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ABSTRACT
The increased competition for water resources has intensified
search for the most efficient water-saving techniques and water-
use efficient cultivars. A 2-year field experiment was conducted to
determine grain yield, grain quality, andwater-use efficiency (WUE)
in rice (Oryza sativa L.) under drip irrigation with plastic-film-mulch.
Koshihikari (a lowland Japonica cultivar), Norin 24 (an upland
Japonica cultivar), and Princessari (a lowland cultivar, a derivative
from Indica and Japonica crosses) were used in 2017, whereas only
Koshihikari and Norin 24 were used in 2018. The experiments were
carried out with two rice cultivation systems in both years: contin-
uous flooding (CF) anddrip irrigationwith plastic-film-mulch (DPD).
There was no significant difference in the grain yield of Koshihikari
and Norin 24 under both CF andDPD. This was attributable to their
comparable photosynthesis-associated parameters at the grain-
filling stage. The high yield obtained under DPD was attributed to
the increase in the number of spikelets per panicle. However, the
decreased SPAD value of leaves and maximum quantum yield of
photosystem II in Princessari were associatedwith the deficiency of
available soil Fe andmildwater stress, which reduced grain yield by
54% under DPD compared with CF. The DPD increased WUE of
Koshihikari and Norin 24 by 50% and 70%, respectively, and
improved nutritional quality but increased the chalky grain percen-
tage. The study demonstrated that, in cultivars adapted to Fe
deficiency in the soil and mild water stress, DPD could significantly
increase WUE while maintaining grain yield that is comparable to
that under CF. Our results suggested that the DPD could be
a promising rice-cultivation system in areas with limited water-
resources.
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Introduction

Rice, as a staple food, plays a significant role in global food security. More
than 60% of the world’s population largely depends on rice, making it the
most widely consumed crop (Patel et al. 2010). Global food security is
challenged by increasing food demand and declining water availability
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(Mancosu et al. 2015). Flood-irrigated rice, the most common system of rice
cultivation in Asia, requires a substantial amount of fresh water (Tuong and
Bouman 2003; Bouman et al. 2007). This system is used to produce more
than 75% of the world’s rice (Cantrell 2002). However, in recent years, labor
shortage and the increasing competition for water from non-agricultural
sectors pose a threat to the sustainability of flood-irrigated rice systems.
Hence, there is an urgent need to increase rice production with less water
to ensure continuity in meeting the demand for rice.

To alleviate increasing water scarcity, water-saving rice production systems,
which focus on the reduction of water usage and increasing water-use efficiency
and grain yield, have been reported (Tuong and Bhuiyan 1999). The most
commonly practiced techniques include alternate wetting and drying (AWD),
aerobic rice, the system of rice intensification (SRI) and ground cover rice
production system (GCRPS) (Belder et al. 2004; Oo et al. 2018; Zhang et al.
2017). Nonetheless, it remains unclear if water-saving techniques in rice produc-
tion can accomplish the dual goal of increasing grain yield and WUE (Fan et al.
2005; Liu et al. 2005; Lu et al. 2007; Zhang et al. 2008).

Past research results relative to the response of grain yield under different
water-saving rice cultivation techniques, have been controversial. Some stu-
dies have pointed out that water-saving cultivation systems decreased grain
yield of rice compared with the conventional system (George et al. 2002;
Peng et al. 2006; Tao et al. 2006). The yield gaps were commonly attributed
to the differences in the number of productive tillers, sink formation, and
spikelet sterility. Other reports have indicated that water-saving rice produc-
tion techniques produced yield comparable to that produced by the conven-
tional method (Liu et al. 2013; Tao et al. 2015). However, it remains
debatable whether the yield obtained is related to the cultivation systems or
to the adaptive potential of the studied cultivars.

The GCRPS has gained attention in recent years. This system uses plastic-
film or rice-straw as a barrier between the soil and the atmosphere, and, with no
standing water during the rice cultivation period, prevent evaporative losses
and enhance soil-water retention (Seguy et al. 2012). To enhance resource-use
efficiency and grain yield under the GCRPS, direct fertilizer application under
drip irrigation with plastic-film-mulch has been introduced as a modification to
the GCRPS (He et al. 2013). With the production of higher grain yield, water-
productivity, and greater economic benefits, drip irrigation with plastic-film-
mulch was considered to be a better water-saving rice-cultivation system
compared with the furrow and sprinkler irrigation techniques in arid and semi-
arid regions (He et al. 2013). The direct fertilizer application method under drip
irrigation with plastic-film-mulch has also been reported to mitigate green-
house gas emissions compared with a continuous flooding system (Fawibe et al.
2019). However, achieving comparable yield with the prevailing conventional
method remains debatable.
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Quality of grain is a major consideration in rice production to ensure
economic benefits to farmers. Different cultivation techniques have shown
varied effects on the grain quality of rice (Bouman et al. 2005; Kozak et al.
2007; Zhang et al. 2008). The level of soil moisture, especially during the grain-
filling period has a great influence on grain quality (Dingkuhn and Gal 1996).
Nonetheless, there is a knowledge gap regarding the grain-quality assessment of
different rice cultivars under drip irrigation with plastic-film-mulch. Therefore,
the objectives of this research were (a) to evaluate grain yield, grain quality and
water-use efficiency of rice cultivars under drip irrigation with plastic-film-
mulch in comparison with continuous flooding system and (b) to evaluate
physiological characteristics of the different rice genotypes under drip irrigation
with plastic-film-mulch in comparison with continuous flooding system.

Materials and methods

Plant materials and site description

A field experiment was conducted at the farm of the Faculty of Environmental
Horticulture, Chiba University, Japan, during the summer (June to October) of
2017 and 2018. The soil was a low-humic andosol, as classified by FAO (2006).
The soil properties at the soil depth of 0–20 cm were: pH = 5.8, electrical
conductivity (EC) = 0.15 mS cm−1, cation exchange capacity (CEC) = 24.6 meq
100 g−1, soil total carbon = 37.7 g kg−1, and soil total nitrogen = 3.8 g kg−1 . The
weekly averages of daily air-temperature and daily precipitation during the rice-
growing seasons recorded at a weather station close to the experimental site
(35°42.7ʹN 140°2.6ʹE) are illustrated in Figure 1.

In 2017, these three cultivars of Oryza sativa L. were used: (i) Koshihikari
(most popular lowland Japonica cultivar in Japan), (ii) Norin 24 (upland
Japonica cultivar) and (iii) Princessari (lowland cultivar, a derivative of the
Indica and Japonica crosses). The selected cultivars had crop growth stages of
similar duration. Days to maturity for these cultivars were: Koshihikari,
120–125 days; Norin 24, 115–120 days; and Princessari, 115–120 days. In
2018, only Koshihikari and Norin 24 were considered for further experi-
mentation as a result of the poor yield outcome for Princessari under drip
irrigation with plastic-film-mulch in 2017.

Experimental design and treatments

The treatments were: two cultivation systems that were assigned to main plots
and three rice cultivars (in 2017) and two rice cultivars (in 2018) were assigned
to subplots. Thus, the experimental design was a split-plot with three replica-
tions. The cultivation systems were: continuous flooding (CF) and drip irriga-
tion with a direct fertilizer application method under plastic-film-mulch (DPD).
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The site of the continuous flooding system was about 20 m away from the DPD
plots in both years. The soil analysis in all the experimental plots before the
commencement of the study showed similar chemical properties (data not
shown). The CF plots had been under conventional paddy a year before. Each
CF plot was made of a concrete frame with an area of 7.5 m2 (3m by 2.5 m). This
was designed to have water inlet and outlet channels, which allowed flooding
and drainage, respectively. In 2017 and 2018, the CF was flooded to maintain
4–5 cm of water above the soil surface after seedling establishment until two
weeks before harvest (drainage period). This was in line with the common rice-
farming practices in the region.

The DPD plot had an area of 31.2 m2 in both years. Solid inorganic fertilizer
was added to the soil before the drip irrigation system was set-up. The plots
were separated by an installed-plastic-film at the soil depth of 40 cm to prevent
the exchange of water and nutrients among plots. In each DPD plot, two drip

Figure 1. Weekly averages of daily air-temperature and daily rainfall during the rice-growing
season in 2017 and 2018.
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tubes, each with an emitter discharge rate of 0.13 L min−1 m−1 (Uni-Ram
CN17, Sumika Agricultural Materials Ltd) and emitter spacing of 20 cm were
laid beneath the plastic film. The amount of irrigation water supplied was
monitored with a flow meter installed in the irrigation pipelines. Soil-moisture
level in the DPD plots was recorded with an FDR soil moisture meter (DIK-
321A, Daiki Rika Kogyo Co., Ltd., Kounosu, Japan) connected to a multi-
system data logger (CADAC, Eto Denki Co., Ltd., Mitaka, Japan). The FDR
sensor was buried 6 cm beneath the soil surface in each DPD plot. The
volumetric soil-moisture threshold was maintained at 75% and 70% in 2017
and 2018, respectively. Additional irrigation was supplied whenever soil-
moisture content decreased below 70% (in 2017) and 65% (2018).

The direct seeding method was adopted in both treatments. Seeds were sown
in 2017, as described by Fawibe et al. (2019). In 2018, holes were perforated on
the mulch at 5-cm intervals using a hand-made tool, and 5 seeds were sown per
hill manually after mulching. Eight rows of rice were planted in each plot, with
a planting density of 66.7 hills m−2. Every four rows were covered with a black-
plastic-polyethylene-film of 135 cm width. The row-spacing configuration was
“10-20-10-30” in the sequence of “narrow row spacing – wide row spacing –
narrow row spacing – distance between adjacent films.” In the CF plots, the
plastic film was removed at the 3-leaf stage before flooding. However, the plastic
film was maintained throughout the rice-growing season under DPD. The
sowing dates were 9 June 2017, and 4–5 June 2018; and grains were harvested
on 20 October 2017 and 13 October 2018.

The fertilizer application rates for the CF and DPD plots were similar
in both years. Inorganic fertilizer consisting of N (40 kg ha−1), P2O5

(40 kg ha−1) and K2O (40 kg ha−1) was applied as basal dressing before
mulching. At the panicle-initiation stage, an additional 20 kg ha−1 of nitrogen
was applied in the form of urea to both treatments through foliar spray using
a garden sprayer (MS-252C, Koshin, Kyoto, Japan) in both years.

Interveinal-chlorosis was observed on emerging leaves at the mid-tillering
stage under DPD (Figure 1). Consequently, comparative soil analysis of
available soil Fe was carried out between the cultivation systems at the mid-
tillering stage in 2017. Five replicates of soil were randomly sampled in each
treatment. Available soil Fe was determined according to the method of
Lindsay and Norvell (1978), using diethylenetriamine pentaacetic acid
(DTPA) solution (pH = 7.3). The concentration of available Fe in the soil
extracts was measured using an atomic absorption spectrophotometer (AA-
6600F, Shimadzu, Kyoto, Japan).

Nano-size iron oxide (Fe2O3) (450 ml of 0.1% concentration) was applied
through foliar spray at the late-tillering stage across treatments in 2017. In
2018, 1000 ml of 0.1% nano-size Fe2O3 was foliar-sprayed at the mid-tillering
stage and late-tillering stage of rice growth in both treatments. Standard
field-management practices were followed.
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Figure 2. Fe chlorosis at the mid-tillering stage of rice cultivars under drip irrigation with
plastic-film-mulch cultivation system in 2017 (a) Koshihikari (a lowland Japonica cultivar) (b)
Norin 24 (an upland Japonica cultivar) (c) Princessari (a lowland cultivar, a derivative of Indica
and Japonica crosses).
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Plant sampling and analyses

The relative chlorophyll content of five randomly selected plants per treatment
was measured at different stages of rice growth. The uppermost fully expanded
leaves were used for the measurement of the relative chlorophyll content
(SPAD values) at the early-tillering (ET) and late-tillering (LT) stages.
However, the SPAD values were measured on the flag leaves at the grain-
filling (GF) stage using a SPAD meter (SPAD-502, Konica Minolta Co., Ltd.,
Japan). To determine the leaf area index (LAI) and the dry matter accumula-
tion, 10 hills were sampled from the middle row in each treatment at two-week
intervals. This was done from 14 July to 29 September in 2017 and from 29 June
to 21 September in 2018. Samples were separated into leaves, stems, roots, and
panicles (when present). Leaf area was determined using a leaf area meter
(AAM-8, Hayashi Denkoh Co., Ltd., Tokyo, Japan). Total dry matter was
determined by oven-drying samples at 70ºC to a constant weight.

At maturity, uniform rice plants from a 1 m2 area were sampled in each plot
to determine grain yield. Grain yield components were determined from
randomly selected 10 hills per treatment (excluding border plants). Panicles
were counted and separated by hand-threshing. Filled spikelets were defined as
the filled grains at density ≥ 1.06 g cm−3. The number of spikelets per panicle
was taken as the sum of both filled and unfilled spikelets. Aboveground total
biomass was the total dry weight of straw, rachis, and filled and unfilled
spikelets. Grain-filling percentage was computed as follows:

Grain� filling %ð Þ¼ number of filled spikelets=total number of spikeletsð Þ�100

Harvest index (HI) was computed as follows:

Harvest index ¼ filled spikelet weight=aboveground total biomassð Þ�100

Unhusked grain yield and one thousand-grain weight were expressed at 14%
grain moisture content. The water-use efficiency (WUE in kg m−3) was
expressed as the grain yield per unit of total water input, including irrigation
and rainfall.

Physiological measurements

The CO2 assimilation rate, transpiration rate, and stomatal conductance were
measured on the flag leaf at the grain-filling stage using a gas exchange
analyzer (LI-6400, LI-COR Co., Ltd., Lincoln, USA). These parameters
were measured between 9:00 and 12:00 local time when active photosynthetic
radiation above the canopy was 1100 ~ 1200 µmol m−2 s−1. The measurement
of chlorophyll fluorescence parameters, which included the actual and max-
imum quantum yields of photosystem II (PSII), was carried out on the flag
leaves at the grain-filling stage using a chlorophyll fluorometer with a leaf
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holder (PAM-2000, Walz Co., Ltd., Effeltrich, Germany). The actual quan-
tum yield of PSII was measured at midday (11:00 to 13:00 hours, local time),
whereas the maximum quantum yield of PSII (Fv/Fm) was measured on
dark-adapted leaves after sunset (21:00 to 22:00 hours, local time). The leaves
were dark-adapted by covering the randomly selected leaves with aluminum
foil for four hours before the measurements were taken. The chlorophyll
fluorescence parameters were expressed as follows:

Actual quantum yield ¼ ΔF=Fm0; ΔF ¼ Fm0 � F

Maximum quantum yield ¼ Fv=Fm; Fv ¼ Fm� Fo

where Fo and Fm represent the minimum and maximum fluorescence in
dark-adapted leaves, respectively; Fm’ is the maximum fluorescence of leaf
under light conditions; F represents steady-state fluorescence yield measured
at any given time. The measurements of CO2 assimilation rate, transpiration
rate, stomatal conductance, and chlorophyll fluorescence parameters were
replicated three times.

Grain quality measurements

One-thousand grains of brown rice were randomly selected to determine the
chalky grain percentage, grain length-width ratio, and grain thickness using
a grain-quality analyzer (RGQ120A, Satake Co., Ltd., Tokyo, Japan). Apparent
amylose content of the brown rice at 14% moisture content was determined
using the procedure given by Tamura et al. (2014) following modifications.
Grain samples were ground to powder and sieved (using a 500 µm sieve) in
preparation for colorimetric analysis. A 50-milligram powdered sample was
placed in 0.5 mL of 95% ethanol and gelatinized using 4.5 mL of 1N NaOH
for 20 min in boiling water; distilled water was added to the solution to achieve
50-mL volume. Subsequently, a 2.5 mL aliquot of the solution was added to
0.5 mL of 1M acetic acid and 1 mL of iodine solution; distilled water was added
to the solution to make the volume 50 mL. The solution was incubated for
20 min at 30ºC, and absorbance was measured at 620 nm using a spectrophot-
ometer (V-630 BIO, Jasco Co., Ltd., Tokyo, Japan). Potato amylose (A0512,
Sigma-Aldrich) was used as a standard.

Brown rice samples were oven-dried at 135ºC for 3 h. A 0.15 g aliquot
from each dried sample was taken and its nitrogen content was determined
using a CN corder (MT-700, Yanaco Co., Ltd., Kyoto, Japan). The crude
protein content was calculated using a 5.95 nitrogen-protein conversion
factor. Hippuric acid was used as the standard nitrogen material.
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Statistical analysis

Data were subjected to a 2-way analysis of variance (ANOVA) using SPSS
16.0. The analysis of variance was performed separately for the first year
(three cultivars included) and for 2-year with two common cultivars to assess
varietal differences.

The general linear model for the first year was as follows:

yijk¼ μþαiþβjþ αβð Þijþεijk

where yijk = kth replication response value for ith cultivar and jth irrigation system;
µ = overall mean; αi = effect of ith cultivar; βj = effect of jth irrigation system;
(αβ)ij = effect of the interaction between ith cultivar and jth irrigation system; and
εijk = residual.

The general linear model for 2-year data with two common cultivars was
as follows:

yijkl¼ μþαiþβjþγkþ αβð Þijþ αγð Þikþ βγð Þjkþ αβγð Þijkþεijkl

where yijkl = lth replication response value for ith year, jth cultivar, and kth

irrigation system; µ = overall mean; αi = effect of ith year; βj = effect of jth

cultivar; γk = effect of kth irrigation system; (αβ)ij = effect of the interaction
between ith year and jth cultivar; (αγ)ik = effect of the interaction between ith

year and kth irrigation system; (βγ)jk = effect of the interaction between jth

cultivar and kth irrigation system; (αβγ)ijk = effect of the interaction among
ith year, jth cultivar, and kth irrigation system; and εijkl = residual.

Differences between means were detected by use of the least significant
difference (LSD) at α = 0.05.

Results

Weather and hydrological conditions

The climatic data at the experimental site during the 2017 and 2018 growing
seasons showed different temperature dynamics, precipitation frequency, and
distribution (Figure 1). The weekly average temperature ranged between 14°C
and 28°C in 2017 and between 20°C and 30°C in 2018. The total rainfall during
the rice-growth period was 924 mm in 2017 and 570 mm in 2018. The DPD
reduced total water input by 47% compared with CF across years (Table 1). The
weekly average temperature between the panicle-initiation stage and flowering
stage of rice (7/27-9/7) in 2018 was 2°C to 5°C higher than that in 2017. During
this period, less precipitation was also recorded in 2018 than in 2017 (Figure 1).
The moisture threshold set at 70% in 2018 reduced the total water supplied by
15% compared with moisture threshold of 75% in 2017 (Figure 3).
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Soil-available iron concentration

The available Fe concentration in the soil samples was 69.58 µg g−1 in CF and
28.96 µg g−1 in DPD (Figure 4). The average Fe concentration in the CF soil was
higher by 140% than that in the upland soil. Therefore, the significantly low
available Fe concentration of the upland soil was considered responsible for the
interveinal-chlorosis observed on young emerging leaves of the cultivars at the
mid-tillering stage of rice under DPD.

Chlorophyll contents, leaf area index, dry matter, and
photosynthesis-associated parameters

At the early-tillering stage (ET), there was no significant difference in the SPAD
values of cultivars under different irrigation systems across years. The exception

Table 1. Irrigation, rainfall and total water input under contin-
uous flooding and drip irrigation with plastic-film-mulch in 2017
and 2018.

Irrigation
(mm)

Rainfall
(mm)

Total water
input§
(mm)

2017
CF† 1144 924 2068
DPD‡ 556 924 1480
2018
CF 1312 570 1882
DPD 643 570 1213

†CF = continuous flooding.
‡DPD = drip irrigation with plastic-film-mulch.
§Total water input = irrigation + rainfall.

Figure 3. Volumetric soil moisture content under drip irrigationwith plastic-film-mulch during the rice-
growing seasons of 2017 and 2018. Broken and straight lines indicate 2017 and 2018 respectively.
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wasNorin 24, which had higher chlorophyll content under DPD than under CF in
both years. At the late-tillering stage (LT), a significant decrease in chlorophyll
content was observed in the leaves of all cultivars underDPD comparedwithCF in
2017 (Figure 5). This was attributable to the soil-Fe-deficiency determined at the
mid-tillering stage under DPD. At the grain-filling stage, there were no significant
differences in the chlorophyll contents of Koshihikari and Norin 24 under CF and
DPD in both years. However, in 2017, Princessari exhibited a significant decrease
in chlorophyll content at the grain-filling stage under DPD compared with CF
(Figure 5).

There were no significant differences in leaf area index of cultivars under
CF and DPD in both years, except for Princessari in 2017, whose leaf area
index significantly decreased under DPD (Figure 6). The dry matter of
cultivars was significantly affected by irrigation system. In 2017,
Koshihikari and Princessari had higher dry matter under CF than under
DPD. Conversely, the dry matter of Norin 24 was higher under DPD than
under CF in both years (Figure 6). The 2017 result shows that the CO2

assimilation and transpiration rates at the grain-filling stage were signifi-
cantly affected by the irrigation systems, cultivars, and their interaction
(Table 2). However, the CO2 assimilation and transpiration rates of the two
common cultivars (Koshihikari and Norin 24) in 2017 and 2018 were
comparable under CF and DPD (Table 3). The stomatal conductance of
the different cultivars was not significantly affected by irrigation systems
(Tables 2 and 3).

It was important to ascertain the integrity of the photosynthetic apparatus
of the leaves under different irrigation systems. Table 2 contains information

Figure 4. Soil available Fe concentration at the mid-tillering stage of rice under continuous
flooding (CF) and drip irrigation with plastic-film-mulch (DPD) in 2017. ** indicates a significant
difference at P < 0.01.
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showing that significant differences existed among the three cultivars for ΔF/
Fm’ and Fv/Fm under different irrigation systems. However, the 2017–2018
results show that ΔF/Fm’ and Fv/Fm of Koshihikari and Norin 24 under
DPD were similar to those under CF (Tables 3 and 4). The results indicated
that the ΔF/Fm’ and Fv/Fm of Princessari under DPD were, respectively, 50%
and 22% lower than those recorded under CF (Table 4).

Grain yield, water-use efficiency, and harvest index

The 2017–2018 results show that year had no significant influence on grain yield,
WUE, and harvest index of Koshihikari and Norin 24 (Table 5). This indicated
that the adopted range of 70–75% and 65–70% volumetric soil moisture content
in 2017 and 2018, respectively, had a similar effect on yield. However, variation
existed among cultivars with respect to grain yield and WUE (Tables 5 and 6).
On average, Norin 24 had 38% and 20% more grain yield than Princessari and
Koshihikari, respectively. The grain yield of Princessari decreased by 54% under
DPD compared with CF (Table 7). This significant reduction resulted from the
decrease in the number of panicles per square meter and the number of spikelets
per panicle (Table 8). However, yields of Koshihikari and Norin 24 were

Figure 5. SPAD values of rice cultivars under continuous flooding (CF) and drip irrigation with
plastic-film-mulch (DPD) systems. Koshihikari, lowland Japonica cultivar (a, d); Norin 24, upland
Japonica cultivar (b, e); and Princessari, lowland cultivar, a derivative of Indica and Japonica
crosses (c). ET, LT, GF denote the stages of early-tillering, late-tillering and grain-filling, respec-
tively. The different lowercase letters indicate a significant difference between the irrigation
systems at P < 0.05.Vertical bars represent ± S.E of the mean. The S.E was calculated across three
replicates of each year.
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Figure 6. Leaf area index (LAI) and dry matter of rice cultivars under continuous flooding (CF)
and drip irrigation with plastic-film-mulch (DPD). LAI (a, b, c, g, h) and dry matter (d, e, f, i, j).
Koshihikari, lowland Japonica cultivar (a, d, g, i); Norin 24, upland Japonica cultivar (b, e, h, j); and
Princessari, lowland cultivar, a derivative of Indica and Japonica crosses (c, f). 2017 (a, b, c, d, e, f)
and 2018 (g, h, i, j). Vertical bars represent ± S.E of the mean. The S.E was calculated across three
replicates for each year.
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comparable under both DPD and CF in both years. Each cultivar exhibited
higher filled-grain percentage and 1000-grain weight under CF compared with
DPD. However, the average number of spikelets per panicle of Koshihikari and
Norin 24 increased by 15% and 30%, respectively, under DPD compared with
CF (Table 8).

The 2017 and 2017–2018 results show that there were significant reductions
in the filled-grain percentage and 1000-grain weight of cultivars under DPD
compared with CF. This was attributable to the trade-off between these yield

Table 2. Mean squares for CO2 assimilation rate, transpiration rate, stomatal conductance and
chlorophyll fluorescence parameters of three rice cultivars in 2017.

Source of
variation df†

Mean square

CO2 assimilation rate
(µmol m−2 s−1)

Transpiration rate
(mmol m−2 s−1)

Stomatal
conductance

(mmol m−2 s−1) ΔF/Fm'‡ Fv/Fm§

Corrected
model

5 25.04*** 2.75*** 3964.23ns 0.028*** 0.012***

Cultivar (C) 2 24.97*** 2.42** 3612.17ns 0.045*** 0.014***
Irrigation
system
(IS)

1 30.16** 4.83*** 6844.50ns 0.014* 0.008***

C×IS 2 22.56*** 2.06** 2876.17ns 0.017** 0.011***
Error 12 1.45 0.21 4425.94 0.002 0.000

*, **, *** significant at P < 0.05, P < 0.01, P < 0.001, respectively. ns = non-significant.
†df = degree of freedom.
‡ΔF/Fm’ = actual quantum yield of photosystem II.
§Fv/Fm = maximum quantum yield of photosystem II.

Table 3. Mean squares for CO2 assimilation rate, transpiration rate, stomatal conductance, and
chlorophyll fluorescence parameters of two common rice cultivars in 2017 and 2018.

Mean square

Source of
variation df†

CO2 assimilation rate
(µmol m−2 s−1)

Transpiration rate
(mmol m−2 s−1)

Stomatal conductance
(mmol m−2 s−1)

ΔF/
Fm'‡ Fv/Fm§

Corrected
model

7 0.43ns 0.29ns 761.91ns 0.008* 0.000**

Year (Y) 1 1.45ns 0.51ns 2773.50ns 0.011ns 0.002**
Cultivar (C) 1 1.08ns 0.80ns 1320.17ns 0.037** 0.000ns
Irrigation
system
(IS)

1 0.40ns 0.68ns 988.17ns 0.002ns 0.000ns

Y×C 1 0.02ns 0.03ns 192.67ns 0.008ns 0.001**
Y×IS 1 0.05ns 0.00ns 6.00ns 0.001ns 0.000ns
C×IS 1 0.00ns 0.01ns 32.67ns 0.000ns 0.000ns
Y×C×IS 1 0.20ns 0.00ns 20.17ns 0.000ns 0.000ns
Error 16 0.69 0.39 4295.75 0.003 0.000

*, **, *** significant at P < 0.05, P < 0.01, P < 0.001, respectively. ns = non-significant.
†df = degree of freedom.
‡ΔF/Fm’ = actual quantum yield of photosystem II.
§Fv/Fm = maximum quantum yield of photosystem II.
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components and the number of spikelets per panicle produced (Tables 9
and 10).

The DPD increased WUE of Koshihikari and Norin 24 by 50% and 70%,
respectively, compared with CF across years. However, in 2017, the WUE of
Princessari was similar under both irrigation systems (Table 7). The harvest
index of cultivars was not significantly different under different irrigation
systems in both years, except that of Princessari in 2017, which reduced by
56% under DPD compared with CF (Table 7).

Table 4. CO2 assimilation rate, transpiration rate, stomatal conductance, and chlorophyll fluor-
escence parameters of rice cultivars at the grain-filling stage under continuous flooding and drip
irrigation with plastic-film-mulch in 2017 and 2018.

Year Cultivar†
Irrigation
system‡

CO2 assimilation rate
(µmol m−2 s−1)

Transpiration rate
(mmol m−2 s−1)

Stomatal
conductance

(mmol m−2 s−1)
ΔF/
Fm'§

Fv/
Fm¶

2017 Koshihikari CF 15.7a# 5.8a 256a 0.53a 0.79a
DPD 15.3a 5.5a 246a 0.53a 0.80a

Norin 24 CF 16.1a 6.1a 269a 0.41a 0.78a
DPD 15.8a 5.7a 251a 0.42a 0.78a

Princessari CF 15.8a 5.9a 258a 0.50a 0.78a
DPD 8.7b 3.5b 169a 0.27b 0.63b

2018 Koshihikari CF 16.1a 6.0a 272a 0.52a 0.80a
DPD 16.0a 5.7a 261a 0.55a 0.79a

Norin 24 CF 16.5a 6.5a 293a 0.48a 0.81a
DPD 16.3a 6.1a 281a 0.51a 0.81a

†Koshihikari, lowland Japonica cultivar; Norin 24, upland Japonica cultivar; Princessari, lowland cultivar,
a derivative of Indica and Japonica crosses.

‡CF, continuous flooding; DPD, drip irrigation with plastic-film-mulch.
§ΔF/Fm’ = actual quantum yield of photosystem II.
¶Fv/Fm = maximum quantum yield of photosystem II.
#Within a column for each cultivar within a year, different lowercase letters indicate a significant difference
(P < 0.05) between irrigation systems (CF and DPD).

Table 5. Mean squares for grain yield, water-use efficiency (WUE), and harvest index (HI) of two
common rice cultivars in 2017 and 2018.

Source of variation df†

Mean square

Grain yield (t ha−1) WUE‡ (kg m−3) HI§

Corrected model 7 36913.82ns 0.087** 0.003ns
Year (Y) 1 75091.81ns 0.055ns 0.001ns
Cultivar (C) 1 142573.09* 0.073* 0.010ns
Irrigation system (IS) 1 63.58ns 0.451*** 0.009ns
Y×C 1 4675.57ns 0.001ns 0.000ns
Y×IS 1 2670.56ns 0.001ns 0.002ns
C×IS 1 20832.12ns 0.025ns 0.000ns
Y×C×IS 1 12490.01ns 0.004ns 0.002ns
Error 16 29859.99 0.015 0.003

*, **, *** significant at P < 0.05, P < 0.01, P < 0.001, respectively. ns = non-significant.
†df = degree of freedom.
‡WUE = water-use efficiency.
§HI = harvest index.
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Table 6. Mean squares for grain yield, water-use efficiency (WUE), and harvest index (HI) of three
rice cultivars in 2017.

Source of variation df†

Mean square

Grain yield (t ha−1) WUE‡ (kg m−3) HI§

Corrected model 5 110559.41* 0.070** 0.009*
Cultivar (C) 2 98249.72* 0.061* 0.004ns
Irrigation system (IS) 1 142842.55* 0.097* 0.031**
C×IS 2 106727.53* 0.065* 0.004ns
Error 12 24701.13 0.013 0.003

*, **, *** significant at P < 0.05, P < 0.01, P < 0.001, respectively. ns = non-significant.
†df = degree of freedom.
‡WUE = water-use efficiency.
§HI = harvest index.

Table 7. Grain yield, water-use efficiency (WUE), and harvest index (HI) of rice cultivars under
continuous flooding and drip irrigation with plastic-film-mulch in 2017 and 2018.
Year Cultivar† Irrigation system‡ Grain yield (t ha−1) WUE§ (kg m−3) HI¶

2017 Koshihikari CF 7.40a# 0.36b 0.36a
DPD 7.02a 0.58a 0.32a

Norin 24 CF 9.09a 0.44b 0.41a
DPD 8.98a 0.74a 0.34a

Princessari CF 8.99a 0.43a 0.39a
DPD 4.13b 0.35a 0.25b

2018 Koshihikari CF 9.04a 0.48b 0.34a
DPD 8.18a 0.67a 0.30a

Norin 24 CF 9.26a 0.49b 0.37a
DPD 10.48a 0.86a 0.37a

†Koshihikari, lowland Japonica cultivar; Norin 24, upland Japonica cultivar; Princessari, lowland cultivar,
a derivative of Indica and Japonica crosses.

‡CF, continuous flooding; DPD, drip irrigation with plastic-film-mulch.
§WUE = water-use efficiency.
¶HI = harvest index.
#Within a column for each cultivar within a year, different lowercase letters indicate a significant difference
(P < 0.05) between irrigation systems (CF and DPD).

Table 8. Yield components of rice cultivars under continuous flooding and drip irrigation with
plastic-film-mulch in 2017 and 2018.

Year Cultivar† Irrigation system‡
Panicles
per m2

Spikelets
per panicle Filled grains (%) 1000 grain weight (g)

2017 Koshihikari CF 440a§ 85a 81.3a 24.3a
DPD 391a 104a 75.2a 22.9b

Norin 24 CF 418b 114a 81.0a 23.7a
DPD 527a 112a 68.8a 21.7b

Princessari CF 531a 105a 75.0a 21.6a
DPD 353b 80b 65.9a 22.3a

2018 Koshihikari CF 548a 93a 74.4a 24.1a
DPD 492a 100a 72.0a 23.2a

Norin 24 CF 546a 89b 81.3a 24.1a
DPD 575a 151a 54.4b 22.1a

†Koshihikari, lowland Japonica cultivar; Norin 24, upland Japonica cultivar; Princessari, lowland cultivar,
a derivative of Indica and Japonica crosses.

‡CF, continuous flooding; DPD, drip irrigation with plastic-film-mulch.
§Within a column for each cultivar within a year, different lowercase letters indicate a significant difference
(P < 0.05) between irrigation systems (CF and DPD).
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Grain qualities

There was a significant difference in the chalky grain percentage between
cultivars. Norin 24 showed 25% higher chalky grains than Koshihikari (Table
11). The DPD increased the chalky grain percentage of Koshihikari and
Norin 24 by 46% and 47%, respectively, compared with CF (Table 11). The
ratio of grain length to width and grain thickness of Norin 24 were similar
under both irrigation systems. However, these were inconsistent for
Koshihikari under CF and DPD. There was no significant difference in the
amylose content of both Koshihikari and Norin 24 under CF and DPD
(Tables 11 and 12). Nonetheless, Koshihikari and Norin 24 showed 16%
and 19% higher protein content under DPD than under CF, respectively
(Table 11).

Discussion

Our study indicated that Fe deficiency in acidic soil (pH = 5.8) reduced the
chlorophyll content of rice cultivars at the mid-tillering stage under DPD.

Table 9. Mean squares for yield components of three rice cultivars in 2017.

Source of variation df†

Mean square

Panicles per m2
Spikelets per

panicle Filled grains (%) 1000 grain weight (g)

Corrected model 5 15672.75** 603.63** 117.38ns 3.58**
Cultivar (C) 2 4822.60ns 765.73** 91.75ns 4.30**
Irrigation system
(IS)

1 6922.72ns 30.94ns 375.66* 3.45*

C×IS 2 30897.91** 727.87** 13.87ns 2.92*
Error 12 2685.25 83.02 48.20 0.51

*, **, *** significant at P < 0.05, P < 0.01, P < 0.001, respectively. ns = non-significant.
†df = degree of freedom.

Table 10. Mean squares for yield components of two common rice cultivars in 2017 and 2018.

Source of variation df†

Mean square

Panicles per m2
Spikelets per

panicle Filled grains (%) 1000 grain weight (g)

Corrected model 7 13931.61** 1331.69*** 245.01* 2.70***
Year (Y) 1 55544.28*** 130.67ns 220.08ns 0.22ns
Cultivar (C) 1 14198.50* 2662.83*** 113.60ns 3.16**
Irrigation system
(IS)

1 406.32ns 2868.91*** 853.31** 14.08***

Y×C 1 386.00ns 37.50ns 6.54ns 0.18ns
Y×IS 1 2843.82ns 1040.17* 46.62ns 0.10ns
C×IS 1 22178.83** 461.13ns 348.86* 1.05ns
Y×C×IS 1 1963.55ns 2120.64** 126.09ns 0.08ns
Error 16 2325.49 128.81 67.27 0.36

*, **, *** significant at P < 0.05, P < 0.01, P < 0.001, respectively. ns = non-significant.
†df = degree of freedom.
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The soil pH was within the range of 4.6 to 6.9 reported by Fageria (2009) in
acidic soils that decreased Fe uptake of upland rice. However, the application
of nano-size iron oxide (Fe2O3) alleviated Fe-chlorosis effect under DPD in
both years, as shown by the non-significant SPAD values of Koshihikari and
Norin 24 under different irrigation systems at the grain-filling stage. The
reduction in Fe chlorosis resulted from the high penetration of Fe2O3 into
the leaves due to the fast dissolution kinetics of the Fe2O3 nano-size particles
(Alidoust and Isoda 2014). However, the recovery of the chlorophyll content
of the cultivars (Koshihikari and Norin 24) under DPD was more effective in
2018 than in 2017, probably as a result of the higher frequency and quantity
of Fe2O3 supplied in 2018.

The absence of yield loss for Koshihikari and Norin 24 in 2017 and 2018
under DPD compared with CF indicated that both lowland and upland high-
yielding varieties could achieve grain yield potential of the CF under DPD.
This study showed that the increase in the number of spikelets per panicle
was a major contributor to the high yield obtained under DPD. This result
was in contrast with the report of Zhang et al. (2008), who reported fewer
spikelets per panicle for Japonica and Indica F1 hybrid cultivars under the

Table 11. Appearance, cooking, and nutritional qualities of rice cultivars under continuous
flooding and drip irrigation with plastic-film-mulch in 2018.

Cultivar†
Irrigation
system‡

Chalky grain
(%)

Grain length/
width

Grain thickness
(mm)

Amylose
content (%)

Protein
content (%)

Koshihikari CF 11.4b§ 1.84a 1.83b 21.18a 9.41b
DPD 16.6a 1.77b 1.90a 24.40a 10.88a

Norin 24 CF 31.7b 1.94a 1.77a 21.15a 11.56b
DPD 46.5a 1.94a 1.77a 21.78a 13.71a

†Koshihikari, lowland Japonica cultivar; Norin 24, upland Japonica cultivar; Princessari, lowland cultivar,
a derivative of Indica and Japonica crosses.

‡CF, continuous flooding; DPD, drip irrigation with plastic-film-mulch.
§Within a column for each cultivar, different lowercase letters indicate a significant difference (P < 0.05)
between irrigation systems (CF and DPD).

Table 12. Mean squares for the appearance, cooking, and nutritional qualities of two rice
cultivars in 2018.

Source of
variation df†

Mean square

Chalky grain
(%)

Grain length/
width

Grain thickness
(mm)

Amylose
content (%)

Protein
content (%)

Corrected
model

3 751.72*** 0.02*** 0.01*** 7.16ns 9.59***

Cultivar (C) 1 1887.52*** 0.05*** 0.03*** 5.28ns 18.61***
Irrigation
system (IS)

1 299.00** 0.00** 0.00** 11.14ns 9.83**

C×IS 1 68.64ns 0.00** 0.00** 5.05ns 0.35**
Error 8 19.01 0.00 0.00 3.89 0.45

*, **, *** significant at P < 0.05, P < 0.01, P < 0.001, respectively. ns = non-significant.
†df = degree of freedom.
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non-flooded, plastic-mulch cultivation system. The discrepancies in these
observations might be caused by the difference in stress sensitivity at the
spikelet-differentiation stage as a result of the differences between F1 and
inbred cultivars.

The significant decrease in the Fv/Fm of Princessari in 2017 under DPD
compared with CF indicated partial damage to PSII by photoinhibition as
a result of mild water stress. The damage to PSII suggests that the decrease in
the grain yield of Princessari under DPD was attributable to the effect of Fe
deficiency in the soil and mild water stress interaction. This synergy resulted
in a significant reduction in the leaf area index, dry matter accumulation, and
the resulting grain yield.

The advent of GCRPS has shown great potential (Liu et al. 2013; Zhang et al.
2017). However, a high amount of water is required to fill furrows between the
raised beds. In our study, the DPD saved 105% of irrigation water compared
with CF in both years. On average, the DPD saved 36% and 59% irrigation water
more than the GCRPS (transplanting) and GCRPS (direct seeding), respectively
(Tao et al. 2006, 2015); and 69% more than the AWD compared with CF (Yao
et al. 2012). The water-saving capacity of the DPD was influenced by the direct
supply of water to the rhizosphere by the drip irrigation system in addition to the
water-conserving-effect of the plastic-film-mulch. The range of WUE of 0.4 to
0.9 kg m−3 achieved in this study under DPD was higher than the common
values of 0.2 to 0.5 kgm−3 for flooded rice reported elsewhere (Kato, Okami, and
Katsura 2009). The averageWUE was 32% higher than that reported by He et al.
(2013) under DPD in a semi-arid region. The difference in WUEs could be
attributable to the decrease in grain yield (Liu et al. 2019), which could be
responsible for the reduction in water productivity. He et al. (2013) reported
a drastic yield decline under DPD in a semi-arid region, which was ascribed to
the dry ecotype effect. However, long-term studies involving more cultivars
under different environmental conditions are needed to better understand the
response of cultivars under drip irrigation with the plastic-film-mulch system.

The quality of rice grains under non-flooded cultivation systems remains
a major concern (Zhang et al. 2008). Our study revealed that DPD improved
the nutritional quality of rice. The amylose contents of Koshihikari and
Norin 24 under different irrigation systems were within the range of inter-
mediate amylose content (20-25%). Rice cultivars with amylose content in
this range were reported to have good cooking and eating characteristics
(cooked rice was soft and less sticky) (Zhang et al. 2012). Chalky grain
formation increased significantly as a result of high temperature and envir-
onmental stresses during the critical period of 12 to 16 days after heading
(Counce, Keisling, and Mitchell 2000; Wu, Chang, and Lui 2016). Therefore
we assumed that the significantly higher chalky grains of Koshihikari and
Norin 24 under DPD compared with CF, resulted from the low tolerance-
ability of the cultivars to high air-temperature after the heading stage in 2018.
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The mechanism that illustrates the effect of the non-flooded rice produc-
tion system on rice-grain quality is yet unclear. In this study, we observed
that the chlorophyll content, CO2 assimilation rate, actual quantum yield and
maximum quantum yield of the two common cultivars (Koshihikari and
Norin 24) in 2017 and 2018 were high and statistically non-significant under
DPD and CF in both years. This resulted in the supply of assimilates to the
sink organ (spikelet) and consequently produced good grains.

Previous studies have reported that the response of rice to irrigation
regimes varied with rice genotypes (Chu et al. 2014; Wang et al. 2016).
This study showed that the existing variation among cultivars under CF
and DPD did not depend on whether the cultivars were lowland or upland
but on their ability to cope with soil Fe-deficiency and mild water stress.
Also, the higher number of spikelets per panicle produced under DPD
compared with CF was offset by the differences in the grain-filling percentage
and grain weight caused by the irrigation systems. This indicated that
cultivars under DPD had the potential to produce grain yield that could be
more than that under CF. Therefore, to maximize the potential of the DPD
system, source strength rather than sink size is required to supply resources
necessary for the development of grains (Sheehy, Dionora, and Mitchell
2001). To achieve this, a cultivar’s adaptation to soil Fe deficiency and mild
water stress would be essential to prevent severe photoinhibition and reduc-
tion in CO2 assimilation, which could lower assimilate production and grain
yield under DPD.

Conclusions

Our results indicate that high chlorophyll contents and high photosystem II
efficiency at the grain-filling stage of rice were the key characteristics for
obtaining grain yield under DPD that is comparable to that under CF.
Among the yield components, the high number of spikelets per panicle was
responsible for the comparable yield obtained under DPD in relation to CF.
The DPD increased WUE and improved the nutritional quality of rice grains.
However, it increased the chalky grain percentage compared with CF.
Therefore, the DPD would be an efficient water-saving technique for rice
production in areas with limited water resources.

Moreover, there was considerable variation in the response of cultivars to
the different irrigation systems. Cultivar response under DPD depended on
the cultivar’s adaptability to Fe deficiency in the soil and mild water stress.
Therefore, knowledge of the variation in cultivar adaptability and the adap-
tive mechanisms of rice cultivars to Fe deficiency, mild water stress, and their
interaction would help in the selection and breeding of suitable cultivars for
drip irrigation under plastic-film-mulch.

20 O. O. FAWIBE ET AL.



Acknowledgments

We are also grateful to the Xinjiang Tianyuan Institute of Rice Drip Irrigation System, for
financial support for the construction of an experimental paddy. We sincerely appreciate
Professor M.S. Ayodele (Retired) and Professor Manjit S. Kang (Editor-in-Chief, Journal of
Crop Improvement) for their suggestions and corrections, which helped improve the earlier
version of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors

Funding

This work was supported by JSPS KAKENHI [JP 16K07570] and in part by SEEDS Fund
(Chiba University Open Recruitment for International Exchange Program).

References

Alidoust, D., and A. Isoda. 2014. “Phytotoxicity Assessment of γ-Fe2O3 Nanoparticles on
Root Elongation and Growth of Rice Plant.” Environmental Earth Sciences. 71: 5173–5182.
doi:10.1007/s12665-013-2920-z.

Belder, P., B. A. M. Bouman, R. Cabangon, L. Guoan, E. J. P. Quilang, L. Yuanhua,
J. H. J. Spiertz, and T. P. Tuong. 2004. “Effect of Water-saving Irrigation on Rice Yield
and Water Use in Typical Lowland Conditions in Asia.” Agricultural Water Management
65: 193–210. doi:10.1016/j.agwat.2003.09.002.

Bouman, B. A. M., E. Humphreys, T. P. Tuong, and R. Barker. 2007. “Rice and Water.”
Advances in Agronomy 92: 187–237. doi:10.1016/S0065-2113(04)92004-4.

Bouman, B. A. M., S. Peng, A. R. Castaneda, and R. M. Visperas. 2005. “Yield and Water Use
of Irrigated Tropical Aerobic Rice Systems.” Agricultural Water Management 74: 87–105.
doi:10.1016/j.agwat.2004.11.007.

Cantrell, R. P. 2002. “THE RICE GENOME: The Cereal of the World’s Poor Takes Center
Stage.” Science 296: 53. doi:10.1126/science.1070721.

Chu, G., T. Chen, Z. Wang, J. Yang, and J. Zhang. 2014. “Morphological and Physiological
Traits of Roots and Their Relations with Water Productivity in Water-saving and
Drought-resistant Rice.” Field Crops Research 162: 108–119. doi:10.1016/j.fcr.2014.06.026.

Counce, P. A., T. C. Keisling, and A. J. Mitchell. 2000. “A Uniform, Objective, and Adaptive
System for Expressing Rice Development.” Crop Science 40: 436–443. doi:10.2135/
cropsci2000.402436x.

Dingkuhn,M., and P. Y. L. Gal. 1996. “Effect ofDrainageDate onYield andDryMatter Partitioning
in Irrigated Rice.” Field Crops Research 46: 117–126. doi:10.1016/0378-4290(95)00094-1.

Fageria, N. K. 2009. The Use of Nutrients in Crop Plants. 302–304. USA:CRC Press, Taylor
and Francis Group. doi:10.1201/9781420075113.

Fan, M. S., X. J. Liu, R. F. Jiang, F. S. Zhang, S. H. Lu, X. Zeng, and Z. P. Christie. 2005. “Crop
Yields, Internal Nutrient Efficiency, and Changes in Soil Properties in Rice-wheat
Rotations under Non-flooded Mulching Cultivation.” Plant Soil 277: 265–276.
doi:10.1007/s11104-005-7459-7.

JOURNAL OF CROP IMPROVEMENT 21

https://doi.org/10.1007/s12665-013-2920-z
https://doi.org/10.1016/j.agwat.2003.09.002
https://doi.org/10.1016/S0065-2113(04)92004-4
https://doi.org/10.1016/j.agwat.2004.11.007
https://doi.org/10.1126/science.1070721
https://doi.org/10.1016/j.fcr.2014.06.026
https://doi.org/10.2135/cropsci2000.402436x
https://doi.org/10.2135/cropsci2000.402436x
https://doi.org/10.1016/0378-4290(95)00094-1
https://doi.org/10.1201/9781420075113
https://doi.org/10.1007/s11104-005-7459-7


FAO (Food and Agriculture Organization). 2006. Guidelines for Soil Description. 4th ed.
Rome: Publishing Management Service.

Fawibe, O. O., K. Honda, Y. Taguchi, S. Park, and A. Isoda. 2019. “Greenhouse Gas
Emissions from Rice Field Cultivation with Drip Irrigation and Plastic Film Mulch.”
Nutrient Cycling in Agroecosystems 113: 51–62. doi:10.1007/s10705-018-9961-3.

George, T., R. Magbanua, D. P. Garrity, B. Tubana, and J. Suiton. 2002. “Rapid Yield Loss of
Rice Cropped Successively in Aerobic Soil.” Agronomy Journal 94: 981–989. doi:10.2134/
agronj2002.0981.

He, H., F. Ma, R. Yang, L. Chen, B. Jia, J. Cui, H. Fan, X. Wang, and L. Li. 2013. “Rice
Performance and Water Use Efficiency under Plastic Mulching with Drip Irrigation.” PLoS
ONE 8: 1–15. doi:10.1371/journal.pone.0083103.

Kato, Y., M. Okami, and K. Katsura. 2009. “Yield Potential and Water Use Efficiency of
Aerobic Rice (Oryza Sativa L.) In Japan.” Field Crops Research 113: 328–334. doi:10.1016/j.
fcr.2009.06.010.

Kozak, M., P. K. Singh, M. R. Verma, and D. K. Hore. 2007. “Causal Mechanism for
Determination of Grain Yield and Milling Quality of Lowland Rice.” Field Crops
Research 102: 178–184. doi:10.1016/j.fcr.2007.03.010.

Lindsay, W. L., and W. A. Norvell. 1978. “Development of a DTPA Soil Test for Zinc, Iron,
Manganese, and Copper.” Soil Science Society of America Journal 42: 421–428. doi:10.2136/
sssaj1978.03615995004200030009x.

Liu, H., J. Zhan, S. Hussain, and L. Nie. 2019. “Grain Yield and Resource-use Efficiencies of
Upland and Lowland Rice Cultivars under Aerobic Cultivation.” Agronomy 9: 1–15.
doi:10.3390/agronomy9100591.

Liu, M., S. Lin, M. Dannenmann, Y. Tao, G. Saiz, Q. Zuo, S. Sippel, et al. 2013. “Do
Water-saving Ground Cover Rice Production Systems Increase Grain Yields at Regional
Scales?” Field Crops Research 150: 19–28. doi:10.1016/j.fcr.2013.06.005.

Liu, X., Y. Ai, F. Zhang, S. Lu, X. Zeng, and M. Fan. 2005. “Crop Production, Nitrogen
Recovery and Water Use Efficiency in Rice-wheat Rotations as Affected by Non-flooded
Mulching Cultivation (NFMC).” Nutrient Cycling in Agroecosystems 71: 289–299.
doi:10.1007/s10705-004-6801-4.

Lu, X., L. Wu, L. Pang, Y. Li, J. Wu, C. Shi, and F. Zhang. 2007. “Effects of Plastic Film
Mulching Cultivation under the Non-flooded Condition on Rice Quality.” Journal of the
Science of Food and Agriculture 87: 334–339. doi:10.1002/jsfa.2729.

Mancosu, N., R. L. Snyder, G. Kyriakakis, and D. Spano. 2015. “Water Scarcity and Future
Challenges for Food Production.” Water 7: 975–992. doi:10.3390/w7030975.

Oo, A. Z., S. Sudo, K. Inubushi, M. Mano, A. Yamamoto, K. Ono, T. Osawa, et al. 2018.
“Methane and Nitrous Oxide Emissions from Conventional and Modified Rice Cultivation
Systems in South India.” Agriculture, Ecosystems and Environment 252 :148–158.
doi:10.1016/j.agee.2017.10.014.

Patel, D. P., A. Das, G. C. Munda, P. K. Ghosh, J. S. Bordoloi, and M. Kumar. 2010.
“Evaluation of Yield and Physiological Attributes of High-yielding Rice Varieties under
Aerobic and Flood-irrigated Management Practices in Mid-hills Ecosystem.” Agricultural
Water Management 97: 1269–1276. doi:10.1016/j.agwat.2010.02.018.

Peng, S., B. Bouman, R. M. Visperas, A. Casteneda, L. Nie, and H. K. Park. 2006. “Comparison
between Aerobic and Flooded Rice in the Tropics: Agronomic Performance in an Eight-season
Experiment.” Field Crops Research 96: 252–259. doi:10.1016/j.fcr.2005.07.007.

Seguy, L., O. Husson, H. Charpentier, S. Bouzinac, R. Michellon, A. Chabanne, S. Boulakia
et al. 2012. “Principles, Functioning, and Management of Ecosystems Cultivated under
Direct Seeding Mulch-based Cropping Systems (DMC).” CIRAD, France. http://open-
library.cirad.fr/files/2/18__Manuel_SCV_v_eng_v_2012_04_25_finale_web_mini.pdf

22 O. O. FAWIBE ET AL.

https://doi.org/10.1007/s10705-018-9961-3
https://doi.org/10.2134/agronj2002.0981
https://doi.org/10.2134/agronj2002.0981
https://doi.org/10.1371/journal.pone.0083103
https://doi.org/10.1016/j.fcr.2009.06.010
https://doi.org/10.1016/j.fcr.2009.06.010
https://doi.org/10.1016/j.fcr.2007.03.010
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.3390/agronomy9100591
https://doi.org/10.1016/j.fcr.2013.06.005
https://doi.org/10.1007/s10705-004-6801-4
https://doi.org/10.1002/jsfa.2729
https://doi.org/10.3390/w7030975
https://doi.org/10.1016/j.agee.2017.10.014
https://doi.org/10.1016/j.agwat.2010.02.018
https://doi.org/10.1016/j.fcr.2005.07.007
http://open-library.cirad.fr/files/2/18__Manuel_SCV_v_eng_v_2012_04_25_finale_web_mini.pdf
http://open-library.cirad.fr/files/2/18__Manuel_SCV_v_eng_v_2012_04_25_finale_web_mini.pdf


Sheehy, J. E., M. J. A. Dionora, and P. L. Mitchell. 2001. “Spikelet Numbers, Sink Size and Potential
Yield in Rice.” Field Crops Research 71 (2): 77–85. doi:10.1016/s0378-4290(01)00145-9.

Tamura, M., T. Nagai, Y. Hidaka, T. Noda, M. Yokoe, and Y. Ogawa. 2014. “Changes in
Non-waxy Japonica Rice Grain Textural-related Properties during Cooking.” Journal of
Food Quality 37: 177–184. doi:10.1111/jfq.12085.

Tao, H., H. Brueck, K. Dittert, C. Kreye, S. Lin, and B. Sattelmacher. 2006. “Growth and Yield
Formation of Rice (Oryza Sativa L.) In the Water-saving Ground Cover Rice Production
System (GCRPS).” Field Crops Research 95: 1–12. doi:10.1016/j.fcr.2005.01.019.

Tao, Y., Y. Zhang, X. Jin, G. Saiz, R. Jing, L. Guo, M. Liu, et al. 2015. “More Rice with Less Water-
Evaluation of Yield and Resource Use Efficiency in Ground Cover Rice Production System
with Transplanting.” European Journal of Agronomy 68: 13–21. doi:10.1016/j.eja.2015.04.002.

Tuong, T. P., and S. I. Bhuiyan. 1999. “Increasing Water-use Efficiency in Rice Production:
Farm-level Perspectives.” Agricultural Water Management 40: 117–122. doi:10.1016/S0378-
3774(98)00091-2.

Tuong, T. P., and B. A. M. Bouman. 2003. “Rice Production in Water-scarce Environments.”
Proceedings of the workshop on water productivity. Workshop, November 12–14 2001,
Colombo, Sri Lanka.

Wang, Z., W. Zhang, S. S. Beebout, H. Zhang, and L. Liu. 2016. “Grain Yield,Water and Nitrogen
Use Efficiencies of Rice as Influenced by Irrigation Regimes and Their Interaction with
Nitrogen Rates.” Field Crops Research 193: 54–69. doi:10.1016/j.fcr.2016.03.006.

Wu, Y., S. Chang, and H. Lui. 2016. “Effects of Field High Temperature on Grain Yield and
Quality of a Subtropical Type Japonica Rice – Pon-Lai Rice.” Plant Production Science 19:
145–153. doi:10.1080/1343943X.2015.1128091.

Yao, F., J. Huang, K. Cui, L. Nie, J. Xiang, X. Liu, W. Wu, M. Chen, and S. Peng. 2012.
“Agronomic Performance of High-yielding Rice Variety Grown under Alternate Wetting
and Drying Irrigation.” Field Crops Research 126: 16–22. doi:10.1016/j.fcr.2011.09.018.

Zhang, Y., J. Hua, Y. Li, Y. Chen, and J. Yang. 2012. “Effect of Phosphorus on Grain Quality
of Upland and Paddy Rice under Different Cultivation.” Rice Science 19: 135–142.
doi:10.1016/S1672-6308(12)60032-8.

Zhang, Y., M. Liu, G. Saiz, M. Dannenmann, L. Guo, Y. Tao, J. Shi, et al. 2017. “Enhancement
of Root Systems Improves Productivity and Sustainability in Water Saving Ground Cover
Production System.” Field Crops Research 213: 186–193. doi:10.1016/j.fcr.2017.08.008.

Zhang, Z., S. Zhang, J. Yang, and J. Zhang. 2008. “Yield, Grain Quality and Water-use
Efficiency of Rice under Non-flooded Mulching Cultivation.” Field Crops Research 108:
71–81. doi:10.1016/j.fcr.2008.03.004.

JOURNAL OF CROP IMPROVEMENT 23

https://doi.org/10.1016/s0378-4290(01)00145-9
https://doi.org/10.1111/jfq.12085
https://doi.org/10.1016/j.fcr.2005.01.019
https://doi.org/10.1016/j.eja.2015.04.002
https://doi.org/10.1016/S0378-3774(98)00091-2
https://doi.org/10.1016/S0378-3774(98)00091-2
https://doi.org/10.1016/j.fcr.2016.03.006
https://doi.org/10.1080/1343943X.2015.1128091
https://doi.org/10.1016/j.fcr.2011.09.018
https://doi.org/10.1016/S1672-6308(12)60032-8
https://doi.org/10.1016/j.fcr.2017.08.008
https://doi.org/10.1016/j.fcr.2008.03.004

	Abstract
	Introduction
	Materials and methods
	Plant materials and site description
	Experimental design and treatments
	Plant sampling and analyses
	Physiological measurements
	Grain quality measurements
	Statistical analysis

	Results
	Weather and hydrological conditions
	Soil-available iron concentration
	Chlorophyll contents, leaf area index, dry matter, and photosynthesis-associated parameters
	Grain yield, water-use efficiency, and harvest index
	Grain qualities

	Discussion
	Conclusions
	Acknowledgments
	Disclosure statement
	Funding
	References

