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Abstract: Exploring the growth and physiological response mechanisms of rice under continuous 

drought stress circumstances can provide a significant scientific foundation and technological 

assistance for meeting drought difficulties, improving drought resistance and rice (Oryza sativa L.) 

output, and ensuring food security. In this study, a rice field experiment was conducted under a 

rain shelter with five different treatments set up: P1 (drought stress from tillering stage), P2 (drought 

stress from jointing-booting stage), P3 (drought stress from heading-flowering stage), P4 (drought 

stress from grain filling stage), and CK (adequate water management throughout the growth stage). 

Continuous drought stress from different growth stages with four levels (mild, medium, serious, 

and extreme). The results showed that the effects of different drought stress treatments on rice 

growth varied significantly. Compared with the CK treatment, plant height was reduced by 12.10%, 

8.14%, 3.83%, and 1.06% in the P1, P2, P3, and P4 treatments, respectively; and the number of tillers 

was reduced by 23.83%, 18.91%, 13.47%, and 8.68%, respectively. With the increase in drought stress 

levels, SPAD values and Rubisco activity of rice leaf continued to decrease; SOD activity showed a 

decreasing trend, but the decreasing trend of POD and CAT activities was not significant, while 

MDA content showed an increasing trend. For yield components, continuous drought stress 

significantly reduced spike length, effective number of spikes, thousand grain weight, grain number 

per spike, and fruiting rate of rice compared to CK treatments during the growth period. In general, 

continuous drought stress during the early growth period affected the effective spike number and 

the grain number per spike. Continuous drought stress after the grain filling stage had the least 

effect on yield and water use efficiency was much higher than other treatments. The results of these 

studies reveal the response of rice growth and physiology to continuous drought stress, which is 

important for agricultural practices. 

Keywords: Continuous drought stress; Growth period; Rice yield; Leaf physiology 

 

1. Introduction 

Drought stress is one of the most important abiotic stresses suffered by plants and one of the 

main factors affecting plant growth and development[1]. Under the influence of climate change, the 

frequency, severity, and duration of droughts are expected to increase globally, aggravating their 

impacts on the environment, society, and economy[2,3]. Rice (Oryza sativa L.), the staple food for the 

majority of the world’s population[4], requires large amounts of freshwater resources to grow, and 

this high-water demand makes it particularly vulnerable to drought stress[5]. According to statistics, 

about 42 million hectares of rice-producing regions in Asia were exposed to the risk of drought 

stress[6]. The reduction in rice yields caused by drought stress poses a major and growing threat to 
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global food security[7]. Understanding the drought responsiveness of crops can help to maintain or 

improve yield and quality in regions exposed to drought stress. 

Rice is very sensitive to drought stress, however, when exposed to drought stress at different 

growth periods, rice responds with different characteristics, which of course may all ultimately lead 

to yield loss[8]. Studies have shown that lack of water during the pre-growth period of rice reduces 

the number of tillers, and the a lack of tillers directly affects the final rice yield[9]. Rice is most 

sensitive to the effects of drought stress on yield at the jointing-booting stage[10]. It has been shown 

that drought stress in rice at the flowering stage causes poor pollination and pollen abortion, leading 

to an increase in the number of empty shelled grains in the rice panicle[11]. The filling stage is 

considered by many researchers to be a critical stage in growth and development when the grain 

begins to accumulate starch and protein, which directly affects the final rice grain quality and 

yield[12]. Drought stress in rice during the filling stage reduces the assimilates available for grain 

filling, resulting in incomplete grain morphology[13].  

The rice root system is the first organ to sense the drought stress signal, regardless of the growth 

period in which it is exposed to drought stress[14]. When this signal is transmitted through the stem 

to the leaves of the plant, the leaf cells regulate the activity of enzymes and compounds related to 

physiological processes to reduce stomatal conductance and water loss[15]. Superoxide dismutase 

(SOD) is the first line of defense in the plant antioxidant system, and under continuous drought stress, 

SOD activity usually rises in response to drought-induced oxidative stress to protect cells from 

oxidative damage[16]. The activities of peroxidase (POD) and catalase (CAT) are also increased under 

drought stress for decomposition and scavenging of hydrogen peroxide, reducing its accumulation 

in cells, mitigating oxidative damage, and enhancing plant resilience[17]. Malondialdehyde (MDA) 

is commonly used as a measure of cell membrane damage, and MDA levels usually increase under 

continuous drought conditions, with high MDA levels reflecting the extent of drought damage to cell 

membranes[18]. The photosynthetic rate of rice is significantly affected by the activity of ribulose 

diphosphate carboxylase (Rubisco), which may be reduced under drought stress, leading to stomatal 

closure and limiting CO2 absorption, which in turn inhibits photosynthesis and assimilate 

accumulation[19]. However, drought stress at different growth stages and at different drought stress 

levels had various effects on antioxidant enzymes activities. 

In this study, four drought stress levels were simulated at four different rice growth stages to 

explore the response mechanisms of rice growth and physiology under continuous drought stress. 

The effects of continuous drought stress at different growth stages of rice on plant height, tiller 

dynamics, relative chlorophyll content (SPAD value), SOD, POD, CAT, MDA, Rubisco, yield, and the 

composition were investigated. Our results will help to assess rice’s ability to respond to adversity 

and provide a scientific basis for the improvement of drought tolerance and production in rice. 

2. Materials and Methods 

2.1. Experimental Site Description 

A rice field trial was conducted from July 28 to November 4, 2023 at the Jiangxi Provincial 

Irrigation Experimentation Center Station (116°00′E, 28°26′N) in the Ganfu Plain Irrigation Zone, 

Jiangxi Province, which is a typical subtropical humid monsoon climate zone. Over the past 46 years 

(1978–2023), the mean annual temperature, rainfall, sunshine hours and pan evaporation in the study 

area were 17.6°C, 1508.5 mm, 1700 h and 917.5 mm, respectively. The daily maximum and minimum 

temperatures and rainfall during the experimental period were obtained from the Jiangxi Provincial 

Irrigation Experimentation Center Station Research Base weather station observations (Figure 1). 

Rainfall is unevenly distributed throughout the year, with rainfall mainly concentrated in March-

July, accounting for 66% of the annual average; September-December rainfall accounts for only 15% 

of the year. The experimental soil was a red loamy rice soil with an average soil organic matter content 

of 20.0 g kg–1 in the 0–50 tillage layer, total nitrogen of 1.6 mg kg–1, total phosphorus of 0.5 mg kg–1, 

total potassium of 6.4 mg kg–1, effective phosphorus of 24.5 mg kg–1, available potassium of 81.3 mg 

kg–1, pH value of 5.6, soil capacity of 1.5 g cm–3, and field water holding capacity of 29.7% 

(gravimetric). 
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Figure 1. Daily maximum and minimum temperatures, and rainfall for July-November 2023. 

2.2. Experimental Design 

To better simulate rice drought stress, the field study was conducted under a 36 m (L) × 11 m 

(W) × 2.5 m (H) mobile waterproof shed to manage natural rainfall. According to the characteristics 

of drought stress in southern China, drought stress experiments were conducted at the beginning of 

each growth stage of rice. There were five treatments in this study (Table 1): P1 (drought stress from 

tillering stage), P2 (drought stress from jointing-booting stage), P3 (drought stress from heading-

flowering stage), P4 (drought stress from grain filling stage), and CK (adequate water management 

throughout the growth stage). Continuous drought stress from different growth stages with four 

levels (mild, medium, serious, and extreme). Each treatment had three replications and 15 

experimental plots (4.5 m × 3 m). Two layers of plastic mulch buried below the soil surface (at a depth 

of 10 cm) were applied to the ridges to reduce water infiltration between the test plots, and the mobile 

waterproof shelter was closed when it rained. The experimental rice variety was “Huanghuazhan”, 

and seedlings with similar growth conditions were selected for transplanting on 28 July, 2023, with a 

planting density of 26.9 cm × 13.3 cm. Rice was fertilized with basal fertilizer before transplanting, 

and fertilizer was applied at the tillering stage and spike stage respectively, with a total amount of 

nitrogen fertilizer for each treatment of 180 kg ha–1, phosphorus fertilizer of 67.5 kg ha–1, and 

potassium fertilizer of 150 kg ha–1. Intermittent irrigation (Table 2) was used for watering, 

agrochemicals and weed control measures were used for pest and weed management during the 

growing season, and other management measures were in accordance with local traditional practices. 

Table 1. Continuous drought stress periods and rewatering schedules for different treatments. 

Treatmen

ts 

Drought stress at different growth stages 

TS JBS HFS GFS MS 

CK Normal Normal Normal Normal Normal 

P1 
Drought 

stress 
Rewatering after extreme drought stress 

P2 Normal 
Drought 

stress 
Rewatering after extreme drought stress 

P3 Normal Normal 
Drought 

stress 
Rewatering after extreme drought stress 

P4 Normal Normal Normal 
Drought 

stress 
Persistent to extreme drought 

TS: tillering stage; JBS: jointing-booting stage; HFS: heading-flowering stage; GFS: grain filling stage; MS: 

maturity stage. 
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Table 2. Water layer control standards of rice in different growth stages. 

Growth 

stage 
RS ETS LTS JBS HFS GFS MS 

Water layer 

control 

standards 

0-20-40 

0-20-50 

Drying for 

3 days 

0-20-50 
0-20-50 

Drying for 

3 days 

0-20-50 

Drying for 

3 days 

0-20-50 

Drying for 

3 days 

0-20-30 

Late 

paddy 

sunning 

Late 

drying 

RS: regreening stage; ETS: early tillering stage; LTS: late tillering stage; JBS: jointing-booting stage; HFS: heading-

flowering stage; GFS: grain filling stage; MS: maturity stage. 

2.3. Sampling and Measurements 

2.3.1. Field Water Balance 

During the rice growth period, the depth of the field water layer in each plot was observed at 

8:00 a.m. every day using a ZHD-60 type electric stylus. When the depth of the water layer at the field 

surface drops to 0, water consumption is calculated by the deviation between the irrigation amount 

and the depth of the water layer at the field surface after watering. The water balance was calculated 

as shown below: 
� = ℎ� − ℎ� + �� − �� + � + � − � (1) 

where � (mm) is the actual water consumption; ℎ� and ℎ� (mm) are the depths of the water layer 

at the beginning and end of the observation interval; �� and �� (mm) are the soil water storage at 

the beginning and end of the observation interval; � (mm) is the rainfall; � (mm) is the irrigation 

amount; � (mm) is the drainage amount. 

2.3.2. Classification of Drought Stress Level 

The relative soil moisture index[20] (RSM, the ratio of soil water content to field capacity, %) was 

selected to classify the drought stress level, where mild drought was 55 < RSM < 65, medium drought 

was 45 < RSM < 55, serious drought was 35 < RSM < 45, and extreme drought was RSM < 35. Using a 

hand-held soil auger, in each plot, one soil sample was taken at each 10 cm within the 0–50 cm soil 

layer. The soil samples were then weighed and dried in an oven at 105°C for 8 hours to calculate soil 

moisture. 
��� = � × (� ��⁄ × 100%) (2) 

� = (�� − ��) �� × 100%⁄  (3) 

where � is the crop growth stage adjustment factor, which is 1.1 for the seedling stage, 0.9 for the 

water critical stage, and 1 for the other growth stages; � (%) is the soil moisture content; �� (%) is 

the field capacity; �� (g) is the weight of wet soil; �� (g) is the weight of dry soil. 

2.3.3. Rice Growth and Leaf Physiology 

Starting from the tillering stage, 10 fixed observation points were selected in each plot and the 

plant height and number of tillers were measured at 7-day intervals.  

The relative chlorophyll content (SPAD value) of rice leaves was measured by a chlorophyll 

meter (SPAD-502 Plus, Konica Minolta Optics, Inc., Japan) in each treatment from before exposure to 

drought stress to the end of drought exposure (for rewatering). Ten rice flag leaves were selected 

from each plot for measurement, and three SPAD values were measured for each leaf (including the 

upper, middle and lower parts of the leaves), and the mean value was calculated as the leaf SPAD 

value. 

On the same day that the SPAD value was measured, three leaf samples were selected from each 

treatment to determine the content of superoxide dismutase (SOD), peroxidase (POD), catalase 

(CAT), malondialdehyde (MDA), and ribulose diphosphate carboxylase (Rubisco) in the leaves. SOD 

was determined by the water-soluble tetrazolium monosodium salt (WST-8) method[21]; POD was 

determined using POD-catalyzed hydrogen peroxide (H2O2) oxidation of specific substrates[22]; CAT 

was determined using a colorimetric method using ammonium molybdate[23]; MDA was 
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determined by a thiobarbituric acid (TBA) colorimetric assay[22]; Rubisco was determined by 

spectrophotometric [24]. 

2.3.4. Yield and Its Composition 

After rice matured, each plot manually collected rice plants within 0.25 m2 (0.5 m × 0.5 m) for 

natural air-drying. Then the average effective number of spikes, spike length, number of grains per 

spike, seed setting rate, and thousand grain weight were calculated for each plot. All remaining rice 

plants within the plot were harvested for yield calculation. 

2.4. Statistical Analysis 

Analysis of variance (ANOVA) was performed using IBM SPSS software (SPSS Inc., Chicago, IL, 

USA), and in this study, the least significant difference test (LSD) (p < 0.05) was used for ANOVA. 

Microsoft Excel (Microsoft Cooperation, Redmond, WA, USA) was used to process the data and 

represent them as means of different replications. Figures were plotted using Microsoft Excel and 

Origin2021 software (Northampton, MA, USA). 

3. Results 

3.1. Four Levels of Continuous Drought Stress Process 

The continuous drought stress process for each treatment was at different growth stages (Figure 

2). The continuous drought stress process of P1 treatment was from August 7 to September 17 

(cumulative 41 days), and it has taken 10, 8, 11, and 12 days to reach the mild, medium, serious, and 

extreme drought stress levels, respectively. The continuous drought stress process of P2 treatment 

was from September 1 to October 2 (cumulative 31 days), and it has taken 5, 6, 8, and 12 days to reach 

the mild, medium, serious, and extreme drought stress levels, respectively. The continuous drought 

stress process of P3 treatment was from September 19 to October 24 (cumulative 35 days), and it has 

taken 7, 7, 10, and 11 days to reach the mild, medium, serious, and extreme drought stress levels, 

respectively. The P4 treatment started continuous drought stress from the filling stage and did not 

reach the serious and extreme drought stress levels due to the low temperatures and rainfall in the 

locality. Its drought stress process was from October 1 to November 2, and it has taken 7 and 11 days 

to reach the mild and medium drought stress levels, respectively. 

 

Figure 2. Process of continuous drought stress under different treatments. RS: regreening stage; TS: 

tillering stage; JBS: jointing-booting stage; HFS: heading-flowering stage; GFS: grain filling stage; MS: 

maturity stage. 

3.2. Effects of Four Levels of Continuous Drought Stress on Water Consumption and Utilization 

The soil water content of the CK treatment fluctuated slightly with the growth process and 

irrigation time, keeping the field water amount appropriate according to the rice growth demand. 
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The soil water moisture of the continuous drought stress treatments at different growth stages 

showed a continuous decrease with the duration of drought stress (Figure 3). The magnitude of 

change in soil water content during drought stress in each treatment showed that P1 > P2 > P3 > P4, 

and the daily change showed that P2 > P3 > P1 > P4. Daily variations in water content were 0.54%, 

0.44%, 0.38% and 0.31%, respectively. The effects of different drought stress treatments on water 

consumption in rice were significantly different (P < 0.05). The CK treatment had the highest water 

consumption, which was reduced by 22.37%, 14.23%, 14.84%, and 21.69% for the P1, P2, P3, and P4 

treatments, respectively. In this study, the water use efficiency (WUE) of each treatment is in the 

order of P4 > CK > P1 > P3 > P2 (Table 3). The WUE of the P4 treatment was 5.2% higher than that of 

the CK treatment. P1, P2 and P3 treatments reduced WUE by 14.52%, 22.71% and 14.70%, 

respectively, compared to the CK treatment. 

 

Figure 3. Changes in soil water content of different treatments during continuous drought stress. 

Table 3. Water consumption and water use efficiency under different treatments. 

Treatment Water consumption (W, mm) Water use efficiency (WUE, kg m–3) 

CK 643.91±7.70a 1.673±0.042b 

P1 499.83±9.97c 1.430±0.053c 

P2 552.30±2.15b 1.293±0.021d 

P3 548.32±5.34b 1.427±0.025c 

P4 504.24±4.29c 1.760±0.010a 

3.3. Effects of Four Levels of Continuous Drought Stress on Plant Height and Tillering 

Continuous drought stress had an inhibitory effect on rice plant height, which followed the order 

of CK > P4 > P3 > P2 > P1 under different treatments (Figure 4). Plant height was reduced by 12.10%, 

8.14%, 3.83%, and 1.06% in the P1, P2, P3, and P4 treatments, respectively, compared to the CK 

treatment. The P1 treatment was not significantly affected by mild and medium drought stress, but 

its plant height growth became slow after reaching serious and extreme drought, and the growth was 

only 54.45% of the CK treatment. Similarly, the P2 treatment showed a similar trend in plant height 

when drought stress was initiated at the jointing-booting stage, and the plant height growth during 

drought stress was only 29.14% of that in the CK treatment. The P3, P4, and CK treatments showed 

greater variation in plant height before September 25. The change in plant height of the P4 treatment 

was not significant after the heading stage. Plant height recovered in all treatments after rewatering, 

but the final plant heights of P1 and P2 treatments remained low due to the continuous drought stress 

at the tillering and jointing-booting stages. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 June 2024                   doi:10.20944/preprints202406.1628.v1

https://doi.org/10.20944/preprints202406.1628.v1


 7 

 

 

Figure 4. Plant height dynamics under different treatments. Data show the means ± standard 

deviation of ten independent samples. 

The number of rice tillers was obviously reduced under continuous drought stress conditions, 

which followed the order of CK > P4 > P3 > P2 > P1 under different treatments (Figure 5). The number 

of tillers was reduced by 23.83%, 18.91%, 13.47%, and 8.68% in P1, P2, P3, and P4 treatments, 

respectively, compared to CK treatment. Continuous drought stress from the tillering stage had the 

greatest effect on tiller number (p < 0.05). The average number of rice tillers in the P1 treatment was 

11.27, which was 25.71% lower than the CK treatment. P2 and P3 treatments showed a significant 

decrease in tiller number during continuous drought stress. The effect of continuous drought stress 

on the number of tillers was not significant after the heading-flowering stage, so the difference 

between CK and P4 treatments was not significant. After rewatering, the P1 and P2 treatments 

showed an increase in tiller number, but the final tiller number remained low. 

 

Figure 5. Dynamics of tiller number under different treatments. Data show the means ± standard 

deviation of ten independent samples. 

3.4. Effects of Four Levels of Continuous Drought Stress on Physiological Parameters 

3.4.1. Relative Chlorophyll Content (SPAD Value) 

Leaf SPAD values were measured once before the start of drought stress in the P1, P2, and P3 

treatments, once after rewatering, and once each during the period when different drought stress 

levels were reached, respectively (Figure 6). The continuous drought stress process for the P4 

treatment occurred at a late growth stage of the rice, when only mild and moderate drought stress 

levels were reached, and thus only four observations were available (Figure 6). The CK treatment of 

rice leaf SPAD values showed an increasing and then decreasing trend during the growth period. 
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Leaf SPAD values of drought stress treatments gradually decreased with increasing drought stress 

levels. Except for P4 treatment, leaf SPAD values of P1, P2 and P3 treatments showed an increase 

after rewatering. Compared with the CK treatment, each drought stress treatment significantly 

reduced leaf SPAD values when different drought stress levels were reached, respectively. When the 

drought stress level reached extreme drought, the SPAD values of the P1, P2, and P3 treatments 

decreased by 27.06%, 29.68% and 9.94%, respectively, compared with the CK treatment. In addition, 

the SPAD values of the treatments after rewatering increased but still did not return to normal levels. 

 

Figure 6. Relative chlorophyll content (SPAD value) under different treatments. Data show the means 

± standard deviation of three independent samples. Different letters above vertical bars indicate 

significant differences between means at a p < 0.05 level. 

3.4.2. Activity of Rubisco 

Leaf Rubisco activity was observed once before the start of drought stress and once during the 

period when different drought stress levels were reached for the P1, P2, and P3 treatments, 

respectively (Figure 7). The drought stress process for the P4 treatment occurred at a late growth 

stage of the rice, when only mild and moderate drought stress levels were reached, and thus only 

three observations were available. The leaf Rubisco activity of CK treatment showed a trend of 

increasing and then decreasing, with the Rubisco activity reaching its maximum value at the heading-

flowering stage and decreasing to the minimum value at the maturity stage (Figure 7). The P1 and 

P4 treatments were not significantly different from the CK treatment when they were under mild and 

medium drought stress. The leaf Rubisco activity of the P2, and P3 treatments was significantly lower 

than that of the CK treatment throughout the drought stress period. The Rubisco activity of rice leaves 

continued to decreased with increasing drought stress levels. The differences in leaf Rubisco activity 

under the P2 and P3 treatments were more significant than those under the CK treatment. Compared 

with the CK treatment, the P2 treatment showed a 42.91% decrease in leaf Rubisco activity when the 

drought stress level reached extreme drought, which was the largest decrease among the treatments. 

Rubisco activity decreased by 23.82%, 42.91%, and 27.46% in P1, P2, and P3 treatments compared to 

CK at mild drought to extreme drought, respectively. Notably, leaf Rubisco activity was higher in the 

P1 and P4 treatments than in the CK treatment when the drought stress level reached mild drought 

stress, but it was not statistically significant. 
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Figure 7. Leaf Rubisco activity under different treatments. Data show the means ± standard deviation 

of three independent samples. Different letters above vertical bars indicate significant differences 

between means at a p < 0.05 level. 

3.4.3. Activities of SOD, POD and CAT 

The activity of SOD, POD, and CAT was observed once before the start of drought stress and 

once during the period when different drought stress levels were reached for the P1, P2, and P3 

treatments, respectively. The effects of continuous drought stress on leaf SOD, POD, and CAT 

activities were different at different growth stages. The SOD activity of leaves in each treatment 

showed a trend of increasing and then decreasing with the process of continuous drought stress 

(Figure 8). P1 and P2 treatments showed maximum leaf SOD activity when the drought stress level 

reached serious drought, which was 14.95% and 11.53% higher than that of the CK treatment, 

respectively. The SOD activity was maximized when the P3 treatment reached medium drought 

stress and the P4 treatment reached mild drought stress with 1401.78 U g–1 and 1289.16 U g–1, 

respectively. The leaf POD activity of P1 and P2 treatments showed an increasing trend with the 

drought stress process, and the POD activity was maximum when reaching extreme drought stress, 

which was higher than the CK treatment by 26.97% and 34.40%, respectively (Figure 9). The POD 

activity of P3 treatment showed an increasing and then decreasing trend with the drought stress 

process, whereas the POD activity of P4 treatment showed insignificant changes. The difference in 

CAT activity between the P1 treatment and the CK treatment was not significant when reaching mild 

drought stress. All other treatments had significantly higher CAT activity than the CK treatment 

when subjected to drought stress (Figure 10). The CAT activities of P1, P2, and P3 treatments reached 

its maximum when reaching serious drought stress, which were 36.01%, 23.71%, and 15.78% higher 

than those of the CK treatment, respectively. The P1 treatment showed the greatest increase in CAT 

activity (55.00%) during medium drought stress. The SOD activity tended to decrease when the 

drought stress level increased, but this trend was not significant for the POD and CAT activities. 
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Figure 8. Leaf SOD activity under different treatments. Data show the means ± standard deviation of 

three independent samples. Different letters above vertical bars indicate significant differences 

between means at a p < 0.05 level. 

 

Figure 9. Leaf POD activity under different treatments. Data show the means ± standard deviation of 

three independent samples. Different letters above vertical bars indicate significant differences 

between means at a p < 0.05 level. 
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Figure 10. Leaf CAT activity under different treatments. Data show the means ± standard deviation 

of three independent samples. Different letters above vertical bars indicate significant differences 

between means at a p < 0.05 level. 

3.4.4. MDA Content 

MDA is the final breakdown product of membrane lipid peroxidation in plant cells, indirectly 

reflecting the degree of damage to cells subjected to adversity. The MDA content of rice leaves in the 

CK treatment gradually increased during the growth period, and the P1, P2, P3 and P4 treatments 

showed different changes in MDA content after drought stress (Figure 11). The MDA content of rice 

leaves under all drought stress treatments increased with increasing drought stress levels. It reached 

its maximum value before the end of drought stress, which was 44.00%, 50.87%, 30.40%, and 27.09% 

higher than that of CK treatment, respectively. The P1 treatment was not significantly different from 

the CK treatment in reaching mild and medium drought stress, while it was significantly higher than 

the CK treatment in reaching serious and extreme drought stress. The P2 treatment showed the 

greatest increase in leaf MDA content when reaching serious drought stress, which was 1.94 times 

higher than that of the CK treatment. The MDA content of the P3 treatment reached its maximum 

among all treatments at 39.07 µmol g–1 when reaching extreme drought stress. 

 

Figure 11. Leaf MDA content under different treatments. Data show the means ± standard deviation 

of three independent samples. Different letters above vertical bars indicate significant differences 

between means at a p < 0.05 level. 

3.5. Effects of Four Levels of Continuous Drought Stress on Yield and Its Components 

Continuous drought stress from the jointing-booting stage (P2 treatment) had the greatest 

negative effect on rice yield, with an average yield reduction of 33.74% (Table 3). Continuous drought 

stress from the grain filling stage (P4 treatment) had the least negative effect on rice yield, with an 

average yield reduction of 17.65% (Table 3). The effect of continuous drought stress on yield varied 

at different growth stages, and the yields of each treatment followed the order of CK > P4 > P3 > P1 > 

P2. For yield components, drought stress significantly (P < 0.05) reduced spike length, effective 

number of spikes, thousand grain weight, grain number per spike, and fruiting rate of rice compared 

to CK treatments during the growth period. The P1 treatment had the greatest negative effect on 

spike length, effective spike number and grain number per spike, which were significantly (P < 0.05) 

reduced by 1.42 cm, 29.24% and 18.27%, respectively, compared to the CK treatment. The spike 

length, effective spike number and grain number per spike of each treatment followed the order of 

CK > P4 > P3 > P2 > P1. The P3 treatment had the greatest negative effect on thousand grain weight, 

which was in the order of CK > P1 > P2 > P4 > P3 for each treatment. The P1, P2, P4 and P3 treatments 

reduced thousand grain weight by 0.15%, 1.75%, 5.54% and 7.05%, respectively, compared to the CK 

treatment, and the results of P1 and P2 treatments were not significant. The P3 treatment had the 
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greatest negative effect on the fruiting rate, with the order of the treatments being P1 > CK > P4 > P2 

> P3. Compared with the CK treatment, the P1 treatment significantly increased the fruiting rate by 

3.48%, while the P2, P3 and P4 treatments reduced the seed setting rate by 3.41%, 4.61% and 2.51%, 

respectively. The sizes of correlation between each component and yield showed that effective spike 

number > spike grain number > spike length > thousand grain weight > fruiting rate (Figure 12). In 

this study, the correlation between rice yield and the effective number of spikes was most significant 

for the different treatments. 

Table 4. Rice yield and its components under different treatments. 

Treatm

ent 

Spike 

length (cm) 

Effective 

spike number 

(104 hm−2) 

Thousand 

grain weight 

(g) 

Grain 

number per 

spike 

Fruiting 

rate (%) 
Yield (kg·hm-2) 

Yield 

reducti

on (%) 

CK 23.86±0.22a 262.51±7.44a 21.98±0.05a 161.13±4.13a 87.55±0.50b 10778.36±363.24a —— 

P1 22.44±0.67b 185.76±5.37b 21.95±0.24a 131.69±3.94c 90.6±0.30a 7154.97±155.93d 33.62 

P2 22.85±0.34b 196.76±4.34c 21.56±0.60a 134.31±7.11c 84.56±0.77c 7141.46±107.05d 33.74 

P3 23.09±0.51ab 225.97±12.37d 20.43±0.09b 149.62±0.77b 83.52±0.28d 7815.67±199.81c 27.49 

P4 23.68±0.13a 243.30±4.11d 20.76±0.24b 
154.43±6.15a

b 
85.35±0.90c 8875.99±63.06b 17.62 

F 5.28* 83.71** 12.81** 23.69** 70.64** 174.64** —— 

Different letters indicate significant differences between means at the p < 0.05 level. ** Significant at the 0.01 

probability levels. Standard deviations were calculated with three independent experiments. 

 

Figure 12. Correlation analysis of rice yield and component factors. SL: spike length; ESN: effective 

spike number; TGW: thousand grain weight; GNPS: grain number per spike; FR: fruiting rate; Y: 

yield. 

4. Discission 

Among the drought stress treatments at four different growth stages, drought stress at the grain 

filling stage resulted in the lowest total water consumption but the highest yield. This was due to 

drought stress during the grain filling period, which limited rice grain filling and maturation, 

resulting in reduced yields and stunted grains. The tillering stage is one of the critical periods of rice 

growth, and plants require large amounts of water and nutrients to support tillering and stem 
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growth[25]. Studies have shown that drought stress, in addition to directly enhancing soil 

evaporation and reducing soil moisture, will also affect soil microbial activity and change the 

structure of soil microbial communities[26]. These will directly or indirectly affect the root 

environment of the crop, which in turn affects the absorption and utilization of water and nutrients 

by the root system[14]. The results of this study showed that the effect of drought stress on plant 

height was significantly greater in rice at the tillering and jointing-booting stages than at the heading-

flowering and grain filling stages. Severe drought stress leads to insufficient water in the soil, which 

affects root growth and water uptake of the plant, and also leads to massive water loss through the 

transpiration pathway, which increases the overall water consumption of the plant[27]. Thus, limiting 

the normal growth of tillers and stalks, results in reduced plant height and weak stalks, which in turn 

affect yield and quality[28,29]. It has also been shown that mild drought stress favors plant elongation 

but suppresses plant height as the drought stress level increases[30]. In the results of this study, the 

P1 treatment had higher plant height than the other treatments at the beginning of drought stress, 

but the results were not significant. Previous studies have concluded that the negative impacts of 

drought stress in the early growth stages were greater than those of drought stress during the filling 

stage, because the components of yield were mostly in place (except for the thousand grain weight) 

before grain filling begins[8,25,31].  

Chlorophyll is a key pigment in photosynthesis, which directly affects the efficiency of light 

energy utilization and the growth of plants[32,33]. Rice, as one of the crops with high photosynthetic 

efficiency, has its growth and yield significantly affected by photosynthesis[34]. It has been reported 

that the duration and intensity of drought stress determine the changes in chlorophyll content when 

crops are subjected to drought stress[35]. In this study, we analyzed the chlorophyll content of rice 

leaves among different treatments by measuring the SPAD values of rice leaves. The results showed 

that rice SPAD values steadily dropped under mild drought stress, regardless of the growth stage at 

when the drought began. It is noteworthy that SPAD values were sensitive to drought stress, except 

for the P4 treatment, which showed a significant increase in SPAD values after rewatering. The same 

phenomenon was observed in other crops such as wheat, maize, cotton, and soybean[36–39]. It was 

found that rewatering after the short, periodic drought stress resulted in significant growth 

compensation in plant height and leaf area[39]. This is inconsistent with the results of our study 

because we conducted rewatering from mild drought stress that lasted until after extreme drought 

stress, at which stage the crop was already irreversibly damaged. 

Ribulose diphosphate carboxylase (Rubisco) is often referred to as the rate-limiting enzyme of 

photosynthesis and plays a role in determining the rate of plant photosynthesis[40]. It has been 

shown that a decrease in Rubisco enzyme activity when plants are subjected to drought stress 

decreases the rate of photosynthesis, which reduces the synthesis of photosynthetically produced 

products and consequently causes yield loss in rice[41]. In this study, rice leaf Rubisco activity was 

significantly and positively correlated with SPAD values, decreasing with increasing levels of 

drought stress and increasing again after rewatering. The rate of Rubisco degradation was 

significantly accelerated when the leaves were senescent or when the plants were subjected to stress, 

and the Rubisco content and activity decreased under serious drought stress[40], which is consistent 

with the results of this study. In addition, the longer the duration of drought stress, i.e., from mild 

drought stress to extreme drought stress, the greater the differences in SPAD values and Rubisco 

activity between the treatments and the CK treatment. 

Reactive oxygen species (ROS) are produced in rice plants under drought stress, which are 

highly responsive and can cause oxidative damage to cells[42]. SOD, POD, and CAT activities are 

important indicators to characterize the strength of plants’ ability to scavenge reactive oxygen species 

and to resist senescence, as well as to characterize the sensitivity of crop responses to adversity stress. 

That is, plants can avoid damage from reactive oxygen species by balancing the rate of ROS 

production and antioxidant enzyme activity to ensure normal cellular function[43]. Our results 

showed that when rice was under mild drought stress, the activities of POD and CAT did not differ 

significantly from those of CK treatment. Under drought stress, the production of H2O2 may increase 

and the activity of POD may increase accordingly to help scavenge the excess H2O2[44], which is 
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consistent with the results of this study. It was concluded that too high or too low SOD, POD and 

CAT activities may lead to oxidative stress or other physiological abnormalities affecting normal 

growth and yield of rice[45]. The ROS react with unsaturated fatty acids in the cell membrane to form 

lipid peroxides, and these peroxides produce MDA during further decomposition[43]. In response to 

oxidative damage caused by drought stress, plants activate antioxidant defense systems to reduce 

MDA production[42]. Thus, an increase in MDA content may result under mild drought stress, but 

usually not to the level of severe damage[46]. Under severe drought stress, the MDA content usually 

increases significantly, reflecting the increased degree of lipid peroxidation and severe damage to the 

cell membrane structure[47]. This is consistent with the results of the present study, which found that 

leaf MDA content under drought stress increased with increasing drought stress levels. 

Rice yields are susceptible to drought, and continuous drought stresses from various growth 

stages have resulted in yield declines, although the reasons may be different. According to literature, 

at the tillering, drought stress has the greatest effect on the number of tillers in rice[48]. The reduction 

in the number of tillers and the number of grains in the spike resulted in yield loss, which is consistent 

with the results of this study. Studies have reported that drought stress at the jointing-booting stage 

can lead to stagnant growth, limited photosynthesis, reduced accumulation of photosynthetically 

active products, and impeded nutrient translocation, thereby reducing rice yield and quality[8,49]. In 

this study, the P3 treatment had the lowest thousand grain weight and fruiting rate because 

continuous drought stress from the heading-flowering stage affects the development and functioning 

of the reproductive organs of rice[50]. It leads to the limitation of seed formation and filling, which 

will directly affect rice yield and seed quality[12]. In the present study, rice under continuous drought 

stress from the grain filling stage (P4 treatment) showed the least yield loss (17.62% reduction) and 

significantly higher water use efficiency (1.76 kg m–3) than the other treatments. When subjected to 

drought stress during the grain filling period, rice prioritizes water and nutrients for the maintenance 

of growth and survival and reduces the supply to the kernels[51]. This would result in uneven grain 

size and significantly reduced thousand grain weight, which is consistent with the results of this 

study. In addition, the P4 treatment drought stress in this experiment started late and reached only 

medium drought stress before rice harvest, which may have had some impact on the final yield 

results. In general, drought stress in rice during the pre-growth period (e.g., P1 and P2 treatments) 

significantly (P < 0.05) reduced the effective number of spikes and the grain number per spike, while 

drought stress during the late growth period (e.g., P3 and P4 treatments) significantly (P < 0.05) 

reduced the thousand grain weight and the fruiting rate. In this study, the correlation between yield 

size and the effective spike number and the grain number per spike were more significant, which 

also proved that drought stress caused greater yield loss in rice during the pre-growth period. 

5. Conclusion 

The response of rice to continuous drought stress varies from different fertility stages, but in 

general, drought stress causes significant adverse effects on growth, physiology and yield. 

Reductions in yield and its components were observed under different continuous drought stress 

treatments compared to CK treatment, where yield was reduced by 17 to 33%. Continuous drought 

stress from the tillering stage had the greatest effect on rice plant height and tiller number, which 

were reduced by 12.10% and 23.83%, respectively. Total water consumption was lowest in continuous 

drought stress from the grain filling stage, and yield and water use efficiency were also higher than 

those of other drought stress treatments. The SPAD values of rice were sensitive to drought stress, 

with a significant decrease in SPAD values after drought stress initiation and a significant increase in 

SPAD values after rewatering. Rice leaf Rubisco activity, decreased with increasing drought stress 

levels, and the longer the duration of drought stress, the greater the change in Rubisco activity. 

Antioxidant enzyme activity (SOD, POD and CAT) and MDA content increased significantly under 

continuous drought stress, reflecting the increased degree of oxidative stress and oxidative damage 

to cell membranes. Overall, continuous drought stress from the pre-reproductive stage of rice 

significantly reduces the number of effective spikes and the number of grains per spike, resulting in 

greater yield losses. Continuous drought stress at the grain filling stage had the least effect on yield 
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and water use efficiency was significantly higher than other treatments. Although simulated drought 

stress can only simulate a part of the drought stress factors (soil moisture can be controlled, but not 

air temperature and humidity), it is still one of the important ways to understand the drought 

resistance mechanism of crops. Understanding rice growth and physiological changes is important 

for revealing the mechanisms of drought tolerance in rice, as well as for guiding rice variety 

improvement and agricultural production practices. 
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