiy o * g s | eyt | AP beghn 1o
(eg,mcehsk | pores, enhamces water retentice, | ard Tater retention i ap datker | decline reduced | activate 10
com malke, straw) | and improves cropping indexin | - Increases CEC, - s, | cllaamnint | el
5-40tha lands amic C, 2nd ;w- i :
CoR TS R o ] i e Il e
OrZimac mtter 3= Ww;m water retention, 184 MPa drovaght) | of leaves, soare | enpression of and
= =g ki 3Tk keaw ABAY i phutathion
10tk and yisld stability umder limited | - Enbances murient pen inerand | genes (L8A, | penmcidace:
imrization avazlability and X dgid ik | gopomsuRRer | mcreassd
micTobizl m.m n green: reduced growth peoline asd
e b hormones ot hase.
(Trichoderma, AMF) scccled
W Emuconpost rganic mater Mﬂﬂﬂﬂl—h}lﬂ. m sol - Increases availabie £ 0 s L=y (R Leaves tigmly | Wery bigh ABA. ':'f.:ml::.;
dec b APETREAtion, POTosity, 2nd Tter pores amd o | -200kpa| 020 | (evere | rolled (near raxiemum enzymes
mm! 2_5 n:l.iﬂnhi.xl m‘.ﬂ}'—. pﬂmﬂy m ﬂtﬁm L:tp:l MPa droagha) u&n:hkml i, el :LT and ROS: mi’d.:]:;m..
tha affacts RWC and rice prowth - Strengthens root [ I [
e | ez || =
- mycorrhiza shar inhibizion ereased
Trickoderma — Fungal Aoderate-high; exhances - Exances orgamic chboropliyll | programs activated | MDA (lipid
biofertdizer 310 drought tolerance through matter decomposition ey peraidaiu)
tg.']ll.ﬁ 10-20 Im]xmdaml stracture and znd CEC ToW | = e | e T (e Teaves tally Exsremely lgh Vexy lon
z/usadlimg pncrexsed water and musrisnt = Increases o ki LI e | redled and ABA and aticaidant
B 150 MPaor waler, pemmacndy ethuy heme wtvity.
W Fm of ks e permanest | dry: nany Gl activation of AR
hommones and (pF sgaiive wiing e wcece il onidative
protective enzymes & e | | degt sy | s i
Snchacomest | Compost emnched | High, combmmation of compost + | - Synergy between o sevese primary damage, high
with Trichoderma | Trchodenma improves water orgamic matter and vield loss bl ML
(biacompad) ratention, momient svailabiliny, funmi
and macrobial activity, reducing - Improves water
yield loss under 4-£ dxy prodoctivity amd
brigation intervals compared to plant biomazs
compost 2loane
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Table 7 Table 9

Changes in stomatal behavior and photosynthesis at low Comparison of soil moisture (% field capacity), pF, kPa,

FTSW in rice. and drought tolerance induction in rice.
FISW S waeer | Siomaia (0 Phetosyedhesiz (rate | Physelogical descripnen Field Approx. soil Approx. Soil water Drought induction & rice response
statuz apprarazce) An_apprex) capacity | watercontent | pFramge | potential (kPa,
rex} (MEEC) approL)
[E =) Mot soal, Shomata wHIcly apes, WA RISTRAI O BEdr- - Wanet & LU Tully 30-100% 03-10FC; 20-23 | =10to=33kPa - Optimal rice growth; stable gllsnng.
optemal wa hgh condyczasce; animum paososynithess available; manimum highly svailshle photesynthesie snd davelopment
availabi ety leaves flat, no molking {Aman legh). mooal wpak: ne stomatal water Almost no stress; drought tolerance
(ficld capacity) {soore 1-3) hllozophyll, high RWC linmization are pot 4 because no drought
- Prohsctive pluse without n,gnal = pauﬂul
siTes le:
[I7=FE1 Mibd droesgnt Stomats E!uu parteal Pltosy ntisesis begios. i - Declinemg Tead water B0-T94 0E-0TOFC; 2833 =60 to =200 - Partial stomatal closure begins; ;h;_ju Iﬂf
chmuze, reduged decling (213-23% of pecential and FTSW — mild-early Pa rolling mnppeflsemm w‘h reduction i
comductance: uper i), reduced increased ABA — carly drought
leaves slightly bead and | chioroplayll and A2 | stomasal closure as drought - Minee yield an. m RIWE axd
soll fscore 2-4) avobdase [1] chlorophyll.
(=T Maderse Whore stomats closed, Fhotesy s decreass - Raduced trarspiration, _Early ABA ling and slizht proline
lronaghn very low condectaxe; sharply (230507, of Dimuised OOx: mcreased sccumnulation. mutal ‘traime phase” of drousht
servig Beaf vodling IRz ), redhated prodine and sl in of minfied fice.
Coimermirian | - memiiion | anioustenasieae thes 0 W5 | G0BFC | 5338 | ~5000-300 | Siong stomatal closure; clear redction
0lnd e wiltimg Stonsata atmost Wery low photosyithess = Hagh onsdative sipess, modecate dronght Fa photosynthesis, P‘I a::qu:edlﬁfrmhngaﬂi
paine. very bow | complesely closeds very | (£30-70% reduction: wery high ARA and . sced tllenng.
FISW few open: leaves mearly srung declime in ethyleme: mavmum - wmﬂﬂwmw
cylindrical, tips dry chlorophydl and SLW | anticaidane enzyme activity increased CEROTIRIECiEN
{xocae B) 10 protsct oells segars), and antiomdant enzymes (SOD, CAT,
DO (FWE) | Wery diy s, | weomas libmst enficely Photosyihes s CEweTe Ll amage, Toas - = - m _
0o Gappsaht: | dosed; unable s reopen appaaches s, of bargor: maximum ROS 20-3%% | 02-039FC mear | 381 | —H00w-1200 - Severe leafl rolling, widespread leal drying,
wales wmder normal comditions | ehlormphyll degruded and M kw solemance permanent W kPa reduced turger, very low RWC.
severe yield loss except iii specilie pout Tolerant vanieties (e.2., Iytilubng and some
Rty [6] local genctypes) show maxmal phrrsiological
adaptation, while sensitrve vaneshes
50% yield less.
10=19% | 0.1=0.19 FC; near =41 Z=1100kPa | - Permanent leaf rolling and wilting, many plants
permansnt wiltimg {p ta —13500 Mmmﬁuﬂaﬂﬁm
Table 8 point kPa) = Stress exceads tolerance capacity in most
v 'im',m m m w
0 severe vield reduction and tissue faiture.
Comparison of soil moisture percentage, pF, kPa and
drought tolerance induction in rice.
Table 10

“:‘:""m. 5;‘!:':,‘:,::," l;}“r‘::', 5;::,:’,',‘:,’ Drought status & induction of drought Comparison of soil moisture (% FC), pF/kPa, leaf water
§0-100% | Water highly available; | 20-23 e grows optimally; stable photosynthesis potential decline and drought tolerance induction in rice.
near field capacity kPa and transpiration
(~0.8-1.0FTSW) - Almest no stress induction; plants prioritize s
growth rather than drought traming
60-19% | Mild—early drought, | 2.6-3.3 | ~60 10200 | - Early signs appeas: partial stomatal closure, é‘ Field PF Soll water | Leaf water Leafl and plant D""i::"z::""
water still available but KPa slight leaf bending and early rolling apacity | (apprex) | P Lo P
beginning to lmit (~0.6- - Early drought aveidance induction: mild Q) (kPa, )
0.8 FTSW) osmotic adjustment, increased proline and T T _!Inollf']
artsosdaat 3EViny begins . 20-2 w=33 | =005 w-015 Leaves flat, green, Almost none; optimal
0-59% | Moderate drought, water | 3538 | -300to | - Stong stomatal closure, pronounced beal o “”":’f"’ " ‘”“""’:::,‘*‘“’9’“
u\m&g.fﬁl#;e&_;ﬂl- kP rolling m%:;;::.‘ﬂ;::“wm o 60-79% | 28-33 | -60t0-200 | ~0.15 10 ~0.25 | Partial stomatal closure, |  Early ABA induction,
- Strong drought tolerance induction: ‘l'::';m ‘M'h:ﬂ mild csmarcgulation
":uu;::d:: zm%‘gﬂ" doso% | 3538 [ =300 -500 [ 02500 035| _Siougleafroling. |~ Strong induction: ABA.
CAT, APX); considered a “traming 2one” for """‘"’m“""“" AT
tolerance. -
70-30% | MNear permanent wilting | 3.5—4.1 600 to ~Severe Ieaf rollng, leaf drying, reduced 20-39% | 3841 S0 0500 S kafmlieg, Maxineem indoctics
point; Waapiakle wates =1200 kPa turgor, shasp decline in RWC. —1200 partial drying, low | tolerant varieties; sensitive
almost depleted (~0.2- - Maxinyum induction in tolerant genotypes — — RWC Yarieties
0.4 FTSW) (¢.g.. some local varieties), sensitive 10-19% =41 =-1200 0901012 | Permanest wiltung, Stress exceeds tolerance.
genotypes suffer tissue damage and yield loss. sevese drying, no damage dominabes over
10-1%% | Very near permanent 41 =-1200t0 | - Permanent leaf rolling and wilting; many recovery afier sewetting adaptation
wilting point; extremely =1500 kPa plants do not recover after (ewatenng.
bow water availabilsty - Stress exceeds wierance capacity, damage
(=0.2 FTSW) dominates over adaptation; ¥ield Joss 250% in
sengative varieties, >40% in tolerant ones.
Conclusion
Understanding drought stress in rice plants requires an integrated approach that
encompasses water requirements, environmental factors and soil water availability.
Rice water requirements are primarily determined by actual evapotranspiration (ETc),
the combined rate of evaporation and transpiration, which peaks during the tillering
and flowering stages. Climatic factors such as high temperatures, solar radiation, low
humidity, and wind increase the rate of ETc, thereby accelerating water loss.
Additionally, soil properties such as texture, structure and organic matter content
significantly influence the soil’s ability to store water and its availability to plants.
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