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Abstract – To meet future food demand, world rice production must increase in the next few decades, which is possible only by effective use
of soil and water resources and inputs. This research was conducted to investigate the effects of nitrogen, N, application and deficit irrigation
treatments including a sprinkler, intermittent flooding and continuous flood irrigation, and their interaction with the N-use efficiency and grain
protein of a local lowland rice cultivar. The results indicated that low (sprinkler irrigation) and high (continuous flood irrigation) applied water
affected the plant and soil factors in N uptake and decreased N-use efficiency for rice. Therefore, optimum applied water was obtained in
intermittent flooding (2-day interval). Reduction in nitrogen uptake at high applied water can be due to the effect of nitrate leaching in the root
zone and the reduction in N uptake at low applied water can be due to the inability of the roots to absorb N and translocate it to the plant top.
With respect to the relationship between N uptake and grain protein and leaf chlorophyll, these parameters can also be affected by applied water
and N application. Appropriate linear models were proposed to show these relationships. At different times of soil nitrogen measurements and
N application rates, maximum nitrogen leaching (about 50%) occurred in continuous flooding irrigation.

deficit irrigation / nitrogen-use efficiency / grain protein / rice

1. INTRODUCTION

Rice (Oryza sativa L.) is the world’s most important food
crop and a major food grain for more than a third of the world’s
population. More than 70% of the world’s rice is produced in
intensively cultivated, irrigated lowland systems in Asia [11].
To meet future demand, world rice production must increase
in the next few decades, which is possible only if soil and water
resources and inputs are used more efficiently. In these sys-
tems, nitrogen, N, and water are two of the main factors limiting
the realization of yield potentials [12, 5]. As a consequence,
large amounts of mineral N fertilizers are used. According to
one estimate, 7 × 106 metric tons of N are applied each year to
the 74 × 106 ha of irrigated rice in Asia [3]. Apparent recovery
(RE) of fertilizer N by rice varies widely from 0 to 100%, while
agronomic efficiency (AE) ranges from 0 to 45 kg grain per kg
N applied [8]. Vlek and Byrnes [24] stated that “in field exper-
iments, flooded rice generally recovers 20–40% of applied N,
whereas upland crops normally recover about 40–60%”.

With the present levels of fertilizer N-use efficiency (<40%)
in rice, it is estimated that an increase of about 300% in N use
will be required to achieve an average yield of 8 t ha–1 by 2025
[3]. Nitrogen fertilization in rice is expensive throughout the
world, but fertilizer N recovery is seldom more than 30–40%
under normal conditions and 60–65% under optimum condi-

tions [10]. According to Timsina et al. [22], agronomic N-use
efficiency (kg grain yield per kg N applied), physiological effi-
ciency (kg grain yield per kg N absorbed), and fertilizer N-
recovery efficiency (kg N absorbed per kg N applied, expressed
as %) for rice across treatments ranged from 2.8 to 10.8, 5.2 to
27.5, and 33 to 61, respectively, and all were greater for N appli-
cation at 90 compared with 135 kg N ha–1. All those parameters
under irrigated conditions had greater values than rainfed con-
ditions. In West Africa [26], apparent recovery of fertilizer N was
highly variable (average: 30–40% of applied N) and physio-
logical nitrogen efficiency was mostly between 40 and 80 kg
grain kg–1 plant N. Cassman et al. [4] reported that mean N
uptake efficiency from different N fertilizers was only 36%. 

Reduction in N use may be possible in some areas without
any sacrifice in yields [25]. In general, a given percentage
increase in yield will do much more for profitability than a sim-
ilar percentage reduction in N use, because the ratio of N costs
to gross revenue from paddy is typically 8% or less [9].
Reduced use of N fertilizer might also generate off-farm envi-
ronmental benefits.

The chlorophyll or SPAD meter is a promising tool for anal-
ysis of the nitrogen status of a crop. It could help to improve
grain yield and N-use efficiency [1, 16]. The SPAD-502
CHLOROPHYLL METER determines the relative amount of
chlorophyll in leaves by measuring transmittances at red (650 nm,
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where absorption is high) and near-infrared (940 nm, where
absorption is extremely low) wavelength regions [13]. Research-
ers have widely used SPAD meter readings to predict chloro-
phyll concentrations in rice and other crops [17]. Since leaf
chlorophyll is highly correlated with N concentration, the SPAD
meter has also been used for analysis of the N fertilizer status
of rice [7, 21, 23].

The problems in rice productivity are both rice production
quantity and quality, i.e., grain protein content. Although applied
water and nitrogen fertilizer influence many quality criteria,
their effect on the protein content in rice grain may be of the
greatest significance. In general, not much data have been
reported for the effects of deficit irrigation and nitrogen appli-
cation rate on nitrogen-use efficiency and grain protein of rice,
in the literature. Therefore, this research was conducted to
investigate the effects of N application and deficit irrigation
treatments including a sprinkler, intermittent flooding and con-
tinuous irrigation, and their interactions with the N-use effi-
ciency and grain protein of a local lowland rice cultivar.

2. MATERIALS AND METHODS

2.1. Site description

This research was conducted at the Kooshkak Agricultural
Research Station of Shiraz University (Lat. 30° 7’ N; Long. 52°
34’ E; 1650 m El.) during the two consecutive growing seasons
of 2000 and 2001. The experimental site was placed in the irri-
gated area of the Doroodzan Irrigation District located south of
I.R. of Iran. The soil of the experimental site was a Fine, Car-
bonatic, mesic, Aquic Calcixerepts soil with a pH of 6.9–7.1.
The soil contents of sand (%), silt (%) and clay (%), electrical
conductivity of saturation extract (dS m–1), pH, N-NO3 (kg ha–1),
N-NH4 (kg ha–1) and P (kg ha–1) were 30, 39, 31, 1.4, 7.1, 12.8,
3.3, and 17.8, respectively, at a depth of 0–30 cm. These values
at a depth of 30–60 cm were 25, 32, 43, 1.1, 6.9, 10.7, 4.2 and
10.9, respectively. Maximum temperatures during the growing
season (July-October) ranged from 23 to 39 °C in 2000 and
from 28 to 40 °C in 2001, while the minimum temperature
ranged from 7 to 24 °C in 2000 and from 8 to 27 °C in 2001,
respectively. The mean daily maximum and minimum temper-
atures during the growing season (July-October) were 32.8 and
13.2 in 2000, respectively. These values were 35.4 and 16.2 °C
in 2001, respectively. Reference potential evapotranspirations
(ETp) during the growing period for 2000 and 2001 were 578
and 650 mm, respectively. There was no rainfall during the
growing season in either year.

2.2. Experimental details

The experiment was conducted using four replications in a
split-plot design with the irrigation methods as the main plots
and N levels as subplots. The main plots consisted of five irri-
gation regimes: (1) sprinkler irrigation with applied water equal
to ETp, (2) sprinkler irrigation with applied water equal to
1.5 ETp, (3) continuous flooding irrigation, (4) intermittent
flooding irrigation with a 1-day interval, and (5) intermittent
flooding irrigation with a 2-day interval. The one- and two-day
intervals are the periods between the consecutive flooding of

the plots with a water height of 5 cm. All the plots were bounded
to prevent any water runoff. The 1.0 and 1.5 ETp treatments did
not lead to runoff flooding. The percolation rate under surface
flooding was determined at 3–4 mm d–1 [18]. The subplots were
composed of three levels of 0, 40, and 80 kg N ha–1 for 2000
and 0, 60, and 120 kg N ha–1 for 2001 applied as urea. Subplots
were 3 m × 3 m basins enclosed by 50-cm bunds. The land was
prepared on 8 to 10 July in 2000 and 28 to 30 June in 2001. A local
cultivar (Champa-Kamphiroozi, Indica, with no nematode
infection) of rice seedlings with low tillering ability were trans-
planted, with 16 and 25 bushes per unit area, m2 for 2000 and
2001 on 11 and 1 July in 2000 and 2001, respectively. Before
transplanting, 200 kg P ha–1 was applied as ammonium phos-
phate. The N associated with this fertilizer was not counted in
the N treatments, which were based on urea. For the first ten
days, all of the treatments were irrigated with continuous flood-
ing to establish the seedlings. The applied water in this period
was 142 and 166 mm in the years of 2000 and 2001, respec-
tively. 

For sprinkler treatments, the applied water for each irriga-
tion was obtained by the mean of ETp for the three previous
days plus evaporation and the wind drift losses of the sprinklers.
Evaporation and wind drift losses were determined by measur-
ing the water collected in 45 cans placed in the experimental
plots during the water application period. The difference
between the applied water and the water collected in the cans
was considered as evaporation and wind drift losses. The mean
value of this loss was 28.8% in the growing season. For flood-
ing treatments, the water depth in the plots was maintained at
5 to 10 cm in the irrigation period. 

Ten days after transplanting, one-half of N per ha and irri-
gation treatments were applied. The remaining N was applied
in the middle of the growing season. In 2001, to monitor the
greenness of the crop in response to N status, a chlorophyll
meter (SPAD-502, Soil-Plant Analysis Development (SPAD)
Section, Minolta Camera Co., Ltd., Japan) was used to take
SPAD readings at, before and after the second N application.
At the measuring time, the SPAD readings were taken on the
five uppermost fully expanded leaves from different plants in
each plot. Three chlorophyll meter readings were taken around
the midpoint of each leaf blade, 30 mm apart, on one side of
the midrib. Therefore, fifteen SPAD readings were averaged
to represent the mean SPAD value of each plot. When the
SPAD readings were recorded, these leaves from each plot
were clipped and pooled to measure N concentration by micro-
Kjeldahl digestion and distillation [2] after oven-drying at
70 °C. During the growing season, weeds were controlled by
hand-weeding. Soil samples from each plot were taken at a
depth of 0–30 and 30–60 cm before the second N application
and at the end of the growing season. N-NO3 and N-NH4 of
samples were measured by the colorimetric method [14].

A volumetric water meter measured the volume of the deliv-
ered water to the plots. The crop was harvested manually on 8
and 13 October in 2000 and 2001, respectively. At the end of
the growing season, yield samples were harvested from a 1 m ×
1 m area in the middle of the plots. Samples were air-dried for
5 days before being oven-dried at 70 °C for 48 h. Then, grain
and straw N was determined on composite samples from all rep-
lications from every treatment combination using the micro-
Kjeldahl digestion and distillation procedure. The percent of
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grain protein was obtained from the grain N multiple by a coef-
ficient of 6.25 [2]. 

Physiological efficiency (PE, kg grain yield per kg N
absorbed), fertilizer N-recovery efficiency (RE, kg N absorbed
per kg N applied), and agronomic N-use efficiency (AE, kg
grain yield per kg N applied) were calculated for various treat-
ments. In calculating the AE and RE terms, the zero-N treat-
ment is used as reference (internal standard) within the repli-
cation (block). PE reflects the efficiency in using the N actually
absorbed and approximates the effects of plant factors, RE
focuses on N absorption from applied N and explains the effects
of soil factors, and AE reflects the efficiency of applied N [15].

2.3. Statistical analysis

All the plant data collected were statistically analyzed as a
split-plot design with four replications using analysis of vari-
ance to evaluate main and interaction effects. Means between
treatments were compared using the Duncan multiple range
test at the P ≤ 0.05 probability level. Statistical analyses were
conducted by SPSS and MSTAT software.

3. RESULTS AND DISCUSSION

3.1. Yield

3.1.1. Grain yield

The amounts of applied irrigation water were 836, 1183,
1948, 1530 and 1256 mm for the sprinkler (1.0 ETp), sprinkler
(1.5 ETp), continuous flooding, intermittent flooding (1-day
interval) and intermittent flooding (2-day interval) treatments,
respectively, in 2000. These values for 2001 were 971, 1374,
2262, 1779 and 1442 mm, respectively. The effect of the irri-
gation treatments on grain yield was significant for both of the
experimental years (Tab. I). Maximum grain yields occurred

with continuous flooding and intermittent flooding in 2000 and
2001, respectively. Minimum grain yield was obtained with
sprinkler irrigation treatments. The grain yield with continuous
flooding was higher than that obtained for intermittent flooding
in 2000, while it was higher than that for sprinkler irrigations.
For both years, the difference between sprinkler irrigation and
surface irrigation treatments was significant. However, signif-
icantly different results were only obtained with continuous and
intermittent flooding treatments in 2000. For both years, the
differences between sprinkler irrigation treatments were not
significant.

The effect of nitrogen treatments on grain yield was signif-
icant in both years (Tab. I). The maximum value of yield was
obtained with a maximum level of applied nitrogen. Nitrogen
applications of 72 kg ha–1 in 2000 and 92 kg ha–1 in 2001 did
not show a significant difference to the control treatment
(32 kg N ha–1). However, the treatments of 112 kg N ha–1 in
2000 and 152 kg N ha–1 in 2001 were significantly different
from the 32, 72 and 92 kg N ha–1 treatments. Similarly, Castillo
et al. [6] reported that application of N fertilizer increased grain
yield of rainfed lowland rice even when the rice crop was
exposed to water deficit. Also, Zhong and Huang [27] indicated
that grain yield and dry matter increased as the applied N rate
was increased. 

The grain yield differences in two consecutive years may not
be related to the different plant populations (16 and 25 plants
per m2 in 2000 and 2001, respectively) (Tab. I) because there
is not necessarily a large difference in panicle numbers; rather,
differences in the unfilled grain percentage and 1000-grain
weight were more obvious [19]. The optimum and low critical
air temperatures during the flowering stage of rice are reported
to be 30–33 and 22 °C, respectively [20]. The mean daily tem-
peratures during this growth stage were 23.8 and 28.2 °C in
2000 and 2001, respectively. It is obvious that the mean daily
temperature in 2000 was very close to the low critical air tem-
perature for the flowering stage, and resulted in higher unfilled
grains and lower grain yield in 2000.

Table I. Grain yields (kg ha–1) in different irrigation and nitrogen treatments for 2000 and 2001.
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3.1.2. Straw yield

There was not a significant interaction effect between irri-
gation treatments and nitrogen application rates for straw yield.
Furthermore, there was not a significant difference between the
main effects of the irrigation treatments and nitrogen applica-
tion rates (data were not shown). Similar results were obtained
for both years of the experiment. The mean straw yields for
the two consecutive years were 5284 and 5806 kg ha–1, respec-
tively. This difference is much smaller in comparison with
grain yield differences, which indicates that the grain yield dif-
ference is not due to differences in the plant population in the
two consecutive years.

3.2. N-use efficiency

3.2.1. Irrigation effects on N-use efficiency

The effect of irrigation treatments on physiological effi-
ciency (PE) was statistically significant (Tab. II). The average
maximum PE in 2000 (26.8 kg grain yield kg–1 N absorbed)
and 2001 (30.1 kg grain yield kg–1 N absorbed) was obtained
for intermittent flooding (2-day interval). The value of PE for
this treatment was significantly higher than those for the other
irrigation treatments. The average minimum PE was obtained
in 2000 (8.9 kg grain yield kg–1 N absorbed) and 2001 (9.1 kg
grain yield kg–1 N absorbed) for sprinkler irrigation (1.0 ETp).
The value of PE for this treatment was significantly lower than
those for the other treatments except the sprinkler (1.5 ETp) at
40 and 60 kg N ha–1 applications. In both years, the difference
between PE for continuous flooding and intermittent flooding
(1-day interval) was not significant except for the 40 kg N ha–1

application.
The effect of irrigation treatments on N-recovery efficiency

(RE) was statistically significant (Tab. III). The average max-
imum RE, in 2000 (67%) and 2001 (64.4%), was obtained for

intermittent flooding (2-day interval) and intermittent flooding
(1-day interval), respectively. The values of RE for these treat-
ments were significantly higher than those for continuous and
sprinkler irrigation treatments. The average minimum RE, in
2000 (53%) and 2001 (41%), was obtained for the sprinkler
(1.0 ETp). The value of RE for this treatment was significantly
lower than those for the other irrigation treatments, especially
in 2001.

The effect of irrigation treatments on agronomic N-use effi-
ciency (AE) was statistically significant (Tab. IV). The average
maximum AE in 2000 (18.5 kg grain yield kg–1 N applied) and
2001 (17.5 kg grain yield kg–1 N applied) was obtained for inter-
mittent flooding (2-day interval). The value of AE for this treat-
ment was significantly higher than those for the other treat-
ments. The average minimum AE was obtained in 2000 (4.6 kg
grain yield kg–1 N applied) and 2001 (3.2 kg grain yield kg–1

N applied) for sprinkler irrigation (1.0 ETp) with 40 and 60 kg
N ha–1 applications. The value of AE for this treatment was sig-
nificantly lower than those for the other treatments except the
sprinkler (1.5 ETp). In both years, the difference between AE
for continuous flooding and intermittent flooding (1-day inter-
val) was not significant.

Timsina et al. [22] in their studies in Bangladesh reported
that AE, PE and RE for rice ranged from 2.8 to 10.8, 5.2 to 27.5
and 33 to 61, respectively, and lower N-use efficiency in rice
is attributed to larger losses of N from the soil-floodwater.

3.2.2. Nitrogen effects on N-use efficiency

The effect of nitrogen treatments on PE, RE and AE was not
statistically significant for both years. However, the maximum
values of these parameters were obtained for a high level of
N application. These results were in accordance with Timsina
et al. [22] who reported an increase in PE, RE and AE with
increasing N application from 90 to 135 kg N ha–1.

Table II. Physiological efficiency (kg grain yield kg–1 N absorbed) in different irrigation and nitrogen.
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3.2.3. Interaction effects on N-use efficiency

Interaction effects between irrigation and nitrogen treat-
ments on PE were statistically significant in both years
(Tab. II). In 2000, maximum PE was obtained for intermittent
flooding (2-day interval) with 40 and 80 kg N ha–1, while in
2001, this value was obtained for intermittent flooding (2-day
interval) only with 60 kg N ha–1. In both years, the values of
PE for sprinkler treatment (1.0 ETp) were statistically smaller
than those for sprinkler treatment (1.5 ETp) at a higher N appli-
cation rate (80 and 120 kg N ha–1), while this treatment was

not significantly different from the sprinkler (1.5 ETp) at a
lower N application rate (40 and 60 kg N ha–1). 

Interaction effects between irrigation and nitrogen treat-
ments on RE were statistically significant in both years
(Tab. III). In 2000, maximum RE was obtained for intermittent
flooding (2-day interval) with 80 kg N ha–1, while this treat-
ment was not significantly different from intermittent flooding
with 40 kg N ha–1 and the sprinkler (1.5 ETp) with 40 kg N ha–1.
Minimum RE was obtained in continuous flooding with 40 kg
N ha–1, while this treatment was not significantly different from

Table III. N-recovery efficiency (%) in different irrigation and nitrogen treatments for 2000 and 2001.

Table IV. Agronomic N-use efficiency (kg grain yield kg–1 N applied) in different irrigation and nitro-
gen treatments for 2000 and 2001.
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sprinkler (1.0 ETp) treatments, the sprinkler (1.5 ETp) with
80 kg N ha–1 and continuous flooding with 80 kg N ha–1. In
2001, maximum RE was obtained for intermittent flooding
(1-day interval) with 120 kg N ha–1, while this treatment was
not significantly different from intermittent flooding (2-day
interval) with 120 kg N ha–1. Minimum RE was obtained for
the sprinkler (1.0 ETp) with 60 kg N ha–1, and this treatment
was significantly different from the other treatments.

Interaction effects between irrigation and nitrogen treat-
ments on AE were statistically significant in both years
(Tab. IV). In 2000, maximum AE was obtained for intermittent
flooding (2-day interval) with 80 kg N ha–1, while this treat-
ment was not significantly different from intermittent flooding
(2-day interval) with 40 kg N ha–1. Minimum AE was obtained
for the sprinkler (1.0 ETp) with 80 kg N ha–1, while this treat-
ment was not significantly different from sprinkler treatments
(1.0 and 1.5 ETp) with 40 kg N ha–1. In 2001, maximum AE
was obtained for intermittent flooding (2-day interval) with
60 kg N ha–1, while this treatment was not significantly differ-
ent from intermittent flooding (2-day interval) with 120 kg N
ha–1. Minimum RE was obtained for the sprinkler (1.0 ETp)
with 60 kg N ha–1, while this treatment was not significantly
different from the sprinkler (1.0 ETp) with 120 kg N ha–1 and
the sprinkler (1.5 ETp) with 60 kg N ha–1.

3.3. Grain protein

Multiple regression between the grain protein, N application
rates and applied irrigation water resulted in the following rela-
tionship:

GP = 6.92(±0.50) + 0.0343(±0.0029)N – 0.001(±0.0003)W (1)
R2 = 0.84, SE = 0.68, n = 30, P = 1.45 × 10–11

where GP is grain protein in %, N is the nitrogen application
rate in kg ha–1, and W is applied irrigation water in mm. The
amounts of applied irrigation water were reported by Pirmoradian

et al. [19]. The regression coefficients indicate that with increas-
ing applied N, grain protein was increased, and with increasing
applied water, grain protein was decreased. This might be due
to the fact that with higher applied water in continuous flooding
or intermittent irrigation with lower intervals, nitrogen leaching
in the soil might have resulted in lower nitrogen uptake by the
plant and lower grain protein concentration in the grain.

3.3.1. Irrigation effects

The effect of irrigation treatments on the grain protein was
statistically significant (Tab. V). In 2000, the average maxi-
mum grain protein (8.5%) was obtained for the sprinkler
(1.5 ETp), while this treatment was not significantly different
from the sprinkler (1.0 ETp) and intermittent flooding (1-day
interval). The average minimum grain protein (7.1%) was
obtained for continuous flooding and it was not significantly
different from intermittent flooding (2-day interval). In 2001,
the average maximum grain protein (9.4%) was obtained for
the sprinkler (1.0 ETp), while this treatment was not signifi-
cantly different from the sprinkler (1.5 ETp) and intermittent
flooding (1-day interval). The average minimum protein con-
centration of grain (7.8%) was obtained for continuous flood-
ing and it was not significantly different from that obtained for
intermittent flooding (2-day interval).

3.3.2. Nitrogen effects on grain protein

The effect of nitrogen treatments on the grain protein was
statistically significant (Tab. V). In both years, the average max-
imum and minimum grain proteins (9.9% and 6.0% for 2000
and 10.4% and 7.2% for 2001) were obtained for the highest
and lowest levels of N application, respectively. In other words,
increasing N application resulted in higher grain protein.

3.3.3. Interaction effects on grain protein

Interaction effects between irrigation and nitrogen treat-
ments on grain protein were statistically significant in both

Table V. Grain protein (%) in different irrigation and nitrogen treatments for 2000 and 2001.
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years (Tab. V). In 2000, maximum grain protein was obtained
for the sprinkler (1.0 ETp) with 80 kg N ha–1, while this treatment
was not significantly different from the sprinkler (1.5 ETp) and
intermittent flooding (1-day interval) with 80 kg N ha–1. Mini-
mum grain protein was obtained in continuous flooding with
no N application, while this treatment's result was significantly
smaller than those obtained for the other treatments. In 2001,
maximum grain protein was obtained for the sprinkler (1.0 ETp)
with 120 kg N ha–1, while it was significantly higher than those
obtained for the other treatments. Minimum grain protein was
obtained for continuous flooding with no N application, while
this treatment was not significantly different from intermittent
flooding treatments with no N application.

3.4. Straw nitrogen concentration

3.4.1. Irrigation effects on straw nitrogen concentration

The effect of irrigation treatments on straw nitrogen concen-
tration was statistically significant (Tab. VI). In 2000, the aver-
age maximum nitrogen of straw (0.63%) was obtained for the
sprinkler (1.0 ETp), while this treatment was not significantly
different from the sprinkler (1.5 ETp) and intermittent flooding
(1-day interval). The average minimum straw nitrogen concen-
tration (0.35%) was obtained for continuous flooding and it was
not significantly different from that obtained for intermittent
flooding (2-day interval). In 2001, the average maximum nitro-
gen concentration of straw (0.70%) was obtained for the sprin-
kler (1.0 ETp) and it was significantly higher than those
obtained for the other treatments. The average minimum straw
nitrogen concentration (0.39%) was obtained for continuous
flooding and it was significantly lower than those obtained for
the other treatments.

3.4.2. Nitrogen effects on straw nitrogen concentration

The effect of nitrogen treatments on straw nitrogen concen-
tration was statistically significant (Tab. VI). In both years, the

average maximum and minimum straw nitrogen concentrations
(0.80% and 0.25% for 2000 and 0.83% and 0.36% for 2001)
were obtained for the highest and lowest levels of N applica-
tion, respectively. In other words, increasing N application
resulted in increasing straw nitrogen concentration.

3.4.3. Interaction effects on straw nitrogen concentration

Interaction effects between irrigation and nitrogen treat-
ments on straw nitrogen concentration were statistically signif-
icant in both years (Tab. VI). In 2000, maximum straw nitrogen
concentration was obtained for the sprinkler (1.0 ETp) with
80 kg N ha–1, while this treatment was not significantly differ-
ent from the sprinkler (1.5 ETp) with 80 kg N ha–1. Minimum
straw nitrogen concentration was obtained for continuous flood-
ing with no N application, while this treatment was not signif-
icantly different from intermittent flooding (2-day interval). In
2001, maximum straw nitrogen concentration was obtained for
the sprinkler (1.0 ETp) with 120 kg N ha–1, while it was sig-
nificantly higher than those obtained for the other treatments.
Minimum straw nitrogen concentration was obtained for con-
tinuous flooding with no N application, while this treatment was
not significantly different from continuous flooding with 60 kg
N ha–1 and intermittent flooding (1-day interval) with no N
application.

3.5. Nitrogen uptake

Nitrogen uptakes by grain and straw (kg ha–1) were calcu-
lated by multiplication of grain and straw nitrogen concentra-
tions (kg N absorbed kg–1 grain yield) by grain and straw yields
(kg ha–1). Total plant nitrogen uptake was obtained by sum-
ming the grain and straw N uptake. The results are shown in
Table VII. The effect of irrigation and nitrogen treatments and
their interaction effects on nitrogen uptake were statistically
significant. In 2000, maximum and minimum of N uptake were
obtained for intermittent flooding (1-day interval) with 80 kg
N ha–1 and intermittent flooding (2-day interval) without N

Table VI. Straw nitrogen concentration (%) in different irrigation and nitrogen treatments for 2000 and 2001.
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application, respectively. These values for 2001 were obtained
for intermittent flooding (2-day interval) with 120 kg N ha–1

and continuous flooding without N application, respectively.
The N uptake for treatments without N application could be
absorbed from soil nitrogen or phosphate ammonium fertilizer
that was applied for all treatments (32 kg N ha–1). In 2000, the
N uptake for treatments without N application was lower than
those values for 2001. These differences may be related to
lower grain yield in this year due to lower air temperature dur-
ing the flowering period, which resulted in higher unfilled
grains. Therefore, the higher unfilled grain in the panicle
resulted in lower N uptake.

Multiple regression between total nitrogen uptake, grain
yields, N application rates and applied irrigation water resulted
in the following relationship:

NU = 9.89(±5.99) + 0.0136(±0.0016)Y 
+ 0.471(±0.041)N – 0.0134(±0.0047)W (2)

R2 = 0.94, SE = 8.12, n = 30, P = 1.42 × 10–16

where NU is total plant nitrogen uptake in kg ha–1, Y is grain
yield in kg ha–1, N is nitrogen application rate in kg ha–1 and
W is applied irrigation water in mm. The regression coefficients
indicate that with increasing grain yield and applied N, nitrogen
uptake was increased, and with increasing applied water, nitro-
gen uptake was decreased. This reduction in nitrogen uptake
could be due to the effect of nitrate leaching in the root zone at
higher applied water in continuous and intermittent flooding
with a short interval. 

3.6. SPAD chlorophyll concentration 

SPAD readings in 2001, before and after the second N appli-
cation, are shown in Table VIII. The effects of irrigation and
nitrogen treatments on leaf chlorophyll concentration (SPAD
readings) were statistically significant (Tab. VIII). In irrigation

Table VII. Total plant nitrogen uptake (kg ha–1) in different irrigation and nitrogen treatments for 2000 and 2001.

Table VIII. SPAD readings in 2001.
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treatments, before N application, the minimum SPAD reading
(32.8 in continuous flooding) was significantly lower than
those for the other treatments, while after N application, this
value (37.6) was not significantly different from the sprinkler
(1.0 ETp) and intermittent flooding (1-day interval). In fact, the
differences between SPAD readings before N application were
greater than those after N application. The difference between
the average maximum and minimum SPAD readings, before N
application, was 3.7, while this value for after N application
was 3.1. These results indicate that continuous flooding might
have leached the soil nitrogen with more severity. 

In N treatments, before N application, with increasing
applied N, the SPAD reading was significantly increased. After
N application, the average maximum SPAD reading was
obtained for 120 kg N ha–1, while it was not significantly dif-
ferent from that obtained for 60 kg N ha–1. 

Interaction effects of irrigation and nitrogen treatments on
SPAD readings, before N application, were statistically signif-
icant, while those effects after N application were not statisti-
cally significant (Tab. VIII). Before N application, the maxi-
mum SPAD reading was obtained for the sprinkler (1.5 ETp)
with 120 kg N ha–1 and it was not significantly different from
those obtained for intermittent flooding (2-day interval) with
60 and 120 kg N ha–1, intermittent flooding (1-day interval) with
120 kg N ha–1 and the sprinkler (1.0 ETp) with 120 kg N ha–1.

Plant access to nitrogen and increasing leaf chlorophyll
resulted in differences between SPAD readings before (35) and
after (39) N application. In irrigation treatments, the minimum
(2.9) and maximum (4.8) difference between SPAD readings
before and after N applications were obtained for the sprinkler
(1.0 ETp) and continuous flooding, respectively. Also, mini-
mum and maximum SPAD readings before and after N appli-
cations were obtained for continuous flooding and intermittent
flooding (2-day interval), respectively. These results indicate
that the maximum nitrate leaching might have happened in con-
tinuous flooding. With increasing N application, SPAD read-
ings before and after N applications, and their differences, were
increased. 

A linear relationship between SPAD readings and leaf nitro-
gen concentration (%) before and after the second N application
(in the middle of the growing season) was obtained as follows
(Fig. 1): 

LNC = 0.081(SR – 9.4), 
R2 = 0.87, SE = 0.094, n = 30, P = 4.9 × 10–13 (3)

where LNC is leaf nitrogen concentration (%) and SR is SPAD
readings. This equation indicates that chlorophyll concentra-
tion was positively correlated with leaf N concentration in the
middle of the growing season. However, a threshold SR of 9.4
was required to begin to show the leaf nitrogen concentration.
Therefore, SPAD readings can be used to distinguish N status
and the effect of different N treatments on yield. However,
equation (3) may be different for different growth stages
because specific leaf area (SLA) changes dramatically from
emergence to flowering.

3.7. Soil nitrogen

Soil nitrogen (N-NH4 and N-NO3) was measured at depths
of 0–30 and 30–60 cm. The soil nitrogen contents at these
depths were not statistically significant. Therefore, the soil
nitrogen content in the root zone (45 cm) was obtained by the
summing of soil nitrogen at a depth of 0–30 cm and one-half
of soil nitrogen at a depth of 30–60 cm (Tabs. IX, X).

3.7.1. Irrigation treatment effects on soil nitrogen

Irrigation effects on soil nitrogen before the second N appli-
cation and at the end of the growing season were statistically
significant for both years (Tabs. IX, X). For all cases, the aver-
age maximum soil nitrogen was obtained for intermittent flood-
ing (2-day interval). This treatment was not statistically differ-
ent from sprinkler irrigation treatments and intermittent
flooding (1-day interval). The average minimum soil nitrogen
was obtained for continuous flooding and this treatment was
statistically different from those obtained in the other treat-
ments. Therefore, maximum nitrogen leaching occurred in con-
tinuous flooding irrigation.

3.7.2. Nitrogen treatment effects on soil nitrogen

The nitrogen treatment effect on soil nitrogen before the sec-
ond N application and at the end of the growing season were
statistically significant for both years (Tabs. IX, X). For all
cases, the average maximum and minimum soil nitrogen con-
tents were obtained for the highest and the lowest second N
application rates, respectively. Soil nitrogen contents for all N
application rates were statistically different. They increased as
the N application rates increased.

3.7.3. Interaction effects

Interaction effects of irrigation treatments and nitrogen
application rates on soil nitrogen content before the second N
application and at the end of the growing season were statisti-
cally significant for both years (Tabs. IX, X). In 2000, before
the second N application, maximum soil nitrogen was obtained
for the sprinkler (1.0 ETp) with 112 kg N ha–1. This treatment was
not significantly different from the sprinkler (1.5 ETp) and
intermittent flooding (2-day interval) with 112 kg N ha–1. At the
end of the growing season, maximum soil nitrogen content was

Figure 1. Relationship between SPAD readings and leaf nitrogen
concentration (%), Y = 0.081(X – 9.4), R2 = 0.87.
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obtained for the sprinkler (1.0 ETp) with 112 kg N ha–1. This
treatment was not significantly different from the sprinkler
(1.5 ETp), and intermittent flooding treatments (1-day interval
and 2-day interval) with 112 kg N ha–1.

In 2001, before the second N application, maximum soil
nitrogen content was obtained for intermittent flooding (2-day
interval) with 152 kg N ha–1. This treatment was not signifi-
cantly different from intermittent flooding (1-day interval) with
152 kg N ha–1. At the end of the growing season, maximum
soil nitrogen content was obtained for intermittent flooding
(2-day interval) with 152 kg N ha–1. This treatment was not sig-
nificantly different from the sprinkler (1.5 ETp) and intermit-
tent flooding (1-day interval) with 112 kg N ha–1.

For all cases and N application rates, minimum soil nitrogen
content was obtained in continuous flooding. Therefore, max-
imum nitrogen leaching (about 50%) occurred in continuous
flooding irrigation.

4. CONCLUSION

The results indicated that low and high applied water
affected the plant and soil factors in N uptake and decreased
N-use efficiency for rice. Therefore, optimum applied water
was obtained in intermittent flooding (2-day interval). Reduc-
tion in nitrogen uptake at high applied water in continuous
flooding irrigation could be due to the effect of nitrate leaching
in the root zone. The reduction in N uptake at low applied water
in sprinkler irrigation treatments could be due to the inability
of the roots to absorb N and translocate it to the plant top.

With respect to the relationship between N uptake and grain
protein and leaf chlorophyll, these parameters can also be
affected by applied water and N application. Appropriate linear
models were proposed to show these relationships.
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Table IX. Soil nitrogen (N-NH4 and N-NO3) for different treatments in 2000.

Table X. Soil nitrogen (N-NH4 and N-NO3) for different treatments in 2001.
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