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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. 
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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 cm H₂O = 100 kPa = 100,000 pascal = 100 kPa = 100,000 N/m² = 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 (Hašková 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 

(AWC) 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 (Novák & Hlaváčiková, 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-Fernández 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 

https://doi.org/10.29103/agrium.v23i2.27053
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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 (Ψ1) 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 H₂O 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 LAI, 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 & Magalhães, 

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 

et al., 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). 

https://doi.org/10.29103/agrium.v23i2.27053
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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). 

Figure 1 

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

https://doi.org/10.29103/agrium.v23i2.27053
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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 NaCl 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 1 

Complete table of pf values, water potential units, soil water 

status and plant water availability.  

Table 2 

Relationship between soil water status, rice 

morphological–physiological changes and references.  

https://doi.org/10.29103/agrium.v23i2.27053
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Table 3 

Rice leaf rolling score vs soil water status and recent references.  

Table 5 

Rice leaf rolling score vs soil water status and recent 

references.  

Table 6 

Soil–leaf water potential, ftsw and 

morphophysiological, hormonal and antioxidant 

responses of rice under drought stress.  

Table 4 

Comparison of drought tolerance levels of rice varieties based on 

soil amendments.  

https://doi.org/10.29103/agrium.v23i2.27053
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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. 

 

Table 7 

Changes in stomatal behavior and photosynthesis at low 

FTSW in rice.  

Table 8 

Comparison of soil moisture percentage, pF, kPa and 

drought tolerance induction in rice.  

Table 9 

Comparison of soil moisture (% field capacity), pF, kPa, 

and drought tolerance induction in rice.  

Table 10 

Comparison of soil moisture (% FC), pF/kPa, leaf water 

potential decline and drought tolerance induction in rice.  

https://doi.org/10.29103/agrium.v23i2.27053
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