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ABSTRACT
Alternative methods of rice production that use fewer freshwater inputs are crucial for
sustainable rice production in the context of decreasing irrigation water availability, which may
further exacerbate due to climate change. The direct seeding (DS) method of cultivation (either
dry or wet) and alternate wetting and drying (AWD) are among such ways, which could
contribute to decreasing irrigation water inputs in rice production without a considerable yield
penalty, thus increasing water productivity. The objective of the study was to investigate the
performance of a popular, lowland, Thai rice variety (Pathumthani 1) under different cultivation
methods subjected to different threshold levels of AWD. The treatments involved three
cultivation methods (dry direct seeding [DDS], wet direct seeding [WDS], and transplanting
[TP]) and four soil moisture levels of 0, −5, −15, and −30 kPa, maintained through a
permanently installed tensiometer. The growth, yield components, grain yield, and water-saving
potential of rice under different cultivation methods and soil moisture levels were determined.
There were more unfilled grains at −30 kPa under the DDS method. At the severe moisture
stress of −30 kPa, the DDS method resulted in a 24% higher grain yield than did the TP
method, whereas the difference in grain yield between WDS and TP was nonsignificant at
moisture levels of 0, −15, and −30 kPa. The highest water-saving potential of 62% compared
with the traditional continuous flooding method was observed at −30 kPa, which was reduced
by 24–82% for the other soil moisture levels. The performance of Pathumthani 1 was better
under the DDS method at all soil moisture levels. The threshold level of AWD could be −30
kPa for soil and weather conditions comparable to the present study for its high water
productivity compared with yield reduction.
Keywords: Alternate wetting and drying; Continuous flooding; Dry direct seeding; Water
productivity; Wet direct seeding
1.

INTRODUCTION

Freshwater resources around the world are consistently declining, leading toward competition
for this precious natural resource. Agricultural water availability is steadily decreasing for
various reasons, including competition among different economic sectors, reduced investment
in irrigation infrastructure, water quality deterioration due to pollution, and alarming population
growth (Rijsberman, 2006; Datta et al., 2017). In most of the Asian countries, per capita
availability of water declined by 40–60% between 1955 and 1990 and is projected to decline
further by 15–54% over the next 35 years (Gleick, 1993). Agricultural production needs to be
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doubled in the twenty-first century to feed the growing world population in the context of
decreasing water availability for agricultural purposes (Foley et al., 2011). It is, therefore,
necessary to find alternative methods with fewer water inputs for agricultural purposes in order
to maintain productivity and sustainability. Rice (Oryza sativa L.) is the main staple food crop
for almost one-third of the global population who are mostly poor, and thus it is critically
important to global food security (Ullah et al., 2018). Rice is not an exclusive hydrophyte, but
its cultivation under inundated conditions has been in practice for a long time. On average, rice
production requires double the amount of water for each unit of production than for that of any
other cereal crop (Maclean et al., 2002). A total of 93 million ha of irrigated lowland area
provides 75% of the world’s rice production, and increasing water scarcity can threaten the
sustainability of its production. A considerable amount of water is lost from rice fields during
land preparation and the crop-growth period through unproductive evaporation, seepage, and
percolation flows (Bouman & Tuong, 2001). Therefore, wastage of freshwater in the rice field
needs to be minimized because more irrigated land is devoted to rice production than to any
other crop in the world (IRRI, 2003). Rice is a primary source of caloric intake for most Asian
people. Most of the Asian countries face severe challenges of rapid population growth,
widespread poverty, and vulnerability of its major rice-producing areas to climate change. By
2025, 15–20 million ha of irrigated rice land is projected to suffer from some degree of water
scarcity (Tuong & Bouman, 2003). Therefore, it is of the utmost importance to identify
alternative methods by which more food can be produced with less water, given the projected
increase in freshwater scarcity for irrigated agriculture and the rising demand of food in the
coming future.
The water-use efficiency of rice is very low in the Asian region, especially for small farmers,
who could contribute 75% of rice production in the coming decade. The yield gap in this region
is very high, and there is a general belief that this gap could be narrowed through the efficient
use of resources and increased water-use efficiency of rice. For this reason, a number of rice
production management strategies have been developed, some of which are closely related.
Among these techniques, the most common are alternate wetting and drying (AWD) (Belder et
al., 2004), integrated crop management, aerobic rice culture (Bouman & Tuong, 2001), use of
controlled-release fertilizers (Shoji & Kanno, 1994), and the system of rice intensification (SRI)
(Stoop et al., 2002). DS is also an important strategy for efficient water management. This
technique is very useful in reducing water loss during land preparation. Because rice is a high
water-demanding crop, a slight decrease in water input for its cultivation would save huge
amounts of freshwater, which could be used for other economic sectors, or would allow further
areas to be brought under cultivation. A major shift has been observed in Asia toward adopting
the DS method of cultivation due to increasing water scarcity and high labor wages (Datta et al.,
2017; Ullah et al., 2017). Farmers in areas with sufficient irrigation water and labor availability
practice the traditional transplanting cultivation method, in which fields remain flooded for
most of the growing period, but farmers in areas with shortages of water and labor generally
prefer water-saving cultivation techniques. The dire predictions for 2025 indicate a serious
water shortage problem for irrigated rice cultivation in most of the rice-growing areas,
including Thailand. On the other hand, most of the popularly grown rice varieties are cultivated
under lowland conditions, and evaluation of the performance of such varieties under watersaving cultivation techniques is critically important. Therefore, the present study was designed
to evaluate the performance of a popularly grown rice variety, Pathumthani 1, under different
cultivation methods and thresholds of AWD water regime.
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MATERIALS AND METHODS

The experiments were conducted in a polyhouse at the Asian Institute of Technology, Bangkok,
Thailand (latitude 14°01'12"N, longitude 100°31'12"E) during the rice-growing season of
2016–2017. The experiments were laid out in a completely randomized design with four
replications. Plants were grown in a naturally lit polyhouse in which the temperature fluctuated
between 30 and 35°C. Seeds of the Pathumthani 1 rice variety were collected from the Pathum
Thani Rice Research Center, Pathum Thani, Thailand.
Seeds were sown on nursery trays for the transplanting method. Dry seeds were directly sown
into the dry soil in each pot for the DDS, whereas pre-germinated seeds were sown in the
puddled soil in the WDS method. Seedlings were transplanted into the pots at the rate of three
seedlings pot−1 when they attained the age of 15 days, which was later thinned to one seedling
pot−1 after establishment. The experimental soil was moderately acidic, with a pH of 5.4 (Table
1) and was classified as a clay loam soil (sand 29.0%, silt 40.9%, and clay 30.1%) according to
the USDA Soil Classification System. It was adequate in phosphorus (P), potassium (K), and
organic matter but was deficient in total nitrogen (N). A total of 48 pots (27 cm height with 14
cm top and 9 cm bottom diameter) were used for this study. The study consisted of one rice
variety (Pathumthani 1), three cultivation methods (dry direct seeding [DDS], wet direct
seeding [WDS], and transplanting [TP]), and four soil water potentials (0, −5, −15, and −30
kPa). Soil water potential was monitored by a permanently installed tensiometer (Model
2725ARL Jet Fill Tensiometer, Soilmoisture Equipment Corp., CA, USA). Each pot was filled
with 6.5 kg of soil. NPK (16-16-16) was applied at a rate of 0.7 g pot−1 as basal, and urea (46-00) was top dressed in two splits at maximum tillering and panicle initiation stages.
Table 1 Physiochemical properties of the experimental soil
Parameters

Test Results

pH

5.40

Organic matter

1.9%

Total nitrogen

<0.50 g 100 g−1

Available phosphorus

90.27 mg kg−1

Exchangeable potassium

452.39 mg kg−1

Exchangeable calcium

0.39 g 100 g–1

Exchangeable magnesium

436.59 mg kg−1

2.1. Data Collection
Data on the different growth parameters, yield components, grain yield, and water-saving
potential of the different methods were collected at harvest (124 days after sowing). Water
saving was calculated from the total amount of water applied to the different treatments
compared with the total water applied to continuously flooded pots.
2.2. Data Analysis
The experiment was conducted twice. The data represent the average of the two experiments
because there was no time by treatment interaction. Data were analyzed using the analysis of
variance (ANOVA) function of IRRISTAT 5.0 (IRRI, 2005). Means for significant treatment
effects were separated by Fisher’s protected least significant difference (LSD) test at p < 0.05.
The treatment combination means presented for a variable are based on the highest order of
factorial combination that is significant in the ANOVA.
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RESULTS AND DISCUSSION

The two-way interaction between cultivation method and soil moisture regime was significant
(p < 0.05) for number of productive tillers plant–1 (Figure 1). The DDS method produced a
higher number of productive tillers irrespective of soil moisture regimes, whereas TP produced
the lowest number of productive tillers across all soil moisture regimes. At 0 kPa, DDS had a
significantly higher number of productive tillers plant–1 (25) compared with WDS (22) and TP
(17). The highest difference was observed at −5 kPa, where the number of productive tillers for
DDS was 38% and 71% higher than for WDS and TP, respectively, and where WDS had 24%
more than TP. DDS achieved the highest number of productive tillers at −5 kPa, which was 8%,
12%, and 23% more than productive tillers at 0, −15 and −30 kPa, respectively. The number of
productive tillers under WDS and TP were not affected by the decreasing soil moisture regime.

Figure 1 Number of productive tillers plant–1 of Pathumthani 1 rice variety as affected by cultivation
method and soil moisture regime. DDS: Dry Direct Seeding; WDS: Wet Direct Seeding; TP:
Transplanting; kPa: Kilopascal; Bars with the same letters are not significantly different at p < 0.05

The number of unfilled grains panicle–1 was highly significantly (p < 0.01) affected by the twoway interaction between cultivation method and soil moisture regime (Figure 2). More unfilled
grains were observed under DDS at 0 (36) and −30 kPa (46), which was statistically at par with
WDS and 80% higher than TP at 0 kPa, and 28% and 31% higher than WDS and TP,
respectively, at −30 kPa. All cultivation methods had a statistically similar number of unfilled
grains at −5 and −15 kPa. DDS had the highest number of unfilled grains at −30 kPa (46),
which was 28%, 100%, and 130% higher than unfilled grains at 0, −5, and −15 kPa,
respectively. The highest number of unfilled grains panicle–1 under WDS was observed at −30
kPa, which was statistically at par with 0 kPa, but 57% and 71% higher than unfilled grains
panicle–1 at −5 and −15 kPa, respectively. There were 75%, 40%, and 46% more unfilled grains
panicle–1 at −30 kPa under TP compared with 0, −5, and −15 kPa, respectively.
The 1000-grain weight was significantly (p < 0.05) affected by the two-way interaction between
cultivation method and soil moisture regime (Figure 3). No significant difference was observed
among the three cultivation methods at 0 kPa, and the same was also true for DDS and WDS
across all soil moisture regimes. At −5 and −15 kPa, DDS and WDS had 11% and 14% higher
1000-grain weights, respectively, than did TP. At −30 kPa, WDS had a 14% higher 1000-grain
weight than did TP. The effect of decreasing soil moisture on 1000-grain weight under DDS
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and WDS was not significant up to −15 kPa, but the severe moisture stress of −30 kPa caused a
reduction of 25%, 23%, and 23% in 1000-grain weight compared with 0, −5, and −15 kPa under
DDS, and 20%, 22%, and 22% under WDS, respectively. The highest 1000-grain weight under
TP was observed at 0 kPa, which was reduced by 10%, 10%, and 29% at −5, −15, and −30 kPa,
respectively.

Figure 2 Unfilled grains panicle–1 of Pathumthani 1 rice variety as affected by cultivation method and
soil moisture regime. DDS: Dry Direct Seeding; WDS: Wet Direct Seeding; TP: Transplanting; kPa:
Kilopascal; Bars with the same letters are not significantly different at p < 0.05

Figure 3 The 1000-grain weight (G) of Pathumthani 1 rice variety as affected by cultivation method and
soil moisture regime. DDS: Dry Direct Seeding; WDS: Wet Direct Seeding; TP: Transplanting; kpP:
Kilopascal; Bars with the same letters are not significantly different at p < 0.05

Grain yield was significantly (p < 0.05) affected by the two-way interaction between cultivation
method and soil moisture regime (Figure 4). A higher grain yield was evident under DDS
across all soil moisture regimes. At 0 kPa, DDS had a 17% higher grain yield than did TP,
while the difference at −5, −15, and −30 kPa was 51%, 39%, and 24%, respectively. WDS and
TP had statistically similar grain yields at 0, −15, and −30 kPa; however, WDS had a 29%
higher grain yield than did TP at −5 kPa. Declining soil moisture decreased grain yield across
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all cultivation methods, but DDS had the highest grain yield at −5 kPa, which was statistically
similar with 0 and −15 kPa, but 30% higher than grain yield at −30 kPa. Grain yield under
WDS was statistically similar up to −15 kPa, but the severe moisture stress of −30 kPa caused a
17% reduction in grain yield compared with −5 kPa. Increasing moisture stress caused a grain
yield reduction of 23%, 23%, and 28% at −5, −15, and −30 kPa, respectively, compared with 0
kPa under TP.

Figure 4 Grain yield (g plant–1) of Pathumthani 1 rice variety as affected by cultivation method and soil
moisture regime. DDS, Dry Direct Seeding; WDS, Wet Direct Seeding; TP, Transplanting; kPa,
Kilopascal; Bars with the Same Letters are Not Significantly Different at p < 0.05

A significant difference was observed among the different soil moisture regimes for watersaving potential compared with the traditional continuous flooding method (Figure 5). The soil
moisture regime of 0 kPa, in which the soil was kept moist without standing water, resulted in a
water saving of up to 12% compared with continuous flooding conditions, while −5, −15, and
−30 kPa saved 38%, 47%, and 62% more water, respectively, compared with flooded
conditions.

Figure 5 Water-saving potential of different soil moisture regimes over continuous flooding method.
kPa: Kilopascal; Bars with the same letters are not significantly different at p < 0.05
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AWD is a water-efficient technology to cope with increasing water scarcity for agricultural
purposes, especially for irrigated rice (Datta et al., 2017). Under this system, water (~ 2–5 cm)
is applied to the field at an interval of 2–7 days, depending on soil type and environmental
conditions, after the disappearance of ponded water from the soil surface (Tuong & Bouman,
2003). Proper use of this technology can help save up to 40% of water and lead to an indirect
increase in farmers’ income through reduced expenses in water pumping and fuels (Lampayan
et al., 2015). We observed that this technique could be safely applied up to a threshold level of
–30 kPa with some yield penalty (Figure 4). DDS in increasingly becoming popular due to the
low labor and water inputs (Ullah et al., 2017), and a major shift has been observed from the
traditional TP to the DDS method in recent years in many parts of Asia (Ullah et al., 2017). The
major reasons for this shift include: (i) decreasing water availability for irrigation; (ii) labor
shortages and increased wages; (iii) recent developments in DS technology; (iv) adverse effects
of puddling on soil physiochemical properties and other non-rice crops; and (v) growing
interest in conservation agriculture (Kumar & Ladha, 2011). The better results observed under
DDS during the present study are in close agreement with the findings of Kumar and Ladha
(2011). We observed more unfilled grains in decreasing soil moisture regimes, a finding similar
to that of Datta et al. (2017), who mentioned that a greater number of unfilled grains is a typical
symptom of water-deficit stress in rice. The current results are also in close agreement with
Zubaer et al. (2007), who reported a higher number of unfilled grains with reduced soil
moisture levels. Hossain (2001) observed more unfilled grains panicle–1 with decreasing soil
moisture levels. Yambao and Ingram (1988) also reported increased sterility percentage with
water stress during the reproductive stage. Begum (1990) observed an increased number of
empty spikelets with water stress after flowering. Our results for the 1000-grain weight are
similar to those of RRDI (1999), who also reported decreased grain weight of rice under water
stress during the grain-filling stage. Begum (1990) observed decreased individual grain weight
with water stress after the flowering stage. Tsuda and Takami (1991) mentioned reduced grain
weight under water stress. Zubaer et al. (2007) reported decreased 1000-grain weight with
reduced soil moisture levels. Islam et al. (1994) also observed reduced 1000-grain weight due to
water stress. For soils comparable to the present study, a possible maximum limit for safe AWD
could be –30 kPa without a considerable loss in grain yield but with a high water-saving
potential. Reduced water input and high water productivity are usually credited to reduced
seepage and percolation (Cabangon et al., 2004), along with reduced evapotranspiration.
However, seepage and percolation are strongly linked with soil texture, and the rates are higher
for lighter soils than for heavy soils (Sharma, 1989). Thus, the optimum threshold should be site
specific to obtain the maximum benefits from AWD, primarily depending on soil type and
texture.
4.

CONCLUSION

A water-saving cultivation method (DDS or WDS) could be safely recommended for the tested
rice variety under soil and weather conditions comparable to the present study. Pathumthani 1
performed better under DDS in all soil moisture regimes and could be adopted as a watersaving cultivation technique. Application of different soil moisture regimes helped save
significant amounts of water compared with traditional flooding conditions, albeit with some
yield penalty. The threshold AWD level of –30 kPa could be recommended, resulting in some
degree of yield loss but with a high water-saving potential for soil and weather conditions
comparable to the present study. Evaluation of the current study under field conditions is
recommended to validate the experimental findings.
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