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Abstract 
In this study, the performance of four crop water production functions, CWPFs, 
including two multiplicative types Were evaluated for soybean under the 
Mediterranean climate of Gorgan, Iran, for two growing seasons of 2008 and 
2009. The irrigation levels (I1 “control treatment” to I8) were based on full 
irrigation and 25% of full irrigation (75% water deficit), at different growth 
stages. Water use efficiency (WUE) was maximized by I6. Losses in grain yield, 
which amounted to a bout 20–28%, were associated with irrigation schedule. In 
addition, I8 had the lowest grain yield (1.6 t.ha-1) and a 50% reduction in seed 
yield. Base moisture stress sensitivity indices, which were obtained using field 
data for all three growth stages and for both seasons, ranged from 0.23 to 0.73 
in the vegetative period, 1.05 to 3.4 during flowering and 0.73 to 2.72 in the 
grain-filling period, the most sensitive stage being flowering. A comparison of 
different models based on static indicators revealed that the Jensen and 
modified Bras Cordova models were more reliable for expressing the relation 
between obtained marketable yield (Ya) and the total amount of water 
evapotranspired than the Minhas et al. and modified Stewart et al. models. 
Based on the results, the following conclusions can be drawn: crop yield was highly 
dependent on the amount of water applied in each growth stage rather than the 
overall seasonal water applied, Convincing farmers to accept a tradeoff between 
maximizing WUE at the expense of yield reduction is one of the greatest 
challenges facing irrigation water management stakeholders; We conclude that 
CWPFs could be used to identify the most sensitive growth stage and improve irrigation 
scheduling for soybeans under Mediterranean climatic conditions. 
Keywords: Glycine max (L.) Merr, Seed yield, Sensitivity indices, Moisture stress, 
Water use efficiency 
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Introduction 
Iran is situated in one of the most 

arid regions of the world with an aver-
age annual precipitation of about 250 
mm, which is less than one-third of the 
world average. Moreover, 179 mm of 
the precipitation evaporates; represent-
ing 71% of the total precipitation, 
while the annual potential evaporation 
ranges mainly between 1500 and 2000 
mm. Precipitation in Iran is erratic and 
not well distributed (Dehghanisanij et 
al., 2009). The north, western and 
southwestern regions cover only 30% 
of the country’s total area but receives 
around 56% of total precipitation 
(Dehghanisanij et al., 2009). The 
agricultural sector with the irrigated 
agricultural area of about 8.4 Mha 
uses most of Iran’s water amounting to 
a bout 85.2 bm3 (92%) of the total 
(92.5 bm3) available water. There is an 
urgent need to increase crop water 
productivity (WP) due to declining 
water resources allocated to 
agriculture and continuing population 
growth (Kijne et al., 2003). Timely 
application of irrigation water can 
substantially increase irrigation 
efficiency and WP (Geerts et al., 
2010, Zwart and Bastiaanssen, 2004) 
by avoiding over and under irrigation 
and thus guaranteeing optimal 
conditions throughout the growing 
season (Raes et al., 2006). Thus, 
guidelines for the application of 
irrigation should be developed for ex-
tension services and farmers. This 
would allow for the sustainable use of 
water resources allocated to agricul-
ture. To assist farmers in the applica-
tion of irrigation water to a particular 
crop in a particular environment, 
guidelines can be summarized as irri-
gation charts (Legesse, 2006). These 
charts consider the local weather con-
ditions, soil type, management condi-
tions and water availability. Irrigation 
management decisions are often made 

without considering the effect of lim-
ited irrigation upon crop yield. For this 
reason, relationships between crop 
yield and water supply need to be 
used. These relationships can be de-
termined if crop water requirements, 
crop water deficits, maximum and ac-
tual crop yield can be quantified. Wa-
ter deficits in crops, and the resulting 
water stress on the plant, have an ef-
fect on crop evapotranspiration and 
crop yield. Water stress in the crop can 
be quantified by the rate of actual 
evapotranspiration (ETa) in relation to 
the rate of maximum evapotranspira-
tion (ETm). If crop water requirements 
are fully met, from available water 
supply, then ETa = ETm, if water sup-
ply is insufficient, then ETa<ETm. The 
crop water use/yield relations, which 
include the effect of both timing and 
amount of irrigation water, are called 
crop water production functions 
(CWPFs) (Kallitsari et al., 2011). 
These relationships are complex as 
they must include the effect of crop 
water stress at different periods of the 
growing season. There are two general 
forms of CWPF. They include those 
that relate crop yield to total seasonal 
evapotranspiration (e.g., Stewart and 
Hagan, 1973, Hanks, 1983, Doorenbos 
and Kassam, 1979), and those that re-
late yield reduction to water deficit at 
some specified period of crop growth, 
which usually coincides with the pho-
nological stages of the crop (Jensen, 
1968, Minhas et al., 1974, Sunder et 
al., 1981). The CWPFs which relate 
yield reduction to water deficit at 
some crop growth stages are formu-
lated by postulating that water deficits 
in each growth stages have a unique 
effect on crop yield, and that the effect 
of water deficit at one growth stage is 
dependent on the others. Two types of 
dependence are postulated: multiplica-
tive and additive (Tsakiris, 1982). The 
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multiplicative-type suggests that crop 
water deficit in two or more growth 
stages may reduce crop yield in a 
multiplicative manner, while the addi-
tive-type suggests that the effect of 
water deficit in two or more growth 
stages may reduce crop yield in an ad-
ditive manner. The multiplicative-type 
function implies that a crop will fail to 
produce if there is no evapotranspira-
tion in any growth stage while the ad-
ditive type function implies that the 
lack of evapotranspiration at any 
growth stage may not necessarily lead 
to total crop failure but could have a 
severe impact on yield. Typical exam-
ples of multiplicative-type CWPFs are 
Jensen (1968), Minhas et al. (1974), 
and Bernardo et al. (1988) models 
while additive-type CWPFs include 
Stewart et al. (1977) and Bras and 
Corodova (1981) models. In this pa-
per, four CWPFs are compared. These 
include the evaluation of two multipli-
cative-type functions, the Jensen 
(1968) and Minhas et al. (1974) mod-
els, and two additive-type functions, a 
modified expression of the Stewart et 
al. (1977) model and a modified ex-
pression of the Bras and Corodova 
(1981) model. The functions were 
compared for a soybean (Glycine max 
(L.) Merr.) crop over a range of deficit 
irrigation conditions. Deficit irrigation 
is one way of maximizing water use 
efficiency (WUE) or higher yields per 

unit of irrigation water applied since 
the crop is exposed to a certain level 
of water stress either during one or 
more crop growth stages or throughout 
the whole growing season and the 
CWPFs quantify the combined effects 
(Zhang, 2003, Geerts and Raes, 2009). 
These functions are useful in the 
evaluation of alternative irrigation 
strategies and optimal irrigation water 
management. 

 
Material and Methods 
The study site 

Field experiments were conducted 
during 2008 and 2009 growing sea-
sons at Gorgan Agricultural Research 
Station, Golestan province, Iran (36° 

45′ N, 54° 25′ E). The soil of the ex-
perimental field was a silty loam in the 
0–120 cm depth range (average 22.8% 
sand, 28.7% loam and 48.5% clay). 
Gravimetrically, average field capac-
ity, wilting point and volumetric mass 
were 40.3%, 26.0% and 1.36 g.cm−3, 
respectively. The climate of this re-
gion is warm and humid with an an-
nual precipitation of 600 mm and a 
mean long-term annual temperature of 
23°C. The measured temperature, rela-
tive humidity, wind speed and solar 
radiation values for the 2008 and 2009 
growing seasons were typical, consid-
ering the long-term means of the re-
gion (Table 1). 
 

 
 

Table 1. Monthly averaged meteorological data for two growing seasons at the Research 
Farm (2008-2009). 

 

Month 
Temperature 

(°C) 

Relative 
humidity 

(%) 

Wind 
speed 
(m s-1) 

Solar  
radiation 

(MJ.M-2.d-1) 

Open pan 
evaporation 
(mm.day-1) 

Rainfall 
(mm) 

June 24 62 2.3 23.7 6.9 20 
July 26.5 71 2.7 22.4 7.3 14.6 

August 29.5 67 2.7 19.3 7.6 10.5 
September 27 71 2.3 15.8 5.4 15 

October 21 66 1.9 12.1 4.1 12 
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Experimental design and crop man-
agement 

The experimental area was divided 
into 24 plots of 4 × 6 m in size, row 
spacing of 0.4 m and plant-plant spac-
ing of 8 cm, maintaining a buffer of 1 
m between adjacent plots. Field ex-
periments were designed as three rep-
licates in a randomized block design 
using the irrigation treatments as the 
investigation factors. Eight irrigation 
treatments were considered in both 
experiments. High-yielding ‘DPX’, 
the most commonly cultivated cultivar 
recommended by cooperative exten-
sion service for the study area and 
used in this study, was obtained from 
the Iran Seed and Plant Improvement 
Institute in Gorgan, Iran. Specific 
characteristics of ‘DPX’ include ma-
turity group V, determinate growth 
habitat and a canopy height of 150 cm. 
Seeds were sown on May 22 of 2008 
and on May 24 of 2009 at a depth of 

approximately 3 cm. Viable seeding 
rates were 300,000 seeds.ha−1, as pro-
posed by the Iran Seed and Plant Im-
provement Institute. Based on soil 
analysis, 50 kg.ha−1 of N, P, K was 
applied as a granular fertilizer prior to 
sowing, and a further 50 kg N.ha−1 
was added as urea when the plants 
were 25–30 cm tall, at the beginning 
of flowering. Beneficial nitrogen-
fixing rhizobia were likely not present 
in the soil because soybeans had not 
previously been grown there, and the 
tested soybeans were not inoculated. 
The irrigation treatments were based 
on soil water depletion (SWD) replen-
ishments at one or more targeted 
growth stages (i.e. vegetative, flower-
ing and grain-filling). A description of 
field treatments is presented in Table 
2. The available soil water was calcu-
lated as the difference between root 
zone water storage at field capacity 
and permanent wilting point.  

 
Table 2. Description of the experimental treatments for the 2008 and 2009 seasons. 

 

Treatment 
No. 

Description 
Period of  
water cut 

I1 Irrigation water was applied to bring the soil water content 
in the 0–120 cm soil depth to field capacity (full irriga-
tion) at any crop growth stage. "control treatment" 

 

I2 25% full irrigation at V6-10. Full irrigation at R2 and R4. 51-74 d.a.s* 
I3 25% full irrigation at R2. Full irrigation at V6-10 and R4. 81-95 d.a.s 
I4 25% full irrigation at R4. Full irrigation at V6-10 and R2. 100-117 d.a.s 
I5 

25% full irrigation at V6-10 and R2. Full irrigation at R4. 
51-74 d.a.s and 81-95 
d.a.s 

I6 
25% full irrigation at V6-10 and R4. Full irrigation at R2. 

51-74 d.a.s and 100-117 
d.a.s 

I7 
25% full irrigation at R2 and R4. Full irrigation at V6-10. 

81-95 d.a.s and 100-117 
d.a.s 

I8 
25% full irrigation at V6-10, R2, R4. 

51-74 d.a.s, 81-95 d.a.s 
and 100-117 d.a.s 

V6-10: 6-10 nodes on the main stem beginning with the unifoliolate node; R2: Full bloom;  

R4: Pod 2 cm long, (from Fehr and Caviness, 1977); irrigation dates are almost similar for each year. 

* days after sowing 

 

Each plot was made into a small 
basin, furrowed and watered individu-
ally. Measured amounts of water were 
applied to the furrows using a hose-

pipe and water meters. The amount of 
irrigation applied was identical for all 
irrigation regimes from the day after 
sowing (DAS) to obtain uniform 
emergence (18 DAS). 
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Soil moisture measurement and cal-
culation of crop water use 

Soil water content (SWC) meas-
urements of the 0–120 cm soil profile 
were made in the centre of the plots 
before each irrigation, and once a 
week with a gravimetric measurement 
at a depth of 16, 45, 75 and 105 cm. 
The crop evapotranspiration (ETc) of 
each treatment was determined as the 
soil water balance residual (Eq. 1) for 
the time periods between two succes-
sive SWC measurement dates (7 days) 
(Jensen et al., 1990): 
Equation 1. ET =I + P ± ΔS – R – D 
where, all in mm, I is the depth of irri-
gation water, P is the precipitation, ΔS 
is the change in the soil water content, 
R is the depth of runoff and D is the 
drainage below the root zone, all in 
mm. For the calculation, I was meas-
ured using water meters and P was 
recorded at the nearest meteorological 
station. As the amount of irrigation 
water was controlled, run-off was as-
sumed to be zero. To consider percola-
tion, moisture measurements related to 
the 120-cm soil profile were used for 
soil water budget calculations. At har-
vest (22 and 19 Oct in first and second 
years, respectively), three middle rows 
in each experimental plot were har-
vested by cutting the above-ground 
dry matter in each plot and weighing it 
as biomass yield. Soybean pods were 
threshed and weighed to obtain grain 
weight. The grain moisture content at 
threshing was determined as 13% in 
the laboratory. In this study, WUE was 
considered as the ratio of seed yield to 
total water used, kg.m-3, during the 
crop growth period (FAO, 2000). The 
SAS PROC MIXED and PROC GLM 
procedures were used to determine the 
effect of different treatments on soy-
bean and to perform analysis of vari-
ance (ANOVA), means of significant 
effects were separated using the least 

squared difference (LSD) option (SAS 
Institute, 1999). 
 
Crop water production functions 
and estimation of moisture stress 
sensitivity indices 

Water-yield functions were calcu-
lated using the equations cited in Ta-
ble 3. The moisture stress sensitivity 
indices for each model were estimated 
using field-measured data obtained in 
both years. Each model was first trans-
formed into a multiplicative linear 
function. The CWP function has a lo-
gistic shape (Geerts and Raes, 2009). 
Its axes were made dimensionless by 
plotting relative yield (Yrel: ratio of 
actual, Ya, to maximum possible yield 
under given agronomic conditions, 
Ym) versus relative evapotranspiration 
(ETrel: ratio of actual evapotranspira-
tion, ETa, to crop ET under non-
stressed, standard conditions, ETc). 
The moisture stress sensitivity indices 
were the coefficients of the multiply 
linear regression equation. The field-
measured grain yield and evapotran-
spiration in each given growth stage 
were expressed in terms of relative 
yields (Ya/Ym) and relative evapotran-
spiration (ETa/ETm). The relative 
yields and ET data were used to solve 
the multiplicative linear regression 
equations for each model and to de-
termine the moisture stress sensitivity 
indices for the three growth stages 
considered in this study. The figures 
obtained were regarded as base mois-
ture stress sensitivity indices. 
 
Validation 

Analysis of residual errors, and differ-
ences between measured and simulated 
values were used to evaluate model per-
formance.  
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Table 3. Nomenclature 

Function No. Abbreviation and equation Reference Description 

1 
 

Jensen (1968) 

Ya= crop yield from moisture stressed treatment,  
Ym= crop yield from non-stressed treatment, 
 ETai= actual crop evapotranspiration from moisture stressed treatment at 
growth stage ‘i’, 
ETmi= actual crop evapotranspiration from non-stressed treatment at growth 
stage ‘i’, 
λ= Jensen’s moisture stress sensitivity index,  
n= number of growth stages, 
Π= multiplicative sign. 

2 
 

Minhas et al. (1974) 

δ = the Minhas’ moisture stress sensitivity index,  
other parameters as previously defined. 

3 

 

Stegman et al. (1980)* 

Ky= the Stewart’s moisture stress yield reduction 
Coefficient, 
Σ = additive sign, 
other parameters as previously defined 
* = The modified Stewart et al. (1977) function was proposed 
for simulating yield reduction considering the effect of water 
deficit at the different crop growth stages. 

4 
 

Bras and Cordova (1981)* 

Ai= the Bras and Cordova’s moisture stress sensitivity 
index for the growth stage ‘i’,  
other parameters are as previously defined. 
* = In the original Bras and Corodova (1981) function, the denominator in 
the ET ratio was potential evapotranspiration (PET), and the moisture stress 
sensitivity index was defined for each week of irrigation cycle. In this study 
the denominator of the ET ratio was taken as the evapotranspiration from the 
non-stressed treatment for an entire growth stage, and moisture stress sensi-
tivity index is for the entire growth stage.  

 



Scientific Journal of Agronomy and Plant Breeding, 1(3): 6-21, July 2013                                   12 

The applied statistical indices used 
were root mean square error (RMSE), 
coefficient of variation (CV), model effi-
ciency (EF), and coefficient of residual 
mass (CRM). The lower limit for 
RMSE and CV is zero. The maximum 
value for EF is 1. Both EF and CRM 
can be negative. The CV is a measure 
of the degree of precision between the 
quantities that are being compared and 
is an estimate of the level of variation 
in the compared quantities that is ac-
counted for. In contrast, the RMSE 
value shows how much the simula-
tions overestimate or underestimate 
the measurements. The EF value com-
pares the simulated values to the aver-
aged measured values. A negative EF 
value indicates that the averaged 
measured values give a better estimate 
than the simulated values. The CRM is 
a measure of the tendency of the 
model to overestimate or underesti-
mate the measurements. A negative 
CRM shows a tendency to overesti-
mate. If all simulated and measured 
data are the same, the statistics yield: 
RMSE= 0, CV= 0, EF= 0, CRM= 0. 
The mathematical definitions of these 
statistical performance indicators are 
given by Homaee et al. (2002) and 
Igbadun et al. (2007). 
 
Sensitivity analysis test of the mod-
els moisture stress sensitivity indices 

A sensitivity analysis test was con-
ducted to determine the range of mois-
ture stress sensitivity values around 
each base value under which the rela-
tive yields simulated by the models 
will not be statistically significantly 
different from those of the base val-
ues. The base moisture stress sensitiv-
ity index for each growth stage was 
adjusted one at a time while holding 
constant the base values of the other 
two stages, up to ±20% at an incre-
mental interval of ±5% (Igbaduna et 

al., 2007, Kaboosi and Kaveh, 2012). 
The simulated relative yields for every 
increment were compared with those 
of the base values using a statistical t-
test. Where the simulated relative 
yields were not significantly different 
from those of the base value at P < 
0.05, such indices were accepted to be 
in the range of moisture stress sensi-
tivity indices that can also be used in-
stead of the base values. 
 
Results and Discussion 

An ANOVA of the combined two-
year data indicated significant main 
effects for years (Y) and irrigation 
treatments (I) for all traits (Table 4). 
The Y × I interaction was not signifi-
cant for any traits. Compared with the 
non-irrigated treatment (I8), all irriga-
tion treatments significantly increased 
seed yield (Table 4). A comparison of 
the mean grain yields of the treatments 
in which irrigation was 25% of full 
irrigation at one growth stage only (i.e. 
I2, I3 and I4) and those in which irriga-
tion was 25% of full irrigation at two 
stages (i.e. I5, I6 and I7) showed that 
the response of crop yield was highly 
dependent on the amount of water ap-
plied in any growth stage rather than 
the overall seasonal water applied. Ta-
ble 5 shows that the amount of water 
irrigated at growth stages V6-10 and 
R2 in I6 were about half the amount 
irrigated at the same growth stages in 
I3. Moreover, in R2, about twice the 
amount of water applied in I3 was ap-
plied in I6. However, grain yield in I6 
was not significantly different from 
that in I3. The same amount of water 
was applied at R2 and R4 in both I4 
and I6, while at V6-10, the amount of 
water applied in I6 was 50% less than 
that applied in I4. Seed yield in I4 and 
I6 weren’t significantly different, even 
though the seasonal water irrigated in 
I6 was about 18% less than in I3 and I4. 
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Table 4. Summary of ANOVA and means of grain yield and water use efficiency of soybean 
for eight irrigation treatments at two years 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*, ** significant at the 0.05 and 0.01 level, respectively; for each main effect, values within columns followed by 

the same letter are not significantly at P = 0.05 (LSD test). 

 
A comparison of grain yields of I2, 

I3 and I4 in which regular irrigation 
was 25% of full irrigation at any sin-
gle growth stage showed that the yield 
of I2 was significantly different from 
that of I3 and I4 across both years. Wa-
ter irrigation at the vegetative growth 
stage in I2 was 50% less than that ap-
plied in I3 and I4. However, water ap-
plied at R2 and R4 in I2 was about 
twice the amount applied in I3 and I4 
(Table 5). The higher yield response 
of I2 compared to I3 and I4 was due to 
more water having been applied at R2 
and R4, which were more critical in 
terms of crop growth (Table 5). Suffi-
cient water applied at R2 was also re-
sponsible for better yields in I6 than in 
I5 and I7 in which 25% of full irriga-
tion was employed in the two growth 
stages (Table 5). These results suggest 
that when deficit water is applied at 

V6-10, and sufficient water is applied 
at the reproductive growth stage, R2 
becomes longer, allowing a greater 
ability of soybean plants to buffer 
drought stress during V6-10 (data not 
shown), thus maximizing grain yield. 
Moreover, when adequate water is ap-
plied at R2 of the soybean crop and 
deficit water is applied at the vegeta-
tive and grain-filling stages, grain 
yield losses of a soybean crop would 
be minimized. Doorenbos and Kassam 
(1979) stated that the percentage of 
total crop water use over different 
growth periods is about 20% during 
the vegetative period, 55% during the 
flowering period and the remaining 
25% during yield formation and ripen-
ing periods. Karam et al. (2005) and 
Dogan et al. (2007) reported that, by 
the end of reproductive growth, water 
used by soybean was at its maximum 

S.O.V df 
Grain yield 

(t.ha-1) 
WUE 

(kg.m-3) 
Year (Y) 1 * * 
Irrigation (I) 7 ** * 
Y× I 7 ns ns 
Y1    
I1  3.58 a 0.59 ab 
I2  3.16 ab 0.64 a 
I3  2.77 c 0.55 b 
I4  2.8 c 0.56 b 
I5  2.3 d 0.51 b 
I6  2.7 c 0.65 a 
I7  2.3 d 0.50 b 
I8  1.6 e 0.42 b 
Y2    
I1  3.09 a 0.54 ab 
I2  2.94 a 0.56 ab 
I3  2.20 c 0.46 b 
I4  2.46 b 0.50 b 
I5  2.12 c 0.47 b 
I6  2.5 b 0.59 a 
I7  2.25 c 0.50 b 
I8  1.64 d 0.41 b 
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due to greater leaf area and higher 
crop water requirements in the period 
prior to seed filling. The reductions in 
yield in this study were higher than 
those previously reported Karam et al. 
(2005) and are attributed to the culti-

var, which is more sensitive to water 
stress, and to the semi-arid climatic 
condition in this study. WUE for the 
two years varied from 0.40 to 0.65 
kg.m-3 (Table 4). 

 
 

Table 5. Crop consumptive use and depth of water applied at different growth stages  
of soybean. 

 

        a Please see Table 2. 

        b Please see footnote Table 2. 

 

There was no consistent trend re-
garding the amount of irrigation on 
WUE. In both years, I6 had better 
WUE among all treatments when 25% 
of full irrigation was used for two crop 
growth stages (i.e. V6-10 and R4). 
Seed yield per unit of water used in I6 
was about 22% and 24% higher than I5 
and I7, respectively, in the first year, 
and about 20% and 16% higher, re-
spectively, in the second year. WUE 
of I6 in both years was also higher than 
that of I1, I2, I3, I4 and I8 which may be 
associated with adequate water appli-
cation during R2 (Table 4). These re-
sults imply that the crop growth stage 
at which deficit irrigation measures 
are imposed on the crop will deter-

mine the WUE status. Results indicate 
that R2 is the most important stage for 
soybean irrigation as soybean is more 
sensitive to water stress at R2 than at 
any other growth stage (Table 6). 
Therefore, when seasonal irrigation 
water is limited, a single irrigation at 
R2 should be applied. Our results sup-
port previous findings by Candogan et 
al. (2013) and Karam et al. (2005), 
who reported that when seasonal irri-
gation water was limited, for soybean, 
one or two irrigations in the central 
phase (flowering stage) benefits WUE 
and net income. In addition, Sincik et 
al. (2008) for soybean reported that in 
a water-limited environment, even a 
single irrigation would double net in-

Crop water 
use (mm) 

 
Water applied in each  

growth stage (mm) 
Seasonal water  
applied (mm) 

Treatmenta 

  V6-10b R2 R4  
I1 600.40  220 200 190 700 
I2 487.95  110 200 190 590 
I3 503.12  220 100 190 600 
I4 504.58  220 200 100 610 
I5 443.44  110 100 190 490 
I6 420.95  110 200 100 500 
I7 451.16  220 100 100 510 

First 
year 

I8 385.48  110 100 100 400 
I1 570.73  220 200 190 700 
I2 525.19  110 200 190 590 
I3 505.68  220 100 190 600 
I4 496.14  220 200 100 610 

I5 449.49  110 100 190 490 
I6 425.87  110 200 100 500 
I7 449.84  220 100 100 510 

Second 
year 

I8 395.78  110 100 100 400 
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come compared to a rainfed treatment. 
There are some possible reasons for 
increased WUE under deficit irriga-
tion. Water loss through evaporation 
may be reduced and the negative ef-
fect of drought stress during specific 
phonological stages on biomass parti-
tioning between reproductive and 
vegetative biomass (harvest index) 
(Fereres and Soriano, 2007, Hsiao et 
al., 2007, Reynolds and Tuberosa, 
2008, Martiniello and Teixeira da 
Silva, 2011) would be avoided, which 
would stabilize or increase the number 
of reproductive organs and/or the in-
dividual mass of reproductive organs 
(grain-filling) (Karam et al., 2009). 
WUE for the net assimilation of bio-
mass Y/ET is increased as drought 
stress is mitigated or crops become 
more hardened and this effect is 
thought to be rather limited given the 
conservative behavior of biomass 
growth in response to transpiration 
(Steduto et al., 2007). An attempt to 
maximize WUE by withholding irriga-
tion in multiple growth stages resulted 
in a significant reduction in crop yield 
(Table 4). However, because of the 
reduction in yield, all economic as-
pects of water-limited irrigation 
scheduling should be considered be-
fore making this decision. 
 
Yield-water use relationships 

Fig. 1 is a graphical representation 
of the relationship between seed yield 
and seasonal ET and between seed 
yield and seasonal water applied. 
Field-measured data for the two sea-
sons were averaged to establish the 
relationships. The relationship be-
tween yield and seasonal ET was lin-
ear, implying that crop yield increased 
as ET increased. The production func-
tion regression slope was 15.12 kg. 
ha−1 .mm−1 (Fig. 1), which implies that 
seed yield is initiated after an ET 

threshold of 264 mm when the amount 
of ET, as an estimate of ET from the 
soil surface, is considered. The pro-
duction function slope for soybean 
found in this study was much less than 
that reported by Nielsen et al. (2006) 
for winter triticale (X. Triticosecale, 
Wittmack) and for foxtail millet (Se-
taria italic). The lower production 
function slope for soybean compared 
with these two crops is to be expected 
considering that the fraction of bio-
mass comprised of protein and oil is 
greater for soybean than for triticale 
and millet. The photosynthetic costs of 
producing protein and oil are greater 
than those for producing starch, as in-
dicated by differences in WUE found 
between starchy grain crops, seed leg-
umes, and oilseed crops (Nielsen et 
al., 2005). A curvilinear 2nd order 
polynomial was found to best fit the 
relationship between seed yield and 
seasonal water applied, implying that 
seed yield plateaus at some water sup-
ply level out and decreases with addi-
tional water supply (Fig. 1). The re-
sponse function follows a typical 
yield-applied water curvilinear rela-
tionship, originally proposed by Stew-
art and Hagan (1973). Igbaduna et al. 
(2012) for onion, Tolk and Howell 
(2008) for grain sorghum and López-
Urrea et al. (2009) for broccoli also 
reported a linear relationship between 
crop yield and seasonal ET and a cur-
vilinear relationship between yield and 
seasonal water applied. According to 
Igbaduna et al. (2012), the relationship 
between yield and water applied was 
curvilinear because part of the water 
applied went into deep drainage rather 
than to ET. The solution of the rela-
tionship between seed yield and sea-
sonal water applied (Fig. 1) to the field 
suggests that seed yield was initiated 
after a water depth threshold of 243 
mm. 

http://www.springerlink.com/content/qqw6810hu57773r1/
http://www.springerlink.com/content/qqw6810hu57773r1/
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Fig. 1. Grain yield plotted against seasonal evapotranspiration (a) and grain yield against 
seasonal water applied (b) for the soybean crop. 

 
Peak production will be reached 

when about 650-700 mm of water is 
applied and thereafter, seed yield will 
decline as additional water is applied. 
These findings will be useful in plan-

ning how to maximize seed yield per 
unit of water supply in the study area. 
Doorenbos and Kassam (1979) re-
ported that water requirement (ETm) 
for maximum production in soybean 
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varies between 450 and 700 mm per 
season depending on climate and the 
length of the growing period. They 
stated that the length of the total grow-
ing period of soybean is 100–130 days 
or more. In our study, the length of the 
total growing period of soybean was 
150 days. The difference in water 
threshold at which seed yield is initi-
ated between actual crop ET and irri-
gation water applied may be associ-
ated with the water retained in the soil 
root zone depth and that lost to deep 
percolation (Igbaduna et al., 2012). 

 
Moisture stress sensitivity indices 

Table 6 shows the estimated base 
moisture stress sensitivity indices for 
the different models and the ranges of 
moisture stress sensitivity indices for 
the growth stages. These ranges were 
obtained through the sensitivity analy-
sis test. The implication is that values 
within the given range for any of the 
growth stages could be used as a mois-
ture stress sensitivity index for that 
growth stage and the yield predicted 
will not be significantly different from 
those of which the base moisture stress 
sensitivity indices are used. Equations 

(2–5) show an expression of the Jen-
sen (1968), Minhas et al. (1974), 
modified Bras Cordova (1981) and 
modified Stewart et al. (1977) models, 
respectively with the base moisture 
stress sensitivity indices. The indices 
of the flowering growth stage were 
noticeably higher (and thus more criti-
cal to moisture deficit) than that for 
the other growth stages, followed by 
those for the grain-filling stage and 
then the vegetative stage, for all the 
models.According to Zhang et al. 
(2002), a more sensitive growth stage 
to moisture deficit will have a higher 
sensitivity index value. Although the 
values of the indices for the additive 
models (Bras Cordova, 1981, modified 
Stewart et al., 1977) were identical, 
the constant values were not the same, 
which implies that the two expressions 
(models) are different. Indeed, while 
the modified Bras-Cordova model re-
lated relative grain yield to relative 
ET, the Stewart et al., 1977 model re-
lated yield reduction to ET deficit. The 
constants of the additive models can-
not be neglected in the equations.  
 

 
       (2) 

              (3) 

  (4) 

                           (5) 

 

Equations 2-5. Base moisture stress sensitivity indices 

 
Evaluation of model performance 

Table 7 shows the relative yields 
(Ya/Ym) derived from field measure-
ments and from simulated models for 
the different treatments. There was a 
fairly close agreement between the 
predictions of each model and the 
field-measured data. The different sta-

tistical parameters used to quantify the 
goodness of fit between observed and 
simulated biomass as well as observed 
and simulated yield as represented by 
CRM, CV, RMSE and EF were within 
the tolerance range (Table 8). The 
modeling efficiency for all the models 
was very high (> 0.90). Furthermore, 
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there was no significant difference in 
calculated CV among the functions. 
The CV obtained implies that about 

70–80% of the variation in the field-
measured and simulated relative yields 
was captured by the models. 

 
Table 6. Moisture stress sensitivity indices for the different development stages using crop 

water production functions 
 Jensen, 1968 Minhas et al., 1974 Bras–Cordova, 1981 Stewart et al., 1977 

V6-10a stage 0.23±0.02 0.73±0.03 0.25±0.02 0.25±0.02 
R2 stage 1.1±0.09 3.4±0.1 1.05±0.09 1.05±0.09 
R4 stage 0.82±0.05 2.72±0.18 0.73±0.03 0.73±0.03 
Constant --- -- -0.47 0.02 

R2 99 97 98 98 
SEEb 0.083 0.071 0.051 0.051 

a Please see footnote Table 2. 

b Standard error of estimates. 

 
Table 7. Field-measured and models’ predicted relative grain yields. 

 

Model predictions for relative yields 
Treatment 

Field-measured 
relative yield Jensen, 1968 

Minhas et 
al., 1974 

Bras–Cordova, 
1981 

Stewart et 
al., 1977 

I1 1 1 1 0.95 1 
I2 0.88 0.94 0.97 0.92 0.96 
I3 0.71 0.77 0.89 0.76 0.81 
I4 0.73 0.90 0.97 0.87 0.92 
I5 0.54 0.73 0.81 0.73 0.78 
I6 0.62 0.75 0.86 0.73 0.78 
I7 0.53 0.67 0.76 0.65 0.7 
I8 0.37 0.60 0.68 0.58 0.63 

 
 

Table 8. Main performance indices of the four models of crop water production functions. 
Index Jensen, 1968 Minhas et al., 1974 Bras–Cordova, 1981 Stewart et al., 1977 

CV (%) 17.52 28.2 16.01 21.32 
RMSE 0.12 0.20 0.11 0.15 

EF 0.97 0.93 0.98 0.96 
CRM -0.15 -0.25 -0.12 -0.18 

  
This is considered to be a fairly good 
performance of the models. The ten-
dency of the functions to under- or 
over-estimate is also similar. In brief, 
these statistics indicate that the Jensen 
and modified Bras Cordova models 
performed better in terms of RMSE, 
CRM, CV and EF than the modified 
Stewart et al. (1977) and Minhas 
models. 
 

Conclusion 
If a certain amount of water is 

added during a sensitive growth period 

(Flowering or R2) of soybean, then the 
relative yield obtained can be higher 
than that obtained if a greater amount 
of water is added during a less sensi-
tive period (vegetative, V6-10 and 
seed filling, R4). If scheduling of wa-
ter supply is based on minimizing wa-
ter deficits in most sensitive growth 
period (s), then relative yield can be 
high otherwise it is reduced. With-
holding irrigation at V6-10 did not 
significantly affect seed yield, reflect-
ing effective compensatory mecha-
nisms of the plant during this growth 
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stage. In areas where water resources 
are limited, with holding irrigation at 
V6-10 may be acceptable. Our results 
indicate that soybean should be irri-
gated at flowering and grain-filling 
stages for high seed yield and WUE. 
The estimated base values of the mois-
ture stress sensitivity indices for the 
multiplicative models (Jensen, 1968, 
Minhas et al., 1974) had the same ra-
tio between different growth stages. 
Although the values of the indices 
were identical for the additive models 
(modified Stewart et al., 1977 and 
modified Bras Corodova, 1981), the 
constants, which are very important in 
determining whether the performances 

of the models are not identical, indi-
cate the uniqueness of the models. The 
four models closely simulated relative 
yields of the soybean crop with the 
modified Bras–Cordova model per-
forming best, followed by the Jensen, 
Stewart et al. and Minhas et al. mod-
els. Therefore, Bras–Cordova and Jen-
sen models can successfully be used as 
CWPFs for soybean in the study area. 
 
Acknowledgements 

The authors thank the Research 
Council of Payame Noor University, 
Gorgan, Golestan province, I. R. of 
Iran, for providing the necessary fa-
cilities

 
 
References 
 
1- A. T. 2008. Deficit irrigation of soya bean [Glycine max (L.) Merr.] in a sub-

humid climate. J. Agron. Crop Sci. 194: 200–205. 
2- Bernardo, D. J., N. K. Whittlesey, K. E. Saxton and D. L. Bassett. 1988. Irriga-

tion optimization under limited water supply. Trans. ASAE. 31 (3): 712–719. 
3- Bras, R. L and J. R. Corodova. 1981. Intra-seasonal water allocation in deficit 

irrigation. Water Resource Res. 17 (4): 886–874. 
4- Candogan, B. N., M. Sincik, H. Buyukcangaz, C. Demirtas, A. T. Goksoy and 

S. Yazgan. 2013. Yield, quality and crop water stress index relationships for 
deficit-irrigated soybean [Glycine max (L.) Merr.] in sub-humid climatic condi-
tions. Agricultural Water Management. 118: 113–121. 

5- Dehghanisanij, H., M. M. Nakhjavani, A. Z. Tahiri and H. Anyoji. 2009. As-
sessment of wheat and maize water productivities and production function for 
cropping system decisions in arid and semiarid regions. Irrigation Drainage. 
58: 105–115. 

6- Dogan, E., H. Kirnak and O. Copur. 2007. Deficit irrigations during soybean 
reproductive stages and CROPGRO-soybean simulations under semi-arid cli-
matic conditions. Field Crops Res. 154–159. 

7- Doorenbos, J and A. H. Kassam. 1979. Yield response to water. FAO Irrigation 
and Drainage. FAO. Rome. Italy. 33pp. 

8- FAO, 2000. Crops and Drops, Land and Water Development Division. FAO. 
Rome. Italy. 24 pp. 

9- Fehr, W. R and C. E. Caviness. 1977. Stages of soybean development. Special 
Report 80. IOWA State University. Ames. IA. USA. 

10- Fereres, E and M. A. Soriano. 2007. Deficit irrigation for reducing agricultural 
water use. J. Exp. Bot. 58: 147–159. 



Scientific Journal of Agronomy and Plant Breeding, 1(3): 6-21, July 2013                                   20 

11- Geerts, S and D. Raes. 2009. Deficit irrigation as an on-farm strategy to maxi-
mize crop water productivity in dry areas. Agricultural Water Management. 96: 
1275–1284. 

12- Geerts, S., D. Raes and M. Garcia. 2010. Using Aqua Crop to derive deficit 
irrigation schedules. Agric. Water Management. 98: 213–216. 

13- Hanks, R. J., 1983. Yield and water use relationships: an overview. In: Taylor, 
H. M., Jordan, W. R., Sinclair, T. R. (Eds.) Limitation of Water Use in Crop 
Production. ASA/CSSA/SSSA. Madison. WI. 393–411. 

14- Homaee, M., C. Dirksen and R. A. Feddes. 2002. Simulation of root water up-
take. I. Nonuniform transient salinity stress using different macroscopic reduc-
tion functions. Agr. Water Management. 57(2): 89–109. 

15- Hsiao, T., P. Steduto and E. Fereres. 2007. A systematic and quantitative ap-
proach to improve water use efficiency in agriculture. Irrigation Sci. 25: 209–
231. 

16- Igbadun, H. E., A. K. P. R. Tarimo, B. A. Salim and H. F. Mahoo. 2007. 
Evaluation of selected crop water production functions for an irrigated maize 
crop Agriculture. Water Management . 94: 1–10. 

17- Igbaduna, H. E., A. A. Ramalana and E. Oiganji. 2012. Effects of regulated 
deficit irrigation and mulch on yield, water use and crop water productivity of 
onion in Samaru. Nigeria. Agric. Water Management. 109: 162–169. 

18- Jensen M. E., R. D. Burman and R. G. Allen .1990. Evapotranspiration and 
irrigation water requirements. ASCE manuals and reports on engineering prac-
tice. 70 pp. 

19- Jensen, M. E. 1968. Water consumption by agricultural plants. In: Kozlowski 
(Ed.), Water Deficits and Plant Growth. Plant Water Consumption and Re-
sponse. Academic Press. New York and London. Volume 2. 22pp. 

20- Kaboosi, K and F. Kaveh. 2012. Sensitivity analysis of FAO 33 crop water pro-
duction function. Irrigation. Sci. 30: 89–100. 

21- Kallitsari, C., P. Georgiou and C. Babajimopoulos. 2011. Evaluation of crop 
water-production functions under limited soil water availability with the SW-
BACROS model. Available at: http:// invention. Lib. auth. gr/ re-
cord/131027/files/kallitsarietal 2011.doc. (Last accessed 9.15.2013). 

22- Karam, F., R. Masaad, T. Sfeir, O. Mounzer and Y. Rouphael. 2005. 
Evapotranspiration and seed yield of field grown soybean under deficit irriga-
tion conditions. Agric. Water Management. 75: 226–244. 

23- Karam, F., R. Kabalan, J. Breidi, Y. Rouphael and T. Oweis. 2009. Yield and 
water production functions of two durum wheat cultivars grown under different 
irrigation and nitrogen regimes. Agric. Water Manag. 96: 603–615. 

24- Kijne, J. W., R. Barker and D. Molden. 2003. Improving water productivity in 
agriculture. In: Kijne, J. W., Barker, R. M. D. (Eds.), Water Productivity in Ag-
riculture: Limits and Opportunities for Improvement. International Water Man-
agement Institute, Colombo. Sri Lanka. 

25- Legesse, A. 2006. Sustainable irrigation in the Tigray Highlands of Northern 
Ethiopia. Master dissertation of the Master in Water Resources engineering. K. 
U. Leuven University. Leuven. Belgium. 

26- López-Urrea, R., A. Montoro, P. López Fuster and E. Fereres. 2009. 
Evapotranspiration and responses to irrigation of broccoli. Agricultural Water 
Manag. 96: 1155–1161. 



Kamkar et al, Study on Crop-Water Production Functions for Soybean…                                   21 

27- Martiniello, P and J. A. Teixeira da Silva. 2011. Physiological and bioa-
gronomical aspects involved in growth and yield components of cultivated for-
age species in Mediterranean environments: A review. European J. Plant Sci. 
Biotechnol. 5 (2): 64–98. 

28- Minhas, B. S., K. S. Parkhand and T. N. Srinivasan. 1974. Towards the struc-
ture of a production function for wheat yields with dated input of irrigation wa-
ter. Water Resource. Res. 10: 383– 386. 

29- Nielsen, D. C., M. F. Vigil and J. G. Benjamin. 2006. Forage yield response to 
water use for dryland corn, millet and triticale in the central Great Plains. 
Agron. J. 98: 992–998. 

30- Raes, D., S. Geerts, S. Kipkorir, E. Wellens and A. Sahli. 2006. Simulation of 
yield decline as a result of water stress with a robust soil water balance model. 
Agric. Water Management. 81: 335–357. 

31- Reynolds, M and R. Tuberosa. 2008. Translational research impacting on crop 
productivity in drought-prone environments. Curr. Opinion. Plant Biology. 11: 
171–179. 

32- SAS Institute. 1999. SAS Online Doc. V8. SAS Inst. Cary. NC.  
33- Steduto, P., T. C. Hsiao and E. Fereres. 2007. On the conservative behavior of 

biomass water productivity. Irrigation Sci. 25: 189–207. 
34- Stegman, E. C., R. J. Hanks, J. T. Musick and D. G. Watts. 1980. Irrigation 

water management- adequate or limited water. In: Challenges of the 80’s. Pro-
ceedings of the ASAE. 2nd National Irrigation Symposium. 117 pp. 

35- Stewart, J. I and R. M. Hagan. 1973. Functions to predict effects of crop water 
deficits. J. Irrigation. Drainage Div. ASCE 99 (IR4). 421–439. 

36- Stewart, J. I., R. H. Cuenca, W. O. Pruitt, R. M. Hagan and J. Tosso. 1977. 
Determination and Utilization of water production functions for principal Cali-
fornia crops. W-67 Calif. Contrib. Proj. Rep. University of California. Davis. 

37- Sunder, R. A., K. E. Saxton and R. G. Spomer. 1981. A predictive model of 
water stress in corn and soybeans. Trans. ASAE 24 (1): 421–439. 

38- Tolk, J. A and T. A. Howell. 2008. Field water supply: yield relationships of 
grain sorghum grown in three USA Southern Great Plains soils. Agric. Water 
Management. 1303– 1313.  

39- Tsakiris, G. P. 1982. A method of applying crop sensitivity factor in irrigation 
scheduling. Agric. Water Management. 5: 335–345. 

40- Zhang, H. 2003. Improving water productivity through deficit irrigation: exam-
ples from Syria, the North China Plain and Oregon, USA. In: Kijne, J. W., 
Barker, R., Molden, D. (Eds.), Water Productivity in Agriculture: Limits and 
Opportunities for Improvement. International Water Management Institute. Co-
lombo. Sri Lanka. 301–309. 

41- Zwart, S. J and W.G. M. Bastiaanssen. 2004. Review of measured crop water 
productivity values for irrigated wheat, rice, cotton and maize. Agric. Water 
Management. 69: 115–133. 

 
 


