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a  b  s  t  r  a  c  t

Iran  is  one  of  the major  chickpea  (Cicer  arietinum  L.)  producing  countries  of  the  world.  Average  chickpea
yield  in  Iran  is  about  500  kg  ha−1 while  the  world  average  is 900  kg  ha−1. The  objective  of  this  study  was
to  investigate  chickpea  water  limited  potential  yield  (Yw)  and  yield  gap  in  Iran.  The  analysis  was  based
on  data  from  five  representing  chickpea  producing  locations  of  Iran. Estimated  country  Yw and  yield gap
were  991  and  463 kg ha−1, respectively,  indicating  that farmers  have  reached  53%  (range:  38–64%)  of Yw.
If  farmers  could  reach  80%  of Yw of their  locations,  by  improving  agronomy  practice,  country  average
yield  would  increase  by 50%,  from  528  to 793  kg ha−1. A key  finding  of  the study  was  that  chickpea  yield
in  Iran  is  largely  limited  by  inefficient  use of  environmental  resources  and  not  the genetics  of  the  current
cultivars.  Much  higher  yield  increase  is obtainable  via an  agronomic  option  than  a  genetic  improvement

−1
imulation option:  using  shorter  duration  cultivars  increased  Yw to 1237  kg ha (25%  increase),  but  applying  a  single
irrigation  of  60 mm  at first-pod  alone  or in  combination  with  shorter  duration  cultivars  increased  Yw to
1804  kg  ha−1(85%  increase)  and  to 1997  kg ha−1 (104%  increase),  respectively.  Thus,  tripling  chickpea
production  would  be feasible  using  a single  irrigation  with  or  without  shorter  duration  cultivars  (from
528 to 1443  or 1598  kg  ha−1). The  availability  of water  for the  single  irrigation  is  discussed.
. Introduction

The global population is predicted to increase to 9–10 billion
y 2050 (O’Neill et al., 2010), which will require 70–110% rise in
ood production (Tilman et al., 2011; FAO, 2009; Ray et al., 2013).
nsuring global food security and protecting the environment at
he same time is perhaps the single greatest scientific challenge
acing humankind (Cassman, 2012). A number of options have
een proposed to help address the food security challenge (Foley
t al., 2011; Smith, 2013), among them one promising option is
ridging the yield gap (van Ittersum et al., 2013), especially in
eveloping countries (Cassman, 2012). The yield gap is the differ-
nce (gap) between yield currently achieved on farms and those
hat can be achieved by using the best agronomy practice (van
ttersum et al., 2013). Increasing food production via closing yield
ap has less environmental consequences than expanding food pro-
uction area (van Wart et al., 2013; Soltani et al., 2013, 2014). On

he other hand, increasing cultivated areas is difficult or virtually
mpossible in population-dense area like most of the middle- and
ar- East, where suitable land for agricultural production is limited

∗ Corresponding author. Fax.: + 981732427060.
E-mail address: afsoltani@yahoo.com (A. Soltani).
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and in competition with non-agricultural uses (Bruinsma, 2009).
Increased production per unit area through genetic improvement
may  be a suitable solution to increase food production and improve
food security, but achievement in a short period of time is also very
difficult (Hall and Richards, 2013; Meng et al., 2013).

Yield gap analysis has been under attention since old time
(Alberda, 1962), but it has attracted much attention recently due
to global food security concern (Lobell et al., 2009; Foley et al.,
2011; van Ittersum et al., 2013; Wang et al., 2015). van Ittersum
et al. (2013) in a review of yield gap analysis, emphasizing the need
for sustainable intensification, stated that identifying regions with
greatest potential to increase food supply is critical. Quantifying the
yield gap is also essential to inform policies and prioritize research
to achieve food security without environmental degradation (van
Wart et al., 2013). Therefore, worldwide studies are required to
fulfill this need.

Most of the research on yield gap analysis has been done on
cereals, especially wheat, maize and rice which provide a large
part of the human food (e.g. Hochman et al., 2013; Meng et al.,
2013; Lu and Fan, 2013; Schulthess et al., 2013; Tanaka et al., 2013).

Yield gap studies on pulse crops are rare, except for the work of
Bhatia et al. (2006) that analyzed yield gap of chickpea (Cicer ari-
etinum L.) and some other legume crops in India. Monzon et al.
(2013) also conducted yield gap analysis for soybean in Argentina.

dx.doi.org/10.1016/j.fcr.2015.10.015
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
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2 A. Soltani et al. / Field Cro

ulse crops, including chickpea, increase sustainability of agricul-
ural production systems (Soltani et al., 2006), thus, evaluation of
heir production situation appears essential due to their impor-
ance in feeding and their role in cropping system patterns and
ustainability. Yield gap of chickpea has not been investigated in
ran.

According to FAO, Iran is one of the major chickpea producing
ountries of the world (FAO, 2012). In Iran, chickpea is the most
mportant pulse crop with respect to production and area under
ultivation (Anonymous, 2013). This crop is cultivated in about
00,000 ha, of which over 95 percent are grown under rainfed con-
itions (Sabaghpour et al., 2006). Average chickpea yield in Iran

s about 400 to 600 kg ha−1, which is well below the world aver-
ge of 900 kg ha−1 (Anonymous, 2013; FAO, 2012). It seems the
mportance of the crop is increasing in Iran and other developing
ountries in the West Asia and North Africa (WANA) region with
ncrease in population and limited access to sources of animal pro-
ein. WANA region is characterized by high population growth, low
nd erratic rainfall, limited arable land, and severely limited water
esources. Some other countries in the region with low chickpea
ield are Pakistan, Syria, Morocco, Algeria, Iraq and Eritrea (Akibode
nd Maredia, 2011). In addition, countries like India have become
et importers of pulse grains including chickpea, which opens a
otential market, and therefore much emphasis has been given on
hat crop now (Ali and Gupta 2012).

The main objective of this study was, therefore, to investi-
ate chickpea water-limited potential yield and yield gap in major
hickpea producing areas of Iran. Also, considering the study of
oltani et al. (2001) and of Vadez et al. (2012) that supplementary
rrigation would greatly increases chickpea yield and Soltani and
inclair (2012b) that using early maturing chickpea cultivars would
ncrease crop yield, another objective of this research was  to evalu-
te water- limited potential yield and gap under conditions of using
ne single supplementary irrigation or short-duration cultivars.

. Methods

.1. Locations

The assessment was conducted for five chickpea producing loca-
ions of Iran including Kermanshah, Maragheh, Bojnord, Gonbad,
nd Zanjan (Table 1). Kermanshah and Maragheh were selected
rom main chickpea growing area of Iran located in the north west
f the country that is responsible for nearly 50% of total production
Sadri and Banai, 1996). Two main stations of Dryland Agricultural
esearch Institute (DARI) of Iran are located in Maragheh (main sta-
ion for cold areas) and Kermanshah (main station for temperate
reas). Other locations were selected from other chickpea growing
reas spread over the country.

.2. Yield data

For each location, actual yield data were obtained from local
gricultural departments for 12 recent years, which is a recom-
ended timeframe for yield gap analysis under water-limited

onditions (van Ittersum et al., 2013; Kassie et al., 2014). As stated
y van Ittersum et al. (2013) the number of years used for esti-
ating actual yield must be a compromise between variability in

ields and the necessity to avoid confounding effects of tempo-
al yield trends due to technological or climate change. Shorter
imeframe may  be insufficient to capture year-to-year variability

n actual yield and longer timeframe may  include effects on yield
rom technological changes or climate change.

Potential yield under radiation-limited conditions (Yp) and
ater-limited conditions (Yw) was estimated using a chickpea
earch 185 (2016) 21–30

model, SSM-Chickpea (Soltani and Sinclair, 2011). Yp is defined as
the yield of a crop cultivar when grown without water and nutri-
ent limitation and biotic stress being effectively controlled. This is
typically the experimental farm yield. Yw is defined as the maxi-
mum  yield that can be obtained from a crop cultivar in a specific
rainfed location without any nutritional and biotic limitations (van
Ittersum et al., 2013). This is also the experimental station yield
where the crop does not receive any supplementary irrigation. As
the grain water content of chickpea is about 12% at harvest time,
simulated grain yield presented in this paper were also adjusted
for this percentage of moisture content. Crop models are considered
the most reliable way  to estimate Yp and Yw as they account for vari-
ation in weather, soil, crop and management and their interactions
(van Ittersum et al., 2013).

2.3. The crop model

The SSM-Chickpea model simulates phenological development,
leaf development and senescence, dry matter production and par-
titioning, plant nitrogen balance, yield formation and soil water
balance. Responses of crop processes to environmental factors
of solar radiation, photoperiod, temperature, nitrogen and water
availability, and genotype differences were included in the model.
The model uses a daily time step and readily available weather
and soil information. The model has been extensively tested using
independent data from a wide range of growth and environmental
conditions across Iran (Soltani et al., 2006; 2011; Amiri Deh Ahmadi
et al., 2014) and some other countries (e.g. Vadez et al., 2013). In
most cases, simulated grain yield were similar to observed yield
with a root mean square error of less than 15% of average measured
yield (Appendix A). For more detailed description of the model
refer to Soltani and Sinclair (2011, 2012a). The model can also be
downloaded from “https://sites.google.com/site/CropModeling”.

2.4. Simulations

Weather data of the locations, including precipitation and
maximum and minimum temperature, were available from
Iran Meteorological Organization. Solar radiation was estimated
using sunshine hours and extraterrestrial radiation (Soltani and
Hoogenboom, 2003a,b; Soltani and Sinclair, 2012a).

According to the gathered local data, the following typical farm-
ers’ sowing dates were chosen for crop simulations: 1 April for
Maragheh, 5 April for Zanjan, 20 April for Bojnord, 20 October for
Kermanshah and 15 November for Gonbad. Simulations were per-
formed for local cultivars which were Jam in Maragheh, Zanjan and
Bojnord, Hashem in Gonbad and Beauvanij in Kermanshah.

The model was  run for 12 years at each location (Table 1) to
obtain Yp and Yw. Plant density was  33 plants m−2. A soil with a
volumetric water content of 0.13 cm cm−1, albedo of 0.12, curve
number of 79 and depth of 100 cm was used in the simulation
at all the selected sites, except for Zanjan where a soil depth of
90 cm was  chosen. One advantage of the model is that it uses
volumetric extractable water content which is fairly constant at
0.13 cm cm−1unless soil sand percentage is higher than 80% (Ritchie
et al., 1999). The selected soil depth is based on a report of Dewan
and Famouri (1964) which is an output of a joint project between
Iran’s Ministry of Agriculture and FAO. According to the report of
the project, majority of dryland soils have 50–150 cm depth. The
selection of soil depth of 100 cm in the study is also a reflection of
chickpea effective water extraction depth which is typically 100 cm
based on reports from locations in Iran and other parts of WANA

region (e.g. Silim and Saxena, 1993; Soltani and Sinclair, 2011);
with a soil depth of >100 cm,  effective extraction depth remains
100 cm.  Soil nitrogen content that the crop may  uptake before
activation of biological nitrogen fixation was 3 g N m−2. Soil water

http://https://sites.google.com/site/CropModeling
http://https://sites.google.com/site/CropModeling
http://https://sites.google.com/site/CropModeling
http://https://sites.google.com/site/CropModeling
http://https://sites.google.com/site/CropModeling
http://https://sites.google.com/site/CropModeling
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Table  1
Geographical and climatic characteristics of the selected locations. Mean temperatures and precipitations are for chickpea growing seasons at each location.

Station Latitude (degrees–minutes) Longitude (degrees–minutes) Elevation (ma.s.l.) Base period (Year) Mean temp (◦C) Percipitation (mm)

Gonbad 37◦ 15′ N 55◦ 01′ E 37.2 2000–2011 14 353
Kermanshah 34◦ 21′ N 47◦ 09′ E 1318.9 2000–2011 12 362

◦ ′ ◦ ′ 147
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Maragheh 37 24 N 46 16 E 

Bojnord 37◦ 28′ N 57◦ 19′ E 

Zanjan 36◦ 41′ N 48◦ 29′ E 

ontent at the sowing time was calculated using a simple soil water
alance model (Soltani and Sinclair, 2012a). The model accounted
or water addition from rainfall and water removal due to soil evap-
ration, run- off and deep drainage.

.5. Yield gap analysis

Yield gap (Yg) was estimated as the difference between water-
imited potential yield (Yw) and average farmers yield (actual yield;
a):

g = Yw − Ya

Relative yield was obtained as Ya/Yw × 100 which indicate how
armers’ yields are far or close to Yw. Relative yield gap was cal-
ulated as Yg/Yw × 100. Yield increase if farmers can reach 80% of
ater-limited potential yield of their locations was also calculated.

he limit of 80% is based on Lobell et al. (2009) and van Ittersum
t al. (2013). The reason is that the perfection of soil and crop man-
gement by all farmers is neither possible nor cost-effective.

Soltani et al. (2001) indicated that supplemental irrigation
ould greatly increase chickpea yield under semi-arid conditions
f Maragheh. Vadez et al., (2012) also showed across 14 locations
f the chickpea growing area in India that 30 mm of irrigation
pplied at the beginning of seed growth would increase yield
y 30% on average. These simulations were recently confirmed
rom experimental observations (Vadez, personal communication).
ssuming that extra water will be available for chickpea by increas-

ng irrigation efficiency at the locations or saving from other uses,
ater-limited yield potential with supplemental irrigation (Yi) was

lso simulated. In the simulation, it was assumed that chickpea crop
an be irrigated at first-pod stage with a single irrigation of 60 mm.
rrigation efficiency of 100% was assumed in the simulation. [Irri-
ation efficiency is the ratio of the amount of water utilized by the
rop to the amount of water supplied through irrigation.] So, for an
rrigation efficiency of 50%, 120 mm irrigation water will be needed.

Soltani and Sinclair (2012b) showed that using early maturing
ultivars resulted in 13–14% yield increase under rainfed condi-
ions of Gonbad and Tabriz (a location near to Maragheh). They
imulated early cultivars by 20% reduction of biological day require-
ent from emergence to flowering. It has already been reported

hat there is genetic variation in chickpea for days to flowering
nd there are many cultivars with shorter duration introduced by
CRISAT and ICARDA (Gaur et al., 2008; Vadez et al., 2013). Thus,
his option seems feasible for increased production. In the cur-
ent study, potential yield under water-limited condition of these
horter duration cultivars (Ye) was also simulated by reducing bio-
ogical day requirement from emergence to flowering by 20%.

And, finally, water-limited potential yield of the shorter dura-
ion cultivars under a single irrigation (60 mm)  at first-pod (Yie) was
imulated and used in the analysis. It should be noted that we  also
ested single irrigation at first-pod plus using longer duration culti-
ars. However, the results showed that even with a single irrigation,

horter duration cultivars performed better (data not shown).

Country averages of actual and water-limited potential yields
nd yield gap were calculated as weighted average from selected
ites. Chickpea is grown in 24 out of 30 provinces of the country,
7.7 2000–2011 16.5 158
1 2000–2011 21 92
3 2000–2011 18 120

but only five provinces have a share of more than 5% in the country
production and six provinces have a share of more than 2% in the
country production (data not shown). Average chickpea producing
area of Iran is 485,515 ha (2008–11) of which 427,688 ha (88%) is
located in the five provinces. The climate of the chickpea producing
areas in the five provinces was  examined by evaluation of climatic
statistics of 72 weather stations. It was found that the stations have
very cold (10%), cold (74%), temperate (15%) and warm (2%) tem-
perature regimes. With respect to moisture, they have semi-arid
(83%) or sub- humid (17%) regimes. The examination further indi-
cated that 7% of the locations are similar to Bojnord, 7% similar to
Zanjan, 74% similar to Maragheh, 6% similar to Kermanshah and
6% similar to Gonbad. Thus, weights of 0.07 for Bojnord and Zan-
jan, 0.74 for Maragheh and 0.06 for Kermanshah and Gonbad were
used in calculation of the weighted means. The weighted means
are representative of country means.

3. Results

3.1. The environments and resultant Yp and Yw

Mean monthly maximum temperature, minimum temperature,
and monthly total precipitation of the selected sites are presented
in Fig. 1. The climate is temperate-semiarid in Gonbad, cold-
sub-humid in Kermanshah, cold-semiarid in Maragheh, cold-arid
in Bojnord and Zanjan based on Emberger climate classification
method. At all the locations, rainfall occurs in autumn, winter
and early spring when temperatures are low. From March/April
onwards the locations experience increased radiation and tem-
perature and a rapid fall in rainfall, and hence an ever-increasing
evaporative demand. The reduction of rainfall is less evident in
Gonbad compared to other locations. Maragheh, Bojnord and Zan-
jan have cold winters, so chickpea is sown in spring. However, it is
sown in autumn in Kermanshah and Gonbad which have mild win-
ters. In Gonbad and Kermanshah, the growing season of chickpea
starts from October (Month 11) and continues until June (Gonbad)
or July (Kermanshah). In Maragheh, Bojnord and Zanjan, the grow-
ing season starts from late March and April and continues until July
and early August (Fig. 1).

To provide an image of the magnitude of the terminal drought,
Yp and Yw of the locations were calculated and compared (Table 2;
Fig. 2). Mean Yp across location was 3863 kg ha−1 (CV = 6%;
CV = standard deviation/mean), but it ranged from 3188 kg ha−1 in
Zanjan to 4353 kg ha−1 in Kermanshah. Yw mean was 947 kg ha−1

(CV = 41%) and varied from 638 kg ha−1 in Bojnord to 1565 kg ha−1

in Gonbad. Country mean of Yp and Yw were 3973 and 991 kg ha−1,
respectively. Yw values were 16 to 39% (average of 25%) of Yp val-
ues with a CV of seven times greater, indicating terminal drought
hugely changed chickpea yield and yield variability in Iran.

3.2. Actual yields (Ya)
Ya showed a wide range of variation from a minimum of
58 kg ha−1 in Zanjan to a maximum of 1068 kg ha−1 in Gonbad with
a CV of 22% (Gonbad) to 34% (Maragheh) (Table 2; Fig. 2). The ranges
were different depending on location and year (Fig. 2). Gonbad
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Fig. 1. Mean monthly maximum and minimum temperature and monthly total rainfall at (A) Gonbad (B) Kermanshah (C) Maragheh (D) Bojnurd (E) Zanjan. Arrow indicates
the  growing season of chickpea at the locations.
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Table  2
Potential yield, water-limited potential yield, actual yield and yield gap at the selected location. Weighted mean indicates country mean.

Location Average Weighed mean
Gonbad Kermanshah Maragheh Bojnurd Zanjan

Potential yield (Yp)
Average (kg/ha) 3995 4353 4037 3743 3188 3863 3973
Range 3661–4221 3728–4758 3584–4489 3243–4130 2862–3436 – –
CV  (%) 3.9 8.5 6.0 7.7 6.1 6.4 6.1

Water-limited potential yield (Yw)
Average (kg/ha) 1565 712 1019 638 800 947 991
Range 731–2381 436–1176 315–2363 127–1469 487–1178 – –
CV  (%) 40 32 49 56 27 41 46
Yw/Yp × 100 39 16 25 17 25 25 25
Yield loss due to terminal drought [(1 − (Yw/Yp)) × 100; %] 61 84 75 83 75 75 75

Actual yield (Ya)
Average (kg/ha) 797 452 554 312 308 485 528
Range 500–1068 227–712 319–967 159–431 58–420 – –
CV  (%) 22 31 34 29 34 30 33
Yield gap (Yg; Yw − Ya) 768 260 465 326 492 462 463
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Relative yield (Ya/Yw × 100) 51 6
Relative gap (Yg/Yw × 100) 49 3
Yield increase with 80% coverage[((0.80 × Yw/Ya) − 1) × 100; %] 57 2

ad the highest Ya with an average of 797 kg ha−1. The average
ield for other locations, in descending order were 554 kg ha−1 for
aragheh, 452 kg ha−1 for Kermanshah, 312 kg ha−1 for Bojnord

nd 308 kg ha−1 for Zanjan (Table 2). Average yield across locations
as 485 kg ha−1 and weighted average was 528 kg ha−1. Higher

ields at Gonbad were due to higher rainfall and a less intensive ter-
inal drought at this location. While chickpea was  autumn-sown in

ermanshah, crop yield was lower because of the lower rainfall and
omewhat higher temperatures during grain filling period at this
ocation (Fig. 1). Crop management practice had also an important
ole in determination of Ya that will be discussed later.

.3. Yield gap (Yg)

Estimated Yg varied between 260 and 768 kg ha−1 with a coun-
ry average of about 460 kg ha−1 (Table 2). Yg was  36–62% of Yw

epending on location with a weighted mean of 47%. In Bojnord
nd Zanjan, farmers hardly reached 50% of the Yw of their locations.
lthough Gonbad had the highest Ya, it also had the highest Yg of
68 kg ha−1 (49% of Yw) due to high Yw of the location (Table 2).
he highest Yg as percentage of Yw (62%) was obtained for Zanjan
equal to 492 kg ha−1) (Table 2). Fig. 3 compares the locations with
espect to Yg.

.4. Increase of potential yield

A single irrigation of 60 mm at first-pod increased average
ield potential from 947 kg ha−1 (Yw) under rainfed conditions to
672 kg ha−1 (Yi), which means a 77% increase (Table 3; Fig. 2).
verage Yi varied from 1286 kg ha−1 at Kermanshah to 2240 kg ha−1

t Gonbad. CV of grain yield declined from 41% to 24% by this single
rrigation (Table 3). Comparing actual farmers’ yield with Yi indi-
ated Yg ranged from 834 kg ha−1 (Kermanshah) to 1443 kg ha−1

Gonbad). Farmers’ yields are 21–36% of the Yi values with an aver-
ge of 29% across locations (Fig. 3).

Using short duration cultivars increased water-limited potential
ield from 947 kg ha−1 (Yw) to 1179 kg ha−1 (Ye). Yield potential
f the earlier cultivars under rainfed conditions (Ye) varied from
59 kg ha−1 in Bojnord to 1854 kg ha−1 in Gonbad (Table 3; Fig. 2).

he greatest yield increase was observed for Kermanshah (50%).
sing earlier cultivars resulted in a reduction of yield variability

hat can be seen in lower predicted CVs; from 27–56% to 23–46%
Table 3).
54 49 38 51 53
46 51 62 49 47
47 64 108 56 50

Average across locations, a combination of using earlier culti-
vars plus applying a single irrigation of 60 mm at first-pod increased
potential yield under rainfed conditions (Yw) from 947 kg ha−1 to
1926 kg ha−1 (Yie) (Table 3; Fig. 3). The lowest increase was  pre-
dicted for Gonbad (70%) and the highest (147%) for Bojnord. The
CV of grain yield declined by 5–32%. Median yield moved from
544–1543 to 1427–2730 kg ha−1 (Fig. 2).

Actual farmers’ yields were 18–30% of Yie (yield potential under
conditions of using shorter duration cultivars plus applying a
single irrigation of 60 mm at first-pod) with an average gap of
1442 kg ha−1 (Table 3; Fig. 3). Using a combination of earlier cul-
tivars and a single irrigation of 60 mm at first-pod and assuming
that farmers’ reach 80% of the predicted Yie, crop yield increases of
167% (Gonbad)–303% (Bojnord) would be anticipated. The average
yield increase was 218% across location and country average yield
increase of 202% was predicted, which means tripling chickpea
production in the country.

4. Discussion

4.1. Yield gap

All chickpea producing areas of Iran are facing terminal drought
stress (Fig. 1; Soltani et al., 2001, 2005, 2006; Sabaghpour et al.,
2006; Soltani and Sinclair, 2012b; Kanouni et al., 2012). This
drought hugely affects crop yield and its variability (Table 2; Fig. 2)
Water-limited potential yield (Yw) was 25% of potential yield with
no water-limitation (Yp) and its variability increased seven times.
Soltani et al. (2001) showed that terminal drought stress started at
a time between flowering and the beginning seed growth of chick-
pea in Maragheh. They also indicated that the terminal drought
stress reduced grain yield by 67%, from 2766 kg ha−1 under full-
irrigated conditions (Yp) to 909 kg ha−1 under rainfed conditions
(Yw). Experimentally, Silim and Saxena (1993) working in north
of Syria with 14 chickpea cultivars during three seasons, showed
terminal drought stress reduced yield by 61%.

Average actual country yield (Ya) was 53% of the simulated coun-
try Yw (Table 2; Fig. 2; Fig. 3). This means that farmers had reached
53% (range: 38–64%) of water-limited potential yield (Yw). Some
reasons of low farm yields and high yield gap might be: inefficient

methods used for seed-bed preparation and sowing, inefficient soil
water management, yield losses due to weeds, pests and diseases in
farmers’ fields, and low soil fertility or inadequate nutrient manage-
ment. Rassam and Soltani (2007) indicated that soil water content
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ig. 2. Cumulative distribution functions of potential yield (Yp), water-limited po
upplementary irrigation (Yi), water-limited potential yield using earlier cultivars (Y
nd  earlier cultivars (Yie) at the selected locations.

t sowing time was a very important determinant of chickpea yield
nder rainfed conditions of Maragheh. Traditional tillage, using
ould-board plough and disking, are still very common in chick-

ea producing areas of Iran. Based on local experience, the authors
hink attempts to replace the current traditional tillage practice by
onservation tillage and conservation agriculture along with ear-
ier sowing and improving pest management are key factors in
ncreasing water productivity and yield of chickpea. However, gov-
rnmental investment/subsidy will be required to provide farmers
ith the required machines and equipment.

If farmers could reach 80% of water-limited potential yield of
heir locations, they could enjoy yield increases of 26–108%; with
n average of 56% (Table 2). Then, the weighted mean, an indication

−1
f country average, would increase by 50%, from 528 to 793 kg ha .
his is an important finding as indicates great potential exists to
oost chickpea yield in Iran and probably other similar developing
ountries in West Asia and North Africa (WANA) region. Quantify-
l yield (Yw), actual yield (Ya), water-limited potential yield with a single 60 mm
 water-limited potential yield using both a single 60 mm supplementary irrigation

ing the yield gap and identifying regions with greatest potential to
increase food supply is critical for sustainable intensification and
improvement of the world food security (van Ittersum et al., 2013).
This is also vital to inform policies and prioritize research to achieve
food security without environmental degradation (van Wart et al.,
2013).

Recently, Amiri Deh Ahmadi et al. (2014) estimated a yield gap
of 72–85% for rainfed chickpea in Razavi Khorasan, a province in the
north-east of Iran that produces 1% of country production. Figures
obtained in the present study for chickpea are comparable to those
reported for wheat crops in Iran. Gharineh et al. (2012) estimated
yield gap of 40–65% for wheat in Khuzestan province in southwest
of the country. Nassiri and Koocheki (2009) reported yield gaps of

58–62% for wheat in Khorasan province located in the north-east
of the country. Mueller et al. (2012) reported an average yield gap
of 40% for wheat in Iran.
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.2. Increasing water-limited potential yield

If we consider the farmers yields as Ya = Yw – Yg, then another
pproach to increase Ya would be increase of Yw. A single irrigation
f 60 mm at first-pod increased Yw by 77% and decreased its CV by
1% (Table 3; Fig. 2). Soltani et al. (2001) estimated that a single

rrigation could increase chickpea yield at Maragheh by 56–89%
epending on the time of application (first- flower or first-seed).
adez et al. (2012) indicated that a single irrigation of 30 mm (with
n efficiency of 100%) would increase chickpea yield by 20–40%
average 29%) across fourteen locations in India.

Current farmers’ yields under rainfed conditions are about
9% of water-limited potential yield with a single irrigation (Yi)
Fig. 3). Assuming farmers could apply this single irrigation and
each 80% of Yi, a country (weighted) average yield increase of
73% was estimated (Table 3). Another assumption for obtain-

ng the figures is that water is the main limiting factor but in

rder to reach 80% of Yi, farmers need to accompany the irriga-
ion with other agronomic management aspects. A single irrigation
f 60 mm might be feasible via water saving from improvement
potential yield (A), water-limited potential yield with a single 60 mm supplementary
tential yield using both a single 60 mm supplementary irrigation and earlier cultivars

 white portion indicates yield gap.

of water management practice. It has been estimated that irri-
gation efficiency is indeed very low (30–35%) in Iran (Alizadeh
and Keshavarz, 2005), and large improvement of these figures
would be possible. In additions, our results indicate the produc-
tivity of the single irrigation water in chickpea would be very high
[= (1804 − 991)/60 = 13.6 kg ha−1 mm−1] and should be compared
with the productivity of the same amount of water in current irri-
gated crops. The outcome of such comparisons might lead to a slight
reduction of the irrigation (deficit irrigation) of crops like sugar beet
towards the partial irrigation of crops like chickpea. Foley et al.
(2011) and Mueller et al. (2012) stated that redistributing water
and nutrients imbalances could largely close yield gap.

Using short duration cultivars increased water-limited potential
yield by 25%. (Table 3; Fig. 2). The result is inline of what predicted
by Soltani and Sinclair (2012b) for chickpea in Tabriz (a location
close to Maragheh) and Gonbad. They predicted that using earlier
cultivars with 20% shorter duration from emergence to flowering

would increase crop yield by about 14% and the CV of gain yield
would decrease by 12%. They showed that yield increased in 97%
of the seasons in Tabriz and 90% of the seasons in Gonbad. They
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Table 3
Water–limited potential yield with a single (60 mm)  supplementary irrigation (Yi), using earlier cultivars (Ye) and with both supplementary irrigation and earlier cultivars
(Yie) and related yield gap at the selected locations. Weighted mean is an estimationof country mean.

Location Average Weighed mean

Gonbad Kermanshah Maragheh Bojnord Zanjan

Potential yield with supplementary irrigation (Yi)
Average (kg/ha) 2240 1286 1871 1486 1479 1672 1804
Range 1356–3148 936–1967 1355–3685 1033–2199 1060–2093 – –
CV  (%) 26 23 33 20 21 24 30
Increase in potential yield by supplementary irrigation

[(Yi − Yw)/Yw × 100]
43 81 84 133 85 77 85

Yield  gap (Yg; Yi − Ya) 1443 834 1317 1174 1172 1188 1275
Relative yield (Ya/Yi × 100) 36 35 30 21 21 29 29
Relative gap (Yg/Yi × 100) 64 65 70 79 79 71 71
Yield  increase with 80% coverage[((0.80 × Yi/Ya) − 1) × 100; %] 125 127 170 281 285 176 173

Water-limited potential yield with earlier cultivars (Ye)
Average (kg/ha) 1854 1071 1274 759 939 1179 1237
Range 926–2776 634–2107 688–2582 688–1462 656–1268 – –
CV  (%) 35 42 36 46 23 36 36
Increase in potential yield by using shorter duration cultivars

[(Ye − Yw)/Yw × 100]
18 50 25 19 17 25 25

Yield  gap (Yg; Ye − Ya) 1057 619 720 447 631 695 709
Relative yield (Ya/Ye × 100) 43 42 43 41 33 41 43
Relative gap (Yg/Ye × 100) 57 58 57 59 67 59 57
Yield  increase if 80% coverage[((0.80 × Ye/Ya) − 1) × 100; %] 86 89 84 95 144 95 87

Potential yield with earlier cultivars plus supplementary irrigation (Yie)
Average (kg/ha) 2657 1669 2039 1574 1692 1926 1997
Range 1562–3685 1183–2789 1505–3528 1121–2427 1139–2132 – –
CV  (%) 26 27 25 24 21 25 25
Increase in potential yield by using shorter duration cultivars plus

supplementary irrigation
[(Yie − Yw)/Yw × 100]

70 134 100 147 112 103 104

Yield  gap (Yg; Yie − Ya) 1860 1217 1485 1262 1385 1442 1469
27 
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Relative yield (Ya/Yie × 100) 30 

Relative gap (Yg/Yie × 100) 70 

Yield  increase if 80% coverge[((0.80 × Yie/Ya) − 1) × 100; %] 167 

lso indicated that early maturity via shorter grain filling period
as fruitless. The difference between the figures and those found

ere is due to different time periods used for simulation in that
tudy and the current study. The reason of yield increase is due to
hifting the growth period of the crop away from the late-season
erminal drought (Soltani and Sinclair, 2012b; Singh et al., 2014),
nd therefore the avoidance of the severe terminal, water-deficit
eriod allowing increased yield. A shorter vegetative period results

n saving water for later use during grain filling period.
Experimental results also support the conclusion; Silim and

axena (1993) in Syria, Sabaghpour et al. (2006) in Iran, and Berger
t al. (2004, 2006) in India and Australia reported increased yield
sing earlier cultivars due to escape from terminal drought stress.
here are also chickpea cultivars with a wide range of duration from
raditional varieties with >110 days to maturity to breeding lines
ith extra-early maturity with <75 days to maturity, which makes

sing earlier cultivars a feasible option for yield increase (Gaur et al.,
008). The results here and previous results advocate for an urgent
eed for the chickpea breeding programs in Iran to develop early-
aturing cultivars. However, as stated by Hall and Richards (2013)

nd Meng et al. (2013) increased production per unit area through
he genetic improvement is very difficult in a short period of time. It
hould be noted that developing shorter-duration cultivars approx-
mately takes 10–15 years, however, this period can be shortened to
–7 years by back-crossing and transferring the responsible genes
o the current cultivars.

A key finding of the study was that much higher yield increase
ere possible via an agronomic option (77% increase in Yw) than via
 genetic improvement option (25% increase in Yw). In other words,
eplacement of the current cultivars with shorter-duration culti-
ars by plant breeding measures would increase actual yield by 25%
assuming current relative yield of 53% - Table 2), whereas bridging
27 20 18 25 26
73 80 82 75 74

 194 303 340 218 202

the yield gap of the current cultivars by 80% using agronomy prac-
tice would result in 50% increase in actual yield. Thus, we can argue
that chickpea yield in Iran and similar regions are largely limited by
inefficient use of environmental resources (mainly water) and not
the genetics of the current cultivars. Similarly, the greatest increase
in actual yield depends on improving agronomy practice. In the past
decades, much emphasis has been put on plant genetics and breed-
ing to increase crop yield while seeking the best agronomy practice
to close yield gap has been largely neglected. George (2014) stated
that the focus must shift from relying mainly on germplasm-driven
increases in total production to increasing Ya and productivity of
inputs through effective agronomy practice. Similar statements
was made by Vadez et al. (2012) who showed that while 30 mm
of irrigation at first-seed stage (R5) would increase yield by 29%
on average, the best genetic trait to improve soil water capture
would hardly increase yield by 10%. Thus, searching best agron-
omy practice in order to close the yield gap should be brought into
the focus.

Our results also confirm the statement that the greatest
agronomic opportunity to increase global food security lies in
developing countries (van Ittersum et al., 2013; George, 2014). Sim-
ilar assessments need to be done in other developing countries in
WANA region. However, developing countries farmers do not adopt
improved agronomic operations unless there will be the prospect
of making profits with lower risk (George, 2014). Therefore, efforts
should be made to demonstrate these potential gains experi-
mentally. Also, plans should be developed to supply the needed
irrigation. Optimal crop management practice will also be signifi-

cantly cleaner for the environment; it will decrease input required
for crop production and its resultant footprint and the pressure
on the natural resources (Foley et al., 2011; Smith, 2013; Soltani
et al., 2013, 2014). For instance, Soltani et al. (2014) showed that
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n rainfed canola a better crop management production scenario
as significantly more efficient and cleaner for the environment.

he scenario consumed 25% less input energy, needed 17% lower
mount of nitrogen fertilizer, but resulted in 35% more grain yield
nd output energy. This scenario also resulted in 26% less green-
ouse gases (GHG) emissions per unit field area and 45% less GHG
missions per ton of grain.

Combination of using earlier cultivars plus applying a single
rrigation of 60 mm at first-pod increased potential yield under
ainfed conditions (Yw) by 104% and decreased CV of grain yield
rom 46% to 25% (Table 2; Fig. 2; Fig. 3). Sinclair and Rufty (2012)
tated that while improving plant genetics is frequently viewed as
he path to increase crop yields, yield increase most often obtain
rom combination of improved cultivars and increase availability
f nitrogen and water resources. The finding that combination of
arlier cultivars and a single irrigation results in yield increase
ay  be somewhat contradictory as short duration cultivars are

et for those situations where water is limiting. Intuitively, if some
rrigation is possible, it would be expected that longer duration cul-
ivars would perform better. Simulations testing longer duration
ultivars showed that even with a single irrigation, shorter dura-
ion cultivars performed better (data not shown). Therefore even
ith a single irrigation, shorter-durations would be better for Iran’s

onditions.
Crop simulation models have been known as best tools to

stimate Yp or Yw in yield gap analysis (Lobell et al., 2009;
an Ittersum et al., 2013). The models can account for geno-
ype × environment × management interactions, but they need to
e tested rigorously across different environments and manage-
ents. The crop models substitute field surveys and measurements

hat are used to estimate Yp or Yw and need lots of time, budget and
ork. van Ittersum et al. (2013) listed the desirable attributes of

rop simulation models for use in yield gap assessment; the model
sed in this study has all the key attributes (please see the ref-
rences cited in Section 2.3). The current research demonstrates
he value of crop models in yield gap studies. A well-tested crop

odel was applied straightforward to estimate yield potentials
nder optimal and limited water conditions and to find possible
outes to promote water-limited potential yield at country level.
hatia et al. (2008), Hochman et al. (2013), Lu and Fan (2013) and
eng et al. (2013) have also applied crop models to quantify Yp and

w in their analyses.

. Concluding remarks

1) High yield gaps were found in chickpea in Iran that probably
exist in other developing countries in the WANA region. By
improving agronomy practice and assuming farmers can reach
80% of the water-limited yield potential, an increased coun-
try production of about 50% (from 528 to 790 kg ha−1) was
predicted. Therefore, a great capacity exists to promote food
production and lessen food security issue by closing yield gap
in the region.

2) There are still big rooms to increase water-limited potential
yield of chickpea by breeding for simple, single traits like
earliness. Substituting current cultivars with short duration
cultivars with 20% shorter vegetative period would promote
water-limited potential yield by 25%. This potential need to be
tested in other parts of WANA region.

3) Agronomy measures were more effective than the plant breed-

ing measures to increase the country actual yield, 50% versus
25%. Searching best agronomy practice, therefore, needs to be
brought into the focus to bridge yield gaps and for ecological
intensification.
earch 185 (2016) 21–30 29

(4) Invoking best agronomy practice is also very effective in
increasing water-limited potential yield. Application of a sin-
gle irrigation of 60 mm  increases country average Yw by 85%
(from 991 to 1804 kg ha−1). Accompanying this single irriga-
tion with shorter-duration cultivars increased Yw by 104% (from
991 to 1997 kg ha−1). Research efforts are required to find the
best cultivation pattern in the region with respect to water use
and distribution. It seems devoting limited water resources to
supplementary (limited) irrigation of crops like chickpea would
be more fruitful than growing full-irrigated crops with a high
irrigation demand.

(5) It was  predicted that if farmers could apply a single irrigation
of 60 mm at first-pod and reach 80% of Yw, country yield would
increase by 173% (from 528 to 1442 kg ha−1). Similarly, it was
estimated that combination of a single irrigation plus shorter
cultivars and closing yield gap by 80% would result in coun-
try yield increase of 202% (from 528 to 1598 kg ha−1). Thus,
tripling chickpea production would be feasible. Although not
simple, showing the worthiness via experimental confirmation
is needed and evaluating the potential of finding sufficient irri-
gation is necessary. To bridge yield gap and achieve higher
production focus must be on improved agronomic manage-
ment. This should be considered in making policies, prioritizing
research and rationing the research budget.

Appendix A.

The results of SSM-Chickpea robustness test. The first figure
indicates simulated versus measured grain yield of chickpea across
Iran as reported by Soltani and Sinclair (2011). The second fig-
ure shows simulated versus measured grain yield for a line-source
experiment in India as reported by Vadez et al. (2012).
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