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Preface

The Challenge Program on Water and Food (CPWF) contributes to efforts of the 
international community to ensure global diversions of water to agriculture are 
maintained at the level of the year 2000. It is a multi-institutional research initiative that 
aims to increase water productivity for agriculture—that is, to change the way water is 
managed and used to meet international food security and poverty eradication goals—in 
order to leave more water for other users and the environment. 

As the overall goals, CPWF project PN08 “Improving On-Farm Agricultural Water 
Productivity in the Karkheh River Basin (KRB) Project” aimed at: Increasing water 
productivity in cereal rainfed production system in the upper catchment   of KRB, 
stabilizing yield in rainfed areas by reducing or preventing crop losses in drought 
seasons, increasing food security in the rural areas, and increasing farmers’ income. 
The project was led by ICARDA in close partnership with the NARES under Agricultural 
Extension, Education and Research Organization (AEERO) of Iran. 

At the start, the project embarked on selecting four benchmark sites representing 
the agro-ecological diversity of KRB. These were Honam and Merek catchments in the 
upper KRB and Sorkheh (also called Evan) Plain and Azadegan Plain in the lower KRB. 
Then, the project adopted a participatory research approach consisting of on-farm trials 
and field surveys fully managed by the national partners. Subsequently, local staff of 
AEERO, Provincial Jihad-e- Agriculture Organizations, Agricultural Research Centers, and 
extension agents mobilized farmers to engage with the national experts in conducting the 
research activities planned for the selected sites. 

The project research programs included water productivity assessment in rainfed areas 
and improving (rain)water productivity with supplemental irrigation in the upper KRB,  
water productivity assessment and improvement under fresh and saline conditions, 
review of water policies and institutions in KRB, interaction between upper and lower KRB 
in response to the possible expansion of supplemental irrigation, and economical factors 
affecting water use efficiency(WUE).
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Summary

The Karkheh River Basin (KRB) is located in the south-western parts of Iran. Most of the 
agricultural area in the upper KRB is rainfed and a large part of the region’s agricultural 
livelihood is based on dryland farming systems. Current water productivity (WP) values 
for dryland crops range from 0.3 to 0.5 kg m-3. This is in spite of the fact that the 
upper catchments in the KRB are among the most suitable rainfed zones of the country, 
with long-term annual precipitation of 300 to 600 mm. Low WP is mainly due to poor 
distribution of rainfall and poor agronomic management practices

To study the options for increasing water productivity in the basin, on-farm trials were 
conducted during the 2005-08 winter cropping seasons of wheat and barley at multiple 
farms across two benchmark watersheds of Merek (Kermanshah Province) and Honam 
(Lorestan Province) in the upper KRB. Under farmers practice at rainfed areas of Merek 
site, grain production for a local and an advanced barley variety (Sararood1), and a 
local and improved wheat variety (Azar2), were 1000-2100, 2100-2900, 800-2000, and 
2000-2700 kg per ha, respectively. Early planting with the help of a single supplemental 
irrigation (SI) (about 75-50 mm), at Merek site, increased production to 3500-3700 for 
barley and 1800-3100 kg per ha for wheat. Similar results were obtained at the Honam 
site. Rain water productivity (RWP), for wheat, barley, and chickpea ranged from (0.3-
0.5), (0.3-0.6), and (0.1-0.3) kg m-3, respectively. The results of this study showed 
that a combination of advanced management with a single supplemental irrigation (SI) 
application at sowing or in the spring (heading to flowering stage) increased total water 
productivity (TWP), of wheat and barley from a range of 0.3-0.37 kg m-3 to a range of 
0.45 -0.71 kg m-3. The irrigation water productivity (IWP), of wheat and barley ranged 
from 0.55 to 3.62 kg m-3 by using single irrigation at sowing or in the spring. These 
preliminary results confirm the effective role of supplemental irrigation (SI) and improved 
agronomic management to enhance rainfed systems productivity. 

Deficit irrigation (DI) studies showed that, crop water productivity for irrigated wheat in 
the two sites was higher than under full irrigation. Deficit irrigation not only increased 
water productivity, but also farmers’ profits. Under pressurized irrigation, total water 
productivity achieved under a 25 percent water deficit was 1.2 times that achieved under 
normal irrigation.

Besides, a soil water and salt balance model (BUDGET) and a crop water productivity 
model (AquaCrop) were used to simulate grain and biomass yields, soil moisture 
content and evapotranspiration of winter wheat sown early with single irrigation 
scenarios. Experimental data from three growing seasons (2005–2008) were used. 
The experimental design incorporates Azar2 bread wheat cultivar tested under three 
treatments: no irrigation at sowing (rainfed), supplemental irrigation (SI) at sowing 
with 75 mm of water (SI sowing) and irrigation to replenish the total water requirement 
at 0–90 cm soil profile at spring (about 50 mm of water). Crop input parameters were 
selected from the model documentation and experimental data. The first crop season, 
field experimental data were used for model calibration and the other two crop season 
data were used for simulation. Results showed that BUDGET (2005) and AquaCrop 
(2009) were able to simulate well the grain yield reduction, the soil moisture content 
(SMC) and the evapotranspiration as observed in the field experiments. 
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Finally, economical analyses of different treatments for wheat and barley at Honam 
show that under current market condetions all treatments, except early planting with 
SI, were non-economical. Accordingly, at Honam, recommended management are in 
the following ranking: Advanced management (AM) + planting SI, AM + SI spring, and 
AM + rainfed treatments, respectively. Traditional management with SI or without SI 
is not recommended. Similar results with spring SI and early planting SI scenarios are 
recommended at Merek for both wheat and barley.
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Chapter 1.

Background
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Rainfed agriculture in Iran covers large 
areas of land where wheat (Tritium 

aestivum L.) and barley (Hordum vulgare 
L.) are the major crops. Nearly 10% of 
the country’s total agricultural products 
are derived from rainfed agriculture. 
Areas under rainfed wheat and barley 
were 3.95 and 1.11 million ha in 1997–98 
and 4.032 and 0.87 million ha in 2003–
04, respectively. According to the official 
documents published by the Ministry of 
Jihad-e-Agriculture, the total production 
of rainfed wheat and barley in 2003–04 
season were 4.72 and 0.82 million ton, 
respectively. Low and variable rainfall, 
high evaporation rates, long dry periods, 
relatively low soil fertility, poor seed 
quality and inappropriate agronomic 
practices applied by farmers contribute to 
low yields in the rainfed areas. Presently, 
the national average yield of wheat and 
barley under rainfed condition are 832 
and 934 kg ha-1, respectively (Tavakoli et 
al., 2005). 

Rainfall variability and unreliability of 
rainfall events prevent the farming 
community from larger investments into 
the production system. The prevailing 
high risk in rainfed agriculture needs to 
be addressed given the increase in food 
demand for a burgeoning population. 
New ways and methods of production 
are needed to increase and stabilize crop 
production in these areas. Optimized 
supplemental irrigation techniques have 
shown promising results to overcome low 
level and unstable yield levels. 

The hypothesis of this project is that 
water productivity in the KRB could be 
substantially increased by improving 
on-farm management, introducing 
new crop varieties, optimizing SI and 
integrating appropriate agronomic 
practices in the crop production 

system. It is believed that the key to 
the realization of this hypothesis is the 
involvement and participation of farmers 
and local communities as well as the full 
cooperation of the official organizations 
and authorities responsible for water and 
agricultural development of the basin

1.1. Characteristics of 
Karkheh River Basin and the 
Selected Sites

The sites of water productivity studies 
carried out between 25° to 40° Northern 
Latitude and between 44° to 64° 
Eastern Longitude, and are bounded 
by the Caspian Sea, the Republic of 
Azarbaijan, the Republic of Armenia, and 
Turkmenistan in the north, the Persian 
Gulf in the south, Afghanistan and 
Pakistan in the east and Iraq and Turkey 
in the west. Karkheh River Basin (KRB) 
is located between 30˚ 57˚ to 34˚ 57˚ 
Northern Latitudes and 47˚ 30˚ to 50˚ 
45˚ Eastern Longitudes in the western 
parts of Iran and represents semi-arid 
and arid areas of the region. Two major 
agricultural production systems prevail 
in the KRB: rainfed cropping in the 
upstream of the newly built Karkheh dam 
and the fully irrigated cropping in areas 
located mainly in the downstream of the 
dam. 

Two research pilot sites and communities 
were selected for the project; one in 
Lorestan Province, and the other one is 
in Kermanshah Province. The pilot site in 
Lorestan, (Honam) is located at about 45 
km north of Khorram Abad, the Provincial 
Capital of Kermanshah. The coordinates 
are 33º49’ N; 48º15’ E; and has an 
average elevation of 1567m a.s.l., with 
a long-term annual rainfall of 450 mm. 

1. Background
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This site is drained by the Honam River. 
It is a sub-catchment of the KRB and 
covers an area of about 3400 km2 (Fig. 
1-1). According to the 2005 population 
census, Honam sub-catchment (HSC) 
and Aleshtar city have a population of 
about 10,000 and 67,000 inhabitants, 
respectively with an average annual 
growth rate of 1.9% .

The pilot site in Kermanshah Province 
was Merek sub-catchment that is 
located at about 15 km south east of 
Kermanshah. Its coordinates are 34º 20’ 
N; 48º19’ E; with an average elevation 
of 1351m a.s.l and a long term average 
annual precipitation of 430 mm. This 
site is drained by the Merek River. It 
covers an area of about 4000 km2 (Fig. 
1-1). According to the 2005 population 
census, Merek sub-catchment (MSC) and 
Kermanshah city have a population of 
about 10,000 and 700,000 inhabitants, 
respectively with an average annual 
growth rate of 1.9% which is higher than 
the national average. 

1.2. Literature Review

An extensive literature review on the 
subject of this report has been published 
by the project (Tavakoli, et al, 2008) and, 
therefore, only a summary containing 
the more important points are presented 
here.
While KRB is one of the more important 
rainfed areas of Iran, the first rainfall 
necessary for seed germination in most 
years occurs after October, resulting 
in poor crop establishment in colder 
highland areas where frost may occur 
in November, hindering plant growth. 
Therefore, rainfed yields are much lower 
compared to well established crops 
when crop growth takes off in early 
spring. Ensuring a good crop stand in 
Nov-December can be achieved by early 
sowing and applying a single irrigation in 
October. 

In the highland rainfed regions of Iran, 
application of single irrigation at planting 
time or at heading-flowering growth 
stage for winter cereals (wheat and 
barley) increased yield from 500 to 2500 
kg ha-1 and from 500 to 1000 kg ha-1, 
respectively (Tavakoli, 2001; Tavakoli et 
al., 2000). Four-year trials, conducted at 
the central Anatolia plateau of Turkey, 
showed that applying 50 mm of SI to 
early sowing wheat increased grain yields 
by more than 60%, adding more than 2 
t/ha to the average rainfed yield of 3.2   
t/ha (ICARDA, 2003). Water productivity 
reached 5.25 kg grain/m3 of consumed 
water, with an average of 4.4 kg m-3. 
The study also revealed that SI applied 
later in the spring and early summer 
further increased yield, but resulted in 
lower water productivity. Similar results 
were obtained in the highlands of Iran at 
Maragheh (Tavakoli and Oweis, 2004).

Variation in rainfall amounts and 
distribution from one year to another 
causes substantial fluctuations in wheat 

Figure. 1-1 Karkheh River Basin location 
and the research sites
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grain production that can range from 
0.3 to over 2.0 t/ha. This situation 
creates instability which negatively 
affects household incomes. Agricultural 
productions and livelihoods in dry areas 
can be sustained, only if priority is 
given to improving water productivity 
and enhancing the efficiency of water 
procurement. In other words, more food, 
feed and fiber must be produced using 
less water.

The foremost concern in arid and 
semiarid areas is availability and efficient 
use of water. In drylands of KRB, the 
major constraint to wheat production is 
low rainfall. Another yield determining 
constraint in drylands is the sowing 
date. In Iraq, during the 1997/98 season 
which was very dry, for every week delay 
in sowing, there was a resultant grain 
yield reduction of 220 kg ha-1 for rainfed 
crops, and 520 kg ha-1 for crops under 
SI (Adary et al., 2002). A multi-sowing 
date strategy reduced the peak farm 
water demand rate by more than 20%, 
thus potentially allowing a reduction in 
the irrigation system size and cost (Oweis 
and Hachum, 2001).

Among agronomic practices, application 
of nitrogen, SI and early sowing 
of appropriate cultivars are widely 
recognized as a means of increasing 
wheat yield in the dry areas (Cooper et 
al., 1987; Siddique et al., 1990; Anderson 
and Smith, 1990; Oweis et al., 1998).  
For the data obtained in Maragheh, the 
relation between ETa and crop yield  was 
found to be as following (Tavakoli et al., 
2005):

Y=0.0093 ETa - 1.384     R2=0.74    (1-1)

where Y is wheat grain yield                 
(t/ha) and ETa is actual crop seasonal 
evapotranspiration (mm). Timing of 
water application is also one of the most 
important factors to be determined when 

using SI. Supplemental water applications 
are especially important when water is 
scarce during critical growth periods. 
An experiment carried out during 1982–
85 near Merek site  showed that two 
irrigations applied at the heading and 
milk growth stages of wheat resulted in 
a 3 year average of about 2800 kg ha-1, 
whereas average yield in the area was 
1200 kg ha-1. In Kermanshah province, 
the best single SI treatment for rainfed 
local wheat variety (Sardari cultivar) was 
found to be one time irrigation at heading 
to flowering stage (Sayadyan and Tallie, 
2000). The increase of barley grain and 
straw yields by single irrigation were 
highly significance. In the same region, 
Tallie (2005) found that single irrigation 
of improved rainfed barley variety 
(Sararood1) during heading to flowering 
stage increased grain yield by 1204 kg 
ha-1 compared with rainfed condition. 
Irrigation water productivity was between 
1.2 and 5.0 kg m-3.

Research results in Maragheh (2000-
2004) showed that RWP was between 
0.31 to 0.43 kg m-3 while IWP was 0.72 - 
2.39 kg m-3 and TWP was 0.36 - 0.85 kg 
m-3. The average wheat grain yield of two 
seasons under single irrigation at planting 
and rainfed condition for Azar2 wheat 
variety were 2050- 3232 and 1404 kg  
ha-1, respectively (Tavakoli, 2005). 

Response of different wheat cultivars 
to various levels of SI and nitrogen 
application was studied at Maragheh, 
Sararood, and Haydarloo research 
stations in 1999–2002 (Tavakoli et al., 
2003). Yields of rainfed conditions varied 
with seasonal rainfall and its distribution, 
with all main factors having significant 
effects. Results of path analysis for 
rainfed wheat showed that increase in 
grain yield was due to increased seed 
numbers per spike, height and straw 
yield, respectively. Optimum level of SI 
for Sabalan variety was 1/3 of full SI 
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with 60 kg N ha-1 resulted in maximum 
water productivity (3.1 kg m-3). In 
spite of 20% reduction of yield in this 
treatment, a maximum net benefit was 
obtained along with possibility of 180% 
cropping area increase, which led to 
74% increase in total grain yield. The 
limit of benefit ability for optimum level 
of SI was determined as 0.292 US$/m3 
water (1US$ = 9800 I.R-Rials). Results of 
path analysis for irrigated wheat showed 
that increase in grain yield was resulted 
from increase of spike/m2, seed number 
per spike and straw yield, respectively 
(Tavakoli, 2003, 2004).
In another similar experiment at the 
same location, the rainwater productivity 
(RWP) varied between 0.277 and 0.304 
kg m-3 while irrigation water productivity 
was 1.66–3.1 kg m-3 and total water 
productivity varied between 0.52–0.81 
kg m-3. The average grain yield of rainfed 
barley (Yesevi-93 barley advanced line) 
under SI planting, SI spring and rainfed 
treatments were 3007, 2273 and 1019 kg 
ha-1, respectively.

Generally speaking, SI can be exercised 
in one of the following methods:
 - Applying one or more irrigations at 

the specific stages of crop growth 
during soil-moisture stressed period.

 - Application of deficit irrigation when  
the crop is experiencing moisture 
stress.

 - Combination of single irrigation 
with recommended agronomic 
management 

 - Optimization of water use in irrigated 
wheat farming.

1.3. Objectives  

The main objectives of the project are:
• Improve farm water productivity and 

sustainability
• Develop maps identifying suitable 

areas for supplemental irrigation.
• Assess and evaluate present RWP and 

sources of improvement for the major 
crops (wheat and barley)  and farmers 
preferences in the region.

• Enhance RWP through supplemental 
irrigation (SI) (amount and time) in 
combination with improved water 
resource, land preparation, varieties, 
sowing date, fertility, rotation, weed  
and disease control and harvest 
practices.

• Using simulation models (Budget and 
AquaCrop) for analyzing grain yield 
and soil moisture content.

• Conduct economical analysis of 
the promising technologies for 
recommendation to the stakeholders 

• Dissemination of proven technologies 
to extension and farmers through field 
days, farm demonstrations, and fact 
sheets.



7

Chapter 2.

Supplemental Irrigation of Rainfed Wheat and 
Barley
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2.1. Introduction

In the upper KRB, the first rainfall, 
necessary for seed germination, in 

most years occurs after October, resulting 
in poor crop establishment in colder 
highland areas where frost may occur 
in November, hindering plant growth. 
Therefore, rainfed yields are much lower 
compared to well established crops 
when crop growth takes off in early 
spring. Ensuring a good crop stand in 
Nov-December can be achieved by early 
sowing and applying a single irrigation in 
October. In the rainfed regions of Iran, 
application of single irrigation at planting 
time and heading-flowering growth stage 
for winter cereals (wheat and barley) 
increased yield from 500 to 2500 kg 
ha-1 and from 500 to 1000 kg  ha-1, 
respectively (Tavakoli, 2001; Tavakoli 
et al., 2000). An experiment carried out 
during 1982–85 near Merek site  showed 
that two irrigations applied at the heading 
and milk growth stages of wheat resulted 
in a 3 year average of about 2800 kg ha-

1, whereas average yield in the area was 
1200 kg ha-1. In Kermanshah province, 
the best SI treatment for rainfed local 
wheat variety (Sardari cultivar) was found 
to be a one time (single) irrigation at 
heading to flowering stage (Sayadyan and 
Tallie, 2000). The increase of barley grain 
and straw yields by single irrigation were 
highly significance. In the same region, 

Tallie (2005) found that single irrigation 
of rainfed improved barley variety 
(Sararood1) during heading to flowering 
stage increased grain yield by 1204 kg 
ha-1 compared with rainfed condition. 
Irrigation water productivity was between 
1.2 and 5.0 kg m-3.
The existing status of water productivity 
in the region was assessed by a simple 
survey by questionnaire. The results are 
shown in Table 2-1 . Major crops grown 
under rainfed conditions are wheat, 
barley, chickpea and lentil. Usually 
chickpea and lentil are grown in rotation 
with wheat and barley. 

Water losses in rainfed areas are mainly 
through surface runoff from lands with 
steep slopes and by surface evaporation. 
Effective rainwater productivity is 
about twice total rainwater productivity 
indicating that rainfall use efficiency is 
about 50%. 

At Honam site, CRWP for wheat and 
barley is low, 0.17-0.43 and 0.22-0.63 
kg m-3, respectively. Crop rain water 
productivity for chickpea and lentil is 
also low 0.07-0.22 and 0.04-0.15 kg m-3, 
respectively at rainfed farmer’s areas in 
the upper KRB (Tavakoli et al., 2008).

At Merek site, CRWP for wheat and barley 
is low, 0.16-0.42 and 0.17-0.31 kg m-3 
respectively. Crop rain water productivity 

Table 2-1- Average grain yield and crop rain water productivity for different crops in the 
rainfed upper KRB and under traditional management at two sites (Honam and Merek), 
2004-2007.

 
Crop 

Honam site Merek site 
Yield (kg ha-1) CRWP (kg m-3)  Yield (kg ha-1) CRWP (kg m-3) 

wheat 800-2000 0.17-0.43 900-2400 0.16-0.42 
barley 1000-2900 0.22-0.63 1000-1800 0.17-0.31 
chickpea 300-750 0.07-0.22 300-900 0.05-0.16 
lentil 200-700 0.04-0.15 700-1100 0.12-0.19 

2. Supplemental Irrigation of Rainfed                
Wheat and Barley
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for chickpea and lentil is also low 0.05-
0.16 and 0.12-0.19 kg m-3, respectively 
at rainfed farmer’s areas in the upper 
KRB (Tavakoli et al., 2008). 

Low RWP is mainly due to poor 
distribution of rainfall and poor agronomic 
management practices. Optimum 
program of single irrigation at planting 
time improved WP values to 1.3-2.1 kg 
m-3 (Tavakoli, 2007). In rainfed areas 
there are some agronomic factors which 
affect RWP such as land preparing 
machinery, seed rate, seed depth, sowing 
date, fertilizer management (amount, 
time and source), variety and harvesting. 

It can be concluded that the single 
supplemental irrigation practice can 
increase yields, water productivity, 
water use efficiency and stability of 
crop production under different climatic 
conditions. However, these increases 
depend on factors such as seasonal 
precipitation, rainfall distribution 
especially at the two critical stages; and 
agronomic factors outlined earlier.

2.2. Materials and methods

On-farm trials on supplemental irrigation 
were carried out during three growing 
seasons over the period 2005-2008 in the 
two selected sites of the project. General 
characteristics of these sites are given in 
section (1-1) of this report. The general 
research approach used was community-
based with full farmers participation. The 
direct interaction between the project’s 
personnel and the beneficiaries produces 
the optimum results that will have the 
greatest chance of being adopted and 
adapted by farmers. Different farms were 
selected in the two sites during 2005-
8: a total of 84 farmers in Honam and 
74 in Merek. The farms filed information 
(rotation, sowing date, fertilizer 
management, preparation and planting 

machinery, weed and disease control, and 
harvest) at both sites are presented in 
Appendix I.

2.2.1. Soil properties

Soil samples were taken from the study 
sites for analysis. Average soil properties 
at the study sites are shown in Appendix 
II, Table II-1.  

2.2.2. Climate

Daily meteorological data viz., rainfall, 
evaporation (Class A pan), relative 
humidity (maximum and minimum), 
maximum and minimum temperatures, 
wind speed, sunshine were recorded 
from nearest meteorological station 
(Aleshtar Station, for Honam, and 
Kermanshah Station (Sararood), for 
Merek). A summary of the behavior of 
meteorological parameters in the study 
sites are given below:

Precipitation
Total annual precipitation is directly 
influenced by the land topography 
and elevation, especially by the great 
mountain ranges. Merek site is considered 
sub-humid, with 12-year average annual 
precipitation of 430 mm, while Honam 
site is a semi-cold region having a 10-
year average annual precipitation of 
457mm, mostly falling as snow (Figs. 
VI-1 and VI-11).
Although total annual precipitation 
is highly effective in determining the 
success of dry-farming, distribution of 
the rainfall throughout the year is also of 
great importance. 

At Merek, the annual rainfall amount 
was variable during the three growing 
seasons over the period 2005-2008 (Figs. 
VI-1, VI-7, and VI-9). In 2005/2006, 
rainfall was inadequate for full emergence 
after sowing in October. Total seasonal 
rainfall amount was 505 mm and first 
and last effective rainfall were 31 mm 



11

and 18.2 mm on 16-17 Nov. 2005 
and 5-6 May 2006, respectively. In 
2006/2007, adequate rainfall fell in 
October immediately after sowing with a 
total seasonal amount of 552 mm. The 
first and last effective rainfalls were 8.6 
mm and 18.5 mm on 16-17 Oct. and 32.3 
mm on 15-17 May 2007, respectively. 
In 2007/2008, again, insufficient rainfall 
limited full emergence after sowing in 
October. Total seasonal rainfall amount 
was 154 mm and first and last effective 
rainfall were 16.3 and 17 mm on 2-3 
and 6-7 December  and 25-26 February 
2008, respectively. In 2005/2006 and 
2007/2008 seasons, inadequate rainfall 
in October was later followed by limited 
rainfall during March to end of cropping 
season. The 2007/2008, season was 
extremely dry with a total amount of 
154 mm with poor distribution, there 
were 86 rainy days in winter (mid Dec. 
2007 – late February). For example, total 
rainfall amount during October 2007 – 
March 2008 was 127.8 mm and during 
March 2008– July 2008 (harvest time) 
rainfall amounted to only 26.2 mm, when 
the temperature dropped and negatively 
affected the crop development. In the 
third season, most rainfed wheat and 
barley farms were damaged by drought 
condition and were grazed by sheep and 
goats (Fig. 2-1). Thus, in the first and 
third seasons rainfall was not adequate 
for full crop emergence in October.

In Honam, similar variability in annual 
rainfall was experienced during the three 
growing seasons (Figs. VI-11 and VI-
16). In 2005/2006 season, insufficient 
rainfall after sowing in October limited 
crop emergence. Total seasonal rainfall 
amount was 544 mm, the first effective 
rainfall amounts were 7.2 mm and 24.4 
mm on 21 October and 6 November 
2005, respectively and the last effective 
rainfall amounts were 37.7, 7.4 and 
12.3 mm on 6-7 April, 17-18 April and 
25-27 April of 2006, respectively. In the 

season of 2006/2007, adequate rainfall 
fell in October immediately after sowing 
with a total seasonal amount of 573 mm. 
The first and last effective rainfalls were 
15.6 mm and 31.9 mm on 16 October 
2006 and 16 May 2007, respectively. 
In 2007/2008 season, rainfall was 
inadequate for full emergence. Total 
seasonal rainfall amount was 505 mm 
and first and last effective rainfall 
were 45.4 mm and 32.5 mm on 21-
23 November 2007 and 26 February 
2008, respectively. In the seasons of 
2005/2006 and 2007/2008, inadequate 
rainfall for emergence occurred after 
sowing in October and so inadequate 
rainfall during March to end cropping 
season. The 2007/2008 season was 
extremely dry with a total rainfall amount 
of 294 mm with poor distribution. For 
example, total rainfall amount during the 
interval October 2007 – March 2008 was 
260 mm (88.3 percent of total annual 
precipitation) and during March – July 
2008 (harvest time) was only 34.3 mm, 
when the temperature dropped and 
negatively affected the crop development. 
Most rainfed wheat and barley farms were 
damaged by drought condition and the 
crops were grazed by sheep and goats, 
(Fig. 2-1). Thus, in the first and third 
study seasons rainfall was not adequate 
for full crop emergence in October.

Air temperature
The average annual air temperature 
of the Merek and Honam sites ranges 
from 12 to 15° C. These sites represent 
most of the rainfed farm territory in the 
class of cold and cold-temperate climate 
regions, although there are some areas 
with very cold winter and warm summer 
temperature. The range of temperature 
from the highest in summer to the lowest 
in winter is considerable, but not widely 
different from other similar parts of the 
rainfed areas of Iran. 
Mean temperatures (maximum, minimum 
and average) at Honam site (Fig. VI-14)  
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and during three years (2005/2006/2007) 
the annual average temperature were 
12.5°C, 13°C and 12.9°C, the maximum 
temperature were 38.8°C, 39.8°C and 
37.4°C, and the minimum temperature 
were -19.6°C, -17.4°C and -14.2°C, 
respectively.
At Merek site (Fig. VI-4) and during three 
years (2005/2006/2007) the annual 
average temperature were 14.9°C, 15°C 
and 14.8°C, the maximum temperature 
were 41.6°C, 41°C and 40°C, and the 
minimum temperature were -15°C, 
-11.6°C and -10°C, respectively.

Growing degree days (GDD)
Growing degree days (GDD) are defined 
as the integration of the ambient 
temperature curve between two 
temperatures Tc-max and Tc-min which 
define the range where crop growth 
occurs. Outside of this range the crop 
stops developing or dies. The majority of 
plants have a fixed value of cumulative 
GDD to reach each stage of phenological 
development and, ultimately, maturity. 
Consequently, the duration of a 
phenological stage for a crop can be 
estimated based on cumulative GDD. 
Estimation of GDD is commonly based on 
daily average air temperature using the 
following equations (Ojeda-Bustamante 

et al., 2004):

GDD = Ta–Tc-min     Ta<Tc-max  (2–1)

GDD = Tc-max–Tc-min  Ta≥Tc-max  (2–2)

GDD = 0  Ta<Tc-min  (2–3)

Where Ta is the daily average air 
temperature, Tc-min is the minimum air 
temperature for growth of the particular 
species and Tc-max is the maximum air 
temperature above which growth ceases 
for the particular species.
The GDD values in Honam site during the 
2005/06, 2006/07 and 2007/08 seasons 
were 1677, 1496 and 1530, respectively. 
The same values for Merek site were 
(Oct. – June) 2100, 1856 and 2129, 
respectively. 

Relative humidity
Mean relative humidity (maximum, 
minimum and average) at Honam site 
and during three years (2005/2006/2007) 
the annual average relative humidity is 
55.2, 56.4 and 55.6% (Fig. VI-13). At 
Merek site and during the same period, 
annual average relative humidity was 
44.7, 47.2 and 45.9% (Fig. VI-3). In 
both sites, July and August are the 
driest months of the year (Figs. VI-3 and       
VI-13). 

Fig. 2-1 drought condition and grazing by animals.
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Evaporation
Potential evaporation varies considerably 
within the KRB. There is a tendency 
for decreasing evaporation with 
increasing altitude. The pan evaporation 
during three years, April-November 
(2005/2006/2007) are 1682, 1432 and 
1151 mm/year, respectively at Honam 
site (Figs. VI-12, VI-17 and VI-19) 
and 2432, 2313 and 2286 mm/year, 
respectively at Merek site (Figs. VI-2, VI-
6, VI-8 and VI-10). The yearly variation 
is smaller and steady. The lowest 
evaporation is experienced in February 
(during the wet season) and increases 
during the dry season (from June to 
December), reaching a maximum in 
July/August. The rainfall deficits relative 
to evaporation are great in spring and 
summer, as can be see in Figs. VI-2 and 
VI-12. Significant rainfall deficits are 
evident in the months of May to October. 
At Honam site the annual total rainfall 
deficit for three years (2005, 2006 and 
2007) was -1194, -837 and -896mm, 
respectively. At Merek site the annual 
total moisture deficit for the three years 
(2005, 2006 and 2007) was -2034, -1709 
and -1893 mm, respectively (Figs. VI-2 
and VI-12).

Potential evapotranspiration (ETo)
Climatic data of the nearest 
meteorological station (Aleshtar city) 
were used for estimation of potential 
evapotranspiration in Honam (Figs. 
VI-15 and VI-18) and climate data of 
Sararood station were used for Merek 
(Figs. VI-5 and VI-6). The potential 
evapotranspiration was computed using 
Penman Montheith method (FAO, 2009).
Figs. VI-1 through VI-19 present 
climatic and potential evaporation from 
Aleshtar (Honam site) and Sararood 
Kermanshah (Merek site) meteorological 
stations, respectively. The results show 
that the potential evapotranspiration 
during three years, April - November 
(2005/2006/2007) were 1301, 1189 and 

1018 mm/year, respectively at Honam 
site, and 1307, 1308 and 1304 mm/
year, respectively at Merek site. The 
lowest potential evapotranspiration is 
experienced in February (during the wet 
season) and increases during the dry 
season (from May to October), reaching 
a maximum in the months of June/
August. These results show that potential 
evaporation increases with decreasing 
altitude. 

2.2.3. Supplemental irrigation trials

The field trials were conducted at farmers’ 
fields for three crop seasons during 2005-
2008 at the Honam and Merek sites. Crop 
cultivars were a local winter bread wheat 
cultivar (Sardari) and an advanced wheat 
cultivar (either Azar2 or Cross Alborz). 
In the case of barley, a local cultivar and 
an advanced genotype (Sararood1) were 
studied. Irrigation treatments were as 
follows:

1. 75 mm single irrigation at planting 
time 

2. 50 mm single irrigation at spring 
time, 

3. 75 mm single irrigation at planting 
time + 50 mm single irrigation at 
spring time

4. no irrigation (rainfed),
There were two main management 
treatments: 

1. Traditional management (TM) 
2. Advanced management (AM)

The trials were carried out in two 
replicates. We defined two farmers 
field for each replicate, and then the 
treatments were randomly assigned to 
each block and replicated two times (two 
farmer’s field) (Fig. 2-2). Wheat and 
barley were sown for three seasons in 
October over the 3 years of the trial at 
20 cm row spacing. The plot sizes varied 
from 1000 to 5000 m2, of which 3 m2   
(3* 1m2) were used for grain yield and 
yield components measurements.
Early sowing date was usually 10–15 days 
before farmers’ normal planting time. 
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Water for irrigation was from different 
sources including: pumping of rivers, 
groundwater, springs, traditional canals 
and qanats. Spring irrigation was done 
based on crop stage during heading to 
flowering stage, when more than 50% of 
soil moisture content was depleted. This 
strategy allowed the crop to grow until 
maturity. Irrigation method was according 
to farmers practices: they were often 
border and basin surface irrigation.

Fertilizer requirements were splited 
into two doses, first dose was given at 
planting time and the second dose was 

applied at early spring time (early stem 
elongation stage). During the preparation 
of the land, ammonium sulfate and 
triple super phosphate of fertilizers were 
applied. Additional nitrogen was given 
as top dressing in March-April. During 
the season, growth stages, emergence, 
tillering, stem elongation, heading, 
flowering, maturity and harvest dates 
were observed and recorded.

2.2.4. Soil water monitoring

In order to measure soil moisture content 
in Honam, soil samples were taken at 
sowing date, before irrigation and after 

Fig. 2-2. Layout of the experiments for wheat and barley.
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harvesting, respectively, from three 
successive layers, i.e. 0–0.2, 0.2–0.4 
and 0.4–0.6 m, using an auger. At Merek 
experimental site, field access tubes were 
installed to a depth of 80 cm into some 
plots of middle replicate and soil water 
content was monitored every 15 days 
intervals, irrigation day (before irrigation) 
and harvesting day (after harvest), 
respectively, as well as after each rain by 
a TRIME device. The soil water depletion 
was measured gravimetrically once 
a week from 0 to 0.20, 0.20 to 0.40, 
0.40 to 0.60 and 0.60 to 0.80 m soil 
layers. The actual water use (AWU) was 
estimated as per the equation:

Where, R = total rainfall received during 
crop season (mm), recorded from nearest 
meteorological station using, SI = single 
supplemental irrigation (mm), ΔS = 
change in soil moisture storage. Soil 
water upward flux (Fx) was negligible 
because of existence of deep water table 
(>3.0 m) in the study area. The runoff 
was also negligible because crops were 
grown in small boarded plots during 
winter/dry season and irrigation was 
applied at critical growth stages only. 
Some selected physical and chemical 
properties of the soil are presented in 
Appendix I.

2.2.5. Crop varieties and 
management

The winter wheat varieties used for the 
study were Local (Sardari) and advanced 
(Azar2) under two management 
treatments, traditional and advanced 
management. At early sowing data, the 
seeds were sown on 15th October 2005, 
21st October 2006 and 20th October 2007, 
at a row spacing of 0.2 m, at normal 
sowing data, the seeds were sown about 
10 -15 days after early sowing time. 
During the winter season, aboveground 

plant organs die and wheat plants are 
dormant. Under rainfed treatment 
the crop full germination revives in 
April, tillering stage in early May, stem 
elongation in May, flowering stage in June 
and is harvested in July. Under single 
irrigation at planting time treatment the 
crop full germination and tillering stage 
revives in autumn, stem elongation 
in May, flowering stage in June and is 
harvested in July.
Seedling density for TM and AM 
treatments were about 130-150 and 180-
200 kg ha-1, respectively. 

At the end of the growing season, each 
plot was harvested for biomass (M) 
and grain yield. Yield components such 
as thousand-kernel weight (TKW) and 
number of grain (NG), were measured on 
one square meter and three replications. 
Other economic traits of wheat such as 
fertile spikelet number (FSN) and length 
of spike (LS) were also determined. 
Soil moisture contents at sowing and 
harvesting in the whole soil profile were 
also used to calculate water consumption 
from soil stored water during the whole 
growing seasons. Harvest index (HI) was 
also determined.

2.3. Results and Discussions

Results are presented under different 
headings for each crop and site to 
facilitate reference and follow up of the 
materials.

2.3.1. Wheat 

Merek site
The mean grain yield (GY), straw yield, 
total aboveground dry biomass (BY), 
harvest index (HI), thousand kernel 
weight (TKW) and plant height under 
rainfed and various SI treatments and 
for all cropping seasons were analyzed. 
Average rainfed grain yield under 
traditional management (TM) for the 
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2005/2006 and 2006/2007 seasons were 
1983 and 1878 kg ha-1, respectively 
(Fig. 2-3). Average rainfed grain yield 
under advanced management (AM) for 
2005/2006, 2006/2007 and 2007/2008 
seasons were 2294, 2273 and 665 
kg ha-1, respectively. The season of 
2005/2006 had the higher rainfall (505 
mm) compared with average long term 
(478 mm) with a good distribution 
during spring supporting such high yield. 
The 2006/2007 season had an average 
rainfall of 552 mm, inadequate rainfall 
for emergence in October. Emergence 
was late but favorable conditions later in 
the spring provided the second highest 
rainfed yield. The 2007/2008 season was 
the poorest for rainfed grain yield (613 
kg ha-1) under traditional management, 
because of lowest rainfall (154 mm) 
associated with late emergence. Lower 
rainfall amounts obtained in the spring 
of 2007/2008 associated with physical 
damages on crops by the unexpected 
rainfall from during March to maturity 
time (26.2 mm, 17% of total annual 
rainfall) caused the drop in yield (Figs. 
VI-1 and VI-7). Rainfed straw yield was 
affected similarly. 

Average grain yield of SI at planting 
under traditional management (TM) were 
2172 and 2157 kg ha-1 for 2005/2006 
and 2006/2007 seasons, respectively. 
Average grain yield for the same SI 
treatment under advanced management 
(AM) for 2005/2006 and 2006/2007 
seasons were 2836 and 2549 kg ha-1, 
respectively. Average SI spring grain 
yield under traditional management (TM) 
for 2005/2006 and 2006/2007 seasons 
were with 2677 and 2592 kg ha-1, 
respectively. Average SI spring grain yield 
under advanced management (AM) for 
2005/2006, 2006/2007 and 2007/2008 
seasons were with 3762, 3427 and 
1912 kg ha-1, respectively. End season 
control stress management by applying 

SI spring on crop production under AM, 
resulted in higher straw yields (8563, 
6212 and 3468 kg ha-1) in the three 
seasons, respectively. But, 2005/2006 
season provided higher straw yield (9638 
kg ha-1) similar to grain yield with a 
good distribution of rainfall in spring that 
boosted the crop for better performance 
for both grain and straw yield under 
rainfed conditions (Fig. 2-3 and 2-4). 

In the experiment, the average single 
irrigation amount applied at the planting 
time and the spring for the 3 years 
(2005/2006/2006/2007 and 2007/2008) 
was about 50 and 75mm, respectively. 
For the two times irrigation treatments 
(SI planting + spring), the irrigation 
amounts was 125 mm and given at the 
same time. By contrast, the 2007/2008 
season was the worst in terms of drought 
and frost, which resulted in the lowest 
yields being obtained during this season. 
Some farmers at Merek site applied two 
or three irrigation at spring time during 
this season.

By applying 50 mm spring irrigation, 
wheat grain yield was increased by 
1779, 1549 and 1247 kg ha-1 over purely 
rainfed plots in 2005/2006, 2006/2007 
and 2007/2008 seasons, respectively. 
Similarly straw yield was increased to 
3286, 975 and 2222 kg ha-1, respectively, 
usually local wheat variety had high 
producing straw yield (Fig. 2-3).  

At Merek site, the ranks of recommended 
treatment options are: single irrigation at 
planting time (immediately after sowing), 
single irrigation at spring time (usually 
during heading – flowering stage) 
and rainfed, but all under advanced 
management compare to traditional 
systems. The highest mean grain yield 
(over all sowing dates) was 2284 kg ha-1 
for the rainfed advanced management 
farming system.
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The water productivity indices in 
producing grain yield (rainfall, irrigation 
and sum of rainfall and irrigation) was 
highly significantly (P < 0.01), influenced 
by sowing date, management type and SI 
time. There was a significant SI - sowing 
date - management interaction effect on 
both total water productivity (TWP) and 
irrigation water productivity (IWP). Effect 
of advanced management on increasing 
grain yield and rain water productivity 
(RWP) was significant. 

For the rainfed treatment, the RWP were 
0.39 and 0.34 kg m-3 for 2005/2006 
and 2006/2007 seasons, respectively 
(observed at the traditional management 
of the all seasons), those were the 
lowest amounts which obtained from 
farmers local scales, while the RWP under 
combination of early sowing date and 
advanced management treatment were 
0.45, 0.41 and 0.48 kg m-3, respectively). 
The TWP under combination of sowing 
irrigation and traditional management 
treatment were 0.37 and 0.34 kg 
m-3 (Fig. 2-5) while the TWP under 
combination of sowing, irrigation and 
advanced management treatment were 
0.49 and 0.41 and kg m-3 for 2005/2006 
and 2006/2007 seasons, respectively. 
The TWP under combination of spring 
irrigation and traditional management 
treatment were 0.48 and 0.43 kg m-3 for 
2005/2006, 2006/2007, while the TWP 
with combination of spring irrigation 
and advanced management treatment 
were 0.68, 0.57 and 0.71 kg m-3 for 
2005/2006, 2006/2007 and 2007/2008 
seasons, respectively. The IWP (Fig. 2-6 
and 2-7) under combination of sowing, 
irrigation and traditional management 
treatment were 0.25 and 0.16 kg m-3, 
while the IWP with combination of sowing 
irrigation and advanced management 
treatment were 0.72 and 2.31 kg m-3 
for 2005/2006 and 2006/2007 seasons, 
respectively. The IWP under combination 
of spring irrigation and traditional 

management treatment were 1.39 and 
1.12 kg m-3 for 2005/2006, 2006/2007, 
while the IWP with combination of spring 
irrigation and advanced management 
treatment were 2.94, 2.31 and 1.22 
kg m-3 for 2005/2006, 2006/2007 
and 2007/2008 seasons, respectively 
The overall mean RWP for the rainfed 
treatments of advanced management 
was 0.43 kg m-3 (Table III-1). The 
corresponding lowest and highest TWP 
values for the irrigated treatments were 
0.34 kg m-3 (traditional management) 
and 0.47 kg m-3 (spring irrigation and 
advanced management), respectively. 
The lowest rainfed RWP was 0.34 kg m-3 
(traditional management and independent 
of sowing date, 2006/2007 season), 
while the highest RWP value was 0.47 kg 
m-3, observed at advanced management 
and independence of sowing date for the 
2007/2008 season. The corresponding 
lowest and highest IWP values for the 
irrigated treatments were 0.25 kg m-3 
(Normal sowing, planting irrigation and 
traditional management, 2005/2006) 
and 2.94 kg m-3 (normal sowing, spring 
irrigation and advanced management, 
2005/2006). Figure 2-5 shows that IWP 
generally increases with SI treatment and 
decreases with rainfed treatment.

At Merek site, spring rainfall is usually 
insufficient to provide crop water 
requirement, therefore, spring irrigation 
(usually during heading – flowering 
stage) can greatly benefit grain yield 
and water productivity. Under rainfed 
conditions, early or normal sowing does 
not influence water productivity. Late 
sowing steadily resulted in the lowest WP 
under all situations of water availability 
(i.e., SI). Normal sowing under a 
combination of supplemental irrigation at 
spring time and advanced management 
consistently resulted in higher water 
productivity than normal sowing (around 
late October), but always the lowest WUE 
was with traditional management.
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Therefore, the optimal date of sowing 
for wheat in this region is around mid to 
end  of October, since later sowing dates 
decrease WP and earlier sowing date 
is not recommended, because the time 
interval between application of SI  and 
the first effective rainfall (in November) 
can be 30 days to maximum 45 days.

Honam site:
The mean grain yield (GY), straw yield, 
total aboveground dry biomass (BY), 
harvest index (HI), thousand kernel 
weight (TKW) and plant height under 
rainfed and various SI treatments for 
all cropping seasons were analyzed. 
Average rainfed grain yield produced 
under traditional management (TM) for 
2005/2006, 2006/2007 and 2007/2008 
seasons were 2144, 1985 and 1050 kg 
ha-1, respectively (Fig. 2-8). Average 
rainfed grain yield under advanced 
management (AM) for 2005/2006, 
2006/2007 and 2007/2008 seasons were 
2456, 2670 and 1740 kg ha-1 (1680 
for Azar2 and 1799 for Cross Alborz 
cultivars), respectively. The 2005/2006 
season had higher rainfall (544 mm) 
compared to the long-term average 
(455 mm) with a good distribution over 
spring supporting such high yield. The 
2006/2007 season had an average 
rainfall of 573 mm, inadequate for 
emergence in October. Emergence was 
delayed, but favorable conditions later in 
the spring provided the second highest 
rainfed yield. The 2007/2008 season 
was the poorest for rainfed grain yield 
because of lowest rainfall (294 mm) that 
resulted in delayed emergence: 1050 kg 
ha-1 under traditional management and 
1740kg ha-1 (1680 for Azar2 and 1799 for 
Cross Alborz cultivars) under advanced 
management. Lower rainfall amounts 
obtained in the spring of 2007/2008 
associated with physical damages to 
crops by the unexpected rainfall from 
March to maturity (34.3 mm, 11.7% of 
total annual rainfall) caused the drop 

in yield (Fig. VI-11 and VI-16). Rainfed 
straw yield was affected similarly. 

Average SI planting resulted in an 
average grain yield under traditional 
management (TM) for the 2005/2006, 
2006/2007 and 2007/2008 seasons 
of 2484, 2303 and 1590 kg ha-

1, respectively. Under advanced 
management (AM), however, average SI 
planting grain yield for the 2005/2006, 
2006/2007 and 2007/2008 seasons 
were 4108, 3359 and 2635 kg ha-1 (2543 
for Azar2 and 2727 for Cross Alborz 
cultivars), respectively. SI spring gave 
an average grain yield under traditional 
management (TM) for the 2005/2006, 
2006/2007 and 2007/2008 seasons 
were 2458, 2314 and 1640 kg ha-1, 
respectively. Average SI spring grain yield 
under advanced management (AM) for 
2005/2006, 2006/2007 and 2007/2008 
seasons were 3297, 3534 and 3325 kg 
ha-1 (3245 for Azar2 and 3405 for Cross 
Alborz cultivars), respectively. Early 
emergence of crop produced under AM 
higher straw yields 7083, 6028 and 5426 
kg ha-1 in the three seasons, respectively. 
But, 2005/2006 season provided higher 
straw yield (7083 kg ha-1) like grain yield 
due to good distribution of rainfall in 
spring that boosted both grain and straw 
yield under rainfed conditions (Figs. 2-8 
and 2-9).  

In the 3 years (2005 to 2008) 
experiment, the average single irrigation 
amount applied at the planting time and 
in the spring were about 50 and 75 mm, 
respectively. For the two times irrigation 
treatments (SI planting + spring), the 
total irrigation amounts was 125 mm and 
given at the same time. By contrast, the 
2007/2008 season was the worst in terms 
of drought and frost, which resulted in 
the lowest yields. In this season, some 
farmers at Honam sites applied two or 
three irrigations at spring time.
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Irrigation of 75 mm at sowing had 
increased wheat grain yield by 1964, 
1374 and 1045 kg ha-1 over purely 
rainfed plots in 2005/2006, 2006/2007 
and 2007/2008 seasons, respectively. 
Similarly, straw yield was increased by 
966, 192 and 795 kg ha-1, respectively, 
because local wheat variety has high 
producing straw yield. 

At Honam site, recommended treatment 
options are in the following order: single 
irrigation at planting time (immediately 
after sowing), single irrigation at 
spring time (usually during heading – 
flowering stage) and rainfed, but all 
under advanced management. For all 
seasons and sowing dates, the highest 
mean rainfed grain yield (2289 kg ha-1) 
was under the advanced management 
treatment.

The water productivity indices in 
producing grain yield (rainfall, irrigation 
and sum of rainfall and irrigation) was 
highly significantly (P< 0.01), influenced 
by sowing date, management type and SI 
time. There was a significant SI - sowing 
date - management interaction effect on 
both total water productivity (TWP) and 
irrigation water productivity (IWP). Effect 
of advanced management on increasing 
grain yield and rain water productivity 
(RWP) was significance. 

For the rainfed treatment, the RWP 
under farmers’ traditional management 
for all seasons were 0.39, 0.35 and 
0.31 kg m-3 for 2005/2006, 2006/2007 
and 2007/2008 seasons respectively, 
while the RWP under combination of 
sowing date and advanced management 
treatment were 0.45, 0.47 and 0.46 
kg m-3, respectively) (Fig. 2-10). The 
TWP under combination of sowing 
irrigation and traditional management 
treatment were 0.40, 0.36 and 0.38 
kg m-3, while the TWP of combination 
of sowing irrigation and advanced 

management treatment were 0.66, 
0.52 and 0.58 kg m-3 for 2005/2006, 
2006/2007 and 2007/2008 seasons, 
respectively. The TWP under combination 
of spring irrigation and traditional 
management treatment were 0.41, 
0.40 and 0.42 kg m-3, while the TWP 
of combination of spring irrigation and 
advanced management treatment 
were 0.55, 0.52 and 0.77 kg m-3 for 
2005/2006, 2006/2007 and 2007/2008 
seasons, respectively. The IWP under 
combination of sowing irrigation and 
traditional management treatment 
were 0.45, 0.42 and 0.72 kg m-3, while 
the IWP of combination of sowing 
irrigation and advanced management 
treatment were 2.62, 1.83 and 2.11 
kg m-3 for 2005/2006, 2006/2007 
and 2007/2008 seasons, respectively, 
The IWP (Figs. 2-11 and 2-12) under 
combination of spring irrigation and 
traditional management treatment were 
0.63, 0.66 and 1.18 kg m-3, while the 
IWP of combination of spring irrigation 
and advanced management treatment 
were 2.30, 3.10 and 4.55 kg m-3 for 
2005/2006, 2006/2007 and 2007/2008 
seasons, respectively. The overall 
mean RWP for the rainfed treatments 
of advanced management was 0.47 kg 
m-3 (Table III-2).  The corresponding 
lowest and highest TWP values for 
the irrigated treatments were 0.36 
kg m-3 (traditional management) and 
0.77 kg m-3 (early sowing, advanced 
management), respectively. The 
lowest rainfed RWP was 0.31 kg m-3 
(traditional management, 2007/2008 
season), while the highest value was 
0.47 kg m-3, observed at advanced 
management for the 2006/2007 season. 
The corresponding lowest and highest 
IWP values for the irrigated treatments 
were 0.42 kg m-3 (Normal sowing, single 
irrigation at planting time and traditional 
management, 2006/2007) and 4.55 kg 
m-3 (early sowing, single irrigation at 
spring time and advanced management, 
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2007/2008). Figure 2-10 shows that TWP 
generally increases with SI treatment and 
decreases under rainfed treatment.

At Honam site, rainfall at sowing time is 
not adequate for supplying crop water 
requirements for germination therefore, 
early sowing irrigation (October) 
greatly benefits grain yield and water 
productivity. Under rainfed conditions, 
early or normal sowing does not influence 
water productivity. Late sowing steadily 
resulted in the lowest WP under all 
situations of water availability (i.e., SI). 
Early sowing under a combination of 
supplemental irrigation at sowing time 
and advanced management consistently 
resulted in higher water productivity 
than other sowing dates. Traditional 
management always results in lower 
WUE.

Therefore, the optimum date of sowing 
for wheat in this region is from mid until 
end  of October, since later sowing dates 
decrease WP and earlier sowing date 
didn’t recommend, because the time 
interval between application of SI  and 
the first effective rainfall (in November) 
can be 30 days to maximum 45 days.

Statistical analysis of wheat results
Statistical analysis (t-Test) was performed 
for grain yield of wheat in the two 
sites and under different treatments of 
supplemental irrigation and agronomic 
management practices. At Honam site, 
results indicate that there are statistically 

significant differences between two 
agronomic managements on grain yield 
producing under rainfed, SI planting (50-
75 mm) and SI spring (50 mm) at 5%, 
1% and 1%, respectively (Table 2-2). 
At Merek site results indicate that there 
are statistically significant differences 
between two agronomic managements 
on grain yield produced under rainfed, 
SI planting (50-75 mm) and SI spring 
(50mm) at 5%, 1% and 1%, respectively 
(Table 2-3). 

Results of year-by-year on grain yield and 
biomass showed that the effects of the 
three primary factors involved: sowing 
date and irrigation time and management 
type. For all years, the effect of irrigation 
time, management type and sowing 
date on grain yield and biomass were 
consistent and highly significant (P< 
0.01). Combined statistical analysis was 
performed for grain and straw yields. 
Results indicate that there are statistically 
significant differences (at 1% level) 
on yields of the years, main plots and 
sub-plots. Depending on the amount of 
rainfall received at the sowing period of 
different seasons as explained above, 
irrigation at sowing had a significant 
effect (1% level) on grain and straw 
yields both, particularly in the seasons 
where late crop emergence occurred 
because of insufficient rainfall after 
sowing.

Irrigation in the spring has a significant 
effect (1% level) on both grain yield and 

Table 2-2- Statistical analysis (t-Test) of wheat grain yield values under different SI and 
agronomic managements treatments, average three crop seasons at Honam site.

* and ** : significant at the 1 and 5% levels of probability respectively
¥: TM: Traditional management            ¥¥: AM: Advanced management.

 niarg naeM 
yield (kg ha-1) 

Standard Deviation 
(kg) 

F 
value 

t or t  
value 

SD of 
differences 

Rainfed TM¥ N=24 1928 374 1.5 -2.89* 109.1 
AM¥¥ N=45 2243 459 

SI planting TM N=22 2344 223 -12.6 -6.57** 136.8 
AM N=38 3244 791 

SI spring TM N=21 2279 317 1.45 -15.04** 75.45 
AM N=42 3414 264 
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thousand kernel weight. The t- test was 
applied on the 3-year mean irrigation 
levels in order to determine the effect 
on the grain yield at Honam and Merek 
sites (Tables 2-2 and 2-3). Mean wheat 
straw yield over 3 years showed that 
the application of irrigation water in the 
spring do not differ from each other, 
increased grain yield, influenced thousand 
kernel weight and number kernel per 
spike. Mean wheat grain and straw 
yields over the 3 years showed that the 
application of irrigation water at the 
planting time, increased  grain and straw 
yields and increased number of tiller, 
thousand kernel weight, number spike 
per square meter and early maturity. 
Straw yield under rainfed and SI spring 
treatments was similar under both 
agronomic management practices, but 
SI planting was superior to both rainfed 
plots and irrigation at spring. Most likely 
early sowing might be adversely affected 
by frost while late sowing is negatively 
affected by drought during spring. 
Generally, WP increases with water supply 
(irrigation) and earliness of sowing. 

The coefficient of variation for grain yield 
decreased from 50-100% under rainfed 
conditions to 20-30% under supplemental 
irrigation. The study indicated that, 
when early rain is inadequate for crop 
germination, SI, given at sowing, 
substantially increases wheat and barley 
grain yield by about 1500 – 2500 kg 
ha-1 above the average rainfed yield 

(800 – 2000 kg ha-1). Plants, which 
emerge earlier in the autumn, grow 
more vigorously and develop faster in 
the following spring than plants which 
emerge later, which is reflected in higher 
yields with higher water productivity. In 
most years, the first rainfall sufficient 
to germinate the seeds occurs later 
than November. This is not an optimal 
time for emergence in the highlands 
environment because the crop stand of 
non-irrigated wheat remains small when 
the first frost stops plant growth in mid 
November. Although in the second season 
(2006/2007) of the trial, adequate normal 
rain in October allowed emergence 
and enough crop establishments with 
optimum growth before the winter cold in 
November. In the first and third seasons 
(2005/2006 and 2007/2008) of the 
trials, inadequate early rain in October, 
didn’t allow emergence and enough crop 
establishments with optimum growth 
before the winter cold in November. In 
this season, SI treatment at sowing had 
additional impact on crop growth and 
yield of the rainfed treatments, because 
crop went into tillering stage, which had 
maximum tolerance to cold. Therefore, 
high plant vigour combined with relatively 
higher rainfall during the growing season 
rendered 50 mm irrigation at planting 
was quite effective.

The third season (2007/2008) of the 
study, however, experienced different 
conditions in which rain came late in 

Table 2-3 - Statistical analysis (t-Test) of wheat grain yield values under different SI and 
agronomic management treatments, average of two crop seasons at Merek site.

** significant at the 1% level of probability ¥: TM Traditional management ¥¥: AM Advanced  management.

 Mean grain yield Standard Deviation (SD) F  
value 

t or t   
value 

SD of 
differences 

Rainfed TM¥ N=12 1931 143 1.09 -6.8** 51.9 
AM¥¥ N=24 2283 149 

SI planting TM N=12 2164 197 4.44 -4.35** 102.2 
AM N=24 2609 416 

SI spring TM N=12 2634 166 4.64 -9.31** 97.1 
AM N=18 3538 358 
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November. Irrigation at sowing (50 mm) 
had a significant effect on the rainfed 
grain yield, but accession drought 
conditions adversely affected crop growth 
and damaged rainfed treatments.
The most dramatic implication from this 
study is the saving in irrigation water with 
little loss in yield. In most cases, applying 
single irrigation with new advanced 
varieties double yield as compared with 
rainfed conditions (Tavakoli 2004, 2005 
& 2007). Such yield increase clearly 
supports the findings of Stewart and 
Musick (1982), Tavakoli and Oweis (2004) 
and Oweis et al. (1999) in favor of the 
potential for conjunctive use of irrigation 
and rainfall in semi-arid regions.

The strategy of applying restricted 
amounts of water at critical growth 
stages based on available soil moisture, 
as practiced in this experiment, is 
the essence of the concept of single 
irrigation. The high return for limited 
irrigation water is another advantage of 
single irrigation. Obtained WP values with 
SI of over 1.5 kg m-3 are not attainable 
in conventional rainfed wheat. Based 
on water availability, a relatively small 
amount of irrigation water applied at 
strategic times could achieve substantial 
increases in yield and WP of rainfed 
wheat and barley (Zhang and Oweis, 
1999; Tavakoli, 2000, 2003 and 2004).

The management parameter, date of 
sowing, is more problematic under 
rainfed conditions. In this cold winter 
environment (such Honam condition), an 
adequate plant stand before the dormant 
frost period (end of November and 
March) is essential for a high crop yield. 
This may not be attained in the growing 
seasons when the first adequate rainfall 
occurs later than November. However, 
where irrigation water is available, 
early germination and emergence can 
be ensured by applying a small (30–40 
mm) irrigation after sowing (Tavakoli and 

Oweis, 2004; Oweis and Hachum, 2001; 
Ilbeyi et al., 2006; Tavakoli, 2004, 2005 
and 2007; Tavakoli et al., 2005). Oweis et 
al. (2001) reported substantial increases 
in wheat yield, in a similar highland 
environment in the Central Anatolian 
Plateau of Turkey, as a result of a 50 mm 
irrigation at early sowing time.

Optimum level of supplemental irrigation 
for Sabalan wheat cultivar was 33% 
of full supplemental irrigation with 60 
kg-N/ha resulted to maximum water 
productivity (3.01 kg m-3). In spite of 
20% reduction of yield in this treatment, 
maximum net benefit was obtained 
along with probability of 180% cropping 
area increase which can result in an 
increase of 74% in total grain yield. Limit 
of benefitability for optimum level of 
supplemental irrigation was determined 
as 2857 Rial/m3 water (Tavakoli, 2004).

Supplemental irrigation and single 
irrigation are a highly efficient practice 
with great potential for increasing 
agricultural production and improving 
livelihoods in the dry rainfed areas 
(Tavakoli and Oweis, 2004, 2006). 
Average rainwater productivity of wheat 
grains in WANA is about 0.35 kg m-3 
(Oweis and Hachum, 2003 and 2004). 
However, it may increase to as high as 
1.0 kg m-3 with improved management 
and favorable rainfall distribution. It 
was found that one cubic meter of water 
applied as SI at the proper time might 
produce more than 2.0 kg of wheat grain 
over that of rainfed (Oweis and Hachum, 
2003 and 2004). 

Similar impact of early sowing with 
SI was also reported in the highland 
environment of northwest Iran (Tavakkoli 
and Oweis, 2004). Gains in yield and 
water productivity, however, were 
relatively lower. In Central Anatolia 
Plateau, the optimal sowing period 
extends from the last week of September 
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to mid-October. The study also revealed 
that SI applied in the spring at Merek site 
or single irrigation applied in sowing time 
increased grain yield and higher water 
productivity. This confirms the result of 
Oweis et al. (1998, 1999 and 2001), 
Oweis and Hachum (2001) and Tavakkoli 
and Oweis (2004), which showed that 
deficit SI on wheat provides higher water 
productivity.

Summary of wheat results
At Honam site, the optimum program was 
a combination of advanced agronomic 
management with SI options (single 
irrigation at planting time) and the 
second option was single irrigation at 
spring time (during heading – flowering 
stage). At Merek site, the optimum 
program was a combination of advanced 
agronomic management with SI options 
[single irrigation at spring time (during 
heading – flowering stage)] and the 
second option was single irrigation 
at planting time. At rainfed farming 
(i.e., without SI), advanced agronomic 
management (AM) had preference to 
traditional management at two sites. At 
these preferential programs, maximum 
water productivity and net benefit were 
obtained. At rainfed condition, RWP under 
AM (0.41-0.47 kg m-3) increased by about 
15-33% as compared to TM (0.34-0.39 
kg m-3).  The results of this study showed 
that a single irrigation application at 
sowing or spring time (during heading 
to flowering stage) increased total water 
productivity (TWP) of wheat to a range of 
0.55 to 0.82 kg m-3 during three seasons. 
The irrigation water productivity (IWP) of 
wheat reached a range of 1.39-4.55 kg 
m-3 by using single irrigation at sowing 
or spring time. Low RWP (and yield) 
in farmers’ practices were mainly due 
to suboptimal agronomic management 
practices. These preliminary results 
confirm the potential of single irrigation 
and early planting as an effective method 
to enhance productivity.

At Merek site and under rainfed 
conditions, wheat grain yield of AM 
(2284 kg ha-1) increased by 18% as 
compared to TM (1931 kg ha-1). Under 
SI planting scenarios, grain yield of AM 
(2693 kg ha-1) increased by 20%, 24% 
and 39% as compared to rainfed-AM, SI 
spring-TM (2165 kg ha-1) and rainfed-TM, 
respectively Under SI spring scenarios, 
grain yield of AM (3052 kg ha-1) increased 
by 36%, 16% and 58% compared to 
rainfed-AM, SI planting/spring-TM (2126 
kg ha-1) and rainfed-TM, respectively 
(Table III-1, Fig. 2-13). 
 
At Merek site and under rainfed condition, 
RWP of AM (0.43 kg m-3) increased by 
about 16% compared to TM (0.37 kg 
m-3). Under SI planting scenario, TWP 
of AM (0.45 kg m-3) increased by about 
5% and 22% compared to rainfed-AM 
and rainfed-TM, respectively. Under SI 
spring scenario, TWP of AM (0.53 kg m-3) 
increased by about 23%, 15% and 43% 
compared to rainfed-AM, SI spring-TM 
(0.46 kg m-3) and rainfed-TM, respectively 
(Table III-1).  

At Honam site and under rainfed 
condition, wheat grain yield of AM 
(2289 kg ha-1) increased by 33% 
compared to TM (1726 kg ha-1). Under 
SI planting/spring scenarios, grain 
yield of AM increased by 47%, 57% 
and 94% compared to rainfed-AM, SI 
spring-TM (2635 kg ha-1) and rainfed-TM, 
respectively (Table III-2, Fig. 2-14).  

At Honam site and under rainfed 
condition, RWP of AM (0.45 kg m-3) 
increased by about 29% compared to 
TM (0.35 kg m-3). Under SI planting 
scenarios, TWP of AM (0.57 kg m-3) 
increased by about 27%, 50% and 63% 
compared to rainfed-AM, SI planting/
spring-TM (0.38 kg m-3) and rainfed-TM, 
respectively. Under SI spring scenarios, 
TWP of AM (0.63 kg m-3) increased by 
about 40%, 54% and 80% compared to 
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rainfed-AM, SI spring-TM (0.41 kg m-3) 
and rainfed-TM, respectively (Table III-2).

2.3.2. Barley 

Merek site
The mean grain yield (GY), straw yield, 
total aboveground dry biomass (BY), 
harvest index (HI), thousand kernel 

weight (TKW) and plant height under 
rainfed and various SI treatments and 
for all cropping seasons are analyzed. 
Average rainfed grain yield under 
traditional management (TM) for the 
2005/2006, 2006/2007 and 2007/2008 
seasons were 1980, 2033 and 457 kg 
ha-1, respectively (Fig. 2-15). Average 

Fig. 2-3- Wheat grain yield under different irrigation treatments at Merek site, 2005/08.

Fig. 2-4- Wheat biomass yield under different irrigation treatments at Merek site, 
2005/08.
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rainfed grain yield under advanced 
management (AM) for 2005/2006, 
2006/2007 and 2007/2008 seasons were 
2666, 2625 and 670 kg ha-1, respectively. 
The season of 2005/2006 had the 
higher rainfall (505 mm) compared to 
average long term (478 mm) with a 
good distribution over spring supporting 

such high yield. The 2006/2007 season 
had rainfall of 552 mm, but rainfall in 
October was inadequate for emergence. 
Emergence was late but favorable 
conditions later in the spring provided 
the second highest rainfed yield. The 
2007/2008 season was the poorest 
for rainfed grain yield (457 and 670 

Fig. 2-5- TWP index under different irrigation treatments for wheat at Merek site, 
2005/08.

Fig. 2-6- Observed mean and ranges of  IWP index under different irrigation treatments 
for wheat at Merek site, 2005/07.
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kg ha-1 under traditional and advanced 
management, respectively, because of 
lowest rainfall (154 mm) associated 
with late emergence. Lower rainfall 
amounts during the spring of 2007/2008 
associated with physical damages on 
crops by the unexpected rainfall from 
during March to maturity time (26.2 

mm, 17% of total annual rainfall) caused 
the drop in yield (Figs. VI-1 and VI-7). 
Rainfed straw yield was similarly affected. 
Average grain yield for SI planting 
treatment under traditional management 
(TM) for the 2005/2006 and 2006/2007 
seasons were 2016 and 2125 kg ha-1, 
respectively. Average SI planting grain 

Fig. 2-7- IWP index under different irrigation treatments for wheat at Merek site, 
2005/07.

Fig. 2-8- Wheat grain yield under different irrigation treatments at Honam site, 2005/08.
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yield under advanced management 
(AM) for the 2005/2006 and 2006/2007 
seasons were 3383 and 2901 kg ha-1, 
respectively. Average SI spring grain 
yield under traditional management 
(TM) for the 2005/2006, 2006/2007 and 
2007/2008 seasons were 2354, 2412 
and 2325 kg ha-1, respectively. Average 

grain yield for SI spring under advanced 
management (AM) for the 2005/2006, 
2006/2007 and 2007/2008 seasons 
were 4043, 3768 and 2720 kg ha-1, 
respectively. End season stress control 
management by applying SI spring 
under AM resulted in straw yields of 
6103, 6358 and 6138 kg ha-1 in the three 

Fig. 2-9- Wheat biomass yield under different irrigation treatments at Honam site, 
2005/08.

Fig. 2-10- TWP index under different irrigation treatments for wheat at Honam site, 
2005/08.
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seasons, respectively. But the 2005/2006 
season provided higher rainfed biomass 
yield (10147 kg ha-1), like grain yield, 
due to good distribution of rainfall in 
spring which boosted the crop for better 
performance for both grain and straw 
yield, (Fig. 2-16). 

The average single irrigation amount 
applied for the 3 years (2005/2006, 
2006/2007 and 2007/2008) was about 50 
at the planting time and 75 mm at spring, 
respectively. For the two times irrigation 
treatments (SI planting + spring), the 
irrigation amounts was 125 mm and 
given at the same time. By contrast, the 

Fig. 2-11- IWP index under different irrigation treatments for wheat at Honam site, 
2005/08.

Fig. 2-12- Observed ranges of TWP index under different irrigation treatments for wheat 
at Honam site, 2005/08.
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2007/2008 season was the worst in terms 
of drought and frost, which resulted in 
the lowest yields being obtained during 
this season. In this season some farmers, 
at Merek site, applied two or three 
irrigations at spring time.

A 50 mm single spring irrigation 
increased barley grain yield by 2063, 
1735 and 2050 kg ha-1 over purely 
rainfed plots in 2005/2006, 2006/2007 
and 2007/2008 seasons, respectively. 
Similarly straw yield in 2005/2006 and 
2007/2008 seasons were increased by 
1846, and 1767 kg ha-1, respectively, 

Fig. 2-13- Average wheat grain yield under different SI treatments at Merek site, 
2005/07.

Fig. 2-14- Average wheat grain yield under different SI treatments at Honam site, 
2005/08.
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but in the second season, straw yield 
decreased by 645 kg ha-1, because local 
barley variety had high producing straw 
yield (Fig. 2-15, 2-16). 
At Merek site, the recommended 
treatment options are in the following 
order: single irrigation at planting time 
(immediately after sowing), single 
irrigation at spring time (usually during 
heading – flowering stage) and rainfed, 
but all under advanced management 
compared to traditional systems. Rainfed 
advanced management treatment had 
higher mean grain yield (2157 kg ha-1) 
compared to traditional rainfed farming 
system.

The water productivity indices in 
producing grain yield (RWP, IWP and 
TWP) was highly significantly (P < 0.01), 
influenced by sowing date, management 
type and SI time. There was a significant 
SI - sowing date - management option 
interaction effect on both total water 
productivity (TWP) and irrigation water 
productivity (IWP). Effect of advanced 
management on increasing grain yield 
and rain water productivity (RWP) was 
significant. 

For the rainfed treatment, the RWP were 
0.37 and 0.30 kg m-3 for the 2006/2007 
and 2007/2008 seasons, respectively 
(observed at the traditional management 
of all seasons during the experiment), 
however, those were the lowest values 
obtained from farmers local scales. 
The RWP under combination of early 
sowing date and advanced management 
treatment were 0.53, 0.48 and 0.44 kg 
m-3, respectively (Fig. 2-17). The TWP 
under a combination of sowing irrigation 
and traditional management treatment 
was 0.34 kg m-3 for the 2006/2007, while 
the TWP under a combination of sowing 
irrigation and advanced management 
treatment were 0.61 and 0.46 kg m-3 
for the 2005/2006 and 2006/2007 
seasons, respectively. The TWP under 

a combination of spring irrigation and 
traditional management treatment were 
0.40 and 0.65 kg m-3 for the 2006/2007 
and 2007/2008 seasons, while the TWP 
under a combination of spring irrigation 
and advanced management treatment 
were 0.73, 0.63 and 0.76 kg m-3 for the 
2005/2006, 2006/2007 and 2007/2008 
seasons, respectively. The IWP (Fig. 
2-18) under a combination of sowing 
irrigation and traditional management 
treatment was 0.12 kg m-3 for the 
2006/2007, while the IWP under a 
combination of sowing irrigation and 
advanced management treatment were 
1.43 and 1.16 kg m-3 for the 2005/2006 
and 2006/2007 seasons, respectively. 
The IWP under a combination of spring 
irrigation and traditional management 
treatment were 0.76 and 0.90 kg m-3 for 
the 2006/2007 and 2007/2008 seasons, 
while the IWP with a combination 
of spring irrigation and advanced 
management treatment were 2.75, 3.47 
and 1.12 kg m-3 for the 2005/2006, 
2006/2007 and 2007/2008 seasons, 
respectively. 

The overall mean RWP for the rainfed 
treatments under advanced management 
was 0.34 kg m-3 (Table IV-1). The 
corresponding lowest and highest TWP 
values for the irrigated treatments were 
0.34 kg m-3 (traditional management) 
and 0.65 kg m-3 (spring irrigation and 
advanced management), respectively. 
The lowest rainfed RWP was 0.3 kg 
m-3 (traditional management and 
independent of sowing date, 2007/2008 
season), while the highest rainfed RWP 
value was 0.53 kg m-3, observed at 
advanced management and independent 
of sowing date for the 2005/2006 season. 
The corresponding lowest and highest 
IWP values for the irrigated treatments 
were 0.12 kg m-3 (normal sowing, sowing 
irrigation and traditional management, 
2006/2007) and 3.47 kg m-3 (normal 
sowing, spring irrigation and advanced 
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management, 2006/2007). Figures 2-17 
and 2-18 show that TWP and IWP are 
generally higher under SI treatments and 
low under rainfed treatment.
At Merek site, rainfall distribution during 
spring time does not satisfy crop water 
requirement, then spring irrigation 
(usually during heading – flowering 
stage) greatly increased grain yield and 
improved water productivity. Under 
rainfed conditions, early or normal sowing 
dates did not influence water productivity. 
Late sowing steadily resulted in the 
lowest WP under all situations of water 
availability (i.e., SI). Normal sowing 
under a combination of supplemental 
irrigation at spring time and advanced 
management consistently resulted in 
higher water productivity than normal 
sowing (around late October). The 
lowest WUE was always under traditional 
management.

Therefore, the optimal date of sowing 
for wheat in this region is around mid to 
end of October, since later sowing dates 
decrease WP and earlier sowing date 
is not recommended, because the time 
interval between application of SI and the 
first effective rainfall (in November) can 
be 30 days to maximum 45 days.

Honam site
The mean grain yield (GY), straw yield, 
total aboveground dry biomass (BY), 
harvest index (HI), thousand kernel 
weight (TKW) and plant height under 
rainfed and various SI treatments and 
for all cropping seasons were analyzed. 
Average rainfed grain yield under 
traditional management (TM) for the 
2005/2006, 2006/2007 and 2007/2008 
seasons were 1613, 1490 and 1040 kg 
ha-1, respectively (Fig. 2-19). Average 
rainfed grain yield under advanced 
management (AM) for the 2005/2006, 
2006/2007 and 2007/2008 seasons 
were at 2130, 2830 and 1243 kg ha-1, 
respectively. The season of 2005/2006 

had the highest rainfall (544 mm) 
compared to average long term (457 
mm) with a good distribution over 
spring supporting such a high yield. The 
2006/2007 season had an average rainfall 
of 573 mm, but inadequate rainfall for 
emergence in October. Emergence was 
late but favorable conditions later in 
the spring provided the second highest 
rainfed yield. The 2007/2008 season was 
the poorest for rainfed grain yield (1040 
and 1243 kg ha-1) under traditional and 
advanced management, respectively, 
because of low rainfall (294 mm) over 
the season resulting in late emergence. 
Lower rainfall amounts obtained during 
spring of 2007/2008 resulted in physical 
damages to crops. The unexpected low 
rainfall during March and maturity time 
(34.3 mm, 11.7% of total annual rainfall) 
caused a drastic drop in yield (Figs. VI-
11 and VI-16). Rainfed straw yield was 
similarly affected. 

Average grain yield for SI planting 
treatment under traditional management 
(TM) for the 2005/2006, 2006/2007 and 
2007/2008 seasons were respectively 
2837, 1720 and 1260 kg ha-1. Average 
grain yield for SI planting under advanced 
management (AM) for the 2005/2006, 
2006/2007 and 2007/2008 seasons 
were 3799, 3237 and 2107 kg ha-1, 
respectively. Average SI spring grain 
yield under traditional management 
(TM) for the 2005/2006 and 2007/2008 
seasons were at 2670 and 1615 kg ha-1, 
respectively. Average SI spring grain yield 
under advanced management (AM) for 
the 2005/2006 and 2007/2008 seasons 
were 3290 and 2763 kg ha-1, respectively. 
Higher biomass yield was similar to grain 
yield due to good distribution of rainfall 
in spring that boosted the crop for better 
performance for both grain and straw 
yield under rainfed conditions (Fig. 2-20). 

The average single irrigation amount 
applied during planting time and spring 
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for the 3 years (2005/2006, 2006/2007 
and 2007/2008) was about 50 and 75 
mm, respectively. For the two times 
irrigation treatments (SI planting + 
spring), the irrigation amounts was 125 
mm and given at the same time. By 
contrast, the 2007/2008 season was 
the worst in terms of drought and frost, 
which resulted in the lowest yields being 
obtained during this season. In the third 
season, some farmers at Honam sites 
applied two or three irrigations during 
spring time.

A 75 mm irrigation applied at sowing, 
barley grain yield was increased by 
2186, 1747 and 1067 kg ha-1 over purely 
traditional rainfed plots in 2005/2006, 
2006/2007 and 2007/2008 seasons, 
respectively. Similarly straw yield in 
2005/2006 and 2007/2008 seasons 
were increased by 915, and 565 kg ha-1, 
respectively, but in the second season 
straw yield was decreased by 430 kg 
ha-1, because local barley variety had 
high producing straw yield. Barley grain 
yield was increased by a 50 mm spring 
irrigation as 1887 and 1723 kg ha-1 
over purely traditional rainfed plots in 
2005/2006 and 2007/2008 seasons, 
respectively. Similarly straw yield was 
increased by 715 and 692 kg ha-1 in the 
2005/2006 and 2007/2008 seasons, 
respectively, because local barley variety 
had high straw yield. 

At Honam site ranks of recommended 
treatment options are: single irrigation at 
planting time (immediately after sowing), 
single irrigation at spring time (usually 
during heading – flowering stage) and 
rainfed. All of these options, however, 
are under advanced management. For 
all seasons the highest mean grain yield 
was 2070 kg ha-1 (over all sowing dates) 
for the rainfed advanced management 
treatment compared to the traditional 
rainfed farming system. 
The three water productivity indices in 
producing grain yield (WP rainfall, WP 

irrigation, and WP for sum of rainfall 
and irrigation) were highly significant 
(P < 0.01), influenced by sowing date, 
management type and SI time. There 
was a significant SI - sowing date - 
management interaction effect on both 
total water productivity (TWP) and 
irrigation water productivity (IWP). Effect 
of advanced management on increasing 
grain yield and rain water productivity 
(RWP) was significant. 

For the rainfed treatment, the RWP 
were 0.30, 0.26 and 0.35 kg m-3 for the 
2005/2006, 2006/2007 and 2007/2008 
seasons, respectively (observed at 
the traditional management of the all 
seasons), those were the lowest values 
obtained from farmers local scales, while 
the RWP under combination of early 
sowing date and advanced management 
treatment were 0.39, 0.49 and 0.42 kg 
m-3, respectively (Fig. 2-21), The TWP 
under combination of sowing irrigation 
and traditional management treatment 
were 0.46, 0.27 and 0.34 kg m-3, while 
the TWP of combination of sowing 
irrigation and advanced management 
treatment were 0.61, 0.50 and 0.57 
kg m-3 for the 2005/2006, 2006/2007 
and 2007/2008 seasons, respectively. 
The TWP under a combination of spring 
irrigation and traditional management 
treatment were 0.45 and 0.47 kg m-3 for 
the 2005/2006 and 2007/2008 seasons, 
while the TWP of combination of spring 
irrigation and advanced management 
treatment were 0.59 and 0.80 kg m-3 for 
the 2005/2006 and 2007/2008 seasons, 
respectively. 

The IWP (Fig. 2-22) under a combination 
of sowing irrigation and traditional 
management treatment were 1.63, 
0.31 and 0.29 kg m-3, while the IWP 
under a combination of sowing irrigation 
and advanced management treatment 
were 2.91, 2.33 and 1.41 kg m-3 for the 
2005/2006, 2006/2007 and 2007/2008 
seasons, respectively. The IWP under 
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a combination of spring irrigation and 
traditional management treatment were 
2.11 and 1.15 kg m-3 for the 2005/2006 
and 2007/2008 seasons, while the IWP 
under a combination of spring irrigation 
and advanced management treatment 
were 3.79 and 3.45 kg m-3 for the 
2005/2006 and 2007/2008 seasons, 
respectively. 

The overall mean RWP for the rainfed 
treatments of advanced management 
was 0.43 kg m-3 (Table IV-2). The 
corresponding lowest and highest TWP 
values for the irrigated treatments were 
0.27 kg m-3 (traditional management) 
and 0.80 kg m-3 (early sowing, 
advanced management), respectively. 
The lowest rainfed RWP was 0.26 
kg m-3 (traditional management and 
independent of sowing date, 2006/2007 
season), while the highest value was 
0.49 kg m-3, observed at the advanced 
management and independence of 
sowing date for the 2005/2006 season. 
The corresponding lowest and highest 
IWP values for the irrigated treatments 
were 0.29 kg m-3 (Normal sowing, single 
irrigation at planting time and traditional 
management, 2007/2008) and 3.79 kg 
m-3 (early sowing, single irrigation at 
spring time and advanced management, 
2005/2006). Figs. 2-21 and Fig. 2-22 
show that TWP and IWP generally 
increases with both SI treatments and 
low under rainfed treatment.

At Honam site, rainfall at sowing time is 
not adequate for supplying crop water 
requirement for germination. Moreover, 
early sowing irrigation (October) 
greatly benefits grain yield and water 
productivity. Under rainfed conditions, 
early or normal sowing did not influence 
water productivity. Late sowing steadily 
resulted in the lowest WP under all 
situation of water availability (i.e., SI). 
Early sowing under a combination of 
supplemental irrigation at sowing time 
and advanced management consistently 

resulted in the highest water productivity 
than other sowing. Traditional 
management always results in lower 
WUE.
The optimal date of sowing for barley 
in this region is during mid to end  of 
October, since later sowing dates 
decrease WP and earlier sowing date isn’t 
recommended, because the time interval 
between application of SI and the first 
effective rainfall (on November) can be 
30 days to maximum 45 days.

Statistical analysis of barley’s results
Statistical analysis (t-Test) was performed 
for grain yield of barley in the two sites 
under different supplemental irrigation 
and agronomic management practices 
treatments. At Honam site, results 
indicate that there are statistically 
significant differences between the two 
agronomic managements on grain yield 
under rainfed, SI planting (50-75 mm) 
and SI spring (50mm) at 5%, 1% and 
1%  levels of significance, respectively 
(Table 2-4). At Merek site, results indicate 
that there are statistically significant 
differences between the two agronomic 
managements on grain yield under 
rainfed, SI planting (50-75 mm) and SI 
spring (50mm) at 5%, 1% and 1% levels 
of significance, respectively (Table 2-5). 
Results of year-by-year analysis of 
variance on grain yield and biomass 
showed the effects of the three primary 
factors involved: sowing date and 
irrigation time and management type. 
For all years, the effect of irrigation 
time, management type and sowing 
data on grain yield and biomass were 
consistent and highly significant (P< 
0.01). Combined statistical analysis was 
performed for grain and straw yields. 
Results indicate that there are statistically 
significant differences (at 1% level) 
on yields of the years, main plots and 
sub-plots. Depending on the amount of 
rainfall received in the sowing period of 
different seasons as explained above, 
irrigation at sowing had a significant 
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effect (1% level) on grain and straw 
yields both, particularly in the seasons 
where with late crop emergence (because 
of insufficient rainfall after sowing). 

Irrigation in the spring has a significant 
effect (1% level) on both grain yield and 
thousand kernel weight. The t- test was 
applied on the 3-year mean irrigation 
levels in order to determine the effect on 
the grain yield at Honam and Merek sites 
(Tables 2-4 and 2-5). The application of 
irrigation water at the spring does not 
affect barley straw yield over the 3 years 
but increased grain yield and influenced 
the thousand kernel weight and number 
of kernels per spike. Mean barley grain 
and straw yields over 3 years showed 
that the application of irrigation water at 
the planting time, increased grain and 
straw yields as influenced by increasing 
number of tiller, thousand kernel weight, 
number spike per square meter and 
early maturity. Straw yield production for 

rainfed and SI spring treatments under 
the two group managements was similar, 
but SI planting was superior to both 
rainfed plots and irrigation at spring. 

Most likely, early sowing might be 
adversely affected by frost while late 
sowing is negatively affected by drought 
during spring. Generally, WP increases 
with water supply (irrigation) and 
earliness of sowing. The highest WP value 
was obtained with the early (not with 
the normal) sowing. With early sowing, 
barley develops large green leaf area 
and rapid ground cover, which reduces 
soil evaporation losses, and absorbs a 
significant proportion of available solar 
radiation early in the season when vapor 
pressure deficits are low. As a result, 
early sowing of barley produced more 
biomass.
Yields of wheat and barley can be 
substantially increased and stabilized 
with minimal irrigation and agronomic 

Table 2-4- Statistical analysis (t-Test) of barley grain yield values under different SI and 
agronomic management treatments, average of two crop seasons at Honam site.

Table 2-5- Statistical analysis (t-Test) of barley grain yield values under different SI and 
agronomic management treatments, average of two crop seasons at Merek site.

ns , * and ** : non significant and significant at the 1and 5 levels of probability, respectively
¥: TM Traditional management            ¥¥: AM Advanced management.

ns , * and ** : non significant and significant at the 1and 5 levels of probability respectively
¥: TM Traditional management            ¥¥: AM Advanced management.

 Mean grain 
yield 

Standard 
Deviation (SD) 

F  
value 

t or t   
value 

SD of 
differences 

Rainfed 
 

TM¥ N=12 1327 328 2.46 -2.2* 163.5 
AM¥¥ N=24 1686 514 

SI planting TM N=8 2442 763 1.31 -1.85ns 367 
AM N=15 3122 873 

SI spring TM N=9 1967 545 1.03 -4.74** 220.6 
AM N=18 3012 538 

 Mean grain 
yield 

Standard 
Deviation (SD) 

F  
value 

t or t   
value 

SD of 
differences 

Rainfed TM¥ N=6 2033 148 1.48 -7.2* 85.5 

AM¥¥ N=12 2648 180 
SI planting TM N=6 2125 131 2.01 -10.1ns 81.2 

AM N=6 2945 185 
SI spring TM N=6 2412 98 33.8 -8.53** 169.4 

AM N=12 3857 570 
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management practices, with higher yield 
potential. While many of the previous 
studies in the dryland Mediterranean zone 
have focused on individual components 
of cereal cropping, few have integrated 
these components into a technology 
package with potential for adoption. 
However, even when this technology 
package is applied, some year to year 
yield ceilings will occur due to factors 
such as cold and fungal disease, which 
are difficult to control (Tavakoli and 
Oweis, 2004).

The most dramatic implication of this 
study is the saving in irrigation water 
with little loss in yield. In most cases, 
applying single irrigation with new 
advanced varieties double yield compared 
with rainfed conditions (Tavakoli 2004, 
2005 & 2007). Such yield increase clearly 
supports the findings of Stewart and 
Musick (1982), Tavakoli and Oweis (2004) 
and Oweis et al. (1999) in favor of the 
potential for conjunctive use of irrigation 
and rainfall in semi-arid regions.

Tavakoli (2007) showed RWP of rainfed 
barley varieties varied between 0.28 and 
0.30 kg m-3. In the drier environments, 
most of the rainwater is lost by 
evaporation; therefore the rainwater 
productivity is extremely low. Single 
irrigation water productivity (IWP) was 
between 1.66 – 3.1 kg m-3 and the total 
water productivity (TWP) was between 
0.52 – 0.81 kg m-3. The average grain 
yield of rainfed barley under SI planting, 
SI spring and rainfed treatments 
were 3007, 2273 and 1019 kg ha-1, 
respectively.

The strategy of applying restricted 
amounts of water at critical growth 
stages based on available soil moisture, 
as practiced in this experiment, is 
the essence of the concept of single 
irrigation. The high return for limited 
irrigation water is another advantage of 

single irrigation. Obtained WP values with 
SI of over 2.75 kg m-3 are not attainable 
in conventional rainfed barley. Based 
on water availability, a relatively small 
amount of irrigation water applied at 
strategic times could achieve substantial 
increases in yield and WP of rainfed 
wheat and barley (Zhang and Oweis, 
1999; Tavakoli, 2000, 2003 & 2004).

Date of sowing is one of the more 
problematic management parameter 
under rainfed conditions. In the cold 
winter environment of Honam, an 
adequate plant stand before the dormant 
frost period (end of November to March) 
is essential for a high crop yield. This may 
not be attained in the growing seasons 
when the first adequate (onset) rainfall 
occurs later than November. However, 
where irrigation water is available, 
early germination and emergence can 
be ensured by applying a small (30–40 
mm) irrigation after sowing (Tavakoli and 
Oweis, 2004; Oweis and Hachum, 2001; 
Ilbeyi et al., 2006; Tavakoli, 2004, 2005 
& 2007; Tavakoli et al., 2005). Oweis et 
al. (2001) reported substantial increases 
in wheat yield, in a similar highland 
environment in the Central Anatolian 
Plateau of Turkey, as a result of a 50 mm 
irrigation at early sowing date.

Supplemental irrigation and single 
irrigation practice are highly efficient 
practices with great potential for 
increasing agricultural production and 
improving livelihoods in the dry rainfed 
areas (Tavakoli and Oweis, 2004, 2006). 
Supplemental irrigation has the potential 
to improve and stabilize crop yield, 
therefore, reducing the risk of crop failure 
in dry years. With regard to the study, 
the coefficient of variation for grain yield 
decreased from 50-100% under rainfed 
conditions to 20-30% under supplemental 
irrigation. The study indicated that, 
when early rain was inadequate for 
crop germination, SI, given at sowing, 
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substantially increased wheat and barley 
grain yield by about 1500 – 2000 kg 
ha-1 to the average rainfed yield (1000 
– 2900 kg ha-1). Earlier emerge in the 
autumn, grow more vigorously and 
develop faster in the following spring 
than plants which emerge later, which 
is reflected in higher yields with higher 
water productivity. Similar wheat trials, 
in the second season (2006/2007) of the 
trial, adequate normal rain in October 
allowed emergence and enough crop 
establishments with optimum growth 
before the winter cold in November. In 
the first and third seasons (2005/2006 
and 2007/2008) of the wheat and barley 
trials, inadequate early rain in October, 
didn’t allow emergence and enough crop 
establishments with optimum growth 
before the winter cold in November. In 
this season, SI treatment at sowing had 
additional impact on crop growth and 
yield of the rainfed treatments, because 
crop went into tillering stage, which had 
maximum tolerance to cold. Therefore, 
high plant vigor combined with relatively 
higher rainfall during growing season 
rendered 50 mm irrigation at planting 
quite effective.

The third season (2007/2008) of the 
study experienced different conditions 
in which rain was late in November. 
Irrigation at sowing (50 mm) could have 
a significant effect on the rainfed grain 
yield, but accession drought conditions 
drastically affected crop growth and 
damaged rainfed treatments.  

Similar impact of early sowing with SI for 
barley varieties was also reported in the 
highland environment of northwest Iran 
(Tavakoli, 2007). Gains in yield and water 
productivity, however, were relatively 
lower. In Central Anatolia Plateau, the 
optimal sowing period extends from the 
last week of September to mid-October. 
The amount needed for germination 
depends on the effectiveness of the 
rain which is mainly related to the rain 

duration. An amount of 50 mm of rain 
may be enough for germination if it falls 
in a short duration (over one or two 
days). Rainfall analysis showed that at 
least in 3 out of 4 years the expected 
rainfall will not be early enough or 
sufficient enough to achieve optimal crop 
germination and yield. This also means 
that SI can be effective at sowing in most 
years. The impact of SI at sowing on yield 
and water productivity, however, depends 
on how early and how much rain falls in 
that year.

The study also revealed that SI applied 
in the spring at Merek site or single 
irrigation applied at sowing time 
increased both grain yield and water 
productivity. This confirms the result of 
Oweis et al. (1998, 1999 and 2001), 
Oweis and Hachum (2001) and Tavakkoli 
and Oweis (2004), which showed that 
deficit SI on wheat provides higher water 
productivity.

The timing of irrigations may not be 
in favorable synchronization with the 
temporal distribution of rainfall during the 
growing season and so not all the water 
applied in the last irrigation is used by 
the crop; part of it remains in the root 
zone as a carry-over stored moisture 
to first effective rainfall. In the present 
study, in response to supplemental 
irrigation, wheat produced an overall 
mean of about 10 kg grain per hectare 
per millimeter (or 1 kg grain per cubic 
meter of water consumed). This response 
to supplemental irrigation is twice of that 
obtained for legume crops in the same 
locality (Zhang and Oweis, 1999), which 
produced about 0.5 kg of chickpea grain 
per cubic meter of water. This result is 
due to the shorter crop stature and lower 
yield potential of chickpea, as compared 
with wheat.

Summary of barley results
At Honam site, the optimum program was 
a combination of advanced agronomic 
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management with SI options (single 
irrigation at planting time) and the 
second option was a single irrigation 
at spring time (during heading – 
flowering stage). At Merek site, the 
optimum program was a combination 
of advanced agronomic management 
with SI options (a single irrigation at 
spring time (during heading – flowering 
stage)) and the second option was a 
single irrigation at planting time. At 
rainfed farming (without SI) advanced 
agronomic management had preference 
to traditional management at two sites. 
At these preferential programs, maximum 
water productivity and net benefit were 
obtained. At rainfed conditions RWP 
under AM (0.26-0.37 kg m-3) increased 
by about 20-50% compared to TM. The 
results of this study showed that TWP of 
barley with a single irrigation application 
at sowing or spring time (during heading 
to flowering stage)  ranged from 0.53 to 
0.75 kg m-3 during the three seasons. 
The irrigation water productivity (IWP) 
of barley reached to 1.74-4.69 kg m-3 by 
using single irrigation at sowing or spring 
time. Low RWP (and yield) under farmers’ 
practices were mainly due to suboptimal 
agronomic management practices. These 
preliminary results confirm the potential 
of single irrigation and early planting 
as an effective method to enhance 
productivity.

At Merek site and under rainfed 
conditions, barley grain yield of AM (2157 
kg ha-1) increased 73% compared to TM 
(1245). By applying SI planting scenarios, 
grain yield of AM (3142 kg ha-1) increased 
by 46%, 48% and 152% compared to 
rainfed-AM, SI planting-TM (2125 kg ha-1) 
and rainfed-TM, respectively. By applying 
SI spring scenario, grain yield of AM 
(3510 kg ha-1) increased by 63%, 48% 
and 182% compared to rainfed-AM, SI 

spring-TM (2368 kg ha-1) and rainfed-TM, 
respectively (Table IV-1, Fig. 2-23).  

At Merek site and under rainfed condition, 
RWP of AM (0.49 kg m-3) increased about 
44% compared to TM (0.34 kg m-3). By 
applying SI planting scenario, TWP of AM 
(0.54 kg m-3) increased by about 10%, 
59% and 59% compared to rainfed-
AM, SI planting-TM (0.34 kg m-3) and 
rainfed-TM, respectively. By applying 
SI spring scenario, TWP of AM (0.71 
kg m-3) increased by about 45%, 34% 
and 109% compared to rainfed-AM, SI 
spring-TM (0.53 kg m-3) and rainfed-TM, 
respectively (Table IV-1).  

At Honam site and under rainfed 
condition, barley grain yield of AM (2068 
kg ha-1) increased 50% compare to TM 
(1381). By applying SI planting scenario, 
grain yield of AM (3048 kg ha-1) increased 
by 47%, 57 % and 121% compare to 
rainfed-AM, SI planting/spring-TM (1939 
kg ha-1) and rainfed-TM, respectively. By 
applying SI spring scenario, grain yield 
of AM (3137 kg ha-1) increased by 52%, 
46% and 127% compare to rainfed-AM, 
SI spring-TM (2143 kg ha-1) and rainfed-
TM, respectively (Table IV-2, Fig. 2-24).

At Honam site and under rainfed 
condition, RWP of AM (0.43 kg m-3) 
increased by about 43% compared to TM 
(0.30 kg m-3). By applying SI planting 
scenario, TWP of AM (0.56 kg m-3) 
increased by about 30%, 56% and 87% 
compared to rainfed-AM, SI planting/
spring-TM (0.36 kg m-3) and rainfed-
TM, respectively. By applying SI spring 
scenarios, TWP of AM (0.70 kg m-3)
increased by about 63%, 52% and 133% 
compared to rainfed-AM, SI spring-TM 
(0.46 kg m-3) and rainfed-TM, respectively 
(Table IV-2).  
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Fig. 2-15- Barley grain yield under different irrigation treatments at Merek site, 2005-08.

Fig. 2-16- Barley biomass yield under different irrigation treatments at Merek site, 
2005-06.
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Fig. 2-17- TWP index under different irrigation treatments for barley at Merek site, 
2005-08.

Fig. 2-18- IWP index under different irrigation treatments for barley at Merek site, 
2005-08.
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Fig. 2-19- Barley grain yield under different irrigation treatments at Honam site,      
2005-08.

Fig. 2-20- Barley biomass yield under different irrigation treatments at Honam site, 
2005-08.
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Fig. 2-21- TWP index under different irrigation treatments for barley at Honam site, 
2005-08.

Fig. 2-22- IWP index under different irrigation treatments for barley at Honam site, 
2005-08.
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Fig. 2-23- Average barley grain yield under different SI treatments at Merek site, 
2005-08.

Fig. 2-24- Average barley grain yield under different SI treatments at Honam site, 
2005-08.
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Chapter 3.

 Deficit Irrigation of Irrigated Wheat
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3.1. Introduction

Fully irrigated fields of different crops 
in KRB are mostly in the southern 

and lower parts of the basin where the 
climate is much warmer with less rainfall. 
Nevertheless, irrigation of crops in upper 
KRB is also practiced by some farmers 
who have easy access to water, mostly 
from surface sources. However, relatively 
frequent droughts that occur in the basin 
cause water shortages that may reduce 
crops yield to different degrees.

When water supplies become limiting, 
farmers should aim at maximizing net 
income per unit volume of water rather 
than per unit land area. Recently, 
emphasis has been placed on the concept 
of water productivity, defined here either 
as the yield or net income per unit of 
water used in ET (Kijne et al., 2003). WP 
increases under deficit irrigation (DI), 
relative to its value under full irrigation, 
as shown experimentally for many crops 
(Zwart and Bastiaansen, 2004; Fan et al., 
2005). 

There are several reasons for the increase 
in WP under DI. Small irrigation amounts 
increase crop ET, more or less linearly 
up to a point where the relationship 
becomes curvilinear because part of 
the water applied is not used in ET but 
lost, mainly as deep percolation. At one 
point, yield reaches its maximum value 
and additional amounts of irrigation do 
not increase it any further. The location 
of that point is not easily defined and 
thus, when water is not limited or cheap, 
irrigation is applied in excess to avoid 
the risk of a yield penalty. The amount of 
water needed to ensure maximum yields 
depends on the uniformity of irrigation. 
Under low uniformity, irrigation efficiency 
decreases and water losses are high. 

By contrast, in DI the level of water 
application is less than full irrigation (FI) 
and the losses by deep percolation are 
high. Thus the WP, of irrigation water 
under DI has to be higher than that under 
full irrigation. 

Thus, deficit irrigation is one way of 
maximizing water use efficiency (WUE) 
and water productivity (WP) for higher 
yields per unit of irrigation water applied. 
Under DI the crop is exposed to a certain 
level of water stress either during a 
particular period or throughout the whole 
growing season. The expectation is that 
any yield reduction will be insignificant 
compared with the benefits gained 
through diverting the saved water to 
irrigate other crops. 
However, before implementing a deficit 
irrigation program, it is necessary to 
know crop yield responses to water 
stress, either during defined growth 
stages or throughout the whole season 
(Kirda and Kanber, 1999; Sepaskhah et 
al., 2007). High-yielding varieties are 
more sensitive to water stress than low-
yielding varieties; for example, deficit 
irrigation had a more adverse effect on 
the yields of new maize varieties than on 
those of traditional varieties (FAO, 1979). 
Crops or crop varieties that are most 
suitable for deficit irrigation are those 
with a short growing season and are 
tolerant of drought (Stewart and Musick, 
1982, Kheirabi et al., 1996).

3.2. Materials and Methods

Four field experiments were conducted 
during the period 2005-07 on a loamy 
soil at the two selected sites in the Upper 
Karkheh River Basin i.e.,Honam and 
Merek. General description of these sites 
is given in Section (1-1) and climatic 

3. Deficit Irrigation of Irrigated Wheat
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conditions are explained in Section (2-2-
2) of the present report. 

3.2.1. Soil characteristics

Soil texture at the experimental site was 
loamy and clay loam. The 0–1000 mm 
top layer was homogeneous, with an 
average bulk density of 1.4 g.cm–3, and 
permanent wilting point and field capacity 
of 0.15 and 0.37 cm3.cm–3, respectively. 
The readily available water (RAW) for 
winter wheat in this region is 50% of 
the available water, which amounts to 
11 cm.m–1, i.e., an irrigation soil water 
content threshold of 0.22 cm3.cm–3, 
(Table I-2). 
Chemical characteristics of the soil depth 
layer (0–1000 mm) were determined 
using standard procedures of the Soil and 
Water Research Institute (SWRI), (Table 
I-2). Results for the Honam and Merek 
experimental years were, respectively, 
7.6-8.0 for pH, 0.3-0.7 dS/m for EC, 
18.3-42.9 (%) for T.N.V, 0.5-0.7 (%) 
for O.C, 2.4-4.5 meq/l for HCo3-2, 2-3.6 
meq/l for Cl-1, 1.7-2.1 meq/l for So4-2, 
3.6-5.5 meq/l for Ca+2+Mg+2, 3-4.4 meq/
lfor Na+1. 

3.2.2. Crop management

Winter wheat cultivars (Triticum 
aestivum) ‘Pishtaz, Marvdashat and 
Shiraz’ were newly advanced irrigated 
wheat varieties were sown 5-7 cm deep 
in October with a density of 180 kg 
seeds/ha in rows spaced 20 cm. Weeds 
were removed effectively by chemical 
material during the growing seasons. 
Pests were also effectively controlled 
by pesticide in time. All plants were 
harvested at the end of July in both 
years.

3.2.3. Irrigation treatments

Two types of irrigation systems (surface 
and pressurized) were used to apply 
water to two regulated deficit irrigation 
treatments designed to subject the crops 

to various degrees of soil water deficit 
at different stages of crop development 
beside a full irrigation treatment (with no-
soil-water deficit) as a control . Farmer’s 
information in Honam and Merek sites are 
summarized in Tables V-1 and V-2.

Under pressurized irrigation, single 
source sprinkler was used to apply 
different irrigation amounts. The points 
nearest to the sprinkler line receive the 
maximum amount of water, gradually 
decreasing as the distance from the 
sprinkler line increased. Perpendicular 
to the sprinkler line, each 2-m wide field 
strip was considered as an experimental 
plot having different irrigation treatment 
i.e. receiving different amount of water. 
During the growing season, irrigation 
water applied to each separated part was 
measured using a catch can (Table 3-1 
and Fig. 3-1). 

Fig. 3-1- Application pattern of a sprinkler 
irrigation lines once.
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Under surface irrigation (border) system, 
three irrigation treatments were applied: 
full irrigation, omission of the first spring 
irrigation, and omission of first and third 
spring irrigation (Tables 3-2 and 3-3).
In three locations, soil moisture was 
measured gravimetrically at depth 
of 0-20 cm, while, in one location, it 
was measured by TDR (time domain 
reflectrometry) in 20 cm increments 
down to a depth of 100 cm. Soil moisture 
content at sowing and harvesting in the 
whole soil profile was used to calculate 
water consumption from the soil profile 
during the whole growing season. 

3.2.4. Agronomic data collection

At the end of the growing season 
(June 30), each plot was harvested 
for biomass (B) and grain yield. Yield 
components such as thousand-kernel 
weight (TKW) and number of grain (NG), 
were measured on one square meter 
with three replications. Other traits of 
wheat such as fertile spikelet number 
(FSN) and length of spike (LS) were 
also determined. Harvest index (HI) 
was calculated as grain yield divided by 
mature crop biomass (Table 3-2).

3.3. Results and Discussion

Under pressurized irrigation system, 
relationships between water use – total 
water productivity and water use – grain 
yield were developed and expressed in 
the following form (see Figs. 3-2 and 
3-3):

Where:
TWP= total water productivity, (kg m-3)

Yield= grain yield, (ton/ha)
WU= total water use (rainfall + 
irrigation), (mm)
The field crop TWP was 1.09 times higher 
than when no water use deficit occurred. 
This suggests that increasing the areas 
irrigated with the water saved would 
compensate for any yield loss. If the 
planned WU deficit is imposed throughout 
the season, it is possible to calculate the 
total irrigation water saved if one knows 
total crop water requirement. However, 
if the stress is imposed during a specific 
growth stage, one needs to know the 
total water requirement (i.e. crop water 
consumption) during that stage to 
quantify the water saved. As crop yield 
response factor (ky) increases, field WP 
decreases, which in turn implies that 
benefit from deficit irrigation is unlikely. 

With a 25 percent deficit, TWP was 
1.2 times (increasing 20 percent) 
that achieved under normal irrigation 
practices. Irrigation scheduling based 
on deficit irrigation requires careful 
evaluation to ensure enhanced efficiency 
of use of increasingly scarce supplies of 
irrigation water.

Grain yield and TWP for different 
treatments under surface irrigation 
system, and according to farmer’s 
irrigation managements, are shown 
in Fig. 3-2 through 3-6. Regardless of 
farmer’s management, the pattern of 
response to deficit irrigation was similar. 
Deficit irrigation, management and their 
interaction affected water productivity. 
The TWP calculated for treatments 
averaged over the three replications. 
Table 3-3 showed that no significant 
differences between cut of first irrigation 
and full irrigation.

Today, irrigation is the largest single 
water consumer on the planet. 
Competition for water from other sectors 
will force irrigation to operate under 

075.150445.0103 25 −+×−= − WUWUTWP
92.1043003.00002.0 2 −+−= WUWUYield

)13(8513.02 −=R
)23(9545.02 −=R
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water scarcity. Deficit irrigation, by 
reducing irrigation water use, can aid in 
coping with situations where supply is 
restricted. In field crops, a well-designed 
DI regime can optimize WP over an area 
when full irrigation is not possible. In 
many cropping areas, DI has been shown 
to improve not only WP but farmers’ net 
income as well. It would be important 
to investigate the basis for the positive 
responses to water deficits observed in 
the cases where DI is beneficial. While 
DI can be used as a tactical measure to 
reduce irrigation water use when supplies 
are limited by droughts or other factors, 
it isn’t known whether it can be used 
over long time periods. It is imperative 
to investigate the sustainability of DI via 
long-term experiments and modeling 
efforts to determine to what extent it can 
contribute to the permanent reduction of 
irrigation water use. 

With increasing municipal and industrial 
demands for water, its allocation for 
agriculture is decreasing steadily. The 
major agricultural use of water is for 

irrigation, which, thus, is affected by 
decreased supply. Therefore, innovations 
are needed to increase the efficiency 
of use of the water that is available. 
There are several possible approaches. 
Irrigation technologies and irrigation 
scheduling may be adapted for more-
effective and rational uses of limited 
supplies of water. Drip and sprinkler 
irrigation methods are preferable to less 
efficient traditional surface methods. It 
is necessary to develop new irrigation 
scheduling approaches, not necessarily 
based on full crop water requirement, but 
ones designed to ensure the optimal use 
of allocated water. 

Deficit irrigation practices differ from 
traditional water supplying practices. 
The manager needs to know the level of 
transpiration deficiency allowable without 
significant reduction in crop yields. The 
main objective of deficit irrigation is to 
increase the WUE and WP of a crop by 
eliminating irrigations that have little 
impact on yield. The resulting yield 
reduction may be small compared with 

Fig. 3-2- Relationship between total water use (mm) and total water productivity.
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the benefits gained through diverting 
the saved water to irrigate other crops 
for which water would normally be 
insufficient under traditional irrigation 
practices.

In order to ensure successful deficit 
irrigation, it is necessary to consider the 
water retention capacity of the soil. In 
sandy soils plants may undergo water 
stress quickly under deficit irrigation, 

Fig. 3-4- Wheat grain yield under different deficit irrigation strategies.

Fig. 3-3- Relationship between total water use (mm) and wheat grain yield.
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whereas plants in deep soils of fine 
texture may have ample time to adjust 
to low soil water matric pressure, and 
may remain unaffected by low soil water 
content. Therefore, success with deficit 
irrigation is more probable in finely 
textured soils (Sepaskhah et al., 2007).

Under deficit irrigation practices, 
agronomic practices may require 
modification, e.g. decrease plant 
population, apply less fertilizer, adopt 
flexible planting dates, and select shorter-
season varieties (Sepaskhah et al., 2007, 
Kheirabi et al., 1986).
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Fig. 3-5- TWP of irrigated wheat under different deficit irrigation strategies.

Table 3-1- Relationship between water use, wheat grain yield and TWP.

Irrigation (mm) rainfall (mm) Total water use (mm) Yield (ton/ha) TWP (kg m-3) 

220.5 573 794 8.4 1.06 

203 573 776 8.3 1.06 

151 573 724 8.1 1.12 

119 573 692 7.6 1.10 

87.5 573 661 7.1 1.07 

77 573 650 6.5 1.00 

56 573 629 5.0 0.79 
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Chapter 4.

Simulation of Winter Wheat Production Using 
“Budget” and “Aquacrop”
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4.1. Introduction

The most important question in 
supplemental irrigation management 

is when and how much water to apply. 
It is a laborious and expensive task 
to develop supplemental irrigation 
schedules solely by conventional field 
experimentation. Crop simulation models 
are effectively used for filling the gap 
and out scaling the results. Cropping 
system simulation models can be used 
to predict the effect of weather, soil 
properties, plant characteristics and 
management practices on the soil 
water balance, nutrient dynamics and 
growth of crops. Therefore, they can 
enhance our understanding of cropping 
systems performance under different 
water regimes. Models may also be used 
to assess the effects of management 
practices and plant characteristics 
on crop performance over a period 
that is long enough to characterize 
the climatic variability of a site (Van 
Keulen and Seligman, 1987), leading 
to improvements in the efficacy of 
decision-making for fertilizer and water 
management.

However, suitable field experiments 
are required for model validation, a 
necessary step before model applications 
can be developed for a given region 
(Cabelguenne et al., 1990; Kropff et 
al., 1994; Lengnick and Fox, 1994). 
A soil water and salt balance model 
(Budget) and a crop water productivity 
model (AquaCrop) represent an effort to 
simulate the growth of single crops or 
crop rotations in response to weather/
soil/crop/irrigation scenarios and provide 
an estimate of environmental impact. 
Management options include cultivar 
selection, crop rotation, irrigation, 

nitrogen fertilization, tillage operations 
and residue management.

4.2. Materials and Methods

4.2.1. Models used

Two models were used in this study, 
namely, BUDGET (2005) and AquaCrop 
(2009). The BUDGET is composed of a 
series of summary sub-models describing 
the various processes involved in soil 
water movement, soil salinization 
and root water uptake. The described 
processes are infiltration of rain and/or 
irrigation water, surface runoff, internal 
drainage and deep percolation losses, 
evaporation, and transpiration. As a result 
of infiltration of saline water, salts enter 
the soil as solutes with the irrigation 
water and transport in the soil and 
distributed and stored in the soil profile. 

AquaCrop is a water-driven simulation 
model that requires a minimum 
number of parameters and input data 
to simulate yield response to water of 
most of the major field and vegetable 
crops with sufficient balance between 
accuracy, simplicity and robustness. It 
is aimed to be used by a broad range of 
users, including rainfed and irrigation 
practitioners, extensions services 
and various agricultural and water-
manager professionals. It is also useful 
for scenario simulations and planning 
investigations. AquaCrop will include also 
the crop response to saline water; it will 
accommodate for different input levels 
of fertilizers; it will consider different 
irrigations methods (e.g., surface, 
sprinkler and trickle) and types of 
managements (e.g., supplementary and 
deficit irrigation), as well as mixed field 
cropping.

4. Simulation of Winter Wheat Production Using 
“Budget” and “Aquacrop”
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During periods of crop water stress, the 
resulting yield depression is estimated 
by means of yield response factors. By 
selecting appropriate time and depth 
criteria, irrigation schedules can be 
generated.

The climatic input data consists of 
daily, mean 10-day or monthly ETo 
(reference crop evapotranspiration) 
and Rainfall observations. At run time, 
the 10-day and monthly data are 
processed to derive daily ETo and rain 
data. By specifying and selecting a few 
appropriate crop parameters in a Menu 
driven environment, the program creates 
a complete set of parameters that can 
be displayed and updated if additional 
information is available. The soil profile 
may be composed of several soil layers, 
each with their specific characteristics. 
BUDGET contains a complete set of 
default characteristics that can be 
selected and adjusted for various types of 
soil layers.

Budget and AquaCrop calculate the water 
storage and salt content in a cropped 
soil profile as affected by input and 
withdrawal of water for a given period. 
The soil profile may be composed of 
several soil layers, each with their specific 
characteristics. The soil water flow is only 
described in the vertical direction. The 
model runs with a constant time step of a 
day. 

To obtain a general trend of differences 
in soil moisture regime between irrigation 
and rainfed, the BUDGET soil water and 
salt balance model (Raes, 2002) and a 
crop water productivity model (AquaCrop) 
(Raes et al., 2006; Steduto, 2008) were 
used to simulate the soil moisture content 
in the 0 to 5 and 5 to 20 cm layers 
during the growing season of corn under 
irrigated and dryland conditions. Data 
on the local climate, soil texture, crop 
characteristics, and irrigation scheduling 
were used as inputs.

4.2.2. Model calibration

Soil moisture content (m3.m-3) was 
periodically measured in the upper 
0-0.60 m from April 1st to June 15th, 
2006 and 2007 using the gravimetric 
method. To evaluate model performance 
and accuracy in prediction, statistical 
indicators were computed from observed 
and simulated variables (grain yield 
reduction and soil moisture content and 
evapotranspiration). 

Trials of the models have been carried 
out using a number of field data, three SI 
scenarios of which two years have been 
selected for discussion. First year data 
were used for calibration of models and 
second year data used simulation. 

4.3. Results and Discussions

The data input included daily weather 
data, crop, soil and irrigation 
management data. Soil moisture content 
(SMC), was part of the output of the 
models, which were compared with 
measured soil moisture data. These 
analyses applied for rainfed, SI planting 
and spring SI condition. The results for 
model calibration and evaluation showed 
that simulated growth and development 
of wheat were in good agreement with 
their corresponding observed values. 
Thus, the BUDGET and AquaCrop models 
can be successfully used for simulating 
growth, SMC, evapotranspiration, 
biomass and grain yield for major wheat 
growing region in KRB (Honam and Merek 
sites). 

For the verification of the models, input 
data for the season (2005/2006) is 
used. Simulated output is compared with 
the measured soil moisture content at 
rainfed, planting SI and spring SI. The 
comparison is showed in Figs. 4-1, 4-2 
and 4-3, respectively. Then these models 
were compared together and also with 
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measured soil moisture data using second 
necessary input data for the season 
(2006/2007), as shown in Figs. 4-2, 4-4 
and 4-6. The comparison indicated similar 
trend of SMC between measured and 
models simulated data, except for the 
measurements during the late stage of 
the crop growing season. The difference 
between the simulated (models) and 
measured data at the end of the season, 
showed that the errors are mostly with 
soil moisture sampling when soil is 
relatively dry. 

Soil moisture content (SMC) for the two 
seasons was very different, reflecting 
the differences in rainfall amount and 
distribution. The soil moisture pattern 
during the 2005/2006 crop growing 
season (Figs. 4-1, 4-3 and 4-5) was 
characterized by an important profile 
recharge during winter. During cool 
months, rainfall and snow exceeded low 
evapotranspiration and water was stored 
in the profile. Soil moisture content had 
a reduction trend for the rainfed and 
sowing SI treatments, but in spring SI 
treatment after increasing SMC due to 
irrigation and then soil moisture depletion 
by evapotranspiration, the decrease 
in SMC follows similar pattern of other 
treatments. Spring SI supported crop 
growth, then increased crop period by 
about two weeks. At rainfed treatment, 
there wasn’t enough moisture which 
negatively influenced grain yield. Sowing 
SI caused early crop establishment at 
autumn, and relatively early maturity 
which reduced crop’s growing period. 
Sowing date SI affected number of tiller, 
plant height, straw and grain yields. Soil 
profile recharge under sowing SI and 
spring SI were very similar to that under 
rainfed, but rainfed SMC trend curve was 
between the other two curves, which 
indicates that sowing SI SMC trend is the 
lowest in amount.

At rainfed treatment, evapotranspiration 
was dominated by evaporation from 

soil surface. From spring on, when air 
temperature, radiation and canopy 
development increased, the evaporative 
demand exceeded rainfall (Figs. VI-2 and 
VI-12). As a result, soil profiles loss their 
water continuously up to crop maturity 
and harvest. The spring rains did not 
recharge the profile, because of the high 
evaporative demand during that period.

Calibration of crop input parameters 
for rainfed and SI treatments for the 
2005/2006 season allowed BUDGET and 
AquaCrop to perform satisfactorily in 
wheat grain yield, soil moisture content, 
and ET during the three cold winter 
growing seasons in the highlands of KRB 
of Iran. In this area, crop emergence, 
before the severe winter starts, is 
important to ensure an adequate stand 
establishment. Thus, early sowing 
combined with sufficient amount of 
water as SI, since the probability of 
sufficient rainfall at this time is very low, 
would allow crop to get stronger stand 
before the cold winter starts by about 10 
October to early November. Otherwise, 
wheat crop planted late would not 
emerge because of lower temperatures 
prevailing at late planting irrespective of 
higher rainfall obtained. 

The other years’ results were then 
confirmed through modeling. We 
could not conduct so many years 
of experiments to see the yield 
sustainability with reduced acceptable 
risk to be recommended to farmers. A 
water management strategy to shift the 
supplemental irrigation from Spring SI 
to Planting SI (during the period of 10 
October to early November) is highly 
promising due to the relatively low air 
temperatures for optimum crop growth 
and improved water-productivity as well 
as higher biomass and grain yields.
 
Estimated grain and biomass yield (or 
yield reduction prediction) under rainfed, 
planting SI and spring SI are shown in 
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Figs. 4-7 and 4-8, for the two growing 
seasons of 2005/2006 and 2006/2007, 
respectively. In the first crop season, 
expected yield of rainfed, planting SI and 
spring SI were 31, 51 and 67 percent of 
potential yield (5-6 ton/ha) (Fig. 4-7). 
Single irrigation at planting positively 
affected crop establishment and improved 
expected grain yield. At the second 
crop season, better conditions of rainfall 
distribution (especially at planting and 
spring times) boosted yield of rainfed, 
planting SI and spring SI so the predicted 
yields were 58, 67 and 89 percent of 
potential yield (5-6 t/ha), respectively 
(Fig. 4-8). The average cumulative grain 
yield during the two crop seasons is 
shown in Fig. 4-9. 

These year-specific results of these 
study sites should be extrapolated in 

time and out scaled to other regions in 
order to be more useful. Results from the 
study suggest that the use of BUDGET 
and AquaCrop after proper calibration 
and validation can be feasible for such 
extrapolations. Given the results reported 
here, it is expected that the application of 
the model in similar climates of the region 
will allow long-term extrapolations with 
less experimental results, thus reducing 
time and research cost. Different earlier 
sowing scenarios in longer period of time 
has proved that advancement of sowing 
date to 10 October compared with rainfed 
sowing around late October combined 
with sufficient water for crop emergence 
would increase the crop yield by about 
30 to100% and eventually the water 
productivity as well.

Fig. 4-1- Comparison of two models simulations to predict soil moisture 
content at rainfed treatment of Honam site, 2005/2006.
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Fig. 4-2- Comparison of two models simulations to predict soil moisture 
content for the rainfed treatment at Honam site, 2006/2007.

Fig. 4-3- Comparison of two models simulations to predict soil moisture 
content at SI planting treatment of Honam site, 2005/2006.
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Fig. 4-4- Comparison of two models simulations to predict soil moisture 
content for the SI planting treatment at Honam site, 2006/2007.

Fig. 4-5- Comparison of two models simulations to predict soil moisture 
content at SI spring treatment of Honam site, 2005/2006.
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Fig. 4-6- Comparison of two models simulations to predict soil moisture 
content at SI spring treatment of Honam site, 2006/2007.

Fig. 4-7- Expected yield percentage using BUDGET under different 
treatments of Honam site, 2005/2006.
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Fig. 4-8- Expected yield percentage using BUDGET under different 
treatments of Honam site, 2006/2007.

Fig. 4-9- Average cumulative grain yield for rainfed and SI treatments 
(2005/2007).
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Chapter 5.

Economical Analysis of Supplemental Irrigation
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5.1. Introduction

The purpose of this part of the report is 
to evaluate the economic feasibility of 

agriculture with supplemental irrigation 
at two selected sites in Kermanshah and 
Lorestan provinces, of KRB located on 
west of Iran. Investigation on the efficient 
use of rainwater is critically important 
for developing optimum agricultural 
production systems for this region. In 
order to obtain the maximum benefit 
from wheat and barley production and 
optimize the available water resources, 
some supplemental irrigation field 
experiments scenarios were conducted 
at on-farm scales during 2005-2008 
seasons at Honam and Merek sites of KRB 
rainfed areas. The treatments included 
two levels of agronomic management 
(traditional management and improved 
management) as main plot and three 
levels of supplemental irrigation (rainfed 
(without SI), 75 mm single irrigation at 
planting time, 50 mm single irrigation at 
spring time) as sub plot. The experiments 
were carried out on rainfed wheat and 
barley varieties. Data was analyzed by 
Partial Budgeting, Marginal Benefit–
Cost Ratio (MBCR), different states 
of water and irrigation prices, income 
functions and scenario analysis of water 
productivities. 

5.2. Material and methods

5.2.1. Crops and rainfall distribution

The main crops in the KRB are winter 
wheat and barley. The prevailing cropping 
pattern is winter cereals/legumes 
intercropping. The wheat and barley are 
sown in autumn with rows spacing of 17-
20 cm.

In the study region, only 57% of annual 
rainfall occurs during the growth stage 
of spring wheat, therefore crops in the 
Honam and Merek regions depend, to 
a great extent, on the supplemental 
irrigation period. According to the field 
experiment, the water requirement of 
winter wheat is 300-500 mm. However, 
rainfall during the same period is not 
enough, leaving the crops with a total 
water deficit for all growth stages of 40-
125 mm under limited irrigation strategy. 
The first critical stage of irrigation occurs 
in sowing time at autumn, when there 
is not enough effective precipitation and 
a large portion of the seasonal water 
deficit occurs at this time. Irrigation is 
also needed during the second critical 
stage when the crop is in the heading and 
flowering stages.

5.2.2. Economic evaluation

Two dynamic economic indices, financial 
net present value (NPV) and financial 
internal rate of return (IRR), are used to 
compare each scheme of supplemental 
irrigation. It is assumed that the pumping 
and irrigation systems have a useful life 
of 20-30 years. A discount rate of 15% 
and 25% based on the code of water 
economic calculation is used for NPV 
calculations. During the analysis period, 
profits and operational costs are constant. 
Therefore, the present value of gross 
benefits (GB) and total costs (TC) are, 
respectively,  
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where Bt is the gross profit at the tth 
year, Ct the cost at the tth year, i the 
discount rate, K1 the investment on 
constant cost, K2t the investments on 
pumping equipment and irrigation system 
tools at the tth year, m the replacement 
time of irrigation equipment, and n the 
calculation period.
Therefore, the net present value of profit 
is
NPV=GP-TC       (5-3)
 
If NPV > 0, the scenario is accepted, 
if not, the scenario is infeasible. The 
duration of time when the net revenue 
compensates for the total investment is 
the capital recovery period.
In order to calculate the internal rate of 
return the solution of IRR in the  equation 
must be found, that is 
Where, IRR is the internal rate of return. 

The IRR is acceptable if it is greater than 
minimum expected interest rate.

5.2.3. Partial Budgeting (PB) 
technique 

A Partial Budgeting (PB) technique and 
Marginal Benefit Cost Ratio (MBCR) 
were used to assess the economics 
of supplemental irrigation and single 
irrigation application from groundwater 
on rainfed wheat. Basic data used for the 
assessment includes yield and revenue 
gains due to supplemental irrigation or 
single irrigation above that of rainfed 
system and the cost associated with the 
application of irrigation water. The partial 
budgeting of wheat production (with 
and without supplemental irrigation) 
showed that, economically, supplemental 
irrigation is very attractive investment. 
Net benefit is calculated using the 
following equation:

N.B = B(w) – C(w) = (YG × PG+ YS × PS) – 
(C1 + PW × W)                             (5-5)

Where:
N.B = net benefit (Rial/ha)
B(w) = gross income (Rial/ha)
C(w) = total costs (Rial/ha)
YG = grain yield (kg ha-1)
PG = price of grain (Rial/kg)
YS = straw yield (kg ha-1)
PS = price of straw (Rial/kg)
C1 = total fixed costs without water and 
irrigation (Rial/ha)
PW = price of water and irrigation (Rial/m3)
W = amount of irrigation water use (m3/ha)
∆B = B(w)j – B(w)j+1                       (5-6)
∆C = C(w)j– C(w)j+1                        (5-7)

5.3. Results and Discussions

Maximum irrigation water productivity 
(IWP) related to rainfed condition was for 
combination of improved management 
and SI spring at Merek site and 
combination of improved management 
and SI planting at Honam site, 
respectively. 

The mean field experimental costs of 
wheat and barley at Honam and Merek 
sites during 2005-07 were similar and 
they are shown in Tables 5-1 and 5-2 for 
each crops and management treatments. 
Price of water and irrigation at research 
region based on its components is 
shown in Table 5-9. The mean values 
of total cost at Honam site and under 
traditional management were 1635, 1265 
thousand Rials per hectare for wheat and 
barley, respectively and under advanced 
management were 2045 thousand Rials 
per hectare for wheat and barley. The 
mean values of wheat grain yield for 
treatments TM-rainfed, TM-SI planting, 
TM-SI spring, ,AM-rainfed, ,AM-SI 
planting, AM-SI spring at Honam site 
were 2116, 2394, 2386, 2525, 3841 
and 3456 kg ha-1, respectively and The 
mean values of barley grain yield for 
the same treatments were 1572, 2487, 
2670, 2270, 3444 and 2853 kg ha-1, 
respectively.
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The mean gross income, costs and net 
benefit of wheat and barley under different 
scenarios are shown in Tables 5.3, 5-4, 
5-5 and 5-6 for each selected sites.

Economical and non economical tests 
of comparison treatments with planting 
supplemental single irrigation at Honam 
site are shown in Table 5-7. According to 
this test all other treatment compare to 
planting SI were non economical. Then 
at Honam recommended management 
are including: AM + planting SI, AM + 
SI spring and AM + rainfed treatments, 
respectively. Traditional management with 
SI or without SI is not recommended. 
Economical and non economical test 
of comparison treatments with spring 
supplemental single irrigation at Merek 
site are shown in Table 5-8. According 
to this test, all treatments , except 
planting time SI, were non economical. 

For Merek, recommended management 
is: AM + spring SI, AM + SI planting and 
AM + rainfed treatments, respectively. 
Traditional management with SI or 
without SI is not recommended.
The mean values of total cost at Merek 
site and under traditional management 
were 1107.5, 1282.5 thousand Rials per 
hectare for wheat and barley, respectively 
and under advanced management were 
1576.5 thousand Rials per hectare for 
wheat and barley. The mean values 
of wheat grain yield at Merek site for 
treatments TM-rainfed, TM-SI planting, 
TM-SI spring, AM-rainfed, AM-SI 
planting, AM-SI spring were 2039, 2263, 
2826, 2334, 2705 and 3527 kg ha-1 
respectively. The mean values of barley 
grain yield for the same treatments were 
2033, 2125, 2412, 2625, 2901 and 3768 
kg ha-1 respectively.

Table 5-1- Average field experimental costs (1000 Rials)* of wheat and barley at Honam 
site (Lorestan province), 2005-2007.

Table 5-2- Average field experimental costs (1000 Rials) of wheat and barley at Merek 
site (Kermanshah province), 2005-2007.

Source: research data.                      *: 1US$=9800 IR. Rials.

Source: research data.

taehW stsoc fo ecruoS  Barley 
Traditional 
management 

Advanced 
management 

Traditional 
management 

Advanced 
management 

Preparation land and 
tillage 

200 345 200 345 

Seed and planting 625 640 585 640 
Maintenance (fertilizer, 
wee/ disease control, 
water, irrigation) 

560 810 230 810 

052 052 tsevraH  250 250 
5402 5361 latoT  1265 2045 

taehW stsoc fo ecruoS  Barley 
Traditional 
management

Advanced 
management 

Traditional 
management 

Advanced 
management

Preparation land and tillage 97.5 157.5 97.5 157.5 
Seed and planting 535 685 710 685 
Maintenance (fertilizer, weed/ 
disease control, water, 
irrigation) 

365 615 365 615 

011 tsevraH  110 110 110 
5.7011 latoT  1567.5 1282.5 1567.5 
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Table 5-3- Average wheat and barley grain yield at Honam and Merek sites, 2005-2007.

Table 5-4- Gross income (1000 Rials) of different treatment of wheat and barley at 
Honam and Merek sites, 2005-2007.

Table 5-5- Gross income, costs and net benefit (1000 Rials) per hectare of different 
treatment of wheat and barley at Honam site, 2005-2007.

Source: research data.

Source: research data.

manoH stnemtaerT  Merek 
Wheat Barley Wheat Barley 

6112 defniar-MT  1572 2039 2033 
TM-SI planting 2394 2487 2263 2125 
TM-SI spring 2386 2670 2826 2412 

5252 defniar-MA  2270 2334 2625 
AM-SI planting 3841 3444 2705 2901 
AM-SI spring 3456 2853 3527 3768 

manoH stnemtaerT  Merek 
Wheat Barley Wheat Barley 

TM-rainfed 4337.8 2515.2 4179.9 3252.8 
TM-SI planting 4906.6 3979.2 4638.1 3400 
TM-SI spring 4891.3 4272 5793.3 3859.2 
AM-rainfed 5176.2 3632 4783.7 4200 
AM-SI planting 7873 5510.4 5545.2 4641.6 
AM-SI spring 7085.8 4564.8 7231.4 7724.4 

taehW  Barley 
 Gross incomes Costs Net benefit Gross incomes Costs Net benefit 
TM-rainfed 4337.8 1635 2702.8 2515.2 1265 1270.2 
TM-SI planting 4906.6 2035 2871.6 3979.2 1665 2314.2 
TM-SI spring 4891.3 2035 2856.3 4272 1665 2607 
AM-rainfed 5176.2 1645 3531.2 3632 1645 1987 
AM-SI planting 7873 2045 5828 5510.4 2045 3465.4 
AM-SI spring 7085.8 2045 5040.8 4564.8 2045 2519.8 
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Table 5-7- Economical and non economical test of comparison treatments with SI 
planting at Honam site (1000 Rials per hectare), 2005-2007.

Table 5-6- Gross income, cost and net benefit (1000 Rials) of different treatment of 
wheat and barley at Honam site, 2005-2007.

Treatment 

Wheat Barley 

comparison of treatments 
with SI planting 

Average 
difference 
cost C  

Average 
difference 
benefit 

B  

Average 
difference 
cost C  

Average 
difference 
benefit 

B  

TM-
rainfed -410 -3535.2 -780 -2995.2 

For wheat and barley: Non 
economic   

0B                 0C  

TM-SI 
planting -10 -2966.4 -380 -1531.2 

For wheat and barley: Non 
economic   

0B                 0C  

TM-SI 
spring -10 -2981.7 -380 -1238.4 

For wheat and barley: Non 
economic   

0B                 0C  

AM-
rainfed -400 -2696.8 -400 -1878.4 

For wheat and barley: Non 
economic   

0B                 0C  

AM-SI 
spring 0 -787.2 0 -945.6 

For wheat and barley: Non 
economic   

0B                 0C  

taehW  Barley 
 Gross 

incomes 
Costs Net 

benefit 
Gross 
incomes 

Costs Net 
benefit 

TM-rainfed 4179.9 1107.5 3072.4 3252.8 1282.5 1970.3 
TM-SI planting 4638.1 1507.5 3130.6 3400 1682.5 1717.5 
TM-SI spring 5793.3 1507.5 4285.8 3859.2 1682.5 2176.7 
AM-rainfed 4783.7 1167.5 3616.2 4200 1167.5 3032.5 
AM-SI planting 5545.2 1567.5 3977.7 4641.6 1567.5 3074.1 
AM-SI spring 7231.4 1567.5 5663.9 7724.4 1567.5 6156.9 
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Table 5-8- Economical and non economical test of comparison treatments with SI spring 
at Merek site (1000 Rials per hectare), 2005-2007.

Table 5-9-  Price of water and irrigation calculated for a farm in the study area. 

Treatment 

yelraB taehW  
comparison of 
treatments with SI 
spring 

Average 
difference 
cost C  

Average 
difference 
benefit B  

Average 
difference 
cost C  

Average 
difference 
benefit 

B  

TM-rainfed -460 -3051.5 -285 -4471.6 
For wheat and barley: 
Non economic    

0B   0C  

TM-SI 
planting -60 -2593.3 +115 -4324.4 

For wheat: Non 
economic 0B       

0C  
For barley: Non 
economic 

00 CB  

TM-SI 
spring -60 -1438.1 +115 -3865.2 

For wheat: Non 
economic 0B       

0C  
For barley: Non 
economic 

00 CB  

AM-rainfed -400 -2447.7 -400 -3524.4 
For wheat and barley: 
Non economic  

0B     0C  

AM-SI 
planting 0 -1686.2 0 -3082.8 

For wheat and barley: 
Non economic  

0B     0C  

 List of water and irrigation costs Primary cost 
(1000 Rials) 

Annual present value  (Rials)  

   interest rate 
15% 

interest rate 
25% 

1 Pump & electromotor 13300 2124828 3363782 
00041 llew peed imeS 2  2132203 3504338 
04017 tnemurtsni rewoP 3  10819406 17782013 

4 Maps, pipe transport and 
implementation network, etc. 

128875.3 20589307 32594615 

74563 tsoc yramirp rehtO 5  5838802 9243318 
3.267362 tsoc yramirp latoT 6  41504546 66488067 

0001 tsoc tnerruC 7  1000000 1000000 
3.267462 stsoc latoT 8  42504546 67488067 

9 Price of water and irrigation 
(Rial/m3)* 

- 213 338.1 

 Total annual water volume  used by the farm in the area was199584 cubic meter                        
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Chapter 6.

Summary and Recommendations
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6.1. Rainfed barley

At Honam site, the optimum program 
was a combination of advanced 

agronomic management with SI options 
(single irrigation at planting time) 
and the second option was a single 
irrigation at spring time (during heading 
– flowering stage). At Merek site, the 
optimum program was a combination 
of advanced agronomic management 
with SI options (a single irrigation at 
spring time (during heading – flowering 
stage)) and the second option was a 
single irrigation at planting time. At 
rainfed farming (without SI) advanced 
agronomic management had preference 
to traditional management at two sites. 
At these preferential programs maximum 
water productivity and net benefit were 
obtained. At rainfed conditions RWP 
under AM (0.26-0.37 kg m-3) increased 
by about 20-50% compared to TM. The 
results of this study showed that a single 
irrigation application at sowing or spring 
time (during heading to flowering stage) 
increased total water productivity (TWP) 
of barley from 0.53-0.75 kg m-3 during 
three seasons. The irrigation water 
productivity (IWP) of barley reached to 
1.74-4.69 kg m-3 by using single irrigation 
at sowing or spring time. Low RWP (and 
yield) in farmer practices were mainly due 
to suboptimal agronomic management 
practices. These preliminary results 
confirm the potential of single irrigation 
and early planting as an effective method 
to enhance productivity.

At Merek site and under rainfed condition, 
barley grain yield of AM (2157 kg ha-1) 
increased 73% compare to TM (1245). 
By applying SI planting scenarios, grain 
yield of AM (3142 kg ha-1) increased 
46%, 48% and 152% compare to rainfed-
AM, SI planting-TM (2125 kg ha-1) and 

rainfed-TM, respectively By applying 
SI spring scenario, grain yield of AM 
(3510 kg ha-1) increased by 63%, 48% 
and 182% compare to rainfed-AM, SI 
spring-TM (2368 kg ha-1) and rainfed-TM, 
respectively (Table IV-1, Fig. 2-24).  

At Merek site and under rainfed condition, 
RWP of AM (0.49 kg m-3) increased about 
44% compared to TM (0.34 kg m-3). By 
applying SI planting scenario, TWP of 
AM (0.54 kg m-3) increased by about 
10%, 59% and 59% compare to rainfed-
AM, SI planting-TM (0.34 kg m-3) and 
rainfed-TM, respectively. By applying 
SI spring scenario, TWP of AM (0.71 
kg m-3) increased by about 45%, 34% 
and 109% compared to rainfed-AM, SI 
spring-TM (0.53 kg m-3) and rainfed-TM, 
respectively (Table IV-1).  

At Honam site and under rainfed 
condition, barley grain yield of AM (2068 
kg ha-1) increased 50% compared to TM 
(1381). By applying SI planting scenario, 
grain yield of AM (3048 kg ha-1) increased 
by 47%, 57 % and 121% compared to 
rainfed-AM, SI planting/spring-TM (1939 
kg ha-1) and rainfed-TM, respectively. By 
applying SI spring scenario, grain yield 
of AM (3137 kg ha-1) increased by 52%, 
46% and 127% compared to rainfed-AM, 
SI spring-TM (2143 kg ha-1) and rainfed-
TM, respectively (Table IV-2, Fig. 2-25).
At Honam site and under rainfed 
condition, RWP of AM (0.43 kg m-3) 
increased by about 43% compared 
to TM (0.30 kg m-3). By applying SI 
planting scenarios, TWP of AM (0.56 
kg m-3) increased by about 30%, 56% 
and 87% compared to rainfed-AM, SI 
planting/spring-TM (0.36 kg m-3) and 
rainfed-TM, respectively. By applying 
SI spring scenarios, TWP of AM (0.70 
kg m-3) increased by about 63%, 52% 
and 133% compared to rainfed-AM, SI 

6. Summary and Recommendations
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spring-TM (0.46 kg m-3) and rainfed-TM, 
respectively (Table IV-2).  

6.2. Rainfed wheat

At Honam site, the optimum program was 
a combination of advanced agronomic 
management with SI options (single 
irrigation at planting time) and the 
second option was single irrigation 
at spring time (during heading – 
flowering stage). At Merek site, the 
optimum program was a combination 
of advanced agronomic management 

with SI options (single irrigation at 
spring time (during heading – flowering 
stage) and the second option was 
single irrigation at planting time. At 
rainfed farming (without SI) advanced 
agronomic management had preference 
to traditional management at two sites. 
At these preferential programs, maximum 
water productivity and net benefit were 
obtained. At rainfed condition RWP under 
AM (0.41-0.47 kg m-3) increased by about 
15-33% as compared to TM (0.34-0.39 
kg m-3). The results of this study showed 
that with a single irrigation application 
at sowing or spring time (during heading 

Table 6-1- Avenues to improve rainfed agricultural crops through integrated agronomic 
and water management.

Strategy 
for 
upgrading 

Type of 
Management 

Methodology Target parameter (s) 

Rain water 
productivity 

Agronomic 
management 
practices 

Tillage and land 
preparation 
Crop rotation 
Fertilizer management  
 Crop choice 
Crop rotation  
Timing of operations 
Pest management 
Weed control 
Harvest  

Root length and density 
Crop development 
Soil moisture conservation 
Increasing quality and quantity 
yield 
Optimum cropping pattern 
Control of weed and diseases  
Decreasing lost  
Increasing income 

Total water 
productivity 
 

Agronomic 
management 
practices 

Tillage and land 
preparation 
Crop rotation 
Fertilizer management  
Crop choice 
Crop rotation  
Timing of operations 
Pest management 
Weed control 
Harvest  

Root length and density 
Crop development 
Soil moisture conservation 
Increasing quality and quantity 
yield 
Optimum cropping pattern 
Control of weed and diseases  
Decreasing lost  
Increasing income 

Water 
management 

Single/Supplemental 
irrigation  
Amount and time of SI 
Irrigation system 
Soil and water 
conservation 

Crop establishment 
Improving yield components 
Soil infiltrability 
Less unproductive competition 
Improving soil moisture content 
Control of weed and diseases  
Water holding capacity 
Stability and increasing yield 
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to flowering stage), the total water 
productivity (TWP) of wheat reached  a 
range of 0.55 to 0.82 kg m-3 during 
the three seasons. The irrigation water 
productivity (IWP) of wheat reached a 
range of 1.39 to 4.55 kg m-3 by using 
single irrigation at sowing or spring time. 
Low RWP (and yield) in farmer practices 
were mainly due to suboptimal agronomic 
management practices. These preliminary 
results confirm the potential of single 
irrigation and early planting as an 
effective method to enhance productivity.

At Merek site and under rainfed condition, 
wheat grain yield of AM (2284 kg ha-1) 
increased by about 18% compared to TM 
(1931). By applying SI planting scenarios, 
grain yield of AM (2693 kg ha-1) increased 
by about 20%, 24% and 39% compared 
to rainfed-AM, SI spring-TM (2165 kg 
ha-1) and rainfed-TM, respectively. By 
applying SI spring scenarios, grain yield 
of AM (3052 kg ha-1) increased by 36%, 
16% and 58% compared to rainfed-AM, 
SI spring-TM (2126 kg ha-1) and rainfed-
TM, respectively (Table III-1, Fig. 2-14).  

At Merek site and under rainfed condition, 
RWP of AM (0.43 kg m-3) increased by 
about 16% compared to TM (0.37 kg 
m-3). By applying SI planting scenario, 
TWP of AM (0.45 kg m-3) increased by 
about 5% and 22% compared to rainfed-
AM and rainfed-TM, respectively. By 
applying SI spring scenario, TWP of AM 
(0.53 kg m-3) increased by about 23%, 
15% and 43% compared to rainfed-AM, 
SI spring-TM (0.46 kg m-3) and rainfed-
TM, respectively (Table III-1).  

At Honam site and under rainfed 
condition, wheat grain yield of AM (2289 
kg ha-1) increased by 33% compared to 
TM (1726). By applying SI planting/spring 
scenarios, grain yield of AM increased by 
47%, 57% and 94% compared to rainfed-
AM, SI planting/spring-TM (2126 kg ha-1) 
and rainfed-TM, respectively (Table III-2, 
Fig. 2-14).  

At Honam site and under rainfed 
condition, RWP of AM (0.45 kg m-3) 
increased by about 29% compared to TM 
(0.35 kg m-3). By applying SI planting 
scenarios, TWP of AM (0.57 kg m-3) 
increased by about 27%, 50% and 63% 
compared to rainfed-AM, SI planting/
spring-TM (0.38 kg m-3) and rainfed-
TM, respectively. By applying SI spring 
scenarios, TWP of AM (0.63 kg m-3) 
increased by about 40%, 54% and 80% 
compared to rainfed-AM, SI spring-TM 
(0.41 kg m-3) and rainfed-TM, respectively 
(Table III-2). 

6.3. Irrigated wheat

Under pressurized irrigation system, the 
field crop TWP under deficit irrigation was 
1.09 times higher than that with no water 
deficit (full irrigation). This suggests that 
increasing the areas irrigated with the 
water saved would compensate for any 
yield loss. With a 25 percent water use 
deficit, TWP was 1.2 times that achieved 
under normal irrigation practices.n Under 
surface irrigation system and according 
to farmer’s irrigation managements, 
eliminating first irrigation at spring 
time did not affect grain yield and TWP 
for different treatments, thus it can be 
deleted. 

6.4. Conclusions

Based on the results of their research, 
the following conclusions can be drawn:
1. During the dry season, the water 

resources in the KRB are inadequate 
in meeting the domestic, livestock 
and crop production requirements. 
However, the highlands receive fairly 
more rainfall (than the lowlands), 
which is adequate to meet crop 
water requirements under rainfed 
conditions, but may not be suitable. 

2. The average households’ size in 
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Honam and Merek villages is relatively 
higher than that of the national 
average. There is wide income 
disparity among households. The 
average net mean income was US$ 
1500 per annum. 

3. Livelihood strategies and coping 
mechanisms in the upper KRB are 
diverse and vary. Livelihood strategies 
relate to farming practices, business 
market, social and cultural relations. 

4. The vulnerable groups in upper KRB 
are the poor who get an income of 
less than US$5-6 per day per person. 
They include poor women. They are 
at risk of food security and their 
households fall under the bottom 
income quintile for different family 
types.

5. The cropping calendars, patterns 
and sequences in the upper KRB are 
quite diverse. This is made possible 
by use of residual soil moisture and 
irrigation. Both wheat and barley are 
extensively grown in the upper KRB. 
Chickpea and lentil are mostly grown 
in the upper KRB in rotation with 
cereals.

6. Among the different water users 
(agriculture, livestock, domestic 
and industrial) in the upper KRB, 
agriculture is the leading consumer 
under both rainfed and irrigated 
production systems. 

7. Generally, the crop water productivity 
under rainfed crop production was 
higher in the upper KRB for most 
cereals compared to the other rainfed 
areas of Iran. 

8. Under deficit irrigation conditions, 
crop water productivity for irrigated 
wheat in the upper KRB was found 
to be higher than same crops when 
grown under full irrigation conditions.

From a water perspective, there are 
two main avenues for upgrading rainfed 
agriculture: (1) increase rain water 
productivity, and (2) increase irrigation 
and total water productivity (Table 6-1). 
Even though, these strategies focus on 

water, the approaches and practices to 
achieve them are not necessarily solely 
associated to field water management.
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Appendix VI

Graphs of Meteorological Data

Fig. VI-1- Mean crop season rainfall for Merek site, 1996-2008.

Fig. VI -2- Mean monthly rainfall and evaporation at Merek site 2005/2008.
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Fig. VI -3- Mean monthly relative humidity (RH), Merek site, 2005/08.

Fig. VI -4- Maximum, minimum and mean monthly air temperatures, Merek site, 
2005/08.
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Fig. VI -5- Cumulative precipitation, evaporation and potential evapotranspiration, Merek 
site, 2005/08.

Fig. VI -6- Monthly potential evapotranspiration (ETo), Merek site, 2005/08.
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Fig. VI -7- Monthly precipitation distribution, Merek site, 2005/08.

Fig. VI -8- Monthly pan evaporation pattern, Merek site, 2005/08.
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Fig. VI -9- Cumulative precipitation, Merek site, 2005/08.

Fig. VI -10- Cumulative pan evaporation, Merek site, 2005/08.
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Fig. VI -11- Mean crop season rainfall for Honam site.

Fig. VI -12- Mean monthly rainfall and evaporation, Honam.



99

Fig. VI -13- Mean monthly relative humidity (RH), Honam, 2005/08.

Fig. VI -14- Maximum, minimum and mean monthly air temperatures, Honam site, 
2005/08.
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Fig. VI -15- Monthly potential evapotranspiration (ETo), Honam 2005/08.

Fig. VI -16- Monthly precipitation, Honam 2005/08.
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Fig. VI -17- Monthly pan evaporation, Honam 2005/08.

Fig. VI -18- Cumulative precipitation, Honam 2005/08.
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Fig. VI -19- Cumulative pan evaporation for the months of March-Dec, Honam 2005/08.




