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Abstract: Efficient use of limited water resources should be considered seriously, especially in countries that are located in arid 
and semi-arid regions where considerable portion of water resources is being used in agricultural sector. In this 
research we assessed farm water productivity (WP), irrigation WP, economic WP and economic WP ratio (EWPR) for 
winter wheat and rapeseed at farm level with different deficit irrigation scheduling (DIS) and water application 
efficiencies (Ea). Results indicated that in most cases the maximum WP was not occurred at full irrigation scenario 
and for winter wheat (crop with less sensitivity to water stress); it was occurred at water reduction fraction (WRF) of 
0.2. Furthermore, in DIS at different growth stages with full irrigation at the stages with higher sensitivity to water 
stress, WP is higher than when deficit irrigation applied at these stages. With increasing Ea, WP increased and the 
maximum WP shifted toward higher WRF. The overall water stress sensitivity of rapeseed is higher than winter 
wheat; therefore if in the critical stages of growth full irrigation is applied, the grain yield reduction is low and 
application of deficit irrigation is economically acceptable. Considering the real price of water, EWPR decreased 
greatly and in surface irrigation system, Ea should be increased and high WRF should be avoided (WRF should be 
lower than 0.4). In solid-set sprinkler system, EWPR increased by increasing Ea and application of WRF higher than 
0.2 (0.2-0.8 for winter wheat and rapeseed) was acceptable. Tape irrigation of winter wheat was not acceptable; 
however for rapeseed it was acceptable only for WRF less than 0.2 and by decreasing Ea, WRF of 0.2-0.4 was also 
acceptable. Therefore, for application of deficit irrigation the price of water should be considered. 
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NOMENCLATURE 
 

  

CWR crop water requirement, mm NI net income, Rls ha-1 

DI deficit irrigation, dimensionless NIR net irrigation requirement, mm 
DIS deficit irrigation scheduling, dimensionless TWU total available water, mm m-1 

ETp potential crop evapotranspiration, mm WP water productivity, kg m-3 

ETo reference crop evapotranspiration, mm WPFarm farm water productivity, kg m-3 

EWP economic water productivity, Rls m-3 WPI-Farm farm irrigation water productivity, kg m-3 

EWPR economic water productivity ratio, dimensionless WRF water reduction fraction, dimensionless 
Ea irrigation application efficiency, dimensionless Wpi crop potential water requirement, mm 

IWU irrigation water use, m3 Wai actual water use, mm 
IWUFarm farm irrigation water use, m3 Ya actual crop yield, kg ha-1 
Ke soil evaporation coefficient, dimensionless Ym maximum crop yield, kg ha-1 

Kcb basal crop coefficient, dimensionless λi sensitivity index, dimensionless 

1. INTRODUCTION  

Proper management of water resources should be considered with the occurrence of drought in 
recent years in arid and semiarid regions especially in countries that major portion of water 
resources is used in the agricultural sector. Water consumption in agriculture should be efficient. 
Increasing water productivity (WP) may be the best way to achieve efficient water use (Rodrigues 
and Pereira 2009). 
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WP offers a quantifiable benchmark to assess crop production in relation to available water 
resources (Bouman et al. 2005; Passioura 2006; Grassini et al. 2011). WP can be defined in several 
ways such as agricultural output to the amount of water consumed. However, when different water 
management scenarios in farm at different scales are being examined, physical terms of WP is not 
suffice and the WP increase should be achieved with economic outlook. Namely, the maximum 
economic water productivity (EWP) i.e., the value derived per unit of water used, should be 
determined. In order to achieve this purpose, different irrigation scenarios during growing season 
and different irrigation systems with different application efficiencies (Ea) for applying available 
water have important roles. In other words, crop WP or water use efficiency (WUE), as reviewed by 
Molden (2003), is a key term in the evaluation of deficit irrigation (DI) strategies (Geerts and Raes 
2009). Various irrigation scenarios can be imposed through the DI that consists of deliberately 
applying irrigation depths smaller than those required to satisfy the crop water requirements (CWR) 
at certain periods in the growing season. Therefore, it affects evapotranspiration and yields, but 
keeps a positive return from the irrigated crop (English and Raja 1996; Kang et al. 2000). However, 
the impacts of DI on yields and related economic results may or may not be negative, depending 
upon the deficit irrigation scheduling (DIS) adopted, the irrigation system performance, the 
production costs and the yield values (Lorite et al. 2007; Rodrigues and Pereira 2009). It should be 
noted that stages of crop growth are very important for application of DI and sensitive stages of 
crop growth should be fully irrigated or limited DI should be applied at these stages as far as 
possible. Therefore, proper management of water resources in irrigation districts should be 
considered. 

The objective of this research was to evaluate the different DIS scenarios by using economic 
aspects of WP related to dominant winter crops irrigated with different irrigation systems and Ea in 
Doroodzan Irrigation District in the south of Islamic Republic (I. R.) of Iran. 

2. MATERIALS AND METHODS 

This study was conducted at Doroodzan Irrigation District with area of approximately 64000 ha 
located at south of I. R. of Iran. The meteorological station is located in Kooshkak Agricultural 
Research Station, Shiraz University (longitude of 52.57° N, latitude of 30.12° E and 1650 m above 
mean sea level). Summary of the average meteorological data that calculated for 36 water years of 
recorded data are presented in Table 1. Water year is the period of beginning of October of last year 
to end of September of later year. Summary of meteorological data are presented in Table 1. The 
predominant soil type at the site is silty clay. 

Table 1. Mean monthly climatic data (Kooshkak meteorological station) 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Maximum temperature, °C  12.4 14.2 15.9 22.1 27.4 32.7 34.6 34.5 30.3 25.9 19.8 13.8 
Minimum temperature, °C -1.8 -1.2 2.8 6.1 9.4 13.2 17.1 15.6 10.8 6.3 2.8 -0.7 
Mean relative humidity, % 60.6 64.4 63.8 57.8 53.9 50.2 43.3 46.7 43.8 46.7 55 57.7 
Wind speed, m s-1 0.4 0.7 0.7 0.6 0.7 1.2 0.5 0.6 0.5 0.5 0.4 0.3 
Sunshine duration, h 7 7.1 7.1 7.8 9.6 11.3 10.6 10.1 9.9 7.9 7.5 6.5 
Precipitation, mm 86.8 60.9 40.3 36.0 15.5 0.0 0.0 0.0 0.0 27.9 33.0 102.3 
ETo monthly rate, mm d-1 2.4 3.5 3.6 5.0 6.2 8.0 8.2 8.1 6.2 4.7 3.0 2.1 

2.1 Irrigation scheduling, scenarios and systems 

Winter crops as the dominant plants of cropping pattern in the study region are winter wheat and 
rapeseed. The development stages of these crops are given in Table 2. Irrigation scheduling of these 
crops was determined for wet, normal and drought water year. These water years were selected 
among 36 water years of available meteorological data. Therefore, the annual precipitations for 
these 36 water years were used. Then using the weibull equation, the probability of occurrence 
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(P(x)) of water year precipitation, was calculated as follows and the water years in relation to the 
probability of precipitation occurrence of 20%, 50% and 90% was selected as wet, normal and 
drought water years, respectively: 

P x = !
!!!

 (1) 

where P(x) is the probability of occurrence of the precipitation greater than or equal to “x”, “r” is 
the number of row associated with particular precipitation in the data set when data are arranged 
from high to low and N is the total number of data (number of water years of recorded data). 

Table 2. Crop development stages for winter wheat and rapeseed in the study region 

Crop Crop development stage period 
 Initial Development Mid-season Late season 

Winter wheat Nov. 2 – Feb. 13 Feb. 14 – March 18 March 19 – May 20 May 21 – June 20 
Rapeseed Sep. 23 – Feb. 17 Feb. 18 – March 29 March 30 – May 23 May 24 – June 22 

 
For full irrigation scheduling and irrigation application efficiency (Ea) of 100%, the quantity of 

irrigation was considered equal to crop potential evapotranspiration (ETc) and irrigation water was 
applied when the readily available water of soil was used. ETc was calculated using FAO dual crop 
coefficient method (Allen et al. 1998). The dual crop coefficient approach is more complicated than 
the single crop coefficient approach (Kc). The procedure was conducted on a daily basis and was 
intended for applications using computers. It is recommended that the dual crop coefficient 
approach to be followed when improved estimates for Kc are needed, for example to schedule 
irrigations for individual fields on a daily basis (Allen et al. 1998). Solution consists of splitting Kc 
into two separate coefficients, one for crop transpiration, i.e., the basal crop coefficient (Kcb), and 
another for soil evaporation (Ke) (Allen et al. 1998): 

ET! = (K!" + K!)ET! (2) 

where ETo is the reference crop evapotranspiration, in mm d-1 and was calculated by using the FAO 
Penman-Monteith method that has been modified for this study region by Razzaghi and Sepaskhah 
(2012). The Kcb and Ke coefficients were obtained from Shahrokhnia and Sepaskhah (2013) for 
winter wheat and Shaabani et al. (2009) for rapeseed. 

For applying deficit irrigation (DI), four water reduction fractions (WRF i. e., 0.2, 0.4, 0.6 and 
0.8) and several methods of deficit irrigation scheduling (DIS) (1, 2, …, 5) were used that are 
described as follows: 

§ Method 1: Relative applied water (1-WRF), i.e., 0.8, 0.6, 0.4 and 0.2 are multiplied by 
quantity of each irrigation event calculated for spring season. 

§ Method 2: Relative applied water (1-WRF) is multiplied by the total number of irrigation 
events obtained for spring season. However, full irrigation was applied at the reduced 
number of irrigation events. 

§ Method 3: Full irrigation was applied for winter wheat and rapeseed at tillering and stem 
elongation stage, respectively. For other stages, (1-WRF) are multiplied by the quantity of 
water at each irrigation event.  

§ Method 4: Full irrigation was applied for winter wheat, at joining and for rapeseed, at 
flowering stage, respectively. For other stages, (1-WRF) are multiplied by the quantity of 
water at each irrigation event. 

§ Method 5: Full irrigation was applied for winter wheat, at joining and flowering stages and 
for rapeseed, at ripening stage. For other stages, (1-WRF) are multiplied by quantity of water 
at each irrigation event. 
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In this study, different irrigation systems with various Ea were compared that are surface 
irrigation (Ea= 30%, 40%, 50% and 60%), solid-set sprinkler irrigation (Ea= 50%, 60%, 70% and 
80%) and tape irrigation (Ea= 70%, 80% and 90%). 

2.2 Water productivity 

Farm water productivity (WPFarm) is defined here as the ratio of the actual crop yield to the total 
water use (TWU), in kg m-3 (Rodrigues and Pereira, 2009): 

WP!"#$ = !!
!"#!"#$

 (3) 

where Ya is the actual yield (grain yield), in kg, and TWU is the total water use including 
precipitation, in m3, to achieve Ya. When TWU does not include precipitation (considering only the 
farm irrigation water use (farm IWU) then it gives the farm irrigation WP (WPI-Farm) (Rodrigues and 
Pereira, 2009): 

WP!!!"#$ = !!
!"#!"#$

 (4) 

where Ya is the actual yield, in kg, and IWU is the irrigation water use not including precipitation, 
in m3, to achieve Ya. 

Therefore, when using water productivity, the denominator in the WP equation must be 
identified. Improving the WP does not necessarily lead to a water saving because it is necessary to 
distinguish between consumptive and non-consumptive water use (Pereira et al. 2002, 2009). 
Therefore, economic aspects of water should be considered. For this purpose the farm economic 
water productivity (EWPFarm) is defined as the ratio of the value of actual grain yield to the total 
water use (including precipitation), in Rls m-3 (Rodrigues and Pereira, 2009): 

EWP!"#$ = !"#$%  (!!)
!"#!"#$

 (5) 

where value (Ya) is the value of actual yield, in Rls, and TWU is the total water use including 
precipitation, in m3. 

For calculating the value of actual yield, the prices per kilograms of actual yields of crops were 
obtained from Agricultural Organization of Fars province (I. R. of Iran). These prices for winter 
wheat and rapeseed are 3843 and 6500 Rls kg-1, respectively. 

If the denominator of Eq. 5 is the quantity of irrigation water then it gives the farm irrigation 
EWP (EWPI-Farm) (Rodrigues and Pereira, 2009): 

EWP!!!"#$ = !"#$%(!!)
!"#!"#$

 (6) 

where value (Ya) is the value of actual yield, in Rls, and IWU is the irrigation water use not 
including precipitation, in m3. 

The economics of production may be understood when the numerator is expressed in terms of 
gross margin or net income for the considered crop (Rodrigues et al. 2003). Easier to work, 
alternatively the economics of production is considered when expressing both the numerator and the 
denominator in monetary terms, respectively, i.e., the yield value and the IWU cost. Therefore, it 
results in EWP ratio (EWPR) that is defined as the ratio of the value of actual yield to the cost of 
irrigation water use (Rodrigues and Pereira 2009): 

EWPR = !"#$%  (!!)
!"#$  (!"#)

 (7) 
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where value (Ya) is the value of actual yield, in Rls, and cost (IWU) is the cost of irrigation water 
use, in Rls. 

Use of EWPR provides the possibility of comparing the effects of real and present price of water 
and obtaining better decisions in different conditions. Inthe study region, the cost of a cubic meter 
of IWU was calculated using the published information of Fars province Regional Water 
Organization. Given this information, present price of water is calculated according to water right 
that paid by farmers of the study region (3% of value of actual yield) that leading to different prices 
of water for different crops. For calculating the real price of water, the fixed and variable costs were 
considered. The fixed cost is defined here as the ratio of the investment costs to total water use, in 
Rls m-3 and the variable cost is defined here as the ratio of operation, maintenance and management 
(OMM) costs to total water use, in Rls m-3: 

Fixed  cost = !"#$%&'$"&  !"#$#
!"#$%  !"#$%  !"#

 (8) 

Variable  cost = !""  !"#$#
!"#$%  !"#$%  !"#

 (9) 

where investment cost include the cost of construction of dam and irrigation network. OMM costs 
include operation, maintenance and management costs of irrigation network. Full cost (real price of 
water) per unit of water consists of fixed and variable costs. The influence of the fixed cost on the 
real price of water is much more than the influence of variable cost on the real price of water. 
Therefore, the influence of the variable cost on the real price of water is not significant. However, in 
this study two scenarios of irrigation water cost are considered, i.e., present price and real price of 
irrigation water (present price was calculated as 71 Rls m-3 and real price was calculated as 1150 
Rls m-3). 

2.3 Actual yield estimation 

For estimating actual yields at different quantities of irrigation water, the potential yields (Ym) 
were estimated using the agro-ecological zone (AEZ) method proposed by Doorenbos and Kassam 
(1979). The agro-ecological zone (AEZ) method proposed by Doorenbos and Kassam (1979) 
despite being old, is one of the most complete models that considered all parameters that affect the 
potential yield. Results were validated by comparing them with the best yields obtained in the 
region. We have recorded the actual data from the area by the field surveying. Although there are 
many generic crop models available for actual yields estimation; however, they need many input 
parameters that are not available in the study region. Furthermore, they should be first calibrated 
and validated; whereas, it was not possible at present study. Therefore, the actual yield (Ya) was 
obtained using the simple equation proposed by Jensen (1968) as follows: 

!!
!!

= (!!"
!!"

)!!!
!  (10) 

where Wai is the actual water used in deficit irrigation scheduling at stage i, mm, Wpi is the potential 
water requirement at stage i that equals to quantity of full irrigation at Ea=100%, mm, and λi is the 
sensitivity index of crop to water deficit at stage i. In this research, λi values for winter wheat that 
presented by Rydzewski and Nairizi (1977) were used after modification for the study region. This 
modification was done according to the actual data obtained from the study region. Although the λ 
values could be transformed to new values with the method presented by Tsakiris (1982); however, 
our study indicated that this modification resulted in insignificant changes due to low number of 
irrigation events and low values of λ in different stages of growth. Therefore, we used our own 
modified λ values of Rydzewski and Nairizi (1977). For rapeseed the values that presented by 
Shabani et al. (2009) were used. Values of λi for winter wheat and rapeseed for different stages are 
given in Table 3. 
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Table 3. Values of crop sensitivity index to water deficit at different stages (λi) for winter wheat and rapeseed 

Winter wheat  Rapeseed 

Stage Period 
(days) λi  Stage Period (days) λi 

Tillering 31 0.086  Stem elongation 32 0.179 
Joining 18 0.125  Flowering 28 0.410 

Flowering 22 0.104  Ripening 27 0.276 
Milk Ripe 35 0.046     

2.4 Net income 

For assessment of impacts of water prices under different irrigation systems, in addition to 
EWPR, net income (NI= gross income-production cost) earned per unit area (hectare) for different 
irrigation systems was determined by using Eq. 1 as production cost:  

C = a! + b!W (11) 

where C is the total production cost, in Rls ha-1, W is the water used, in m3 ha-1 and “a1” and “b1” 
are constants. 

Eq. 11 expresses the relation between consumed water and production cost. The production cost 
is divided into two parts: fixed and variable costs. Fixed cost (a1) includes land rent, cultivation 
operation cost and irrigation system equipment and designing costs. Variable cost (b1W) includes 
applied water, labor and yield transportation costs.  

For calculating NI, the production cost and gross income (the income from the grain yield) was 
calculated per unit area (hectare) for different irrigation systems. Then the production cost was 
deduced from gross income. The fixed costs of production in farm for winter wheat are 7.29*106, 
6.2*106 and 16.7*106Rls for surface, solid-set sprinkler and tape irrigation system, respectively. 
These costs for rapeseed are 7.29*106, 6.2*106 and 16.05*106Rls for surface, solid-set sprinkler and 
tape irrigation system, respectively. The labor and yield transportation costs were considered equal 
to 140000 Rls per day (8h) and 80 Rls kg-1 according to the local information. 

2.5 Empirical modeling 

It is worth noting that results of our analysis can be put in an empirical model. This model can be 
obtained by multiple regression equations. Therefore, relationships between WP and Ea as x1, WRF 
as x2 and precipitation as x3 obtained by multiple regression analysis using Microsoft Excel 2007. 
The general form of this model is as follows:  

WP = b! + b!x! + b!x! + b!x! + b!x!! + b!x!! + b!x!x! (12) 

where WP is the water productivity, x1 is the irrigation application efficiency, x2 is the water 
reduction fraction, x3 is the seasonal precipitation and b0, b1, b2, b3, b4, b5, and b6 are the constants. 

3. RESULTS AND DISCUSSION 

3.1 Irrigation water 

The years of 1977/1978, 1985/1986 and 1993/1994 were estimated as wet, normal and drought 
years, respectively. ETc, seasonal precipitation, basal crop coefficient (Kcb) and soil evaporation 
coefficient (Ke) are estimated for different crops at wet, normal and drought years and are shown in 
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Table 4. These values are used for determination of required irrigation water. The required 
irrigation water for winter crops depends on precipitation during growing season. Results of net 
irrigation requirement for different water years, crops, WRF and methods of DIS are given in Table 
5. It is indicated that in drought water year, irrigation water depth increased. 

Table 4. Crop potential evapotranspiration (ETC), seasonal precipitation, basal crop coefficient (Kcb) and soil 
evaporation coefficient (Ke) for different crops at wet, normal and drought water years 

Crop Water year ETC 
mm 

Seasonal precipitation  
mm 

Kcb  Ke 
Initial Mid-season End  Initial Mid-season End 

Winter 
wheat 

Wet 715 489 
0.185 1.275 0.16 

 
0.45 0.196 0.113 Normal 760 368 

Drought 844 202 

Rapeseed 
Wet 689 586 

0.15 1.10 0.25 
 

0.36 0.05 0.32 Normal 712 368 
Drought 822 208 

Table 5. Net irrigation requirements (mm) for different water years (wet, normal and drought), crops, water reduction 
fractions (WRF) and methods of deficit irrigation scheduling (DIS) 

Crops 
Methods of 

deficit 
scheduling 

Net irrigation requirement (mm) at different water reduction fractions and water years 
Wet water year Normal water year Drought water year 

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 

W
in

te
r w

he
at

 1 511 431 351 270 190 579 495 411 328 244 721 606 491 377 262 
2 511 431 351 270 190 579 495 411 328 244 721 606 491 377 262 
3 511 456 401 346 291 579 507 435 363 291 721 628 536 443 351 
4 511 444 378 311 245 579 508 438 367 297 721 631 542 452 363 
5 511 473 435 397 359 579 551 524 496 469 721 672 624 575 527 

R
ap

es
ee

d 

1 545 466 387 307 228 541 469 399 328 258 693 615 538 460 383 
2 545 466 387 307 228 541 469 399 328 258 693 615 538 460 383 
3 545 474 404 333 263 541 478 416 353 291 693 629 565 502 438 
4 545 501 458 414 371 541 490 441 391 342 693 646 599 551 504 
5 545 501 457 412 368 541 511 481 452 422 693 649 605 560 516 

3.2 Grain yield 

Results of potential grain yields for different water years (wet, normal and drought water year) 
and crops calculated by AEZ method and actual grain yield (Ya) for different water years (wet, 
normal and drought water year), crops, WRF and methods of DIS at Ea=100% calculated by using 
Eq. (10) are given in Table 6. By increasing WRF, the grain yield decreased, however, this decrease 
is lower for methods of DIS in which the sensitive stages of growth to water deficit are fully 
irrigated (method 5 for winter wheat and method 4 for rapeseed). Furthermore, this decrease for 
winter wheat is lower than that for rapeseed because of lower sensitivity of this crop to water 
deficit. In drought water year, because of lower precipitation the difference between grain yield at 
full irrigation and maximum WRF (0.8) is higher than those at wet and normal water years. 
However, the quantity of this difference in DIS methods in which the sensitive stages is fully 
irrigated (method 5 for winter wheat and method 4 for rapeseed) is lower. 

3.3 Water productivity 

WPI-Farm and WPFarm, for different water years, WRF; Ea values and DIS was calculated for 
winter wheat and rapeseed. The values of WPI-Farm are significantly greater than WPFarm values 
(about two times). Maximum and Minimum values of these parameters are given in Table 7. 
Results of WP are presented in the form of multiple regression relationships (Eq. 12). The 
coefficients of variables (Ea, WRF and precipitation) in Eq. 12 are given in Tables 8 and 9 for 
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winter wheat and rapeseed, respectively. All of the obtained coefficients in Eq. 12 are statistically 
significant at 5% level of probability. 

Table 6. Grain yield (kg ha-1) for different water years (wet, normal and drought), crops, WRF and methods of DIS at 
Ea=100% (Ym is equal to grain yield at WRF=0.0) 

Crops 
Methods 
 of deficit 
scheduling 

Grain yield (kg ha-1) at different WRF and water years 
Wet water year Normal water year Drought water year 

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 

W
in

te
r w

he
at

 1 5563 5132 4626 3996 3111 5449 5027 4531 3914 3048 5900 5398 4814 4096 3107 

2 5563 5379 5069 4322 3111 5449 5393 5045 4233 3497 5900 5685 5419 4466 3617 

3 5563 5231 4833 4322 3571 5449 5124 4734 4233 3497 5900 5513 5051 4466 3617 

4 5563 5277 4930 4480 3803 5449 5169 4829 4388 3725 5900 5566 5164 4646 3878 

5 5563 5402 5200 4929 4499 5449 5291 5094 4828 4406 5900 5711 5477 5163 4667 

R
ap

es
ee

d 

1 4783 3943 3075 2165 1189 4700 3875 3021 2128 1168 5070 4180 3259 2295 1260 

2 4783 4783 4154 2551 1586 4700 4419 4082 3441 1558 5070 4767 4403 2704 1681 

3 4783 4104 3369 2551 1586 4700 4033 3311 2507 1558 5070 4350 3571 2704 1681 

4 4783 4321 3791 3152 2300 4700 4246 3725 3098 2260 5070 4581 4019 3342 2438 

5 4783 4194 3540 2788 1854 4700 4121 3479 2740 1821 5070 4446 3753 2955 1965 

Table 7. Maximum and minimum values of WPI-Farm and WPFarm (kg m-3) for winter wheat and rapeseed 

Crop WP, kg m-3 Water year Ea (%) WRF Method of DIS 

Winter wheat 
I-Farm Maximum 1.64 Wet 100 0.8 2 

Minimum 0.25 Drought 30 0.0 - 

Farm Maximum 0.78 Drought 100 0.4 2 
Minimum 0.23 Drought 30 0.0 - 

Rapeseed 
I-Farm Maximum 1.07 Wet 100 0.6 2 

Minimum 0.22 Drought 30 0.0 - 

Farm Maximum 0.59 Drought 100 0.6 2 
Minimum 0.20 Drought 30 0.0 - 

 
For winter wheat, WPI-Farm increased with increasing WRF whereas for rapeseed, this parameter 

initially increased and then decreased for all Ea values and methods of DIS. This occurred as a 
result of higher sensitivity of rapeseed to water stress compared with winter wheat because for 
winter wheat the maximum value of WPI-Farm occurred at highest WRF (0.8) for all Ea values and 
methods of DIS. Therefore, with less water, acceptable yield can be harvested for winter wheat. 
Details of results are not shown due to saving space; however these analyses can be obtained from 
the Eq. (12) with the coefficients presented in Tables 8 and 9. 

By increasing WRF, WPFarm, initially increased and then decreased for both crops, however the 
value of this fluctuation for winter wheat is lower than those for rapeseed especially in higher Ea 
values and at DIS methods in which the stages with higher sensitivity to water deficit is fully 
irrigated. These fluctuations are well shown by the coefficients of the multiple regressions that are 
presented in Tables 8 and 9. According to these coefficients, all three variables have incremental 
effect on WP with the exception of reducing effect of precipitation on WPFarm; because by 
increasing precipitation, WPFarm decreased. The effect of Ea is higher; because by increasing Ea, 
IWU decreased, however overall reduction of grain yield is lower. The effect of precipitation is 
lower due to occurrence of major seasonal precipitation at winter season in this study region that 
crops are in initial stages of growth in this season. The square of these parameters, have reducing 
effect on WP due to the quadratic relationship between WPFarm and variables for both crops and 
between WPI-Farm and these variables for winter wheat. Product of Ea and WRF has also reducing 
effect on WP that indicates the interaction effects of these parameters on WP. Increasing Ea leads to 
lower used applied water in field and by increasing WRF the used applied water becomes lower that 
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leads to reduction in WP. This means that simultaneous increasing or decreasing of Ea and WRF 
lead to reduction in WP. The multiple regression values for WPI-Farm are negative; this means that 
for grain yield production, there should be a minimum level of Ea (Ea threshold) that are shown in 
Tables 8 and 9. 

Table 8. Coefficients of multiple regressions between water productivity (WPI-Farm and WPFarm) and irrigation 
application efficiency, WRF and different water years (precipitation) (Eq. 12) under different methods of DIS (1-5) for 

winter wheat 

WP Methods  
of DIS 

Coefficients 
R2 

b1 b2 b3 b4
 b5

 b6 b0 Ea threshold 

I-Farm 

1 1.002 0.513 0.001 - - - -0.326 0.12 0.96 
2 1.180 0.552 0.0007 - - - -0.410 0.22 0.97 
3 0.974 0.286 0.0006 - - - -0.208 0.09 0.98 
4 1.038 0.391 0.0009 - - - -0.355 0.16 0.97 
5 0.965 0.112 0.0007 - - - -0.252 0.11 0.96 

Farm 

1 1.115 0.640 -0.0003 -0.439 -0.286 -0.467 0.000 - 0.99 
2 1.159 0.508 -0.0003 -0.459 -0.277 -0.248 0.000 - 0.99 
3 1.095 0.488 -0.0002 -0.428 -0.251 -0.336 0.000 - 0.99 
4 1.033 0.441 -0.0002 -0.387 -0.201 -0.275 0.000 - 0.99 
5 0.958 0.239 -0.0001 -0.336 -0.140 -0.157 0.000 - 0.99 

Table 9. Coefficients of multiple regressions between water productivity (WPI-Farm and WPFarm) and irrigation 
application efficiency, WRF and different water years (precipitation) (Eq. 12) under different methods of DIS (1-5) for 

rapeseed 

WP Methods  
of DIS 

Coefficients 

R2 
b1 b2 b3 b4

 b5
 b6 b0 Ea threshold 

I-Farm 

1 1.560 1.181 0.0004 -0.517 -0.839 -1.003 -0.387 0.21 0.93 
2 1.507 1.284 0.0004 -0.391 -0.995 -0.749 -0.435 0.25 0.90 
3 1.455 0.989 0.0004 -0.439 -0.712 -0.810 -0.358 0.20 0.94 
4 1.274 0.694 0.0003 -0.309 -0.519 -0.562 -0.253 0.16 0.94 
5 1.329 0.779 0.0003 -0.353 -0.603 -0.776 -0.273 0.17 0.97 

Farm 

1 0.936 0.725 -0.0002 -0.385 -0.545 -0.719 0.000 - 0.99 
2 0.890 0.796 -0.0002 -0.304 -0.636 -0.607 0.000 - 0.99 
3 0.919 0.628 -0.0002 -0.368 -0.469 -0.614 0.000 - 0.99 
4 0.937 0.472 -0.0002 -0.374 -0.348 -0.455 0.000 - 0.99 
5 0.920 0.495 -0.0002 -0.368 -0.394 -0.553 0.000 - 0.99 

 
With decrement of Ea values, maximum values of the WPFarm for wheat and WPI-Farm and WPFarm 

for rapeseed occurred at higher WRF for different methods of DIS. WPI-Farm of wet water year is 
higher than normal and drought water years, however this difference is not high and by decreasing 
Ea, becomes low. This difference for WPFarm is very small because of precipitation effect. This 
reflects the low impact of seasonal precipitation on WP that is shown by the values of coefficients 
in Eq. 12. This is due to occurrence of major seasonal precipitation at winter season in this study 
region that crops are in initial stages of growth. Between different methods of DIS, the method 2 
(reducing the number of full irrigation events) has the highest WPI-Farm and WPFarm and the 
maximum value of these parameters occurred at higher WRF, which indicates that the irrigation at 
the end of season is less important and also suggests that in spite of decreasing the number of 
irrigation events in spring season, acceptable WP can be achieved. 

3.4 Economic water productivity 

EWP follows the variation of WP, except that the differences between the effects of different 
variables on EWP are more apparent. The values of EWP are 3843 and 6500 times WP for winter 
wheat and rapeseed, respectively. This indicates that rapeseed is economically more efficient (69% 
higher) compared with winter wheat. 
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3.5 Assessment of water prices impacts under different irrigation systems 

The economic water productivity ratio (EWPR) and net income (NI) earned per unit area 
(hectare) [EWPR1 and NI1 (considering the current price of water, 71 Rls m-3) and EWPR2 and NI2 
(considering the real price of water, 1150 Rls m-3)] was used to assess the impacts of water prices 
under different irrigation systems. These parameters were calculated for different crops, years, 
WRF, Ea values (which is related to different irrigation systems) and methods of DIS. EWPR 
follows the same variation as for WP and the values of EWPR1 are 54.13 and 91.55 times WPI-Farm 
for winter wheat and rapeseed, respectively and the values of EWPR2 are 3.34 and 5.65 times WPI-

Farm for winter wheat and rapeseed, respectively. 

3.5.1 Winter wheat 

The results indicated that by considering present price of water for surface and solid-set sprinkler 
irrigation systems (Ea=30-60% and 50-80%, respectively) water cost are 2.6-13.2% and 2.3-11.6% 
of total production costs, respectively. For these systems, NI1 is positive at all conditions and 
increased by increasing Ea in DIS methods of 2 and 5 in which full irrigation was applied at the 
sensitive stages of growth to water deficit (joining and flowering stages). At other DIS methods, 
this increase is occurred only for WRF <= 0.4 and WRF<=0.2 in surface and solid-set sprinkler 
irrigation systems, respectively. For tape irrigation system (Ea=70-90%) water cost is 0.85-5.4% of 
total production cost and the NI1 is positive only for WRF<= 0.4 (because of higher fixed cost of 
tape irrigation system) and it is increased by increasing Ea only for WRF=0.0 (full irrigation). 
Considering the real price of water, for surface, solid-set sprinkler and tape irrigation systems, water 
cost is 30-68.5%, 26-63.2% and 12.2-42.6% of total production costs, respectively. Furthermore, it 
should be noted that for surface irrigation the NI2 is positive only for Ea= 50% (with exception of 
WRF= 0.0) and 60% in wet water year and only Ea= 60% for normal (with exception of WRF= 0.0) 
and drought water years (with exception of WRF= 0.0 and 0.2). Meanwhile, number of cases with 
negative income increased by decreasing Ea. For solid-set sprinkler system, NI2 was positive at all 
conditions only for Ea= 70 and 80% and at other Ea values, in some cases the NI2 was negative. For 
tape irrigation system, all conditions resulted in negative NI2. Meanwhile, NI2 increased by 
increasing Eafor all irrigation systems and conditions. For winter wheat the value of NI1 and NI2 in 
solid-set sprinkler system was higher than others at all conditions that indicate the priority of this 
irrigation system for winter wheat crop. 

3.5.2 Rapeseed 

Considering the present price of water, in surface, solid-set sprinkler and tape irrigation systems 
(Ea=30-60%, 50-80% and 70-90%, respectively), water cost is 3.1-10.4%, 2.8-8.6% and 1.1-3.5% 
of total production costs, respectively. For surface and solid-set sprinkler irrigation systems, the NI1 
is positive at all conditions and increased by increasing Ea for all DIS methods only at WRF<=0.4 
and WRF <= 0.2, respectively. Meanwhile, the values of NI1 for solid-set sprinkler irrigation are 
greater than those obtained for surface irrigation at all methods of DIS. For tape irrigation the NI1 
obtained for WRF= 0.8 is negative for all values of Ea and for Ea= 80% and 90%, negative values 
for NI1 obtained for WRF= 0.6 (in DIS methods of 1, 2 and 3). This is obtained because of higher 
fixed cost of tape irrigation system. In this irrigation system, the NI1 values increased by increasing 
Ea only for WRF=0.0 (full irrigation). Considering the real price of water, water cost is 34-65.3%, 
29.9-59.1% and 14.3-36.4% of total production cost, for surface irrigation, solid-set sprinkler and 
tape irrigation systems, respectively. For surface irrigation system, the NI2 is not positive for all 
scenarios and by reducing the value of Ea to 30% and from wet water year to drought water year, 
more negative NI2 are obtained. For this irrigation system, the values of NI2 increased by increasing 
Ea only for DIS methods of 4 and 5 in which full irrigation was applied at stages of growth with 
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higher sensitivity to water deficit (flowering and ripening). In other DIS methods, the mentioned 
increase occurred only at WRF <= 0.4. For solid-set sprinkler system, the negative values for NI2 
obtained at WRF= 0.8. In this system, only in DIS method of 4, NI2 increased by increasing Ea at all 
conditions. For tape irrigation system the negative values for NI2 is obtained for WRF=0.6 and 0.8. 
At Ea=90%, by reducing quantity of seasonal precipitation, WRF= 0.4 showed also negative NI in 
some cases. Furthermore, the results indicated that for rapeseed the number of cases that NI is 
negative is lower than winter wheat because of higher unit price of rapeseed grain yield. In tape 
irrigation, NI2 increased by increasing Ea only for WRF = 0.0. Such as winter wheat, the results for 
rapeseed suggest also appropriateness of solid-set sprinkler system.  

4. CONCLUSIONS 

By reducing water application to a certain extent for winter wheat and rapeseed, farmer’s income 
was increased. WPI-Farm (irrigation WP) and WPFarm showed considerable increase with increasing 
Ea. Deficit irrigation scheduling should be based on the sensitivity of growth stages of crops. WP is 
lower in drought water year, therefore according to water availability, an appropriate water 
management should be considered in the field. 

EWP and EWPR variations were similar to those obtained for WP. Maximum values of these 
parameters obtained for crop with less sensitivity to water reduction (winter wheat) occurred at 
WRF of 0.8 and by decreasing the Ea these values also oriented to WRF of 0.6 (the values of EWP 
and EWPR obtained for these two WRF are almost equal). Minimum values of EWP and EWPR 
obtained in no water reduction situation. This means that for winter wheat (crop with lower 
sensitivity to water reduction), by reducing the quantity of water, crop production does not decrease 
substantially. Considering the precipitation, maximum values of WP, EWP and EWPR occurred at 
WRF of 0.6 and maximum and minimum values of these parameters are close together.  

Maximum values of WP, EWP and EWPR for rapeseed occurred at lower WRF and by 
increasing Ea; these values occurred at no water reduction situation that indicates the more 
sensitivity of rapeseed to water deficit than winter wheat. In DIS method of 2 which the sensitive 
stages of growth have received full irrigation, the value of WP, EWP and EWPR occurred at higher 
WRF. No water reduction and WRF of 0.8 have a minimum value of these parameters. With regard 
to precipitation, values of WP, EWP and EWPR are close together in wet and normal water years 
and in drought water year they are lower. The values of WP, EWP and EWPR at DIS methods in 
which many stages were fully irrigated are close together. 

Scenarios, in which the real price of water was considered, showed considerably lower EWPR 
values. This indicated that management of deficit irrigation is more important in situation with real 
price of water. In these circumstances farmers should try to use appropriate water management 
schemes to gain more profit per cubic meter of water. 

Results showed that by considering present price of water, the NI was positive in surface and 
solid-set sprinkler irrigation for both crops and all conditions. For tape irrigation system, this 
parameter was positive only at WRF<= 0.4 for both crops and all conditions. At WRF= 0.8, the NI1 
was negative for both crops and all conditions. The number of cases that leads to negative income, 
for winter wheat was higher. By considering real price of water, by reducing Ea and seasonal 
precipitation more cases resulted in negative income for all irrigation systems and both crops. 
Meanwhile, at DIS methods that the sensitive stages of growth were fully irrigated, NI values 
increased by increasing Ea for all conditions. At other methods of DIS, in general, in low WRF 
(lower than or equal to 0.4) the mentioned trend of changes is valid. Generally, results showed that 
tape irrigation is not suitable system for winter wheat especially at high WRF. 

This study showed that at condition of water resources restrictions, deficit scheduling is very 
suitable strategy for farm water management and should be used by considering different growth 
stages of crops and irrigation systems. For this purpose, WP is useful tool to show the effects of 
different methods of water management in the field especially by considering economic aspects.  
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