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a  b  s  t  r  a  c  t

Two  strategies  are  assessed  to  increase  wheat  production  in  the  water-scarce  Karkheh  River Basin  (KRB)
in  Iran  to meet  targets  by  the year  2025.  The  strategies  proposed  are  (a)  to  increase  yields  in the  cur-
rent  irrigated  and  rainfed  wheat  areas and  (b)  to increase  the  area  under  rainfed  wheat  through  land
conversion.  Crop  water  consumption,  based  on  satellite  remote  sensing  and  crop  yield  data,  was  used
to  estimate  crop water  productivity  (CWP)  in  irrigated  and  rainfed  wheat  areas  in five  sub-basins.  CWP
for  wheat  ranges  from  0.5–1.63  kg m−3 in  irrigated  areas  to  0.37–0.62  kg m−3 in rainfed  areas.  Condi-
tions  indicating  water-stress  in wheat  areas  were  assessed  by  relative  evapotranspiration  (ETa/ETp) and
showed that  water-stress  only  had  a minimal  effect  for about  154,000  ha  of  irrigated  wheat  (57%).  Land
suitability  analysis  showed  that  about  71,000  ha of  rangelands  can  be converted  into  rainfed  wheat  areas
without  harming  the  current  water  balance  in  the  basin.  Statistical  analyses  showed  that  more than  70%
of  the  variation  in irrigated  and  rainfed  wheat  yield  at plot  level  can  be explained  by water,  fertilizer  and
seed  rates.  This  suggests  that  wheat  production  can be  increased  by  improving  inputs  other  than  water.
Results  from  this  study  indicate  that  it is  possible  to meet  approximately  85%  of  the  wheat  production
targets  in  the  year  2025  when  strategies  are  combined.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Karkheh is a water scarce river basin. The climate of the
basin is semi-arid in the uplands (north) and arid in the lowlands
(south). During the wet season (October–May), rainfed and irri-
gated agriculture are practiced to produce wheat which is the main
crop. Not all rainwater in the northern part of the basin is used for
local agriculture, and excess rainwater is stored in reservoirs or dis-
charged downstream to support agriculture in areas where rainfall
is insufficient.

The population in Iran has grown from 54 million in 1990 to
74 million in 2010, and a population of 87million is anticipated
by 2025. The Karkheh Basin produces approximately 11% of the
country’s demand for wheat (Marjanizadeh, 2008) and it is gov-
ernment policy to maintain this percentage up to 2025 to remain
self-sufficient. In 2003, approximately 1800 × 106 kg of wheat was
produced, which implies that production should increase to about
2300 × 106 kg by 2025. Clear strategies to increase production by
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500 × 106 kg are not available. Proposing such a strategy is the main
focus of this study.

Increasing agricultural production often leads to changes in land
use. Examples of such changes are deforestation and the conversion
of nature into agricultural land. In areas where water is limited,
such as the Karkheh River Basin, the premise for imposed changes
is that water evapotranspired by the replaced vegetation could be
used to increase wheat production while not increasing the total
consumption of water in the basin.

Besides changes in land use, agricultural production can be
increased by agricultural practices such as land preparation, tillage,
fertilization management, seed rates and quality seeds. Among
these practices, fertilization management commonly has greatest
impact on crop yields when water is not a limiting factor. The
impact of fertilizer applications on wheat yield has been reported in
a number of studies in different areas of the world (Rahman et al.,
1995; Mazid et al., 2003; Oweis and Hachum, 2003; FAO, 2006).
According to these studies, optimized fertilizer applications could
increase yields by 23% to 60% compared to the existing yields. In this
respect, Wichelns (2003) describe that optimal yields are achieved
when optimal levels of both water and fertilizer are applied.

Another factor that affects wheat yield is the seed rate. Nauman
et al. (2011) reported the highest wheat yield when the seed rate
is between 125 and 150 kg ha−1 in Faisalabad, Pakistan. Smid and
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Jenkinson (1979), based on the data from Ontario, Canada, showed
that the highest wheat yields can be obtained when the seed rates
are close to 170 kg ha−1. Based on the field experiment carried
out at Kabootarabad agricultural station in central Iran, Hemmat
and Taki (2001) showed maximum wheat crop yields when the
seed rate is between 130 and 160 kg ha−1. As such, by managing
these non-water inputs, yields can be increased without demand
for additional water resources. This leads to more productive use of
water in terms of yield per cubic meter of water consumed (Molden
et al., 2010). This particularly applies to areas where available water
resources are limited or scarce such as in Karkheh River Basin.

The main objective of this study is to explore strategies to meet
food production targets by the year 2025 by (a) increasing yields
in the current wheat production areas and (b) increasing rainfed
wheat production by land conversion. For both strategies only the
currently available water resources can be used while all aspects
and factors that relate to agricultural practices and land suitability
are not constraining.

This study only aimed to assess whether wheat production can
be increased to meet the target by the year 2025 using available
water resources. For the expansion of production areas large invest-
ments are necessary but discussing this aspect is outside the scope
of this work.

2. Study area

The Karkheh River Basin (51,000 km2) is located in the south-
western region of Iran, between 30◦ and 35◦ northern latitude and
46◦ to 49◦ eastern longitude (Fig. 1). The elevation of the basin
ranges from less than 10 meters (m)  above mean sea level in the
south to more than 3500 m in the north. About 60% of the basin area
is in the elevation range of 1000–2000 m above mean sea level.

Water from the basin is mainly used for agriculture and for
domestic needs, but water also serves the environment. For the
latter, a major concern is the sustainability of the Hoor-Al-Azim
swamp, which is considered as a site of international importance

Fig. 1. Karkheh River Basin showing Upper and Lower Karkheh and their respective sub-basins.
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by the Ramsar Convention on Wetlands. The Karkheh Dam divides
the river basin into the ‘Upper’ and ‘Lower’ regions (Fig. 1). The
Upper Karkheh is divided into four sub-basins, Gamasiab, Kashkan,
Qarasou and Saymareh, all of which drain to the main stream of the
Karkheh River.

2.1. Land use and soil

Fig. 2 presents the map  indicating major land use classes in
the basin. Both rainfed and irrigated agriculture are practiced in
the Upper Basin while only irrigated agriculture is practiced in the
Lower Basin. Table 1 shows the extent of the main land uses in each
sub-basin.

The extent of rangelands is about 853,700 ha. This area is mainly
used for cattle grazing. Table 2 shows the average yield for irrigated
and rainfed wheat of the different sub-basins. Irrigated and rainfed
wheat yields show large differences.

Table 1
Land use (in ha) in the sub-basins of the Karkheh River Basin.

Sub-basin Irrigated
agriculture

Rainfed
agriculture

Rangelands Other

Gamasiab 125,200 238,500 378,700 342,100
Qarasou 74,100 309,700 63,500 85,900
Kashkan 29,800 259,800 188,700 471,400
Saymareh 60,400 533,900 168,600 931,700
Lower Karkheh 220,200 47,100 54,200 559,900
Total 509,700 1,389,000 853,700 2,391,000

Table 2 indicates that the coefficient of variation (CV) of yield in
each sub-basin for both rainfed and irrigated wheat areas is in same
order of magnitude. The variation in yield indicates that there are
opportunities to increase yield in low-yielding areas, by improving
water management and non-water inputs.

A digitized soil classification map  was available from the Depart-
ment of Soil and Water Research Institute (SWRI), Iran. This soil

Fig. 2. Land use map  of the Karkheh River Basin.
Source: Ahmad et al. (2009)
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Table 2
Average yield (kg ha−1) for irrigated and rainfed wheat for sub-basins of the Karkheh
River Basin.

Sub-basin Irrigated Rainfed wheat

Gamasiab 4860 ± 1300 (0.27a) 1820 ± 570 (0.31)
Qarasou 4030 ± 970 (0.24) 1730 ± 550 (0.32)
Kashkan 3420 ± 1020 (0.30) 1410 ± 580 (0.41)
Saymareh 2680 ± 1070 (0.40) 1290 ± 480 (0.37)
Lower Karkheh 2490 ± 1200 (0.48) 1220 ± 620 (0.51)

Adapted from Ahmad et al. (2009).
a Coefficient of variation. ± indicated one standard deviation.

map  indicates fine (chromic calcixererts) to medium (fluventic cal-
cixerepts) textured soils and soils including rock outcrops (lithic
xerorthents) as being the dominant soils in the study area. The
valley soils are mainly fine-to-medium in texture (ustic to aquic
torrifluvents).

2.2. Water consumption

For calculating ETa the surface energy balance system (SEBS)
(Su, 2002) algorithm is used. Estimation procedure of ETa described
in Muthuwatta et al. (2010) and was used to estimate ETa

from November 2002 to October 2003, a complete cropping
year. For this, 19 moderate resolution imaging spectroradiome-
ter (MODIS) images were used which have a spatial resolution
of 1 km × 1 km.  ETa for wheat areas were estimated for the crop-
ping season and for the annual period from November 2002 to
October 2003. Fig. 3 presents the monthly variation of ETa for
two pixels, where one pixel exclusively covers irrigated wheat and
the second pixel exclusively covers rainfed wheat in the Upper
Karkheh.

The southern part of the basin receives an average annual pre-
cipitation of about 150 mm while the northern part receives up
to 750 mm.  On an annual basis, irrigated wheat consumed about
199 mm more water than rainfed wheat. Seasonal ETa from irri-
gated wheat was about 499 mm while rainfed wheat consumed
about 313 mm.  Therefore, to convert 1 ha of rainfed wheat to irri-
gated wheat, approximately 186 mm of additional water will be
consumed during the cropping season (equal to 1860 m3 ha−1).
The overall efficiency of irrigation water use is about 30% for Iran
(Qureshi et al., 2009). Thus, about three times more water needs
to be available to actually irrigate 1 ha. Since Karkheh is a water
scarce river basin (Muthuwatta et al., 2010), options to develop
additional water resources to supplement rainfed wheat areas are
limited.

Fig. 3. Monthly variation of actual evapotranspiration (ETa) for two pixels, where
single pixels exclusively represent production areas of irrigated or rainfed wheat
(adapted from Muthuwatta et al., 2010) and monthly precipitation for Upper and
Lower Karkheh.

3. Crop water productivity and relative evapotranspiration

Two indicators that measure the performance of an agricultural
system are the crop water productivity (CWP) (Molden et al., 2003)
and the relative evapotranspiration (ETa/ETp) (Bos et al., 2005). The
concept of CWP  was proposed as an indicator to evaluate the rela-
tionship between crop yield (kg) and the amount of water (m3)
consumed by the crop. Increasing CWP  is often advocated as a strat-
egy to increase food production in water-scarce areas (Kijne et al.,
2003; Bos et al., 2005; Sadras and Angus, 2006; Molden et al., 2007;
Amarasinghe et al., 2010). Higher CWP  may  result from improved
water management and improved agricultural practices (Breman
et al., 2001; Nangia et al., 2008; Ahmad and Giordano, 2010). Recent
studies (Qureshi et al., 2009; Ahmad et al., 2009) analyzed the CWP
of irrigated wheat in the Karkheh River Basin found significant vari-
ations. They have concluded that there is considerable scope for
increase in productivity at plot level and sub-basin scale.

The relative evapotranspiration (ETa/ETp) is the ratio of actual
evapotranspiration (ETa) over potential evapotranspiration (ETp)
and is used to indicate whether water is sufficiently available to
support agricultural production throughout the growing season
(Bos et al., 2007). A crop is not water stressed if ETa is equal to
ETp during each growth stage and the yield of the crop can be max-
imized in terms of kg ha−1 (Bos, 2004). Based on wheat yield data
from the Central Great Plains, USA, Bos et al. (2007) showed that
ETa/ETp can be reduced considerably while keeping crop yields high.
In this study ETp is estimated by multiplying Penman-Monteith
reference evapotranspiration by specific crop coefficients (Kc) for
wheat in FAO56 (Allen et al., 1998; Bos et al., 2009). Selected
coefficients are for similar climatic conditions and respective crop
development stages. Meteorological data for estimating ET0 were
collected from Islamic Republic of Iran Meteorological Organization
(IRIMO). Assessments on CWP  and the development of strate-
gies to increase production require information on current and
potential crop yields, water consumption patterns by actual evapo-
transpiration, the relationship between yield and ETa/ETp, and land
suitability for agricultural expansion. A major constraint is the
lack of field data on land use and land cover, and water con-
sumed by croplands, particularly when areas are remote and of
a relatively large size such as in the Karkheh Basin. Therefore,
in this study, we  advocate the use of satellite remote sensing to
observe land cover and related properties in a spatially coherent
manner.

4. Methodology

The methodology applied in this study considers assessments
on: (a) ETa/ETp and CWP  of current wheat production areas, (b) land
suitability to convert certain land cover to wheat production areas,
and (c) two  strategies to increase wheat production using improved
agricultural practices, and through land conversion to expand the
production area. For (c) scenario calculations are performed.

4.1. Assessment of wheat production

Data on irrigated and rainfed wheat yields (kg ha−1) at plot scale
at 298 farms for the cropping years 2002 and 2003 were collected.
To account for differences in agro-climatic conditions, the Karkheh
basin was  divided into Upper Karkheh (North part) and Lower
Karkheh (South part). The Upper Karkheh has four major sub-basins
and the Lower Karkheh is considered one sub-basin. To repre-
sent the distribution of rainfed and irrigated farming systems we
selected 110 villages. From these villages, 298 farms were selected
(about 3 farms per village) with farm sizes ranging from 4 to 33 ha.
For the Upper Karkheh, 63, 31, 54 and 81 farms were selected
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for Gamasiab, Qarasou, Kashkan and Seyamreh sub-basins, respec-
tively, while 69 farms were selected for the Lower Karkheh. Farming
information on crop yield, fertilizer application and seed rate were
collected through a questionnaire survey. Satellite-based ETa in
Muthuwatta et al. (2010) was used to estimate water consump-
tion by wheat fields. Crop yields were related to ETa (mm  season−1)
for the cropping season. The relationship between yield and CWP,
and yield and ETa/ETp were established for all sub-basins. Based on
these relationships, the target value for the ETa/ETp for irrigated
wheat is identified. The target value is defined as the value above
which further increase of ETa/ETp has no substantial effect on the
crop yield and, therefore, CWP  can be maximized at a lower value
of ETa.

The crop production function analysis, the results of which are
discussed later, was carried out to quantify the effects of water,
nitrogen fertilizer (hereafter referred to as fertilizer) and seed rates
on yields in both irrigated and rainfed wheat areas. The outcome
of this analysis was used to estimate the possible increase of pro-
duction in existing wheat areas by managing fertilizer and seed
rates.

4.2. Land suitability

The land suitability analysis identified areas with topographic
slopes that would allow wheat production. In the procedure a
land cover map  (Fig. 2) based on classification of satellite images
(Ahmad et al., 2009) was used to identify the locations with spe-
cific land cover. The distribution of slopes across the Karkheh
Basin is based on processing a Shuttle Radar Topography Mission
(SRTM) digital elevation model (DEM) of 90 m × 90 m resolution. In
a number of land suitability assessment studies on crop produc-
tion (Bandyopadhyay et al., 2009), a slope less than 5% is classified
as being suitable, a slope between 5% and 7% is classified as being
moderately suitable and a slope between 7% and 10% is classified as
being marginally suitable. In this study, we only consider the first
two classes as being suitable for rainfed wheat production, which
is further discussed in Section 5.5.

To find areas where water is available to grow wheat, we
evaluated areas where agriculture is not practiced and water con-
sumption by the respective vegetation cover was  higher or close to
the average value of ETa/ETp of rainfed wheat. This allowed identi-
fying areas that are potentially suitable for land conversion based
on the premise that the amount of water that is consumed by the
present land cover (other than agriculture) can be used to grow
wheat. For the study area, some rangelands have an ETa/ETp that
is in the same order of magnitude as rainfed wheat and, therefore,
sufficient water is available to support wheat production.

5. Results and discussion

5.1. Production of irrigated wheat

Actual evapotranspiration for pixels for wheat areas was
grouped in a number of ETa classes from low to high (Table 3). To
demonstrate the variation in yield across the farms for the various
ETa classes, we calculated average yield, highest yield and indicated
fertilizer and seed rates based on the data from the field survey. Fur-
thermore, for each ETa class the ETa/ETp and the CWP  are calculated
to identify ETa classes where water is used most optimally. For this,
CWP  is estimated by dividing the yield with the mid-point value of
the respective ETa class. Table 3 shows the results for the Gamasiab
sub-basin.

Among our surveyed sample, only 11 farms are located in the
areas where ETa is less than 200 mm season−1. Therefore we  do not
have a representative sample for these areas. Also the ETa map  and

Fig. 4. Relationships between yield and actual evapotranspiration/potential evapo-
transpiration (ETa/ETp) for irrigated wheat in the Gamasiab sub-basin.

the land use map  revealed that only about 2% of the wheat area
(both rainfed and irrigated) has ETa lower than 200 mm season−1.
Therefore, analyses in this study are restricted to the wheat areas
with ETa higher than 200 mm season−1.

In the Gamasiab sub-basin, the average wheat yields for respec-
tive ETa classes range from 1100 to 5500 kg ha−1. Average CWP
for the different ETa classes ranges from 0.96 to 1.63 kg m−3 while
ETa/ETp ranges from 0.41 to 0.96. For CWP, the highest (1.63 kg m−3)
and lowest (0.96 kg m−3) values are found for ETa/ETp values of
0.61 and 0.96, respectively. When CWP  is lowest (0.96), ETa/ETp

is highest (0.96) with a high average yield of 5500 kg ha−1. For the
Gamasiab sub-basin, relationships between yield and ETa/ETp for
all the farms are shown in Fig. 4.

As shown in Fig. 4, when ETa/ETp is at 0.67, yield reaches to
5400 kg ha−1. At this point, the yield reduction compared to the
maximum yield (6000 kg ha−1) is 10% while water consumption
is only at 67% of its potential (highest) value. Above this value,
the effect of water stress on yield only is minor and thus can be
accepted. Therefore, in terms of water availability, the areas with
ETa/ETp above 0.67 (0.67–1.0) are suitable to grow irrigated wheat
without significant loss of yield.

Considering that the objective of this study is to explore strate-
gies to increase wheat production by only using available water
resources, the operational target for the ETa/ETp should be 0.67 and,
accordingly, the intended value of ETa/ETp should be greater than
0.67. Bos et al. (2009) showed that the operational target of ETa/ETp

for wheat is about 0.67 for the Central Great Plains, USA, and resem-
bles results of this study. Fig. 5 shows the relationship between CWP
and ETa/ETp.

Fig. 5. Relationship between crop water productivity (CWP) and actual crop evapo-
transpiration/potential evapotranspiration (ETa/ETp) for irrigated wheat in the
Gamasiab sub-basin.
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Table 3
Water consumption (ETa), actual evapotranspiration/potential evapotranspiration (ETa/ETp), average and highest irrigated wheat yield, crop water productivity (CWP),
fertilizer application, and seed rate for the ETa classes in Gamasiab sub-basin.

ETa (mm  season−1) ETa/ETp (–) Average yield Highest yield (kg ha−1) Fertilizer (kg ha−1) Seed rate (kg ha−1) Number of farms

Yield (kg ha−1) CWP  (kg m−3)

<200 – 1100 – 2700 237 – –
200–250 0.41 2700 1.20 3500 250 80 3
250–300 0.50 3700 1.35 4500 250 140 6
300–350 0.61 5300 1.63 6000 200 200 5
350–400 0.67 5400 1.44 6000 212 170 5
400–450 0.76 5500 1.29 6000 225 230 6
450–500 0.85 5500 1.16 5800 220 200 4
500–550 0.94 5400 1.03 6000 200 160 5
550–600 0.96 5500 0.96 6000 250 140 4

CWP  increases when ETa/ETp is 0, 67 and starts to decrease when
ETa/ETp is higher than above 0.67. Therefore, if the cumulative ETa

becomes as low as 67% of its potential value, the maximum wheat
yield is found in terms of optimal water consumption. In some
farms, CWP  values are as high as 1.4 kg m−3 and yields are about
3500 kg ha−1. In some other farms, CWP  is as low as 0.95 and yields
are about 5500 kg ha−1. This difference in CWP  values is due to the
higher water consumption by the farms with higher yields. We
note that yields and thus CWP  are also affected by soils, agricul-
tural practices such as cropping patterns and field preparation but
these aspects are not evaluated in this work. Such would require
further investigation but is outside the scope of this work.

Analysis on average irrigated wheat yields in Qarasou, Kashkan,
Seymareh and Lower Karkheh sub-basins show a range from
500 kg ha−1 to 4500 kg ha−1 whereas CWP  values range from 0.5 to
1.23 kg m−3. Average fertilizer rates in Qarasou, Kashkan, Seymareh
and Lower Karkheh are 233, 123, 120 and 132 kg ha−1, respec-
tively. This indicates that fertilizer rates for Kashkan, Seymareh and
Lower Karkheh are significantly lower than application rates rec-
ommended by FAO (2005), further described in Section 5.3. Data on
seed rates for five sub-basins showed that Gamasiab has the high-
est rate, which is more than the rates reported in other studies (e.g.
Nauman et al., 2011; Smid and Jenkinson, 1979; Hemmat and Taki,
2001). Seed rates for the irrigated wheat areas in the other four sub-
basins are significantly lower compared to the rates presented in
the above-mentioned studies. This indicates considerable scope for
increasing crop yield by better management of fertilizer and seeds,
which will eventually lead to an increase in CWP.

Further analysis revealed that the target values of ETa/ETp for
irrigated wheat in the different sub-basins range from 0.64 to 0.67.
In this study the target value of 0.67 is assumed for all sub-basins,
and based on this value suitable areas for irrigated wheat are iden-
tified. We  note that the idea of an intended range of ETa/ETp is not
applicable to rainfed wheat areas with dry periods since cumulative
ETa can be significantly lower than cumulative ETp. As such the pos-
sibility for ETa/ETp to reach its maximum value (i.e. 1.0) is very low.

5.2. Production of rainfed wheat

Yields for different ETa classes were analyzed for rainfed wheat
in the Upper Karkheh. Results for the Gamasiab sub-basins in the
Upper Karkheh are presented in Table 4.

The rainfed wheat yield for all ETa classes is significantly
lower compared to yields for irrigated wheat areas. For instance,
in the Gamasiab sub-basin, the average irrigated wheat yield
is 5400 kg ha−1 for ETa class 350 to 400 mm season−1 (Table 3)
whereas it is only 2800 kg ha−1 for rainfed wheat (Table 4). The
average yields and the difference between the average and highest
observed yields increase when ETa increases.

Average rainfed wheat yields in different ETa classes for the
other three sub-basins in the Upper Karkheh range from 500

to 2100 kg ha−1. Average fertilizer application rates are below
132 kg ha−1 while the average seed rates for the sub-basins are
below 90 kg ha−1. These values are significantly lower compared to
the recommended fertilizer (FAO, 2005) and the seed rates reported
in other studies.

5.3. Fertilizer application and seed rates for irrigated wheat areas
in different sub-basins

As presented in Section 5.1, the highest fertilizer application
is found in the Gamasiab sub-basin while the lowest is in Sey-
mareh sub-basin. The recommended Nitrogen fertilizer application
for wheat in Iran is about 180 kg ha−1 (FAO, 2005). However, fertil-
izer application data for the different sub-basins indicated that the
highest yields were achieved when the application rate was  about
200 kg ha−1 and when water was  not a limiting factor. Therefore, in
this study, we assume a fertilizer application rate of 200 kg ha−1as
optimal.

As presented in Section 1, the recommended seed rates to obtain
the highest yield are between 125 and 170 kg ha−1. Hence, we
assumed 170 kg ha−1 as optimal seed rate for Karkheh River Basin.
Seed rates presented in Section 5.1 show that the Gamsiab sub-
basin has the highest application rate, which is above the optimum
value. However, the seed rates in the other four sub-basins are
significantly lower than the optimum value.

5.4. Crop production function analysis

The crop production function estimates the effect of various fac-
tors on yields (Hussain et al., 2003; Amarasinghe et al., 2010). In this
study, a multiple regression analysis was carried out to estimate the
crop production function that explains the effects of fertilizer, water
availability and seed rate on wheat yields. A set of functional forms
that include linear, log-linear and quadratic forms were tested and
the function most suited for the data sets is selected based on the
coefficient of determinants (R2). The form of the crop production
function is given in Eq. (1) and the related coefficients for three
different areas are given in Table 5.

Yield = a0 + a1ETa + a2F + a3SR (1)

where yield is wheat yield in kg ha−1, ETa is actual evapotranspira-
tion in mm season−1, F is the fertilizer application rate in kg ha−1

and SR is the seed rate in kg ha−1.
In Table 5, R2 values for all three production functions are higher

than 0.7 and this implies that the selected three variables explain
more than 70% of the variation in yields.

Each coefficient presented in Table 5 indicates the change
in wheat yield per unit change in one variable, while the other
variables remain constant. For instance, in irrigated wheat areas in
the Upper Karkheh, an increase in ETa by one unit (1 mm season−1)
increases the yield by 5.1 kg ha−1 while a unit increase of fertilizer
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Table 4
Water consumption (ETa), average and highest rainfed wheat yield, crop water productivity (CWP), fertilizer application rate, and seed rate in different ETa classes in Gamasiab
sub-basin.

ETa (mm  season−1) Average Highest yield (kg ha−1) Fertilizer (kg ha−1) Seed rate (kg ha−1) No. of farms

Yield (kg ha−1) CWP  (kg m−3)

<200 1000 – 1300 85 – –
200–250 1500 0.49 2000 160 80 6
250–300 1700 0.62 2500 140 90 8
300–350 1900 0.58 3200 150 90 8
350–400 2800 0.61 4000 170 110 7

Table 5
Coefficients of the crop production functions.

a0 a1 a2 a3 R2 No. of points

Irrigated wheat – Upper Karkheh −352.60 5.1 6.60 6.90 0.78 127
Irrigated wheat – Lower Karkheh −97.30 1.1 12.20 4.81 0.76 41
Rainfed wheat – Upper Karkheh −551.20 2.9 7.80 2.22 0.71 91

increases the yield by 6.6 kg ha−1. In the Lower Karkheh, a unit
increases in fertilizer increases the yield by 12.2 kg ha−1. This is
understandable as wheat areas in the Lower Karkheh receive irri-
gated water from the Karkheh Dam, and the fertilizer applications
are about 50% lower compared to the Gamasiab sub-basin. Also, in
rainfed wheat areas, the main variable affecting yield is fertilizer.
Seed rates have a high impact on yield in irrigated areas in the
Upper Karkheh, and an increase in the seed rates of 1 kg ha−1

increases the yield by 6.9 kg ha−1. For rainfed wheat areas, the
increase in yield per unit increase in seed rate is about 2.2 kg ha−1.

5.5. Land suitability

On the basis of the slope map  created using DEM, areas with
a slope less than 5% and 5–7% are identified. For further identifi-
cation of areas suitable for land conversion, the slope classes are
combined with the land cover map  and the ETa/ETp map. For the
rainfed wheat areas in the Upper Karkheh, ETa/ETp ranges from 0.37
to 0.52. As such, for the two slope classes, rangeland areas that have
ETa/ETp greater than 0.5 were selected as suitable areas to expand
rainfed wheat. Fig. 6 shows the areas selected for expansion of rain-
fed wheat in Gamasiab sub-basin. Since precipitation in the Lower
Karkheh is too low to support rainfed agriculture, land suitability
has not been analyzed.

The total extent of rangelands and the suitable areas in two  dif-
ferent slope classes in different sub-basins are presented in Table 6.

Table 6 shows that land availability for the expansion of rain-
fed wheat areas is highest in the Gamasiab sub-basin. It is noted
that, in the Qarasou sub-basin, the land availability is relatively
low because of the highly heterogeneous terrain (Ghaffari et al.,
2008) and also due to the small size of the sub-basin. Results show
that, the production area for rainfed wheat can be expanded by
approximately 45,635 ha for slope class 0–5% (highly suitable) and
by 25,370 ha for slope class 5–7% (moderately suitable), making

Table 6
Size of area for the respective slope classes having ETa/ETp > 0.5.

Sub-basin Total rangelands (ha) Rangeland areas (ha)
under slope classes (%)

<5% 5–7%

Gamasiab 378,700 25,110 12,650
Qarasou 63,500 4050 2450
Kashkan 188,700 6635 3910
Saymareh 168,600 9840 6360

Total 799,500a 45,635 25,370

a Rangelands in the Lower Karkheh Basin are not considered.

the total additional land area suitable for the expansion of rain-
fed wheat to 71,005 ha. Water consumption for the suitable areas
in slope classes 0–5% and 5–7% is estimated at 149 × 106 m3 and
74 × 106 m3, respectively, totaling 223 × 106 m3. The expansion of
the rainfed wheat to 71,005 ha of rangelands in highly and moder-
ately suitable areas will not have an impact on the water balance
of sub-basins, as new wheat areas will consume the same amount
of water by the rangelands before land conversion.

5.6. Production strategies

5.6.1. Strategy a: increase yield in the current wheat production
areas
5.6.1.1. Irrigated wheat production. As shown in Section 5.1, water
stress has minimal effect on yield in the wheat areas that have
ETa/ETp higher than 0.67. In these areas water is not a limiting fac-
tor for wheat production and the chances are higher for increasing
yield by managing non-water inputs such as fertilizer and seeds. In
areas where ETa/ETp is lower than 0.67 water is the limiting factor
and increasing yield by managing non-water inputs is minimal

As shown in Table 3 fertilizer application rates and seed rates are
already at high levels in the irrigated wheat areas of the Gamasiab
sub-basin. The gap between average yield and the maximum
observed yield in the respective ETa classes could possibly be due to
the differences in other factors such as soils and land preparation.
Therefore, Gamasiab sub-basin is not considered when we esti-
mate projected production values in existing irrigated areas. In the
irrigated wheat areas in Kashkan, Saymareh and Lower Karkheh,
both fertilizer application rates and seed rates are below the max-
imum threshold. For instance, fertilizer application rates for about
35% of irrigated wheat areas are below the threshold value, and in
some areas the application rates are less than 50% of the threshold
value). The average seed rates indicate that the seed rates for about
75% of the wheat areas are at lower values compared to the rec-
ommended maximum rates reported in literature. This indicates
that the yields in areas where ETa/ETp is higher than the target
value can be easily increased by more than 25% of the yield gap
by only optimizing either fertilizer or seed rates or both. Yield gap
in this study is defined as the gap between highest observed yield
and the average yield for ETa classes. For instance, in the Kashkan
sub-basin, in the ETa interval 400–450 mm season−1 the current
average yield and the highest observed yield are 3700 kg ha−1 and
5500 kg ha−1, respectively. Twenty-five percent of the yield gap is
about 450 kg ha−1. This can be achieved by using about 60 kg ha−1

of additional fertilizer, as the current application rate is 120 kg ha−1.
Furthermore, in the Lower Karkheh, the extent of the wheat areas
having ETa/ETp of 0.67 is about 37,100 ha and the average yield
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Fig. 6. Range land area with ETa/ETp greater than 0.5 for respective slope classes.

is 2300 kg ha−1. The highest yield observed is 5000 kg ha−1, and
increasing the average yield by 25% of the yield gap would increase
it by 675 kg ha−1.This requires additional application of 50 kg ha−1

of fertilizer. The possible increase in yield in each sub-basin is esti-
mated and presented in Table 7.

For these estimations only the wheat areas having ETa/ETp in the
optimum range are considered. Results suggest that about 10% of
the wheat production targets by 2025 can be met  by better input
management in the existing irrigated wheat areas.

5.6.1.2. Rainfed wheat production. Since the rainfed yields are sig-
nificantly lower than the irrigated yields, we presume that the yield
gap for rainfed wheat in all ETa classes can be minimized by man-
aging fertilizer and seeds. For instance, in Gamasiab sub-basin, the
average yield in the rainfed wheat areas having ETa between 200
and 250 mm season−1 is about 1500 kg ha−1, and the maximum
observed yield is about 2000 kg ha−1. To increase yield by 50% of
the yield gap, yield should increase by 250 kg ha−1. This could be
achieved by increasing fertilizer by about 32 kg ha−1. In Table 8, the
increase of rainfed wheat production as a result of improved agri-
cultural practices is shown, where average production figures have
increased by 25% and 50% of the yield gap. The current average and
highest yields were estimated based on the data collected in a field
survey.

There are about 80,600 ha of existing rainfed wheat areas in the
Gamasiab sub-basin and the average yield gap is 905 kg ha−1, of
which 25% is 226 kg ha−1. In this sub-basin, increasing the yield
by 25% of the yield gap would produce an additional 18 × 106 kg
of wheat. Therefore, for the entire basin, increasing yields at plot
level by 25% and 50% of the yield gap would result in an increase in

Table 7
Projected production values in existing irrigated wheat areas when yield is increased
by 25% of the yield gap.

Sub-basin Current irrigated area within
the intended range of ETa/ETp

(ha)

Additional
production
(kg × 106)

Gamasiab 37,800 –
Qarasou 21,900 5.5
Kashkan 11,700 5.3
Saymareh 32,900 11.8
Lower Karkheh 50,157 32.3
Total 154,457 54.9

Intended range: ETa/ETp higher than 0.67.

rainfed wheat production by 99 × 106 kg and 199 × 106 kg, respec-
tively. The yield gap is higher in the rainfed wheat areas in the
Qarasou sub-basin compared to the other three sub-basins. In this
sub-basin, the rainfed wheat area covers about 170,000 ha. There-
fore, the highest increment in estimated wheat production is shown
for the Qarasou sub-basin. Among the four sub-basins, Saymareh
has the largest area of rainfed wheat. However, an increase in pro-
duction in this sub-basin, after increasing the yield by 25% and 50%
of the yield gap, is low compared to the Qarasou sub-basin and due
to lower yields compared to other three sub-basins.

5.6.2. Strategy b: land conversion to expand the rainfed wheat
area

As presented in Section 5.5, an analysis was  carried out to find
suitable range land that can be converted into rainfed wheat. The
potential areas for two  slope classes are shown in Table 6 and the
location of these areas are shown in Fig. 6. The results of increased
production for the two slope classes are shown in Table 9. For each
slope class in the four sub-basins in the Upper Karkheh, average
yields and an increase in yield by 25% and 50% of the yield gap are
used to project the increase in wheat production. The highest pro-
duction increase is in the Gamasiab sub-basin when compared to
other sub-basins. This is because more land is available in this sub-
basin to expand the rainfed wheat area. Despite having a similar
level of yield as in the Gamasiab sub-basin, the production increase
is comparatively low in the Qarasou sub-basin, as land availabil-
ity of expanded rainfed wheat areas in two slope classes is only
6500 ha.

In the most suitable areas, where the slope is less than 5%, the
increase in production can be 86 × 106 kg if the current average
rainfed yields are maintained. Increasing yields at plot level by 25%
and 50% of the yield gap implies an increase of 99 × 106 kg and
109 × 106 kg, respectively. When considering the moderately suit-
able land with a land slope class of 5–7%, wheat production could
be increased by an additional 48 × 106 kg when current yields are
taken into consideration. An additional 53 × 106 kg and 59 × 106 kg
of wheat can be produced if the yield increase is 25% and 50% of the
yield gap, respectively.

In Table 10, the increases in wheat production for the two
strategies are shown. Results indicate that a combined strategy is
necessary to meet the wheat production targets by the year 2025.

For strategy a, it is shown that a yield increase by 25% of the
yield gap in both irrigated and rainfed areas is only 11% and 20%
of the required target, respectively. However, 40% of the required
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Table 8
Projected production values in existing rainfed wheat areas.

Sub-basin Current yield (kg ha−1) Highest yield (kg ha−1) Increase in production (106 kg)

25%a of yield gap 50% of yield gap

Gamasiab 1850 2755 18 36
Qarasou 1770 2850 46 92
Kashkan 1412 1875 14 27
Saymareh 1296 1631 21 43
Lower Karkheh – – – –

Total  – – 99 198

a 25% – yield increase by 25% of the yield gap. Lower Karkheh is not included because precipitation in this region is insufficient to support rainfed agriculture.

Table 9
Projected increase in rainfed wheat production as a result of expanding the land area.

Sub-basin Increase in production (106 kg) for different slope classes

Slope <5% Slope 5–7%

Area (ha) Average 25%a 50% Area (ha) Average 25%a 50%

Gamasiab 25,110 54 62 70 12,650 27 31 35
Qarasou 4050 8 10 11 2450 5 6 7
Kashkan 6635 11 12 12 3910 7 7 7
Saymareh 9840 13 15 16 6360 9 9 10

Total  45,635 86 99 109 25,370 48 53 59

a 25% – yield increase by 25% of the yield gap. Average – current average yield.

Table 10
Projected wheat production (kg × 106) values for the two strategies.

Strategy a Strategy b

Irrigated Rainfed Slope <5 Slope 5–7

25% 50% 25% 50% Average 25% 50% Average 25% 50%

Total production 55 – 99 198 86 99 109 48 53 59
%  of the target 11 – 20 40 17 20 22 9 11 12

Strategy a: improving yield in the existing irrigated and rainfed wheat areas. Strategy b: expanding the area under rainfed wheat.

production target can be met  when the yield increased by 50% of the
yield gap in existing rainfed areas. Therefore, increasing the yield
by 25% of the existing irrigated wheat areas and 50% of the existing
rainfed areas, 51% of the wheat production targets for 2025 can be
achieved. For strategy b, an increase in production is only 34% of
the 2025 target after increasing the yield by 50% of the yield gaps
in both highly suitable and moderately suitable areas. This indicates
that by using the two proposed strategies, only 85% of the required
wheat production target for 2025 can be achieved.

6. Conclusions

In this study, wheat production in the Karkheh River Basin
in Iran is assessed using measures of Relative Evapotranspiration
(ETa/ETp), crop water productivity (CWP) and the crop production
function analysis. Based on these assessments, two strategies are
explored to increase wheat production: (a) increase yield in the
current production areas and (b) land conversion to expand the
rainfed wheat area.

Water-stressed conditions in irrigated wheat areas in different
sub-basins were assessed using ETa/ETp and range from 0.31 to 0.96.
Based on this analysis, the minimum threshold value for ETa/ETp is
established as 0.67, and it was found that the effect of water stress
on irrigated wheat yield is minimal at higher value. Further, we
found that about 154,457 ha of irrigated wheat areas in the basin
has ETa/ETp higher than 0.67, thus having opportunities to increase
yield by managing non-water inputs.

Crop production function analysis shows that more than 70%
of the variation of yields in both rainfed and irrigated wheat areas

can be explained by water use, fertilizer application rate and seed
rate. This analysis further showed that an increase in yield by 25%
in irrigated wheat areas (where ETa/ETp is above 0.67) and 50% in
rainfed wheat areas are possible by managing fertilizer and seeds.

Land suitability according to the topographic slope analysis and
the current level of water consumption revealed that, 45,635 ha
of rangelands in the slope class less than 5% and 25,370 ha in the
slope class 5–7% consume similar amounts of water as in current
rainfed wheat areas. This indicates that the area of rainfed wheat
can be expanded to 71,005 ha of the rangelands without additional
water requirements. In strategy b, we  assumed that these areas are
converted to rainfed wheat areas.

Assessment of CWP  indicates that in irrigated wheat areas, CWP
ranges from 0.50 to 1.63 kg m−3while in rainfed wheat areas it is
significantly lower with range from 0.37 to 0.62 kg m−3. Further,
increasing yield by 25% of the yield gap increases CWP  in some
irrigated areas by more than 20% compared to the current values.
In rainfed areas, the yield increase by 25% and 50% of the yield
gap would increase CWP  by more than 35% and 55%, respectively,
in some areas. However, total projected wheat production shows
that only 85% of the required wheat target by 2025 can be achieved
by implementing the two strategies proposed in this study.

The spatial variations in ETa/ETp and CWP  are possible only with
the estimation of pixel-based ETa values. Therefore, this paper pro-
vides a case study on using freely available satellite data, such as
MODIS, to quantify and understand the variations of water stress
conditions and CWP. Finally in this study we  evaluated wheat pro-
duction and a possible production increase by only using available
water resources based on advanced scientific estimations. Results
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and approaches as discussed in this paper might form the base for
practical implementation to increase crop water productivity for
wheat farming in Karkheh River Basin.
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