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Freshwater availability for irrigation decreases because of increasing demand from
urban and industrial areas, degrading irrigation infrastructure, and water quality. The
demanding for high production of rice with less water use is crucial for food supply.
In this research, a field experiment was conducted during 2001 and 2002 to determine
the effect of crop density on water productivity of rice crop. The study was carried out
in a split-plot design with three plant spacings as subplots (20 cm × 20 cm, 15 cm ×
15 cm, and 10 cm × 20 cm) and four different irrigation regimes (continuous submer-
gence as the control and 100%, 75%, and 50% evaporation of pan) as main plots. To
model the various water productivity components, the ORYZA2000 model was used.
The comparison of model results with observed data was performed using different sta-
tistical methods. The results showed that the irrigation by 75% evaporation from pan
evaporation and 20 cm × 20 cm crop size are the optimum irrigation method and crop
density management.

Keywords Crop density, irrigation, ORYZA2000, rice, water balance

Introduction

Freshwater availability for irrigation is decreasing as a result of increasing demand from
urban and industrial areas, degrading irrigation infrastructure, and water quality (Molden
2007). The demanding for high production of rice with less water use is crucial for food
supply. Iran is a semi-arid country with 240 mm mean annual rainfall and 600,000 ha under
cultivation of paddy field. Roughly, the whole area of lowland rice uses a continuously sub-
merged irrigation regime by keeping 3–5 cm of water over the soil for the growing season.
In northern Iran, irrigated lowland rice usually experiences water deficit during the grow-
ing season. Two northern provinces (Guilan and Mazandaran) close to the Caspian Sea
have an annual rainfall of 700–1000 mm, covering 70–80% of paddy field cultivation area.
However, the majority of rainfall does not occur within rice cultivation season. Irrigation
dominates the water use in Iran, and surface water storage will be increased by construction
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2086 E. Amiri et al.

of numerous multipurpose dams and reservoirs along rivers that comes from Zagros and
Alborz mountains.

Agricultural systems are complex, and understanding this complexity requires sys-
tematic research, but resources for agricultural research are limited. The field experiments
investigate a number of variables under a few site-specific conditions. Crop simulation
models consider the complex interactions of weather, soil properties, and management
factors, which influence crop performance. Mechanistic models are very helpful in decid-
ing the best management options for optimizing crop growth and the yield. In the middle
of 1990s, Rice Research Institute of Iran (IRRI), Wageningen University, and the Research
Centre developed the ORYZA model series to simulate the growth and development of
tropical lowland rice (Ten Berge and Kropff 1995). In 2001, a new version of the ORYZA
model was released that improved and incorporated all previous versions into one model
called ORYZA2000 (Bouman et al. 2001). The ORYZA2000 was evaluated under lim-
ited water and/or nitrogen conditions in the Philippines (Bouman and Van Laar 2006),
India (Arora 2006), Indonesia (Boling et al. 2007), Iran (Amiri 2008), Japan (Bannayan
et al. 2005), and China (Belder, Bouman, and Spiertz 2007; Jing et al. 2007; Bouman
et al. 2007; Feng et al. 2007; Xue et al. 2008). Measurements of some of the hydrological
variables (such as transpiration, evapotranspiration, and infiltration) in the field conditions
were difficult and/or needed sophisticated instruments such as a lysimeter. Therefore,
field experiments that yield site-specific information are expensive, laborious, and time-
consuming, especially if they should be representative for a number of years. However, the
ORYZA2000 model in combination with field experiments offers the opportunity to gain
detailed insights into the system behavior in space and time.

Water productivity (WP) could be defined as total water input through rainfall and
irrigation or as evapotranspiration (E). The WP expresses the input/output relationship or
“crop per drop” (Kijne, Barker, and Molden 2003). Water productivity will be computed
as the ratio of grain yield to total water input (WPI+R) or by evapotranspiration (WPET).
Decreasing the amount of water availability for agriculture threatens the productivity of
the irrigated rice ecosystem, and various approaches should be sought to save water and
increase the water productivity of rice (Guerra et al. 1998). Turner (1997) suggested two
ways to increase the water productivity under water-stress conditions: (1) plant genetic
improvement and (2) agronomic practices. Tuong (1999) discussed that improvement of
water productivity would involve (1) increasing yield per unit of ET and (2) reducing the
portion of water input to the field that is not available for crop ET. The WPET values
in rice found in previous studies showed a rather wide range (between 0.6 kg m−3 and
1.6 kg m−3 (Zwart and Bastiaanssen 2004)), which is caused by environmental factors, crop
management, and genotypic variation (Turner 1997; Belder et al. 2004 and 2005). Water
productivity (WPI+R) of rice ranges from 0.50 to 1.48 kg m−3, and water productivity
(WPET) ranges from 0.7 to 1.6 kg m−3.

In this study, we evaluated the crop growth model ORYZA2000 by using 2 years of
field data. Then we employed this model to determine the parameters of the water balance
of the field experiments to estimate the optimum irrigation regime across different plant
densities.

Materials and Methods

Field Experiments

The experiments were performed at RRII, Guilan Province, located in northern Iran (37◦
12′ N, 49◦3 8′ E) under clay soil during the rice cropping season of 2001 and 2002. The
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Effects of Crop Density and Irrigation Management 2087

experiments were laid out as a split-plot design with three replications consisting of four
irrigation regimes as the main plot and three different crop spacings as subplots. Four
irrigation treatment regimes in this study are included:

I1, continuous submergence (about 5 cm height) as a control treatment;
I2, irrigation based on 100% evaporation rate measured by an evaporation pan instrument

(class A pan);
I3, irrigation based on 75% evaporation rate;
and I4, irrigation based on 50% evaporation rate.

Also, three crop spacing are included:

S1, 20 cm × 20 cm;
S2, 15 cm × 15 cm;
S3, and 10 cm × 20 cm.

The main plot was 10.5 m × 3.5 m with three equal subplots separated by 0.5-m
space between them to avoid lateral seepage. The entire main and subplot treatments were
selected randomly. The daily evaporation and precipitation were monitored by using the
evaporation pan and storage udometer. The total evaporation and precipitation rates over
the preceding 5-day period were used to determine the amount of water for irrigation per
each plot for each treatment. The amount of irrigation water used was monitored at each
plot from transplanting until maturity by using flow meters installed in the irrigation pipes.

The seedlings at age of 35–45 days were transplanted at a rate of 3 seedlings per hill
on 2 June 2001 and 4 June 2002; and the harvest dates were 30 August 2001 and 28 August
2002. The yield was measured with 5 m2 harvests of each plot. In all experiment plots, 60
kg nitrogen (N) per hectare, 25 kg phosphorus pentoxide (P2O5) per hectare, and 75 kg
potassium oxide (K2O) per hectare were applied before transplanting.

Model ORYZA2000

A detailed description of the model is given by Bouman et al. (2001), and just summary
of the model is described in this section. ORYZA2000 follows a daily calculation pattern
for the rate of dry-matter production of the crop organs and the rate of phenological devel-
opment. By integrating these rates over the time, dry-matter production and development
stage were simulated through the growing season. The calculation processes for dry-matter
production were well documented (Bouman et al. 2001). Total daily rate of canopy carbon
dioxide (CO2) assimilation was calculated from daily incoming radiation, temperature,
and leaf area index (LAI). The daily dry-matter accumulation was calculated by subtrac-
tion of maintenance and growth respiration requirements from total assimilation amount.
The dry-matter increment was partitioned among the various plant organs as a function of
phenological development stage, which is tracked as a function of mean daily air tempera-
ture. Spikelet density at flowering was derived from total dry-matter accumulation over the
period of panicle initiation to flowering stage.

The water dynamics in the ORYZA2000 model was accounted for using a soil–water
balance module (PADDY; Wopereis et al. 1996; Bouman et al. 2001). In PADDY, a lowland
rice soil was modeled as a layer of muddy topsoil overlying a 3- to 5-cm plow sole and
nonpuddled subsoil. With pounded water on surface, vertical water movement will be a
fixed infiltration rate. The water retention and conductivity characteristics were expressed
by Van Genuchten parameters (Van Genuchten 1980).
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2088 E. Amiri et al.

ORYZA2000 Input Data

Model calibration is the adjustment of parameters so that simulated values compare well
with observed ones; calibrations started with standard crop parameters for cultivar IR72
and following the procedures set by Bouman et al (2001). First, development rates were
calculated using observed (2001 year) dates of emergence, transplanting, panicle initiation,
flowering, and physiological maturity. Second, specific leaf area value was calculated from
observed values of leaf area and leaf dry weight amounts. The partitioning of assimilates
was derived from observed data, which use the leaf, stem, and panicle biomass portions.
Daily climatological data, which included sunshine hours, maximum and minimum tem-
peratures, vapor pressure, wind speed, and rainfall rate for crop season were obtained from
the Rasht meteorological station. The summary of meteorological data during the experi-
ment period is given in Table 1. The soil water content at specified depth was estimated by
the pressure plate instrument (Table 2). The Van Genuchten parameters (Table 2) for dif-
ferent soil layers were derived by using pedotransfer functions (Van Genuchten, Leij, and
Yates 1991). The Quick method instruments were used for determination of infiltration and
seepage during the rice growing season (Amiri 2008). The saturated hydraulic conductiv-
ity (Ks) of different soil layers (including plow sole) was determined based on undisturbed
soil cores in the laboratory.

Model Evaluation

For model evaluation, the root mean square error (RMSE) and normalized root mean square
error (RMSEn) were calculated as follows:

RMSE =
( n∑

i=1

(Pi − Oi)
2/n

)0.5
(1)

RMSEn = 100
( n∑

i=1

(Pi − Oi)
2/n

)0.5
/Omean (2)

Table 1
Monthly total rainfall and average temperature and sunshine hours during 2001–2

Minimum Maximum Mean Rainfall Sun
Year Month temperature (◦C) temperature (◦C) temperature (◦C) (mm) (h)

2001 April 10.8 19.4 15.1 29.2 4
May 15.0 24.3 19.7 111 5.4
June 18.2 27.8 23.0 6.3 9.6
July 20.7 29.9 25.2 29 6.3
August 21.2 31.9 26.6 85.5 7.5

2002 April 10.4 16.1 13.2 121 4.2
May 13.4 20.8 17.1 82.4 5.3
June 18.8 27.6 23.2 1.5 9.5
July 21.3 31.6 26.4 17.6 6.9
August 22.1 30.8 26.5 119.5 7.6

D
ow

nl
oa

de
d 

by
 [

eb
ra

hi
m

 a
m

ir
i]

 a
t 0

1:
10

 2
3 

A
ug

us
t 2

01
1 



Ta
bl

e
2

Ph
ys

ic
al

pr
op

er
tie

s
an

d
V

an
G

en
uc

ht
en

pa
ra

m
et

er
s

pe
r

so
il

la
ye

rs
of

th
e

ex
pe

ri
m

en
tfi

el
d

D
ep

th
(c

m
)

Sa
nd

(%
)

L
oa

m
(%

)
C

la
y

(%
)

B
ul

k
de

ns
ity

(g
cm

–1
)

θ
SA

T
K

SA
T

(c
m

/
da

y)
θ

FC
θ

PW
P

λ
n

α
(c

m
–1

)

0–
10

14
39

47
1.

10
0.

65
57

.5
4

0.
40

0.
27

05
0

1.
23

0.
03

10
–2

0
17

39
44

1.
20

0.
62

30
.8

0
0.

40
0.

30
05

0
1.

20
0.

03
20

–3
0

9
44

47
1.

32
0.

62
0.

40
0.

41
0.

30
05

0
2.

99
0.

06
30

–4
0

11
42

47
1.

31
0.

60
11

.4
0

0.
42

0.
30

05
0

1.
17

0.
26

40
–6

0
9

42
49

1.
33

0.
60

10
.4

0.
42

0.
32

05
0

1.
16

0.
03

60
–8

0
5

34
61

1.
29

0.
60

21
.4

0.
39

0.
29

05
0

1.
19

0.
03

N
ot

es
.P

ar
am

et
er

ab
br

ev
ia

tio
ns

ar
e

as
fo

llo
w

s:
α

,V
an

G
en

uc
ht

en
al

ph
a

pa
ra

m
et

er
;
λ

,V
an

G
en

uc
ht

en
la

m
bd

a
pa

ra
m

et
er

;
n,

V
an

G
en

uc
ht

en
n

pa
ra

m
et

er
;

K
s,

sa
tu

ra
te

d
hy

dr
au

lic
co

nd
uc

tiv
ity

;θ
SA

T
,s

at
ur

at
ed

vo
lu

m
et

ri
c

w
at

er
co

nt
en

t;
θ

FC
,fi

el
d

ca
pa

ci
ty

vo
lu

m
et

ri
c

w
at

er
co

nt
en

t;
an

d
θ

PW
P
,p

er
m

an
en

tw
ilt

in
g

po
in

t.

2089

D
ow

nl
oa

de
d 

by
 [

eb
ra

hi
m

 a
m

ir
i]

 a
t 0

1:
10

 2
3 

A
ug

us
t 2

01
1 



2090 E. Amiri et al.

where Pi is the simulated value, Oi is the observed value, Omean is the mean of observed
data, and n is the number of observations. Paired t-test and linear regression analysis were
also used to assess the goodness-of-fit relationship between the observed and simulated
datasets.

Soil–Water Balance

The seasonal water balance of the root zone of field could be calculated as follows:

I + R = E + T + D + �W (3)

where I is the irrigation rate, R is rainfall rate, E is evaporation rate, T is transpiration rate, P
is percolation rate beyond the root zone, and �W is change in the soil water storage. The
rainfall amount was obtained from the meteorological data and all other components sim-
ulated by ORYZA2000. For the seasonal water balance, the daily components were added
from transplanting until physiological maturity stage. The daily inflow rates were added
from transplanting until maturity stage, where irrigation and rainfall events were directly
observed. The evaporation, transpiration, percolation, and the difference in field water stor-
age rates were calculated by ORYZA2000. The evaporation and transpiration rates were
calculated using Priestley–Taylor equations (Van Kraalingen 1995).

Water Productivity

The water productivity should be defined in different ways referring to different type of
crop productions, for instance, dry matter or grain yield, and amount of water used, such
as transpiration, evapotranspiration, and irrigation (Molden et al. 2001). The WPT was
expressed as crop grain yield Yg per unit amount of transpiration T, and set the lower
limit of water used by the crop. The actual evapotranspiration (ETa) represents the actual
amount of water that was used in crop production, which is no longer available for reuse
in the agricultural production system. It should be used as WPET instead of Yg per unit
value of ET. The inevitable loss of water due to evaporation caused decreases in water
productivity (WPT to WPET). Therefore, relatively low values of WPET when compared
to WPT suggested reducing the evaporation rate by agronomic measurements, such as soil
mulching and conservation tillage. The irrigation and rainfall rates are the total water used in
the field. In this situation, and the water productivity values WPI and WPI+R were expressed
in terms of Yg per unit water available in field through irrigation, I, and rainfall, R, as inputs.

Results and Discussion

Model Evaluation

The model was calibrated using the data for 2001, and the 2002 dataset was used for
validation. The ORYZA2000 model was evaluated based on the simulation of grain yield
across various saving regimes and plant densities.

The parameters obtained in model calibrations were used for validation and perfor-
mance evaluation of ORYZA2000. The statistical output was used to evaluate the model
performance, which is shown in Table 3. The RMSE was ranged between 150 and 182 kg
ha−1 and normalized RMSE was 6–7% for observed yields, which varies between 1848 and
3193 kg ha−1. Paired t-test results showed no significant difference between the observed
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Figure 1. Simulated versus observed grain yields. The solid line is 1:1, and the dotted line is plus
and minus standard error around the 1:1 line.

and simulated yield values (P > 0.05). The 1:1 line and the standard error (SE) of the
observed variables were also shown. Figure 1 shows nearly 75% yield data points dropped
in plus and minus SE lines of observed yield. The linear regression model was performed
between simulated and observed values, and it shows the slope (α) close to 1 and relatively
small intercept value (β). Correlation coefficient for this analysis is larger than 0.63 for
yield, which indicated a fair simulation.

The capability of ORYZA2000 model to simulate rice yield in a water-saving regime
and crop density is shown in Figure 2. The accuracy of ORYZA2000 simulated yields in
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Figure 2. Performance of ORYZA2000 model for simulating yield of rice under various water-
saving and plant density situations; the vertical bars represent the standard deviation of three
replicates of grain yield.
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Effects of Crop Density and Irrigation Management 2093

our field experiment results were compared with other publications using the same crop
model (see Table 4).

Water Balance Components

The water balance components of the field experiments are presented in Table 5. The
amounts of rainfall from transplanting to harvest stage were 119 mm for 2001 and 71 mm
for 2002. The amount of irrigation water applied varied between 195 mm to 430 mm. The
water-saving regimes used less irrigation water than continuous submergence regimes. In
the field experiment, water-saving regimes reduced the yield by 11% when compared to
the control. The average water input was 22% less than the control for this situation. The
evaporation depends on the water regime and plant density; the seasonal evaporation varied
from 88 to 183 mm and showed a significant reduction with a decrease in plant spacing
and applied water amount. The continuous surface ponding caused high soil evaporation
during the rice growing season.

The lower plant spacing caused greater leaf growth, more light interception, and less
light transmission to the soil surface, which also reduced the evaporation rate (Belder et al.
2005). Our results showed that S1 evaporation rate was greater than S2 and S3 rates.

The transpiration (T) varied from 181 to 374 mm and also reflected canopy devel-
opment and biomass growth that was strongly affected by water and plant density. The
T value is directly related to the leaf area index (LAI), but evaporation (E) has an indirect
relationship with LAI. Because paddy is a sensitive crop to water stress, even light stress
will affect the LAI.

In addition, the evaporation loss will increase because most of the paddy fields were
kept under saturated conditions during the growing season. This will result in a more or
less equal potential and actual E. Decreasing the LAI amount reduces the transpiration;
however, it increases the evaporation rate (Belder et al. 2005). In this research, ET simu-
lated by the calibrated and validated ORYZA2000 ranged from 312 to 462 mm for different
combination of water and plant density conditions. Additionally, Doorenbos and Kassam
(1979) mentioned ET varied from 450 to 700 mm for rice crop.

The seasonal amount of infiltration was varied from 90 to 236 mm. The amount of
infiltration is greater for the continuous submergence regime than for the water-saving
regime (see Table 5). A decrease in infiltration caused a reduction in irrigation depth.
Earlier studies (Arora 2006; Belder, Bouman, and Spiertz 2007) showed a reduction in
ponded water depth caused a substantial decrease in infiltration rate.

Water Productivity Components

The water productivity for rice was analyzed using the ORYZA2000 simulation model. We
calculated the water productivity rates using the simulated water balance components of
T and ET by ORYZA2000 and the actual (observed) grain yield (see Table 6). Both water
productivities WPI+R and WPI showed a maximum value at I4 regimes (irrigation by 50%
evaporation from evaporation pan).

The WPI varied from 0.7 kg.m−3 at continuous submergence treatment to 0.9 kg.m−3

at I4 regime due to a decrease in irrigation water requirements. It was reported by Tuong
and Bouman (2003) that water productivity WPI+R of irrigated rice ranged from 0.2 to
1.1 kg.m−3.

In this study, the amount of WPET varied from 0.57 to 0.69 kg.m−3 (see Table 6). Based
on previous studies in the past 25 years, Zwart and Bastiaanssen (2004) established global
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Effects of Crop Density and Irrigation Management 2097

benchmark numbers of WPET, expressed as Yg/ET (kg m−3), at 1.09 for rice crop. To
improve the WPET for the crop, the fraction of soil evaporation section in the evapotranspi-
ration process is the important issue. During the rice cultivation, high evaporative demands
and continuous surface water ponding caused a high soil evaporation rate. Improving agro-
nomic practices such as water-saving regimes could reduce this nonbeneficial loss of water
through soil evaporation E, and subsequently will improve WPET (Turner 1997). In this
study, the mean value of WPET was 0.63 kg m−3, 35% less than WPT. The differences in
WPT for different treatments were due to the differences in the chemical harvest index and
evaporative demands during the respective seasons.

The results of this study showed that the I2, I3, and I4 irrigation regimes caused yields
to decline by 7%, 10%, and 16%, respectively. Reducing water inputs from continuous
submergence conditions to water-saving conditions will decrease rice yields, but it will
substantially increase water productivity.

In Figure 3, the average water productivity components during many years were cal-
culated for irrigation regimes and crop density. As Figure 3 shows, changing the irrigation
method will improve water productivity components (such as WPI and WPI+R). However,
increasing water productivity did not affect crop density (except WPT parameter).
Therefore, for agricultural managers the optimum irrigation and crop density would be

0.00

0.20

0.40

0.60

0.80

1.00

1.20

I1 I2 I3 I4
Irrigation regime

W
P

 (
 k

g
/h

a
)

WP I WP I + R WP ET WP T

0.00

0.20

0.40

0.60

0.80

1.00

1.20

S1 S2 S3

Plant density

W
P

 (
k
g
/h

a
)

Figure 3. Water productivity of rice under irrigation regime and crop density conditions.
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2098 E. Amiri et al.

the greatest water productivity that was obtained. The results of this study showed that
between two factors of irrigation regime and crop density, in terms of water productiv-
ity component and yield, the irrigation rate of 75% evaporation from pan and 20 cm ×
20 cm crop spacing would be optimal. The mean yield of 2 years of irrigation and crop
density conditions was 2611 kg.ha−1 and the means of WPI, WPI+R, WPET, and WPT of
water–crop density scheme were calculated as 0.84, 0.64, 0.67, and 1.04 (kg m−3).

Conclusions

The ORYZA2000 model was sufficiently accurate in the simulation of yield under
water-saving and crop density conditions for our study site. The ecophysiological model
ORYZA2000 in combination with field experiments was used to quantify hydrological
variables such as transpiration, evapotranspiration, infiltration, and biophysical variables
such as grain yields, which required water productivity analysis of rice crop. The large
amount of evaporation (27–44%) in the evapotranspiration process presents a major non-
beneficial loss of water. The average WPET expressed as Yg/ET (kg m−3) was 0.63 for rice
crop. Meteorological dataset, soil, and crop, in combination with ecophysiological models
such as ORYZA2000, should be used to produce the required hydrological and biophys-
ical information. The results were showed that irrigation by 75% evaporation rate from
evaporation pan and also 20 cm × 20 cm crop spacing should be considered as optimum
irrigation and crop density.
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