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Abstract 
This paper provides empirical evidence that improved supplemental irrigation 
(ISI) can be justified on both environmental and economic grounds. Results 
of a stochastic frontier model which explicitly and simultaneously accounts 
for technical inefficiency and production risk applied to data collected from 
513 wheat farms in the rainfed areas of Syria show that the typical adopter 
farmer obtained yield and productive efficiency gains of 6% and 7% 
respectively. A stochastic dominance criterion also showed that the adopter 
farmers got 10% and 13% reductions in risk of obtaining yield levels below 4 
tons/ha and 3 tons/ha respectively. Given its adoption level of 22.3% in 2010, 
ISI led to the production of 52 thousand metric tons (6%), more wheat and 
conservation of 120 million cubic meters of water (10%). ISI has the potential 
to reduce total irrigation water use by upto 45% and for further increases in 
yield if accompanied with sprinklers and other improved agronomic practices, 
thereby enhancing food security and environmental sustainability in the 
country. An important policy implication of these findings is that wider 
dissemination of ISI along with other complementary agronomic practices in 
postwar Syria could be a viable option to be considered by national and 
international efforts for the restoration and rehabilitation of agriculture in the 
country. 
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1. Introduction 

Agriculture in the dry areas is exposed to a variety of risks which occur with high 
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frequency where the stochastic nature of agricultural production is the major 
source of risk [1]. The factors which cause variability in agricultural production 
include weather, pests and diseases. Risks in agricultural production are con-
founded by market fluctuations which are more significant in developing coun-
tries due to market imperfections, poor information, infrastructure and com-
munication networks. 

Yield variability is often explained by external factors such as weather, pests, 
diseases and input and output prices that are outside the control of farmers. 
However, factors, such as variability in agronomic conditions including levels of 
inputs applied, which are under the control of farmers, also play important roles 
[2]-[7]. 

Farmers in developing countries are generally risk-averse [8] [9]. This is 
mainly due to the absence of crop insurance and government support that buffer 
agricultural risk and provide the needed cushion at times of difficulty. Moreover, 
agricultural production in the developing world is highly associated with food 
security and hence the wellbeing of the family. Focusing on the developing 
world, poor farmers are more averse to risk and more likely to be reluctant to 
adopt technologies that increase risk [10]. The same study argued that 
risk-averse farmers are likely to consider both the level of income and risk si-
multaneously and to reject a technology that they consider too risky. 

Water scarcity is a critical constraint to agriculture in dry areas. This problem 
is likely to become more severe because of population growth, climate change 
and deterioration of water quality. Characterized by low average amounts and 
high variability of rainfall, agricultural production in the dry areas carries sub-
stantial risk. In its effort to help farmers in the dry areas, the International Cen-
ter for Agricultural Research in the Dry Areas (ICARDA) along with the nation-
al agricultural research institutions of many countries in the Middle Eastern and 
North African region has introduced the practice of improved supplemental ir-
rigation (ISI) in predominantly rainfed areas. Improved supplemental irrigation 
(ISI) is the addition of small amounts of water to essentially rain-fed crops dur-
ing times when rainfall fails to provide sufficient moisture for normal plant 
growth, in order to improve and stabilize yields [11] [12]. In ISI, water is applied 
to rainfed crops which would normally produce some yield without irrigation. ISI 
is only applied when rainfall fails to provide essential moisture for improved and 
stable production, and the amount and timing are scheduled to ensure that a 
minimum amount of water is available during critical stages of crop growth [11]. 

The components of the new improved supplemental irrigation technology fo-
cused on irrigation scheduling: when to irrigate, how to irrigate, and how much 
water to use [13]. The improved supplemental irrigation practice often recom-
mended with a technology packages involving improved crop varieties (mainly 
wheat) and organic fertilizers. The introduction of ISI does not only help in sta-
bilizing yield levels, but also in increasing the average yield in countries where 
farmers use the traditional supplemental irrigation (TSI) where irrigation water 
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application rates are well above the marginal product and even yield maximizing 
levels. [14] found that ISI leads to maximum yield gains if coupled with sprinkler 
technologies. 

Using data from 513 Syrian wheat farmers and the stochastic frontier produc-
tion function, this paper argues and tries to provide empirical evidence that the 
adoption of ISI reduces the risks of yield variability and the associated variability 
in technical efficiency. The findings of this study are expected to be useful to re-
searchers, policy makers, development organizations and extension personnel in 
their effort to help farmers in the dry areas cope with water scarcity induced by 
climate change. 

2. Description of the Study Area 

Syria is highly vulnerable to climate change. Located in the western part of the 
Mediterranean basin, Syria has a surface area of 185,518 km2 and 32.2 percent is 
of this area is cultivable. Total irrigated land has more than doubled in 20 years 
between 1985 and 2005 [15]. The demand for irrigation water has also increased 
steadily over the decades, almost doubling since 1985 [16]. Excessive pumping is 
leading to rapid depletion of the ground water resource. Current water deficit in 
Syria ranges between 2.85 and 4.70 billion m3/year [17]. As a result, groundwater 
levels in many parts of the country have dropped between 2 - 6 meters and in 
some others even by more than 6 meters per year between 1993 and 2000 [18]. 

Wheat is the most important food grain grown in Syria. It is a crop of strategic 
political importance due to its high potential to enhance food security. In 2011, 
wheat was cultivated on nearly 1.8 million hectares, with a total production of 
4.9 million metric tons [19], only 45 percent of the land area under wheat culti-
vation was irrigated, yet this irrigated area accounted for 72 percent of wheat 
production. The disparity between irrigated land area under wheat cultivation 
and its contribution to production and productivity indicates the importance of 
land and water resources management for wheat production, especially in the 
rainfed wheat area. The typical irrigation method at the field level in Syria is a 
surface gravity system [20]. Traditional surface canal irrigation using open canal 
networks accounts for over 80% of total irrigated lands in Syria. 

Water use efficiency (WUE), which is the ratio of the amount of water actually 
utilized by the crop to the total water pumped, for irrigated agriculture in Syria 
stands at about 40% - 60% [17] [20]. This is due to inefficient management of 
water resources, especially at the farm level, where traditional irrigation methods 
are practiced. In this area, transpiration and seepage alone account for 10% - 
60% of total water loss due to traditional surface canal irrigation [21]. Tradition-
al surface canal irrigation methods also lead to over-irrigation especially in the 
absence of adequate land leveling. In most cases, the design of the traditional 
furrow irrigation system in Syria is not optimal [20]. Moreover, fields are not 
well drained, furrows are not well maintained and land leveling is not done reg-
ularly which results in some parts of the field receiving excessive water. 
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Prior to the introduction of the improved supplemental irrigation (ISI) by 
ICARDA and the Ministry of Agriculture (MoA), all Syrian wheat growers used 
irrigation techniques that resulted in high water use per unit area. Thus current 
adoption of improved supplemental irrigation (ISI) technology by 22.3% of Sy-
rian wheat farmers has resulted in water savings and sustained wheat farming 
systems, generating huge environmental benefits. Applying supplemental irriga-
tion in one or two well-timed applications at heading, anthesis, or milk stage can 
lead to increased and stabilized yield. To avoid confusion, we make distinction 
in this paper between improved supplemental irrigation (ISI), in which the 
recommended water application rates are used and traditional supplemental ir-
rigation (TSI) where farmers use excessive irrigation over the recommended le-
vels1. 

3. Material and Methods 
3.1. Data 

Owing to their relatively high share in total rainfed wheat land in the country 
and also the tremendous scope for ISI, zones 1 and 2 of Syria have been chosen 
for this study. From among the total of 14 governorates in the country, 12 have 
areas which fall in zones 1 and 2 out of which, the top three wheat producing 
governorates (Aleppo, Deraa and Al-Hassakeh) were chosen for this study. 
These three governorates account for about 66% of total wheat land and 61% of 
total wheat production in Syria. 

Using power analysis, the minimum sample size needed to ensure 95% confi-
dence level for estimating the total number of ISI adopters was calculated to be 
513. A stratified sampling procedure was then used to proportionally distribute 
the sample among the two zones where 241 and 272 households were drawn 
from Zones 1and 2 respectively. The distribution of these households into the 
two zones and 26 randomly drawn villages across the three governorates are 
provided in Table 1 below. 

3.2. Methodology 

The stochastic frontier production function approach has been widely applied to 
analyze technical efficiency in production [22] [23] [24] [25]. By extending the 
application of the stochastic frontier production function approach, [26] pro-
pose a new measure of input-specific technical efficiency (TE) in production. 
They also apply the new method to study the technical inefficiency of irrigation 
water among out-of-season vegetable growers in Crete, Greek. [27] also applied 
the method to study the technical inefficiency of irrigation water in citrus pro-
ducing farms in Nabeul, Tunisia. Both studies find low (47.2% and 53%) mean  

 

 

1Scheduling of SI is determined for each year using the water balance method. For instance, in 
zones 1 and 2 of Syria, which are the study areas for this research, optimum yields were obtained 
with ISI of 600 to 1800 m3/ha [16]. Hence, in this analysis, we used the higher end (1800 m3) as the 
upper limit for the amount of water applied under ISI. 
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Table 1. Number of villages and households selected randomly by zone and governorate. 

 
Aleppo Dara’a Al-Hasakeh Total 

Z1 Z2 Z1 Z2 Z1 Z2 Z1 Z2 

No. of villages selected 5 4 4 4 4 5 13 13 

Total number of households in the 
selected villages 

30,752 30,647 12,152 16,383 23,500 29,500 66,404 76,530 

No. of households selected by zone 111 109 45 59 85 104 241 272 

 
irrigation water use technical efficiency with very high variability ranging be-
tween 23.9% - 98.63% and 1.6% - 98.87%, respectively. The low estimated mean 
irrigation water efficiency results show that using the observed values of other 
inputs and 53% and 47% less irrigation water respectively, the observed quanti-
ties of outputs could be produced. The typical stochastic frontier production 
function can be specified as: 

( ) ( ),ln i i i iy f x v uβ= + −                     (1) 

where iy  is a scalar output of production unit I; ix  is a vector of N inputs 
used by producer I; ( ),if x β  is the deterministic part of the production fron-
tier; β  is a vector of technology parameters to be estimated; and iv  and iu  
are noise and inefficiency components which can take a number of forms, de-
pending on specific assumptions. The specification given by (Equation (1)) is 
consistent with the typical Just-Pope framework [28] under the following as-
sumption: 

0iu =  

( )20,i viv N σ∼  

( )2 expvi izσ γ=  

where iz  is an input vector which may or may not equal ix  and γ  is a vector 
of parameters. So the Just-Pope framework takes the form: 

( ) ( ), ,i iy f x h zβ γ+=                    (2) 

where the function ( ),ih z γ  represents the output risk function. More recent 
advances in efficiency analysis showed that stochastic production frontier mod-
els can include the technical inefficiency and production risk simultaneously 
[29] [30]. This approach allows for heteroscedasticity in the noise component to 
investigate risk effects while also allowing for heterogeneity in the mean of the 
inefficiency term during analysis of inefficiency effects. The model requires the 
estimation of Equation (1) with the following assumptions: 

( )20,i viv N σ∼                          (3) 

( )2 expvi izσ γ=  

( )2~ ,i i uiu N ū σ+  
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i iū ωα=  

Following the conventional specification in the stochastic production frontier 
model, the random error iv  follows a normal distribution with zero mean and 
variance 2

viσ , and the inefficiency term iu  follows a truncated-normal distri-
bution with mean iū  and variance 2

uiσ . To capture the heterogeneity of the ef-
ficiency and risk terms, the mean efficiency and risk functions are determined by 
exogenous factors. The vector iω  denotes exogenous variables that have influ-
ence on the mean value of production inefficiency. 

The risk function is assumed to have an exponential functional form with the 
vector of the exogenous factors iz  as explanatory variables [28] [29]. The nota-
tion α is a vector of parameters associated with the mean of the production inef-
ficiency while the notation γ  is the vector of parameters associated with the 
production risk. The consistent estimators of Equation (3) can be obtained by 
using the maximum likelihood estimation method on the following log- likelih-
ood function [28] [31]. 

( ) ( )

( )2

2

1ln constant ln exp exp
2

1ln
2

i ii

i ii i i
i i

i i i i

L z k l

hh a

γ

ε αε λ
φ

σ λ σ σ

 = − + 

+ 
+ − − 

 

∑

∑ ∑
           (4) 

where 2 2 2
i vi uiσ σ σ= + ; i i iy xε β= − ; ( ) 0.5

expi i ik l z rλ  = −   

Following [29] [30], we estimate the stochastic production frontier models 
which included the technical inefficiency and production risk simultaneously for 
the wheat farmers in the study area. The list and description of variables in-
cluded in the model are provided in Table 2. The measure of output oriented 
technical efficiency (TE) for the ith farmer (i.e., the ratio of the outputs with and 
without inherent inefficiencies) can then be computed as: 

( )
( )

, , ,

, ,
ij ij i i

i
ij ij i

f X v u
TE

f X v

β

β
=                     (5) 

( ) ( )exp expit it itTE u z wδ= − = − −                  (6) 

where, 0 1TE≤ ≤  and the closer the TE score to 1, the higher the efficiency. In 
this specification, the parameters, β, σ, σu, and δ have been estimated simulta-
neously using the maximum likelihood method. Thus, the log likelihood ratio 
(LR), which has a chi-square distribution, is used to test the significance of pa-
rameter estimates. 

4. Results 

Model results show that wheat area, application rates of Nitrogen and Phosphorus 
fertilizers, seed rate and quantity of Labor used had positive and significant effect 
on yield-showing that at their current average application levels, an increase in any 
of the five inputs leads to yield increase (Table 3). Yield responses to seeds, phos-
phorus fertilizers, labor, and wheat area respectively are 0.13, 0.08, 0.07 and 0.03. 
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Table 2. Explanatory variables included in the model. 

Variables  
Average value 

Unit ISI TSI FI 

Quantity of irrigation water m3/ha 1460 1615 2766.7 

Wheat area Ha 3.7 2.8 3.4 

Nitrogen quantity kg/Ha 132 138 148 

Phosphorus quantity kg/Ha 49.4 84.3 62.7 

seed quantity kg/Ha 250 260 275 

Labor Hour 32.2 38.9 57 

Farmer age Year 51.7 53.8 52.6 

years of schooling Year 8 6.8 3.7 

Farm size Ha 11.5 8.1 11 

Source: survey data. 

 
The insignificance of the linear irrigation water term should not come by sur-

prise as the descriptive statistics from our sample survey show that the typical 
farmer is applying about 1110 m3/ha in excess of the maximum of the recom-
mended range of 600 - 1800 m3/ha. The profit maximizing level of irrigation 
water is 2032 m3/ha showing that the typical farmer is producing on the down-
ward slopping part of the total product curve where marginal product of irriga-
tion water is negative. 

From the inefficiency model, the negative and significant coefficient on the 
use of improved supplemental irrigation indicates that improved supplemental 
irrigation reduce inefficiency-a result that is consistent with the theoretical ex-
pectation as improved supplemental irrigation is believed to ensure better utili-
zation of water by plants. The positive and significant coefficient on the soil sa-
linity variable shows that at its current average, an increase in soil salinity would 
lead to higher inefficiency. The coefficient on the years of schooling is negative 
and significant. This shows that more farmer education reduces inefficiency, 
which is consistent with what one can expect. 

A closer look at the efficiency figures shows that 11.9% of the farmers who 
had used ISI have efficiency levels of between 90 to 100 percent. The corres-
ponding figure for farmers who had used full irrigation (FI) and TSI is 0. Re-
gardless of their irrigation method (surface canal or sprinkler), 77.4% of farmers 
who used ISI have efficiency rates of greater than 70 percent, which is much 
higher than that of those who had used FI and TSI which exhibit irrigation water 
efficiency levels of 38% and 52.6% respectively-a clear indication that using ISI 
leads to improvements in productive efficiency (Figure 1). 

In the risk function, the coefficients on improved supplemental irrigation 
(ISI), Nitrogen fertilizer and, improved wheat variety are negative and signifi-
cant showing that they contribute to the reduction of production risk. The nega-
tive and significant coefficient on ISI is consistent with the theoretical expecta-
tion as yield stability is one of the main benefits of ISI. The stochastic dominance  
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Table 3. Estimations of the stochastic frontier production function. 

Deterministic frontier 

Inputs/Attributes Coefficient Std. err. 

Quantity of irrigation water (m3/ha) 0.0074 0.0055 

Wheat area (Ha) 0.0277 (0.0106)*** 

N (kg/Ha) 0.1225 (0.0139) *** 

P (kg/Ha) 0.0756 (0.0085)*** 

seed (kg/Ha) 0.1344 (0.0297)*** 

Labor (hour) 0.0702 (0.0166)*** 

Constant 6.6405 (0.1400)*** 

Risk function 

Soil salinity (0 = Low and 1 = High) 0.0934 (0.0305)*** 

Wheat area (Ha) −0.0003 0.0014 

N (kg/Ha) −0.0002 (0.0001)* 

P (kg/Ha) 0.0019 0.0034 

Wheat variety (0 = Local and 1 = Improved) −0.9128 (0.4970)* 

Labor (hour) −0.0004 0.0037 

Surface Supplemental irrigation (0 = No and 1 = Yes) 0.0463 (0.0261)* 

Improved supplemental irrigation (0 = No and 1 = Yes) −0.1378 (0.0400)*** 

Constant −5.4658 (0.4840)*** 

Mean function of inefficiency 

Farmer age (year) −0.0007 0.0045 

years of schooling (year) −0.0786 (0.0155)*** 

Farm size (Ha) −0.0030 0.0094 

Soil salinity (0 = Low and 1 = High) 0.6098 (0.2246)*** 

Wheat variety (0,1) −0.0152 0.1672 

Surface Supplemental irrigation (0 = No and 1 = Yes) −0.3646 (0.1999)* 

Improved supplemental irrigation (0 = No and 1 = Yes) −0.9111 (0.3573)*** 

Constant −2.4218 (0.2888)*** 

Log likelihood 276.8000 
 

Dependent Variable: natural logarithm of yield (kg/ha); ***, **,* indicate significance at the 1%, 5%, and 
10% levels. 

 
criterion also showed that ISI first degree stochastically dominates TSI and the 
shift from TSI to ISI led to 10% and 13% reductions in the risk of obtaining yield 
levels below 4 tons/ha and 3 tons/ha respectively (Figure 2). 

The negative and significant coefficients on improved wheat varieties (IVs) 
are also consistent as the drought tolerance characteristics of IVs is expected to 
reduce yield variability. However, the negative and significant coefficient on Ni-
trogen fertilizers is counterintuitive because if the amount of irrigation water  
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Figure 1. Cumulative distribution of the estimated efficiency by irrigation categories. 
 

 
Figure 2. Risk comparisons between irrigation methods using the stochastic dominance 
criterion. 
 
made available to the crop is very low, fertilizers could possibly have burning ef-
fect and hence lead to lower yield levels than what is achievable without fertiliz-
ers. These results indicate that risk-averse farmers can use ISI, improved wheat 
varieties and fertilizers in order to reduce the production risk and hence the 
revenue variability. Further analysis of the data shows that risk-averse farmers 
are less likely to adopt supplemental irrigation with surface canal because adop-
tion of SI with surface canal (instead of sprinklers) can increase the variability in 
production. 

5. Conclusions and Recommendations 

Using a survey of 513 Syrian wheat farms as case study and a stochastic frontier 
production function model which explicitly and simultaneously accounts for 
technical inefficiency and production risk, this paper provided empirical evi-
dence that a shift from both flood irrigation (FI) and traditional supplemental 
irrigation (TSI) to improved supplemental irrigation (ISI) in rainfed agriculture, 
particularly in the dry areas, increases technical efficiency and reduces produc-
tion risk and increases yield, thereby contributing to national food security. 
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At current average application rate of 1490 m3/ha, the adopters of ISI are us-
ing about 1110 m3/ha (43%) irrigation water less than those using TSI. There-
fore, at its current adoption level of 22.3%, ISI leads to the conservation of about 
120 million m3 (10% of total) irrigation water in the country. This shows that if 
all farmers in the country were to shift to ISI, it has the potential of cutting the 
total amount of irrigation water by about 45%. With a negative and significant 
coefficient in the inefficiency model, the use of improved supplemental irriga-
tion reduces inefficiency—a result that comes without a surprise as improved 
supplemental irrigation is believed to ensure better utilization of water by plants. 

Analysis of estimates from the inefficiency model shows that 11.9% of the 
farmers who had used ISI have efficiency levels between 90 and 100 percent. The 
corresponding figure for farmers who had used FI and TSI is 0. Likewise, re-
gardless of the irrigation method used (surface canal vs. sprinklers), 77.4% of 
farmers who used ISI have efficiency levels greater than 70 percent, which is 
much higher than that of those who had used FI and TSI (8% and 52.6% respec-
tively)—a clear indication that using ISI helps in the improvement of productive 
efficiency. 

The stochastic dominance criterion also showed that the shift from TSI to ISI 
led to 10% and 13% reduction in risk of obtaining yield levels below 4 tons/ha 
and 3 tons/ha respectively. These results all together indicate that investment in 
improved supplemental irrigation (ISI) helps in the reduction of risk in wheat 
production. The use of sprinklers, improved wheat varieties particularly those 
which are drought tolerant, and the use of nitrogen fertilizers along with ISI 
played an important role in enhancing productive efficiency and hence produc-
tivity as well as in reducing income risks for wheat farmers in Syria. 

ISI has the potential for enhancing food security and environmental 
sustainability in the Syria and other countries with dry land agriculture under 
similar production conditions. An important policy implication of these findings 
is that wider dissemination of ISI along with other complementary agronomic 
practices in postwar Syria could be a viable option to be considered by national 
and international efforts for the restoration and rehabilitation of agriculture in 
the country. 
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