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Abstract: Two field experiments were conducted at Nubaria Agricultural Research Station, Egypt in 2005

and 2006 growing seasons to collect data on soybean biomass and yield to be used in validating the

modified Yield-Stress model. Two soybean varieties i.e. Giza  35  and  Giza  82  were used. Total

above ground biomass was harvested at five growth stages (V4, R4, R6, R7, and R8). Yield-Stress model

was modified by adding a procedure to calculate dry matter production using solar energy level as the

limiting factor. The model was validated using soybean above ground biomass measurements. Then, the

model was used to predict soybean biological and seed yields, in addition to consumptive water use.

Furthermore, the model was used to assess the effect of deducting 10 and 20% of the total applied

irrigation water on soybean yields. The accuracy of the model was tested by calculating percent

difference between measured and predicted values, in addition to RMSE and Willmott index of

agreement. The model was adequately predicted soybean above ground biomass, biological and seed

yields. Running the model under deducting 10 or 20% showed that variety Giza 82 is more tolerant to

water stress than variety Giza 35.The results also showed that under deducting 10% of the total

irrigation, readily available water was completely depleted from root zone after the 3 , the 4 , the 5rd th th

and the 7  irrigations and water stress was prevailing for 12 days, from V4 until few days before R6th

growth stages and during the end of the growing season, where yield reduction was about 3.9%. Under

deducting 20% of the total irrigation, yield reduction was 9.81% and readily available water was

completely depleted after the 3  irrigation until the end of the growing season (from V4 to R8). Therd

easiness of using the model by non professionals could help in spreading the concept of deficit irrigation

among Egyptian farmers. Furthermore, the model could help in scheduling  deficit  irrigation through

avoiding sensitive growth stages to water stress, which could reduce yield losses.   

Keywords: Yield-Stress model, soybean, consumptive water use, deficit irrigation.

INTRODUCTION

Soybean is grown in almost all parts of the world

for human consumption, industry and animal feed . In[3]

Egypt, soybean growth period ranges usually between

100 and 120 days and requires 325-436 mm of water

depending on the location . The most important times[1]

for soybean plants to have adequate water are during

pod development and seed fill . These are the stages[12]

when water stress can lead to a significant decrease in

yield.  Stressful conditions, such as moisture deficiency

reduces soybean yield. As the soybean plant ages from

R1 (beginning bloom) through R5 (seed enlargement),

its ability to compensate under stressful  conditions

decreases  and yield losses could increases . [7]

Using simulation models to predict soybean yield

under different water stress conditions could be very

helpful in the management of deficit irrigation

applications. Soil water balance based irrigation

scheduling models use soil water budgeting over the

root zone. A number of computerized simulation

models for crop water requirements have been

developed using this approach . These models have[4,21,6]

been widely accepted, but their adoption by farmers

has been very slow because it needs to run by

professionals. In this context, Yield-Stress model[16]

was design to predict the effect of deficit irrigation

scheduling on the yield of several crops and their

consumptive water use. Furthermore, the model was

designed to be  used by non-professionals, where the
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input of the model is easy to prepare and the output

of the model is very descriptive of the process of

readily available water depletion from root zone after

the application of each individual irrigation. Thus, the

user can easily determine at which irrigation he could

apply deficit irrigation. The model was used in

irrigation optimization for sunflower grown under

saline conditions . The model was also used to[17]

predict maize yield grown under water stress .[18]

Furthermore, the model was validated under skipping

the last irrigation for barley then the model was

exploited in irrigation management . Similarly, the[11]

model was validated under deficit irrigation for sesame

yield . [22]

The objectives of this research were: (i) to modify

Yield-Stress model and add procedure calculates dry

matter accumulation. (ii) To validate the model for

soybean grown under total irrigation amounts. (iii) To

use the model to predict the effect of deducting 10

and 20% of the total irrigation on both soybean

biological and seed yields.

MATERIALS AND METHODS

Two field experiments were conducted at Nubaria

Agricultural Research Station (29.57º E, 31.12º N),

Egypt in 2005 and 2006 growing seasons to collect

data on soybean biomass and yield to be used to

validate the modified Yield-Stress model. Two soybean

varieties i.e. Giza 35 and Giza 82 were used in a

randomized complete blocks design. The plots

consisted of 6 rides; 4 m long and 0.7 m width.

Planting was done on 29/4/ 2005 and 1/5/2006 for the

two growing seasons. Nitrogen fertilizer was applied

in the form of ammonium sulfate (35.7 kg/ha, 20.6%

N), 17 days after planting. Calcium super phosphate

2 5(71.4 kg/ha, 15.5% P O ) was incorporated to the soil

before planting. Potassium sulfate (119 kg/ha, 48%

2K O) was applied 32 days after planting. Soil

mechanical analysis according to Piper  of[19]

experimental field in the depth of 0-60 cm is shown

in Table (1). 

Table 1: Soil mechanical analysis at of the experimental site

Soil fraction Content (%)

Sand % 54.4
Silt + clay % 45.6
Organic matter % 0.83

3CaCO 10.26
Texture Silty clay

Seven irrigations were applied for soybean in both

growing seasons. Soil moisture sampling was collected

before irrigation to calculate the needed amount of

applied irrigation water to reach field capacity. The

applied irrigation water amount was the amount of soil

moisture that removed from soil profile plus 20%

(leaching requirements). Consumptive water use was

calculated using the following equation . [9]

2  1C CWU = (è  - è ) * Bd * ERZ [1]

Where:

C  CWU=the amount of consumptive use (mm).

2C è =soil moisture percentage after irrigation.

1C è =soil moisture percentage before the following

irrigation.

C Bd=bulk density in g/cm3

C ERZ= effective root zone (0.6 m)

Soil moisture constants (% per weight) and bulk

density  (g/cm )  in  the  depth  of  0-60 cm are3

shown in Table (2). 

Total above ground biomass was harvested at one

vegetative  stage  (V4)  and  four  reproductive

stages (R4, R6,  R7, and R8). These stages are

defined as follows  :[20]

C V4: Fourth trifoliolate.

C R4: End of pod elongation.

C R6: End of seed enlargement.

C R7: Beginning maturity, one mature pod.

C R8: Full  maturity,  95%  of  pods on the plant

are mature.

Harvest was done on 26/8/2005 and on 28/8/2006.

At harvest, biological and seed yield was measured for

the two varieties. 

Yield-Stress M odel Description: Yield-Stress model[16]

cropcalculates crop evapotranspiration (ET ) using

Penman-Monteith equation . Furthermore, the model[2]

calculates readily available water at root zone using

equations described in FAO publication N 56. Rooto

cropzone depletion is calculated by accumulating ET

and the model compare it with readily available water

on a daily basis. If root zone depletion is higher than

readily available water, a water stress coefficient (Ks)

cropis calculated and used to calculate ET  adjusted .[2]

Under water stress, yield is predicted by multiplying

Ks by accumulated yield on a daily basis. 

"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 and

harvest index. The model also asks the user to input

soil characteristics i.e. clay, silt, sand, organic matter,

3and CaCO  percentages. The other input data 
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Table 2: Soil moisture constants of the experimental field at Nubaria Agricultural Station

Depth Field capacity % Wilting point %  Available water % Bulk density (g/cm )3

0 – 15 26.5 14.4 12.1 1.05
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 – 30 23.6 12.8 10.8 1.12
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
30 – 45 21.1 11.5 9.6 1.16
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
45 – 60 21.5 12.6 8.9 1.25

Table 3: Seasonal weather parameters for soybean planted in 2005 and 2006 growing seasons

Growing season Mean temperature (ºC) Relative humidity (%) Solar radiation (Mj/m /day) Wind speed (m/sec)2

2005 25.3 81 2.8 25.12
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2006 26.4 80 2.9 25.17
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Mean 25.9 81 2.8 25.14

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. Seasonal

weather parameters for the two growing seasons were

collected and means are included in Table (3).

Yield-Stress Model Modification: Crop productivity

mainly depends on the amount of radiation intercepted

by crops when other factors, such as water, nutrients,

disease  and  weeds,  are  not limiting . Many[13]

studies have shown a positive correlation of crop

production to the amount  of radiant energy

intercepted by the crop . [14,23]

The model was modified by adding a procedure to

calculate dry matter production using solar energy

level as the limiting factor. The method was cited

after Gardner et al.,  from Loomis and Williams ,.[8] [13]

This method converts total solar radiation to micro-

Einstein. Then, it assumed that 82% of the visible

light was intercepted by chloroplasts with maximum

quantum efficiency equals to 10% (10 photons reduces

2one CO  molecule). Furthermore, the method subtracts

33% of gross photosynthesis as respiration cost to

calculate net photosynthesis, which is converted from

µmoles/cm to g/m  dry matter produced per day.2 2

Using data resulted from previous experiments done

from 1999 to 2004 in Egypt; a soybean biomass

partitioning coefficient was developed to be multiplied

by the pervious amount of produced dry matter and

calculate a specific daily amount of biomass that is

produced by soybean plants. That biomass coefficient

(Yc) for soybean ranged from (0.11-0.16) depending

on the variety. The value of Yc that was used by the

model in this experiment was 0.14 and 0.13 for Giza

35 and Giza 82, respectively. The model predicts seed

yield through multiplying the amount of produced

biomass at harvest by harvest index. The measured 

value of harvest index was 0.41 and 0.42 for Giza 35

and Giza 82, respectively in 2005 growing season,

whereas it was 0.41 for both varieties in 2006 growing

season.

Methodology: Yield-Stress model was validated using

soybean above ground biomass measurements for each

growing season. Furthermore, the model was used to

predict soybean biological and seed yields, in addition

to consumptive water use for the two growing seasons.

To assess the effect of deducting 10 and 20% of the

total applied irrigation water on soybean biological and

seed yields, new input files were developed and the

model was run to predict yield reductions under these

conditions. The accuracy of the model was tested by

comparing measured and predicted yields and

consumptive water use. Percent reduction between

measured and predicted values for each growing

season was calculated, in addition to two precision

measurements i.e. root mean squared error (RMSE)

and Willmott index of agreement . [24]

RESULTS AND DISCUSSIONS

Soybean Yield and Irrigation Amounts: Results in

Table (4) showed that soybean yield and the amount

of  applied  irrigation  water.  Soybean  yield under

the  application  of  these  irrigation  amounts  were

Table 4: Soybean yield and the applied irrigation amount for both
growing seasons

Growing  Variety Yield Irrigation
season (ton/ha) (m /ha)3

2005 Giza 35 7.75 5772
 Giza 82 7.31 5714
2006 Giza 35 6.93 5677
 Giza 82 6.91 5694
SD ± 0.395

0 .05t 36.52
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significantly differed (one sided t-test, P < 0.05).

Results in that table indicated that soybean yield of

both varieties was lower in 2006 growing season,

compared with 2005 growing season. This could be

attributed to higher seasonal mean temperature that

was prevailed in 2006 growing season, which could

increase evaporation demand and consequently reduced

yield .[8]

Yield-Stress Model Validation:

Prediction of Soybean above Ground Biomass:

Results in Table (5) indicated that percent difference

between measured and predicted above ground biomass

was low for both varieties in 2005 growing season. 

The predicted values were lower than the measured

values by up to 7.43%. Willmott index was 0.997 and

0.998 for Giza 35 and Giza 82, respectively. RMSE

was low i.e. 0.329 and 0.274 for both varieties.

Similar results were obtained for 2006 growing

season, where percent difference between measured

and predicted above ground biomass was low for Giza

35 and Giza 82 varieties (Table 6).Willmott index was

0.997 and 0.998 for both varieties, respectively.

RMSE was low i.e. 0.314 and 0.217 for both varieties.

Dogan et al.,  reported that percent difference[5]

between measured  and predicted soybean above

ground biomass  using  CROPGRO-Soybean  model

were about 29%. 

Table 5: Measured versus predicted soybean above ground biomass in 2005 growing season

Giza 35 Giza 82

------------------------------------------------------------------------ --------------------------------------------------------------------------
Days after Measured biomass Predicted biomass % Measured biomass Predicted biomass %

planting (ton/ha) (ton/ha) difference (ton/ha) (ton/ha) difference

47 2.99 2.85 4.68 2.53 2.42 4.35
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

64 4.00 3.82 4.50 4.21 3.99 5.23
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

88 5.79 5.36 7.43 6.10 5.71 6.39
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

 107 6.99 6.55 6.29 7.00 6.78 3.14
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

114 7.06 6.99 0.99 7.36 7.16 2.72

Willmott index 0.996 0.997
RMSE 0.329 0.274

Table 6: Measured versus predicted soybean above ground biomass in 2006 growing season

Days after Giza 35 Giza 82
--------------------------------------------------------------------- --------------------------------------------------------------------------

planting Measured biomass Predicted biomass % Measured biomass Predicted biomass % 
(ton/ha) (ton/ha) difference (ton/ha) (ton/ha) difference

47 2.71 2.58 4.80 2.60 2.47 5.00

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
64 3.84 3.61 5.99 3.71 3.50 5.66

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
88 5.42 5.04 7.01 5.12 4.92 3.91

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
 107 6.50 6.14 5.54 6.28 6.03 3.98

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
114 6.77 6.54 3.40 6.59 6.43 2.43

Willmott index 0.997 0.998

RMSE 0.314 0.217

Table 7: Measured versus predicted soybean biological yield in both growing seasons

Growing season Variety Measured biomass (ton/ha) Predicted biomass (ton/ha) % difference

2005 Giza 35 7.75 7.61 1.81
 Giza 82 7.31 7.43 1.64
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2006 Giza 35 6.93 6.83 1.44
 Giza 82 6.91 6.72 2.75

Willmott index 0.961
RMSE 0.163
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Table 8: Measured versus predicted soybean seed yield in both growing seasons

Growing season Variety Measured yield (ton/ha) Predicted yield (ton/ha) % difference

2005 Giza 35 3.16 3.19 0.95

 Giza 82 3.09 3.08 0.32

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

2006 Giza 35 2.85 2.80 1.75

 Giza 82 2.86 2.75 3.85

Willomtt index 0.963  

RMSE 0.072

Fig. 1: Measured versus predicted soybean above

ground biomass over the two growing seasons

Fig. 2: Measured versus predicted soybean biological

yield over the two growing seasons

Results in Fig (1) implied that all predicted above

ground biomass values lies within 95% confidence

interval (95% CI). Regression analysis of the measured

and predicted above ground biomass values indicated

a significant relationship (P<0.01) of y = 0.11+1.02x

with R  value of 0.996 over all the two growing2

seasons (Fig. 1).

Prediction of Soybean Biological Yield: Results in

Table (7) showed that there was a good agreement

between measured and predicted soybean  biological

yield in both growing seasons. The highest percent

d iffe rence between measured  and  p red ic ted

consumptive water use was found for Giza 35 in 2005

growing season. Willmott index was 0.961, whereas

RMSE was 0.163. 

Fig (2) showed that all the predicted biological

yield values lie within 95% confidence interval (95%

CI). A significant relationship (P < 0.05) between

measured and predicted biological yield values was

resulted  from  regression  analysis  of  y =

0.86+1.09x with  R   value  of 0.905 over all both2

growing seasons (Fig. 2).

Prediction of Soybean Seed Yield: Regarding to

soybean seed yield, results in Table (8) showed that

percent difference between measured and predicted

seed yield was low. The highest percent difference was

found for Giza 82 in 2006 growing season. Willmott

index was 0.963, whereas RMSE was 0.072.

CROPGRO-Soybean model predicted soybean seed

yield with a percent difference about 4.26% .[5]

Whereas, RZWQM model simulated soybean seed

yield by a 0.7% overestimation .[15]

Similar to biological yield, results in Fig (3)

implied that all predicted soybean yield values lies

within 95% confidence interval (95% CI). Regression

analysis of measured and predicted yield values

indicated a significant relationship (P < 0.01) of y =

0.74+0.81x with R  value of 0.984 over both growing2

seasons (Fig. 3).

Prediction of Consumptive Water Use: Results in

Table (9) showed that there was a good agreement

between measured and predicted consumptive water

use in both growing seasons for both varieties. The

highest percent difference between measured and

predicted consumptive water use was found for Giza

35 in 2005 growing season. Willmott index was 0.801,

whereas RMSE was 0.586. RZWQM model simulated

soybean ET by a 4.00% overestimation . Whereas,[15]

CROPGRO-Soybean model predicted consumptive

water use of soybean with a percent difference about

5.30% . [5]
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Table 9: Measured versus predicted consumptive water use in both growing seasons
Growing season Variety Measured CWU (cm) Predicted CWU (cm) % difference
2005 Giza 35 31.87 30.99 2.76
 Giza 82 31.17 30.46 2.28
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2006 Giza 35 30.99 30.42 1.84
 Giza 82 30.89 30.11 2.53
Willomtt index 0.801
RMSE 0.586
CWU=consumptive water use

Table 10: Measured versus predicted soybean biological and seed yield under deducting 10% of the total irrigation
Biological yield (ton/ha) Seed yield (ton/ha)
---------------------------------------------------------- -----------------------------------------------------------

Growing Season Variety Measured Predicted % Measured Predicted %
2005 Giza 35 7.75 7.4 4.52 3.16 3.03 4.11
 Giza 82 7.31 7.1 2.87 3.09 2.98 3.56
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2006 Giza 35 6.93 6.63 4.33 2.85 2.72 4.56
 Giza 82 6.91 6.73 2.60 2.86 2.76 3.50
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Average 7.23 6.97 3.58 2.99 2.87 3.93

Table 11: Measured versus predicted soybean biological and seed yield under deducting 20% of the total irrigation
 Biological yield (ton/ha) Seed yield (ton/ha)

---------------------------------------------------------- -----------------------------------------------------------
Growing seaon  Variety Measured Predicted % Measured Predicted %
2005 Giza 35 7.75 7.07 8.77 3.16 2.90 8.23
 Giza 82 7.31 6.76 7.52 3.09 2.85 7.77
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2006 Giza 35 6.93 6.25 9.81 2.85 2.60 8.77
 Giza 82 6.91 6.45 6.66 2.86 2.65 7.34
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Average 7.23 6.63 8.19 2.99 2.75 8.03

Fig (4) showed that all the predicted consumptive

water use yield  values  lie  within  95% confidence

interval (95% CI). A significant relationship (P <

0.05) between measured and predicted CWU yield

values was resulted from regression analysis of y =

0.45+17.23x with  R   value  of 0.807 over all both2

growing seasons (Fig. 4).

Fig. 3: Measured versus predicted soybean seed yield

over the two growing seasons

Fig (4) illustrated the depletion of readily

available water from root zone under the application

of total irrigation amounts. The figure indicated that

there are seven hills, each top of these hills represent

irrigation day and the amount of readily available

water at root zone.  The  figure also showed that

readily available 

Fig. 4: showed that all the predicted consumptive

water use values lie within 95% confidence

interval (95% CI). A significant relationship

(P < 0.05) between measured and predicted

consumptive water use values was resulted

from regression analysis of y = 0.45+17.23x

with R2 value of 0.807 over all both

growing seasons (Fig. 4).
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Fig. 5: Readily available water depletion from root

zone for variety Giza 35 under the

application of  total  irrigation  amount  in

2005  growing season.

Fig. 6: Readily available water depletion from root

zone for variety Giza 35 under the

application of total irrigation amount less

10% in 2005 growing season.

water was completely depleted after the 3  and the 4rd th

irrigations, which coincide with V4 and R4 growth

stages. During these two stages, water stress was

prevailing for 2 days in V4 and for 2 days during R4.

Prediction of Soybean Yield under Water Stress:

Yield-Stress model was used to assess the effect of

deducting 10 and 20% of total irrigation on soybean

biological and seed yields.

Fig. 6: Readily available water depletion from root

zone for variety Giza 35 under the

application of total irrigation amount less

20% in 2005 growing season.

Prediction of Soybean Yields under Deducting 10%

of the Total Irrigation: Both soybean biological and

seed yields were predicted under deducting 10% of

total irrigation (Table 10). Results in that table implied

that variety Giza 82 is more tolerant to water stress

than variety Giza 35, where potential biological and

seed yields reduction was found to be higher for

variety Giza 35 during both growing season.

The average yield reduction over all varieties and

growing seasons was 3.58 and 3.93% for biological

and seed yields, respectively. 

As it is shown in Fig (6), deducting 10% of total

irrigation resulted in the depletion of readily available

water from root zone after the 3 , the 4 , the 5  andrd th th

the 7  irrigations. Thus, water stress was prevailing forth

12 days from V4 until few days before R6 growth

stages and during the end of the growing season. 

Prediction of Soybean Yields under Deducting 20%

of the Total Irrigation: Under deducting 20% of total

irrigation the potential biological and seed yield

reduction could increase for both varieties under both

growing seasons (Table 11). The highest yield

reduction (9.81%) was observed for variety Giza 35 in

2006 growing season. Dogan et al.,  stated that[5]

deducting 25% of the total applied irrigation amount

resulted in up to 19% reduction in both soybean

biological and seed yields under semi-arid conditions.

Deducting 20% of total irrigation water resulted in

increasing the number of water stress days to 25 days,

where readily available water was completely depleted

after the 3  irrigation until the end of the growingrd

season (Fig 7). That period of water stress coincide

with growth stages from V4 to R8. However, yield

reduction was only up to 8%, because the harm effect

water stress was divided on a long period (from V4 to

R8) during the growing season. Karam et al.,  stated[10]

that deficit irrigation at R2 stage reduced aboveground

biomass and seed yield by 16 and 4%, respectively,

while deficit irrigation at R5 stage reduced these two

parameters by 6 and 28%, respectively, with

comparison to the control. As it shown in Fig (7),

water stress prevailed after the 4  irrigation, whichth

coincided with R4 (end of pod elongation) to R5

(beginning of seed enlargement) for 6 days and then

for 9 days during the same growth stage. Water stress

existed for 5 days at R6 (end of seed enlargement)

and for 5 days at the end of the growing season.

Conclusion: Over the last two decades, modeling has

become a major research tool in agriculture for

resource management. Because saving irrigation water

became a necessity recently, d ifferent water

management practices should be explored. However,

that could be expensive to perform. Therefore, using

simulation models to predict the effect of applying

different irrigation amounts on yield could be the

ultimate solution. 
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Yield-Stress employed soil water depletion

equations to instantly predict potential soybean yield

under varying degree of water stress, which could

partially replacing expensive field experiments. Based

on the comparative analysis between measured and

predicted above ground soybean biomass data, it could

be concluded that the model can adequately predict

biomass development as soybean plants matured.

Furthermore, the closeness between measured and

predicted biological and seed yield implied that the

model can be used to provide useful insights into the

design of different water deficit irrigation treatments.

Furthermore, the easiness of using the model by non

professionals could help in spreading the concept of

deficit irrigation among Egyptian farmers. Testing the

model under the deducting 10 and 20% of total

irrigation could help in scheduling deficit irrigation

through avoiding sensitive growth stages to water

stress and reduce yield losses.   
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