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Introduction
 The global population is expected to reach between 8.4 and 8.6 
billion by 2030 and between 9.5 and 13.3 billion in 2100 [1]. 
With the increasing population, global food demand is expected to 
be 555 million tons by 2030 from 439 million tons in 2010 
[2]. The increasing demand for food production has become a great 
challenge due to decreasing water availability for future agricultural 
production. Over the last century, global water withdrawal grew 1.7 
times faster than the population, which aggravates the concern over 
the sustainability of water use as demand for agricultural, industrial, 
and domestic uses continues to increase. Agriculture is the largest 
water user worldwide, accounting for 70 percent of total freshwater 
withdrawals on average [3], but these amounts can reach as much 
as 95 percent in some developing countries [4] Moreover, climate 
change poses a serious threat to the availability of water resources 
in future scenarios, which is a major concern for high (>1000mm) 
water-consuming crops. Rice is one of the largest consumers of 
freshwater resources, as it is grown under flooded or submerged 
condition. It is the staple food for half of the world population and 
the most important cereal in India accounting for 41% of the total 
food grain production of the country [5]. The water requirement of 
puddle transplanted rice crop is 475-2500 mm with low nitrogen use 
efficiency of 30-40%. Over 80% depletion of freshwater in Asian 
countries is due to irrigated systems used in agriculture, and most 
of which is used for irrigating rice crop [6]. In order to maintain the 
food security with declining water resources globally, efforts should 
be made to decrease the overuse of inputs and promote the use of 
innovative water-saving rice production technologies to conserve 
soil moisture while maintaining optimum yield. Rice establishment 
techniques to actively save irrigation water were probed over the years 
and included dry seeding, keeping the soil at saturation, and keeping 
soil alternately submerged or non-submerged. Researchers had 
found that aerobic fields (irrigated when the soil water potential 
at 15-cm depth reached 30 kPa) resulted in 15-39% lower yield, 
and 36-41% lower irrigation water use as compared with flooded 
conditions [7].  Alternate Wetting and Drying irrigation (AWD), which 
is a method of irrigation where water is allowed to dry before the 
next irrigation, can significantly reduce the amount of irrigation 
water input by as such as 35% without yield penalty [8]. AWD is a 
promising, water-saving, economically viable, and eco-friendly 
alternative to conventional flooding, and reported 25-70% less water 
requirement than conventional system without yield reduction [9]. 
Researchers reported lowest water use in rice under severe AWD 
(when soil dried beyond -20 kPa); under mild AWD (i.e., when soil 
water potential was ≥ -20 kPa or field water level did not drop below 
15 cm from the soil surface), water use was reduced by 23.4% relative  
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Abstract
 Rice is the staple food for majority of the population worldwide 
and is a water-consuming crop. Decreasing water availability due to 
climate change necessitates the development of water saving rice 
production technology. The objective of this study was to develop 
water management strategies for two contrast scenarios of water 
availability for improvement of rice yield with high water productivity. 
A pot experiment using different levels of water percentages for water 
management treatments in rice was conducted inside a greenhouse 
during the wet season of 2018 and 2019 in the research farm of 
Agricultural and Food Engineering Department of Indian Institute of 
Technology Kharagpur, India. The water management treatments 
were flooded (+5 cm water depth was maintained), saturated, and 
irrigation at 0.4, 0.6, and 0.8 bar soil water tension (water applied 
up to saturation whenever the soil moisture reached the specified 
level (0.4, 0.6, and 0.8 bar in 0-20 cm soil depth)). Under limited 
water availability, irrigation at 0.6 bar gave statistically comparable 
yield as in saturation (0 bar), While saving 28% water with 8% higher 
water productivity. Further increasing the water stress up to 0.8 bar 
gave significantly lower yield (54%) than saturation level. Under non-

limited water availability, the yield of saturation was comparable with 
flood irrigation while saving 27% irrigation water.
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to conventional flooding [10]. In past years, various types of water-
saving rice production technologies have been tested but there is a lack 
of information regarding water management strategies under different 
water availability situations for proper management and sustainable 
utilization of water resources. With regards to varying water resources 
due to climate change, it is important to know the effect of limited and 
excess water on the rice crop to get an understanding of maintaining 
optimum yield in case of extreme situations. The present investigation 
was performed to evaluate the effect of different water stress and flood 
irrigation on grain yield and water productivity of rice. The objective 
of the investigation was to develop water management strategies for 
two contrast scenarios of excess (non-limited) and limited water 
situations and to study its effect on rice yield and water productivity 
for efficient use of resources.

Materials and Methods
Experimental site

 The experimental site is located in the Agricultural and Food 
Engineering Department, Indian Institute of Technology, Kharagpur, 
India, with latitude and longitude of 22°19´ N and 87°19´ E, 
respectively. The experiment was carried out in pots (height-30 cm 
and diameter-11.25 cm) inside a greenhouse, during the wet season 
(June-October) of 2018 and 2019. The soil of the experimental site is 
red lateritic with sandy loam texture.

Experimental methodology

 The experiment included five water management treatments as 
flooded (+5 cm of water depth was maintained during the growing 
period; Flood), saturated (soil was kept at saturation; 0 bar), and 
irrigation at 0.4, 0.6, and 0.8 bar soil water tension (water was applied 
up to saturation whenever the soil moisture reached at 0.4 bar, 0.6 bar 
or 0.8 bar soil water tension in 0-20 cm depth) in two replications 
for each year. Each pot had a dimension of 11.25 cm diameter and 
30 cm height, with 12 kg of soil. Before planting rice seedling, the 
top soil (0-20 cm) in each pot was well mixed with water to mimic 
puddling as in normal field operation. Rice seedlings of 25 days old 
of selected variety (Sourabh NP 950) were transplanted in the pots (2 
hills perpot) on 25 July in 2018 and on 26 July in 2019. The normal 
dose of chemical fertilizer used for the pot was 120, 50, and 60 kg 
ha-1 of N, P2O5, and K2O [2]. The source of fertilizer for the N, P, 
and K were urea, single super phosphate, and murate of potash, 
respectively. As per the dose, the quantity of fertilizer applied in each 
pot was 1.56g urea, 1.86g single super phosphate, and 0.636g murate 
of potash. The N requirement was fulfilled by applying the urea 
in three splits (20%, 40%, and 40%) at basal, active tillering, and 
panicle initiation stages. The fertilizer doses of P2O5 and K2O were 
applied as basal before transplanting.

Crop observations

 Plants from each pot were harvested at maturity to calculate the 
above ground biomass. Grain yield and yield components such as 
panicles per pot, filled grains per panicle, filled grains per pot and 
filled grain percentage were recorded at maturity.

Water input and productivity

 Tensiometers [11], were installed in all the pots, except flooded 
treatment for monitoring soil water tension and to irrigate as per the 
treatment. A soil moisture characteristic curve was developed, and  

based on the curve, the irrigation was scheduled. The irrigation 
was given when the soil moisture tension in top soil (0-20 cm 
depth) reached the specified value (0.4, 0.6, and 0.8 bar) as per the 
treatment. For the treatment of 0 bar and flooding, irrigation was 
given regularly to maintain saturation and water height (+5 cm), 
respectively throughout the crop growth. The total amount of water 
applied was calculated at the end of the season for all the treatments. 
Water productivity for each treatment was calculated as 

    

YWP
WR

=

Where, WP is water productivity (g/L), Y is grain yield (g/pot), and 
WR is the total amount of water applied (L/pot) [2].

Statistical Analysis
 Data were collected for the two-year experiments and analyzed 
statistically. The significance of the treatments was tested by 
Analysis of Variance (ANOVA), and differences between treatment 
means were compared by using the Least Significant Difference 
(LSD) at p=0.05. The computation was done by using the ‘agricolae’ 
package (five water management levels and four replications) for the 
‘LSD. test’ function of R software version 3.6.2 [12].

Results and Discussion
Above ground biomass, yield components, and grain yield
 Averaged over two years, increasing soil water tension up to 
0.8 bar over saturation (0 bar) decreased the above ground biomass 
up to 30% (Figure 1). The stress irrigation treatments (0.4,0.6, and 
0.8 bar) decreased biomass by 33-43% (significantly at p=0.05) 
as compared to flooding treatment. Reduction in soil moisture 
levels may cause a fewer number of leaves and smaller size leaves, 
which might be due to inhibition of the photosynthesis and cell 
division of meristematic tissue under water stress conditions [13]. The 
irrigation treatment did not influence the number of panicles per pot 
significantly, and the value was in the range of 14 to 16 among the 
treatments. The filled grains per panicle was maximum (156 grains) 
in flood irrigation, which decreased significantly in saturation (115 
grains) and rest stress irrigation treatments. It has been reported 
by many researchers that rice crops suffered by increased sterility 
under water stress [14,15]. Decreased filled grains per panicle under 
lower soil moisture levels might be due to inhibition of translocation 
of assimilate to the grains due to moisture stress [13]. The response 
of filled grains per pot to the irrigation treatments was similar to the 
filled grains per panicle. The saturation (0 bar) treatment gave 31% 
lower filled grains per pot than the flood, but this was comparable 
with 0.4 and 0.6 bar. The 0.8 bar treatment showed 50% lower filled 
grains per pot as compared to 0 bar. The filled grain percentage 
varied from 52-73% among different stress irrigation treatments 
(0 to 0.8 bar) and was 85% for flood irrigation. Increasing stress up 
to 0.6 bar over 0 bar showed similar filled grain percentage, but 
further stress of 0.8 bar resulted in a significant decrease in the 
grain filling. Severe water stress conditions may cause inactivation 
of pollen grains and incomplete pollen tube development, which 
might affect the number of filled and unfilled grains. When drought 
occurred during the grain filling stage, the percentage of filled grains 
decreased to 40% [16]. The maximum grain yield of 67 g/pot was 
noted in flood irrigation, which was comparable with saturation (57g/
pot), but 32-34% significantly higher than stress irrigation (0.4 and 
0.6 bar) treatments. Our results indicated that increasing stress up  
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to 0.4 bar and 0.6 bar decreased the grain yield by 20% and 22%, 
respectively, as compared to the yield of saturation (0 bar), but 
they were statistically comparable. The stress irrigation (0.8 bar) 
gave significantly lower grain yield as compared to the saturation 
treatment, and the yield reduction was 54%. It has been reported that 
water deficit during vegetative growth did not significantly reduce 
grain yield, whereas water deficit imposed during the reproductive 
(flowering) period reduced grain yield to 20- 70% of the irrigated 
control [ 17 ] .  In our study, the yield was not much affected in 0.4 
bar and 0.6 bar stress, but 0.8 bar showed severe reduction due to 
water stress around panicle initiation and flowering stages when 
compared with no stress or saturation condition. During the tillering 
stage, both 0.6 bar and 0.8 bar soil water tension were not achieved 
by the plant, but 0.6 bar showed comparable yield with saturation, 
and contrary to this, 0.8 bar showed 54% significantly lower yield. 
It implies that rice has tolerance to the water stress during the early 
growth phases (tillering), but in later stages (reproductive), the 
stress beyond 0.6 bar gave significantly lower yield when compared 
with no stress irrigation.

Water input in growth stages
 As averaged over two years (2018 and 2019), the total amount 
of water applied for flooding, 0 bar, 0.4 bar, 0.6 bar, and 0.8 bar 
irrigation treatments were 1013 mm (10.06 L), 742 mm (7.37 
L), 615 mm (6.11 L), 537 mm (5.34 L), and 502 mm (4.99 L), 
respectively (Figure 2). An equal amount of irrigation was applied 
at transplanting in all the treatments in both the years. The total 
water applied during Transplanting (TP) to active tillering (AT), AT 
to panicle initiation (PI), PI to flowering (FL), and FL to Maturity 
(MT) stages were 49, 22, 15, and 14% of the total irrigation, 
respectively in flood treatment and 44, 26, 15, and 16% of the 
total irrigation in saturation. For the stress irrigation treatments (0.4 
and 0.6 bars) having comparable yield with saturation, the water 
application in corresponding growth stages were 45, 19, 19, and 17% 
in 0.4 bar, and 42, 24, 18, and 17% in 0.6 bar and for the 0.8 bar  

irrigation, the corresponding values were 45, 13, 25, and 17%. 
The saturation treatment saved 27% irrigation water as compared 
to flood irrigation with the maintenance of a similar yield. The 
stress irrigation treatments resulted in water savings of 17% in 0.4 
bar and 28% in 0.6 bar as compared to 0 bar, without sacrificing the 
grain yield. Rice under AWD reported 31% irrigation water saving 
compared with conventional flooding with a similar yield over two 
years [18]. In flooded conditions, a higher amount of water was 
used, as standing water was maintained during the growing season. 
Increasing soil water tension from 0.4 bar to 0.8 bar decreased the yield 
by 32-61% as compared with flood treatment. It has also been reported 
in previous studies that when soil water potentials in the root zone were 
allowed to reach -100 to -300 mbar, yields were reduced by 10-40% 
[19]. However, water savings at the cost of sacrificing a significant 
amount of rice yield is not acceptable, as yield is the most important 
factor for the farming community. Overall, our result indicated that 
the stress irrigation up to 0.6 bar could save 28% irrigation water 
with no significant yield reduction as compared to 0 bar, but further 
increasing stress to 0.8 bar resulted in 32% water savings at the cost 
of 54%reduction in yield. Researchers have found that rice yield of 
both direct-seeded and puddle transplanted rice production systems 
declined under higher water deficit stress (40 and 70 kPa irrigation 
thresholds) but was similar at 20 kPa [20]. It implies that rice crop 
can tolerate mild stress up to a certain limit without affecting the 
yield, but severe stress significantly reduces the yield.

 Concerning the maintenance of the soil water tension below 
the specified value, the irrigation was applied at different growth 
stages of the crop as per the treatment (Figure 3). As averaged 
over two years, the total number of irrigations applied after TP to 
MT of the crop were 30, 26, 10, 8 and 6 for flooding, 0 bar, 0.4 
bar, 0.6 bar, and 0.8 bar treatments, respectively (Figure 4). During 
TP to AT; 6, 7, and 1 irrigation were given for flood, 0 bar, and 
0.4 bar treatments; whereas no irrigation was given for 0.6 and 0.8 bar 
treatments. However, during AT to PI, three irrigations were provided 
for 0.4 bar and 0.6 bar, but two irrigation was used for 0.8 bar. During 
the PI to FL, the number of irrigations in all stress irrigations (0.4, 
0.6, and 0.8 bar) remained the same, whereas in post flowering, more 
number of irrigation was used for 0.4 and 0.6 bars as compared to  

Figure 1: Effect of irrigation application at different soil water tension and 
flood depth on biomass, yield components, and grain yield of rice. Differ-
ent lower-case letters denote a significant difference (p < 0.05) based on 
LSD (p=0.05) as averaged over two years.

Figure 2: Total amount of water applied from the day of transplanting at 
different growth stages of rice for different soil water tension and flood 
depth as averaged over 2018 and 2019.
Note: TP-Transplanting, AT- Active Tillering, PI- Panicle Initiation, FL- 
Flowering, MT- maturity.
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0.8 bar. The crop for the irrigation treatment 0.8 bar suffered due to 
lack of water around PI and FL stages, as the most sensitive stages for 
N and water inputs, hence gave significantly lower yield.

Water productivity

 Averaged over the two years, the water productivity of rice for 
all the treatments varied from 5.3 to 8.36 g/L (Figure 5). Rice grown 
under 0 bar, 0.4 bar, and 0.6 bar showed 17%, 13% and 26% higher 
water productivity than flood treatment, but 0.8 bar recorded 20% 
lower water productivity. In general, the outflows of water from a rice 
field are evaporation, transpiration, seepage, percolation, and any 
over bund flow. Out of these, only transpiration is truly productive 
water use because it leads directly to rice production. It has been 
estimated that seepage and percolation account for 50-80% of the total 
water input to the field [21]. In our study, seepage and percolation 
losses were restricted, and the only source of water loss was through 
evaporation and transpiration. The higher water productivity of stress 
irrigation treatments (0.4 and 0.6 bar) might be due to effective crop  

water usage and reduction in undesirable losses. Studies reported 
36.4% increased water use efficiency under AWD when compared 
with the local farmers’ practice [22]. In our study, the grain yield of 0.6 
bar stress irrigation treatment was found comparable with the yield 
of 0 bar with less water application. Hence, the water productivity of 
0.6 bar was 8% higher as compared to saturation (0 bar). Overall, our 
result indicated higher water productivity under stress irrigation (0.4 
and 0.6 bar) over flood irrigation and saturation [23].

Conclusion
 Rice is a water-consuming crop. With the decreasing availability 
of water for future agricultural production, it is essential to develop 
and implement water-saving rice production technologies. The 
present study stated that rice yield under mild stress (up to 0.6 bar) 
was comparable with saturation, but further increasing stress (0.8 
bar) has shown a significant adverse effect on yield components 
and grain yield. The stress irrigation up to 0.6 bar could save 28% 
irrigation water with maintenance of similar yield as in saturation. 
These results concluded that in case of limited water availability, we 
can go for mild stress up to 0.6 bar, which gave comparable yield 
as in saturation, while saving irrigation water. However, under 
sufficient water availability, flooding provided maximum yield and 
this was comparable with saturation level. Though flooding provided 
maximum yield, but this will affect the environment through the 
release of greenhouse gases to the atmosphere. Hence maintenance of 
saturation level is recommended over flooding system, which could 
save 27% irrigation water while attaining a similar grain yield of rice. 
Further research and evaluation under diverse agro-climatic regions 
may provide location specific water-saving production techniques for 
yield improvement with efficient use of resources. 
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Figure 3: Irrigation application for different stress irrigation treatments 
(0.4, 0.6, and 0.8 bar) throughout the growing season of rice for the year 
2018 and 2019.

Figure 4: Number of irrigations after transplanting in different crop growth 
stages of rice for different soil water tension and flood depth as averaged 
over 2018 and 2019.
Note: (TP-Transplanting, AT- Active Tillering, PI- Panicle Initiation, FL- 
Flowering, MT- Maturity)

Figure 5: Effect of irrigation application at different soil water tension and 
flood depth on water productivity of rice as averaged over 2018 and 2019.
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