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Abstract: Two field experiments were carried out at Giza  Agricultural  Research Station, Agricultural
Research Center, Egypt during 2004 and 2005 growing seasons to simulate the effect of imposing water stress
on the yield of two maize hybrids (TWC 310 and TWC 324) planted under four different irrigation intervals
i.e. irrigation every seven days, irrigation every seven days until silking then irrigation every two weeks,
irrigation every two weeks until silking then irrigation every seven days, and irrigation every two weeks during
the whole season. "Yield-Stress" model was used to predict the effect of reducing 20% and 30% of applied
irrigation water on maize yield and water consumptive use. The model accuracy was tested by calculating
percent difference between actual and predicted yield, root mean square error (RMSE) and Willmott index of
agreement. The model prediction showed high accuracy, where percent differences between actual and
predicted yield were either low or zero. Furthermore, RMSE was 0.0005 and 0.0093 over all hybrids in 2004
and 2005 growing seasons, respectively. Similarly, Willmott index was 0.9999 for both growing seasons.
Regarding to water consumptive use, RMSE was 0.0467 and 0.0505 over all the two hybrids for 2004 and 2005
growing seasons, respectively. Whereas, Willmott index was 0.9996 and 0.9995. Results showed that 20% of
irrigation water could be saved under irrigation every seven days or irrigation every seven days until silking
then irrigation every two weeks, with low reduction in maize yield. Furthermore, under deducting of 30% of
actual irrigation water, large yield losses were observed.  

Key words: Water  stress,  irrigation  water   conservation,   water   consumptive   use,   maize  hybrids,
Yield-Stress model.

INTRODUCTION

Conserving irrigation water became a concern these
days, where it should be done without high yield losses
occurs. Water stress during maize growing season
resulted in reduction of plant height, leaf area index[3] and
total leaf area[4]. In addition, number of ovules that
fertilized and developed into grains decreased rapidly
when drought occurred during flowering[5]. Moreover,
both final maize yield and kernel number were reduced as
a result of water stress during grain filling period[10]. 

The estimation of soil water reserve at the root zone
area is essential for irrigation application management.
Soil water reserve is lying between field capacity and
wilting point[1]. However, Cabelguenne and Debaeke[2]

stated  that  maize  extracts  the most water from the top
0.5 meter, and can use all of the apparently available
water up to 1.6 meter. Thus, modeling the application of
different irrigation water amounts to maize should taking
into account water depletion from root zone area. For that
purpose, Yield-Stress model[7] could be used to predict
maize yield under the application of different irrigation
water amounts. "Yield-Stress" is a computer model

calculates crop evapotranspiration and water depletion
from root zone using equations described at FAO
publication No56[1]. The model employs the value of
actual yield under no stress to predict the yield if water
stress occurred. 

The objectives of this research are (i) to predict maize
yield under different irrigation amounts (ii) to predict
maize yield under irrigation water saving by 20 and 30%.

MATERIALS AND METHODS

Two field experiments were carried out at Giza
Agricultural Research Station, Agricultural Research
Center, Egypt during 2004 and 2005 growing seasons to
simulate the effect of imposing water stress on the yield
of two maize hybrids (TWC 310 and TWC 324) planted
under four different irrigation intervals. The experimental
treatments were arranged in a split plot design in three
replicates. The main plots were assigned to irrigation
amounts, whereas maize hybrids were assigned to the sub
plots.  Plot area was 4 X 6.2 m2 in the first season,
whereas it was 4 X 4.2 m2 in the second season. Sowing
was  done  on  June  19th and 25th in the 1st and 2nd season,
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Table 1: Irrigation water amounts (m3/ha) applied to two maize
hybrids in the growing seasons of 2004 and 2005.

2004 2005
Irrigation -------------------------------- ---------------------------------
Amounts TWC 310 TWC  324 TWC 310 TWC  324
I1 6555 6449 6638 6454
I2 6178 5836 6494 6276
I3 6276 6144 6569 6400
I4 5939 5775 6080 6290
I1=Irrigation every seven days; I2=Irrigation every seven days until
silking then irrigation every two weeks; I3=Irrigation every two weeks
until silking then irrigation every seven days; I4=Irrigation every two
weeks during the whole season.

Table 2: Soil Mechanical analysis at Giza Agricultural Station.
Soil fraction Content (%)
Coarse sand 2.91
Fine sand 13.04
Silt 30.51
Clay 53.18
Organic matter 1.60
CaCO3 2.4
Texture class Clay

Table 3: Soil moisture constants of the experimental field at Giza
Agricultural Station.

Field Wilting Available Bulk density
Depth capacity % point % water % (g/cm3)
0 – 15 41.85 18.61 23.24 1.15
15 – 30 33.68 17.5 16.18 1.24
30 – 45 28.36 16.92 11.46 1.20
45 – 60 28.05 16.54 11.51 1.28

Table 4: Seasonal weather parameters for maize planted in 2004 and
2005 growing seasons.

Growing Mean Relative Solar radiation Wind speed
season temperature (ºC) humidity (%) (Mj/m2/day) (m/sec)
2004 28.67 49.64 1.89 23.47
2005 28.64 49.27 1.69 24.00
Mean 28.67 49.76 1.88 23.35

respectively. Harvest was done on October 10th and 17th

in the 1st and 2nd season, respectively. Irrigation treatments
can be stated as followed: 

1. Irrigation every seven days (I1).
2. Irrigation every seven days until silking then

irrigation every two weeks (I2).
3. Irrigation every two weeks until silking then

irrigation every seven days (I3). 
4. Irrigation every two weeks during the whole season

(I4).

The amounts of applied irrigation water (m3/ha)
correspond to each interval and for each hybrid are shown
in Table (1).

Irrigation was applied according to the irrigation
intervals. All other agricultural practices were carried out
as recommended. Soil mechanical analysis according to
Piper (1950) of the experimental field in the depth of 0-60
cm is shown in Table (2).

Actual evapotranspiration was estimated by the soil
sampling method  and calculated according to the
Israelsen and Hansen[6] using the following formula: 

CU = (θ2 - θ1) * Bd * ERZ * 10000
----------------------------------

100 *100
Where:

CU = the amount of consumptive use in m3/ha.
θ 2 = soil moisture percentage after irrigation.
θ1 = soil moisture percentage before the following

irrigation.
Bd = bulk density in g/cm3

ERZ = effective root zone (0.6 m)

The soil moisture constants (% per weight) and bulk
density (g cm-3) in the depth of 0-60 cm are shown in
Table (3). 

Simulating the effect of water stress on maize yield
and water consumptive use: "Yield-Stress" model[8] was
used to predict the effect of reducing 20% and 30% of
applied irrigation water on maize yield. 

Model Description: Yield-Stress model is capable of
accurately predicting crop yield and water consumptive
use under the application of actual irrigation amount.
Furthermore, under water stress, the model calculates a
water stress coefficient and predict yield in relation to that
water stress coefficient. The model does not required
calibration for each site. However, FAO's crop coefficient
(Kc) should be adjusted to the local weather conditions.

"Yield-Stress" requires two types of input data. Input
data by the user and input data file. The model asks the
user to input planting and harvesting date, the length of
the growing season, and crop yield. The model also asks
the user to input soil characteristics i.e. clay, silt, sand,
organic matter, and CaCO3 percentages. 

The other input data source is a file represent the
whole growing season, starts with sowing month and date,
and ends with harvesting month and date. The file contain
maximum, minimum and mean temperature, relative
humidity, solar radiation, wind speed, crop coefficient and
the date and the amount of each irrigation. Weather
parameters for the two growing seasons were collected
and means are included in Table (4).

The model was used to predict maize yield and water
consumption in both growing seasons. Furthermore, the
model was used to predict maize yield under saving 20
and 30% of applied irrigation water. 

To test the accuracy of the model, percent difference
between actual and predicted yield, root mean square
error (RMSE) and Willmott index of agreement[11] were
calculated. 
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RESULTS AND DISCUSSIONS

1. Yield-Stress model verification:
1.1. Maize yield prediction: Maize yield was predicted
for both hybrids in both 2004 and 2005 growing seasons
using Yield-Stress model (Table 5 and 6). Results in these
tables revealed that the percent differences between actual
and predicted yield were either low or zero. Furthermore,
RMSE was 0.0005 and 0.0093 over all hybrids in 2004
and 2005 growing seasons, respectively. Similarly,
Willmott index of agreement was 0.9999 for both growing
seasons of 2004 and 2005. This is an indication of the
accuracy of the model, which facilitate using it for further
yield predictions with different irrigation amounts. These
results were similar with what was obtained by Ouda[7],
when the model was used to predict wheat yield, and by
Ouda[8] when the model was used to predict sunflower
yield.

Figure (1) showed the agreement between predicted
and actual maize yield for both hybrids overall the two
growing seasons. The figure showed that most of
predicted values of maize yield lied within a 95%
confidence interval. Analysis of variance showed a
significant relationship between actual and predicted
yield. Furthermore, R2 was found to be 0.9969.

1.2. Water consumptive use prediction: Yield-Stress
model was also used to predict water consumptive use of
maize under actual irrigation amounts. Results in Table
(7) and (8) showed the model accuracy in predicting water
consumptive use. Root mean square error was 0.0467 and
0.0505 over all the two hybrids for 2004 and 2005
growing seasons, respectively. Whereas, Willmott index
was 0.9996 and 0.9995 over all the two hybrids for 2004
and 2005 growing seasons, respectively. Ouda[7,8], used
Yield-Stress model to predict water consumptive use for
wheat and sunflower.

Fig. 1: Actual versus predicted maize yield for both
hybrids over the two growing seasons. 

Table 5: Actual versus predicted yield for two maize hybrids (ton/ha) planted in 2004 growing season.
TWC 310 TWC  324
----------------------------------------------------------------------- ---------------------------------------------------------------------

Irrigation amount Actual yield Predicted yield %Difference Actual yield Predicted yield %Difference
I1 7.30 7.30 0 6.68 6.68 0
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 7.05 7.05 0 6.13 6.13 0
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 6.36 6.36 0 6.35 6.35 0
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 5.71 5.71 0 5.41 5.41 0
RMSE 0.0005
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Willmott 0.9999
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season.

Table 6: Actual versus predicted yield for two maize hybrids (ton/ha) planted in 2005 growing season.
TWC 310 TWC  324
------------------------------------------------------------------------ ---------------------------------------------------------------------

Irrigation amount Actual yield Predicted yield % Difference Actual yield Predicted yield % Difference
I1 7.53 7.52 0.20 7.01 6.94 0.94
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 7.34 7.25 1.28 7.02 6.92 1.42
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 6.73 6.73 0 6.55 6.55 0
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 6.41 6.41 0 6.44 6.44 0
RMSE 0.0093
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Willmott 0.9999
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season.
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Table 7: Actual versus predicted water consumptive use (cm) for two maize hybrids planted in 2004 growing season.
TWC 310 TWC  324
----------------------------------------------------------------------- ---------------------------------------------------------------------

Irrigation amount Actual WCU Predicted WCU % Difference Actual WCU Predicted WCU % Difference
I1 58.12 56.75 2.36 56.64 56.75 0.19
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 56.76 56.76 0 54.14 56.75 4.82
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 55.05 56.74 3.07 53.64 56.74 5.77
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 54.57 56.56 3.64 53.10 56.73 6.85
RMSE 0.0467
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Willmott 0.9996
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season; WCU = water consumptive use (cm).

Table 8: Actual versus predicted water consumptive use (cm) for two maize hybrids planted in 2005 growing season.
TWC 310 TWC  324

Irrigation amount Actual WCU Predicted WCU % Difference Actual WCU Predicted WCU % Difference
I1 54.88 54.58 0.54 53.36 52.25 2.07
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 53.69 51.37 4.32 51.88 50.88 1.94
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 54.31 51.95 4.34 52.91 50.92 3.76
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 50.26 51.46 2.38 52.00 50.91 2.10
RMSE 0.0505
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Willmott 0.9995
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season; WCU = water consumptive use.

Table 9: Irrigation water amounts less 20% applied to two maize hybrids in the growing seasons of 2004 and 2005.
2004 2005
------------------------------------------------- ---------------------------------------------------------------

Irrigation Amounts TWC 310 TWC  324 TWC 310 TWC  324
I1 5244 5159 5310 5163
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 4942 4669 5195 5021
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 5021 4915 5255 5120
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 4751 4620 4864 5032
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season.

Table 10: Actual versus predicted yield for two maize hybrids (ton/ha) planted in 2004 growing season under 20% reduction in irrigation amount.
TWC 310 TWC  324
---------------------------------------------------------------------- ---------------------------------------------------------------------

Irrigation amount Actual yield Predicted yield % Difference Actual yield Predicted yield % Difference
I1 7.30 7.22 1.06 6.68 6.68 0
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 7.05 6.97 1.07 6.13 5.98 2.46
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 6.36 6.22 2.16 6.35 6.19 2.53
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 5.71 5.60 1.92 5.41 5.26 2.85
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season.

2. Maize yield prediction under water stress:
2.1. Reduction of irrigation amounts by 20%: Irrigation
amounts were reduced by 20% and used to run the model
to obtain the potential maize yield (Table 9). 

Results in Table (10) indicated that in 2004 growing
season and for both hybrids, the lowest maize yield
reduction (1.06 and 0 %) could be obtained from
irrigating  maize  every  seven  days (I1), which equals to
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Table 11: Actual versus predicted yield for two maize hybrids (ton/ha) planted in 2005 growing season under 20% reduction in irrigation amount.
TWC 310 TWC  324
----------------------------------------------------------------------- ---------------------------------------------------------------------

Irrigation amount Actual yield Predicted yield % Difference Actual yield Predicted yield % Difference
I1 7.52 7.44 1.06 6.94 6.85 1.30
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 7.25 7.11 1.93 6.92 6.79 1.88
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 6.73 6.59 2.08 6.55 6.37 2.75
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 6.41 6.25 2.50 6.44 6.27 2.64
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
and irrigation every seven days; I4=Irrigation every two weeks during the whole season.

Table 12: Irrigation water amounts less 30% applied to two maize hybrids in the growing seasons of 2004 and 2005.
2004 2005
-------------------------------------------------- ---------------------------------------------------------------------

Irrigation Amounts TWC 310 TWC  324 TWC 310 TWC  324
I1 4589 4514 4647 4518
I2 4325 4085 4546 4393
I3 4393 4301 4598 4480
I4 4157 4043 4256 4403
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season.

Table 13: Actual versus predicted yield for two maize hybrids (ton/ha) planted in 2004 growing season under 30% reduction in irrigation amount.
TWC 310 TWC  324
----------------------------------------------------------------------- ---------------------------------------------------------------------

Irrigation amount Actual yield Predicted yield % Difference Actual yield Predicted yield % Difference
I1 7.30 6.94 4.90 6.68 6.33 5.21
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 7.05 6.70 4.90 6.13 5.64 8.01
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 6.36 5.95 6.41 6.35 5.89 7.25
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 5.71 5.33 6.65 5.41 4.97 8.21
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season.

Table 14: Actual versus predicted yield for two maize hybrids (ton/ha) planted in 2005 growing season under 30% reduction in irrigation amount.
TWC 310 TWC  324
----------------------------------------------------------------------- ---------------------------------------------------------------------

Irrigation amount Actual yield Predicted yield % Difference Actual yield Predicted yield % Difference
I1 7.53 7.03 6.70 7.01 6.49 7.36
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I2 7.34 6.87 6.45 7.02 6.27 10.68
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I3 6.73 6.28 6.71 6.55 6.04 7.81
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I4 6.41 5.99 6.52 6.44 6.21 3.63
I1=Irrigation every seven days; I2=Irrigation every seven days until silking then irrigation every two weeks; I3=Irrigation every two weeks until silking
then irrigation every seven days; I4=Irrigation every two weeks during the whole season.

5244 and 5159 m3/ha applied to TWC 310 and TWC 324,
respectively (Table 9). That result could be attributed to
the amount of available water at root zone under irrigation
every seven days was a little bit lower or enough to
compensate water losses by evapotranspiration, therefore
yield reduction was that low. Furthermore, irrigation
every seven days until silking then irrigation every two
weeks (I2, or applying 4942 and 4669 m3/ha for the two
hybrids, Table 9) resulted in low yield reduction i.e. 1.07
and 2.46 % for hybrids TWC 310 and TWC 324,

respectively. Thus, 20% of irrigation water could be saved
under irrigation every seven days or irrigation every seven
days until silking then irrigation every two weeks with
low yield losses.

Similar results were obtained in 2005 growing
season, where deducting of 20% of actual irrigation
amounts under irrigation every seven days (5310 and
5163 m3/ha for both hybrids, Table 9) resulted in low
yield reduction i.e. 1.06 and 1.30% for TWC 310 and
TWC 324, respectively (Table 11).
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2.2. Reduction of irrigation amounts by 30%: Table
(12) showed the irrigation amounts after deducting of
30% of it. These amounts were used to run the model to
obtain the potential maize yield. 

Regarding to both 2004 and 2005 growing season,
large yield losses were observed under deducting of 30%
of the actual irrigation for both hybrids and under all
irrigation intervals (Table 13 and 14). These results are in
agreement  with  what  was found by Gomma[5] and
Ritchie et al.[10] (1993). 

Conclusion: Over the last two decades, crop modeling
has become a major research tool in agriculture for
resource management. Yield-Stress model employed the
soil water depletion equations to instantly predict
potential maize yield under different irrigation intervals.
The good agreement between actual and predicted yield
strongly suggested that the model can be used with
confidence in simulating maize yield under different
water stress levels. The results showed that 20% of
irrigation water could be saved under irrigation every
seven days or irrigation every seven days until silking
then irrigation every two weeks with low reduction in
maize yield with low yield losses. Furthermore, it is not
advisable to deduct 30% of actual irrigation water to
avoid large yield losses.
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