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Abstract

Salinisation threatens the sustainability of irrigation agriculture and needs to be managed through leaching practices. Under 
conditions of water scarcity a tradeoff exists between allocating water for salinity management and production. Currently 
no model in South Africa is able to model explicitly the impact of salinity management through leaching on the economic 
efficiency of irrigation farming, taking the opportunity cost of water under limited water supply conditions into considera-
tion. The main objective of this paper is to develop a robust non-linear optimisation model that is able to determine endog-
enously the impact of declining irrigation water quality on the economic efficiency of irrigation farming. A data envelop-
ment framework was used to integrate recently developed soil water salinity crop-yield production functions and leaching 
functions to model the complex interactions involved in water allocation decisions. Results showed that it is profitable to 
reduce the area irrigated under limited water supply conditions in order to release water for leaching purposes. When more 
water, but still a limited amount of water, is allocated to the farmer, his willingness to pay for water will increase if irriga-
tion water deteriorates. Thus, the conclusion is that leaching is profitable irrespective of the water supply conditions.
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Introduction

Salinisation is a worldwide problem (Marcum, 2006), which 
also affects South African irrigation land. It has been esti-
mated that between 5% and 12% of the total irrigation area of 
South Africa is moderately affected and between 1% and 12% 
is severely water-logged (WRC, 1996). Under water-logged 
conditions salt migrates to the rivers through natural pathways 
and artificial drainage systems (Smedema and Shiati, 2002). 
Because of the use and reuse of water for irrigation, water qual-
ity deteriorates temporally and spatially along river systems as 
farmers extract large amounts of water from the rivers for irri-
gation (Van Rensburg et al., 2008; Le Roux et al., 2007). Saline 
water affects crops indirectly through the osmotic component 
of the total soil water potential that reduces the plant-available 
water in the soil (West et al., 1986). Under severe salinity con-
ditions, it will induce water stress and hence yield reductions 
as shown by Ehlers et al. (2007) and Dikgwatlhe et al. (2008). 
Soils are mainly affected through the impact of the salt on floc-
culation of soil particles or the dispersion of aggregates. Sodic 
water tends to disperse soil aggregates and hence restrict both 
the infiltrability and hydraulic conductivity of the soils, and by 
doing so increases the potential for greater runoff and water-
logging (Nelson and Ham, 2000).

Irrigation management has become complex in the light of 
deteriorating water quality and demands research of an inter-
disciplinary nature to support decision-making. Historically, 
decisions on when and how much to irrigate were mainly based 
on the biophysical conditions within the soil-plant-atmospheric 
continuum (Hillel, 2000). These include factors such as the 

evaporative demand of the crop, the storage capacity of the soil 
or plant available water and the sensitivity of specific growth 
stages, or the crop in general, to water stress (Stegman, 1983). 
Typically, the objective of irrigation scheduling was to max-
imise crop yield or to minimise crop water stress. English et 
al. (2002) argue that irrigation based on economic efficiency 
principles will be the new paradigm that will govern irriga-
tion management in the light of limited water supplies that are 
threatened by deteriorating water quality. Economic efficiency 
requires the decision-maker to explicitly consider costs, rev-
enues and the opportunity cost of water in his decisions. 

Irrigators can mitigate the effect of salinity on profit mar-
gins through the introduction of more salt-tolerant crops or by 
managing the level of salt in the soil through leaching (Young, 
2005). Under limited water supply conditions, the irrigator 
needs to decide between using the water to plant the maximum 
area, with reduced crop yield per hectare, or reducing the crop 
area thereby releasing some water for leaching purposes, which 
will increase the crop yield per hectare. Such a tradeoff is 
typically evaluated with an optimisation model. Critical to the 
analysis is the modelling of the non-linear relationship between 
the increasing leaching requirement, resulting from soil water 
salinity, and final crop yield as affected by soil water salinity. 
Within a South African context, Armour and Viljoen (2002; 
2007) developed an optimisation model to evaluate on-farm 
options to mitigate salinisation. Due to a lack of data to quan-
tify a continuous relationship that characterises the leaching 
requirement, expert opinion was employed to generate several 
activities, representing different combinations of soil and 
leaching fraction, in order to model the relationship. Potential 
problems exist with such a procedure with regard to robust-
ness and the transferability of the generated database to other 
applications.

The main objective of this paper is to develop a robust 
non-linear optimisation model that is able to endogenously 
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determine the impact of declining irrigation water quality on 
the economic efficiency of irrigation farming. The optimisation 
model integrates recently developed soil water salinity crop-
yield production functions (Ehlers et al., 2007) and leaching 
functions (Barnard, 2006) within a data envelopment analysis 
framework in order to model the complex interactions involved 
in irrigation management with saline water. The model was 
applied to study the impact of deteriorating irrigation water 
quality on the economic efficiency of maize production under 
different irrigation water supply scenarios.

Data and procedures

Data

The data used in this study originated from field trials used 
to estimate the effect of deteriorating irrigation water qual-
ity on crops planted in soils with a shallow water table, as 
described in Ehlers et al. (2007). The trial was conducted in 
the lysimeter complex at Kenilworth Experimental Farm near 
Bloemfontein (University of the Free State) for 4 production 
seasons, including crops such as maize, beans, wheat and peas. 
The treatment comprised 5 water quality levels on 2 soil types 
classified according to the South African Classification System 
(Soil Classification Working Group, 1991), viz. a 1.8 m deep, 
yellow, fine sandy soil (Clovelly Setlagole) and a 1.8 m deep, 
red, fine sandy loam soil (Bainsvlei Amalia). The Bainsvlei 
soil has a higher mean silt and clay percentage over the pro-
file than the Clovelly and therefore has better water retention 
properties than the Clovelly. The field trial data were used to 
estimate empirical models representing the effect of irrigation 
water quality on crop yield (Ehlers et al., 2007) and the amount 
of drainage water needed to leach excess salt from the soil 
(Barnard, 2006).

Relating soil water salinity to crop yield

Expected crop yield reductions due to increased soil salin-
ity levels can be estimated with Maas and Hoffmann’s (1977) 
threshold and gradient functions, confirmed by Ehlers et al. 
(2007) for South African conditions. When the soil-crop salin-
ity threshold is exceeded, the crop cannot extract the required 
water from the soil and crop growth is suppressed due to the 
osmotic effect that occurs due to the lowering of the total water 
potential in the soil. 

Following Maas and Hoffman (1977) the relationship 
between relative crop yield and soil salinity can be expressed 
as follows:

              (1)

where:
Ya = actual crop yield realised (t∙ha-1)
Ym = maximum crop yield under non-saline conditions   

   (t∙ha-1))
b = rate of yield decrease per unit of excess salts above  

   the threshold (percentage∙mS-1m-1)
ECe = electrical conductivity from soil water-extract   

   (mS∙m-1) 
a = salinity threshold of the crop (mS∙m-1) 

In the field trial study done by Ehlers et al. (2007), values for 
the salinity threshold and the percentage yield loss that resulted 
from deteriorating irrigation water quality were measured 

under controlled conditions. Important to note is that Ehlers 
et al. (2007) relate crop yield reduction to the electrical con-
ductivity of the soil water (ECsw)and not ECe. The use of ECsw 
instead of ECe is justified because the crop was cultivated in 
a lysimeter where it is not a suitable practice to take destruc-
tive soil samples on a regular basis. Instead, soil water samples 
were obtained by extracting soil water under vacuum (-50 kPa) 
from the ceramic cups installed at 30 cm intervals in the profile 
of each lysimeter, on a weekly basis. Furthermore, Eq. 1 is only 
applicable under conditions of no water stress.

Converting irrigation water quality to soil water 
quality

Irrigation farmers generally know the quality of their irriga-
tion water, which is typically expressed as total dissolved 
solids (mg∙ℓ-1). The electrical conductivity of irrigation water 
(ECi) is directly related to the ionic composition of the water. 
According to the Department of Water Affairs and Forestry 
(1996) the conversion factor from total dissolved solids to EC 
for most South African waters is 6.5. Cognisance should be 
taken of the fact that Maas and Hoffman (1977) did not relate 
ECi to crop yield but ECe. The reason is that ECi is not the 
same as ECe because the concentration of salts in the soil is 
influenced by the soil colloids and hydrological processes in the 
soil. Therefore, some conversion is necessary to convert ECi to 
ECe before applying the salinity crop yield functions described 
in the previous section. As a rule of thumb, a conversion factor 
of 2 is used in the literature to convert ECi to ECe (Viljoen et 
al., 2006).

The field trial data from Ehlers et al. (2007) were used to 
test the conversion factor from ECi to ECsw. A conversion factor 
of 2.18 was obtained, which is close to the value of 2 used in 
the literature. However, it was found that a much better rela-
tionship between ECi and ECsw is obtained if the initial electri-
cal conductivity of the soil water (ECin) before irrigation took 
place was taken into account. This was done for the field trial 
data of Ehlers et al. (2007) and the following coefficients where 
obtained in fitting the linear model:

              (2)
where:

ECsw = soil water salinity after irrigation before 
   leaching (mS∙m-1) 
ECi  = irrigation water salinity (mS∙m-1) 
ECin = soil water salinity before irrigation (mS∙m-1) 

The R2 was 99% and both variables were statistically signifi-
cant at a 1% test level. Most significant was the reduction in the 
mean absolute percentage error (MAPE) to 16% when ECi and 
ECin were included in the estimation. 

Soil water salinity leaching function

Leaching of salts from the root zone of soils is the most effec-
tive means of removing excess salt. Barnard (2006) used the 
same lysimeter facility as Ehlers et al. (2007) to estimate the 
amount of drainage water required for leaching excess salts 
from sand to sandy loam soils.

According to Barnard (2006), the amount of drainage water 
required for reducing the ECsw of the root zone to a specific 
target soil water salinity level can be calculated as follows:

              (3)
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where: 
D  = drainage requirement for leaching excess salts  

    (mm∙ha) 
lf  = (ECa - ECi)/(ECsw - ECi)  (leaching fraction)
ECa = target soil water salinity after leaching
ECsw = soil water salinity after irrigation before 
   leaching (mS∙m-1)
z  = coefficient dependent on soil type
ds  = depth of the soil (mm)

The value of the z-coefficient can be estimated from the 
mean coarse silt and clay percentage (S+C)% of the root zone 
(Barnard, 2006).

              (4)

Equation (3) is used to relate the amount of irrigation water with 
a specific salinity level that is used for leaching to the resulting 
soil water salinity level (ECa) that will impact on crop yield.

Modelling crop yield as a function of leaching within 
a data envelopment analysis framework

The data envelopment analysis (DEA) technique of Banker et 
al. (1984) was used to simulate the non-parametric Maas and 
Hoffman (1977) salinity crop yield function for maize, tak-
ing the effect of leaching into account. DEA involves the use 
of linear programming methods in order to estimate a non-
parametric piece-wise linear efficiency frontier form a set of 
data. Data points within the data set are then compared to the 
data points that form the efficiency frontier in order to calculate 
their relative efficiency to the frontier. The functioning of DEA 
within this paper is explained by means of Fig. 1.

Figure 1 shows that the Maas and Hoffman (1977) salinity 
crop yield function is characterised by a linear segment over 
which no reduction in maize yield takes place and a seg-
ment over which maize yield is reduced linearly when salin-
ity exceeds the crop’s salinity tolerance level. Within a DEA 
framework ECsw > 350 mS∙m-1 is inefficient because higher crop 
yield is achievable with a better water quality. The function was 
therefore modelled in reverse or mirror image to ensure that the 
full extent of the Maas and Hoffman (1977) crop yield func-
tion is estimated with DEA procedures. In the reverse salinity 
crop-yield function, the threshold salinity level is achieved 
at an ECsw of 1370 mS∙m-1. This was calculated as ECm – ECa 
(1720 – 350) mS∙m-1 where ECm is the maximum soil water 
salinity level for which the graph is defined. The data points 
used to represent the efficiency frontier correspond to points 
A, B and C in Fig. 1. Within an output-orientated DEA model 
specification the objective is to determine with how much the 
output from an inefficient data point can be proportionally 
expanded to form part of the efficiency frontier without altering 
input quantities. The main purpose of the programming model 
is to determine the proportional weights attributed to the 2 data 
points that define the linear segment of the efficiency frontier 
for which the value of the ECsw needs to be interpolated.
 To incorporate the impact of leaching salt on crop yield the 
soil water salinity level depicted in Fig. 1 corresponds to the 
soil water salinity level after leaching (ECa). The values of ECa 
are calculated by rearranging Eq. (3) and substituting Eq. (2) 
for ECsw resulting in the following function:

              (5)

Through the use of ECa as the argument in a Maas and Hoff-
man (1977) salinity production function one is able to quantify 
the impact of irrigation water quality and leaching fractions on 
crop yield.

Optimisation model specification

The empirical model described in the previous section was 
used to develop an optimisation model to optimise the tradeoffs 
between allocating scarce water to irrigate larger areas or for 
salinity management through leaching. The convention is to 
use capital letters to represent variables that are endogenously 
determined by the optimisation model and small letters to rep-
resent the data parameters that are used in the calculations.

Objective function
The objective function of the model maximises gross income 
above specified costs. Specified costs include the costs of 
irrigation water applications to sustain crop production under 
conditions of no water stress and water applications for salinity 
management. 

              (6)

where:
GI = Gross income above specified costs to be 
  maximised (R)
ym = Potential crop yield under non-saline conditions   

   (t∙ha-1)
ypj = Potential crop yield for point j on the reverse 
  salinity crop yield efficiency frontier (t∙ha-1)
A = Area planted (ha)
D = Drainage water required to leach excess salts    

   (mm∙ha)
Wj = Weights representing the contribution of the jth 
  point on the efficiency frontier to yp (fraction)
p = Price of crop (R∙t-1)
ic = Irrigation cost (water cost and cost to apply water)  

   (R(mm∙ha) -1)
sys = Irrigation system application efficiency (%)
nir = Net irrigation requirement of crop (mm∙ha)

With maize as test crop, the 1st  term in Eq. (6) calculates total 
gross income as the product of the area planted to maize (A), 
maize yield as affected by salinity ((∑ypjWj) ym) and the price 
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of maize (p). Maize yield is a function of the soil water salinity 
level, which is a function of the irrigation water salinity level, 
initial soil water salinity and leaching management. The spe-
cific procedures used to model the impact of soil water salin-
ity on crop yield are discussed in the following section. The 
last 2 terms respectively calculate the cost of applying water 
to ensure that the crop is irrigated to sustain crop yield under 
conditions of no water deficits and the cost of applying water 
for leaching purposes.

Crop yield estimation
Crop yield is estimated as a function of the average soil water 
salinity level, which is a function of the irrigation water qual-
ity, initial soil water salinity and the amount of leaching 
applied. The following equations are used to model the interac-
tions between soil water salinity and crop yield within a DEA 
framework:

              (7)

              (8)

              (9)

where: 
 ecswj= Soil water electrical conductivity of point j on   
   the reverse salinity crop yield efficiency frontier   
   (mS∙m-1)

ecm = Maximum soil water electrical conductivity    
   where yield potential is zero on the Maas and    
   Hoffman (1977) function (mS∙m-1)

Equation (9) corresponds with Eq. (5), and is used to calculate 
the soil water salinity level for which the crop yield needs to 
be interpolated within an output-orientated variable-returns 
to-scale (VRS) (Banker et al., 1984) DEA model. Equation 
(8) imposes the convexity condition in the VRS model speci-
fication to allow for the non-parametric function to exhibit 
piece-wise linear segments (Cooper et al., 2006). Equation (7) 
ensures that the interpolated input used for the reference units 
on the efficiency frontier does not exceed ecm – ECa when the 
output level is maximised for the reverse crop yield function.

Resource constraints
Total production is constrained by water and land availability 
with Eq. (10) and (11).

              (10)

              (11)

where: 
land = Maximum amount of arable area available (ha)
α  = Parameter used to parameterise water availability

Equation (10) is parameterised for 2 alternative irrigation water 
supply scenarios through the use of α. When α = 1 enough 
water is available to irrigate all the available irrigation land.

Results

The optimisation model is applied to determine whether it is eco-
nomically viable to allocate water for leaching purposes in order 
to obtain higher crop yields in light of deteriorating water salinity 
levels. Results were generated given the following assumptions: 

• A Bainsvlei Amalia soil with a combined silt and clay con-
tent of 8% was used for maize production

• An initial soil water salinity level of 350 mS∙m-1

• Natural drainage is possible therefore the cost of artificial 
drainage was not considered 

• The natural leaching effect of rainfall was not taken into 
consideration 

• Irrigation refilled the soil water content to the drained 
upper limit 

• A volumetric water levy was charged 
• The irrigation water quality, eci, remains constant over the 

duration of the irrigation period

Furthermore, the assumption is made that 100 ha of land is 
available for the production of maize while 2 water supply 
scenarios are considered. Scenario 1 is characterised by a situa-
tion where enough water is available to irrigate 100 ha of maize 
without sustaining any crop yield loss due to salinity (α = 1). 
Thus, the farmer needs to reduce his area irrigated to release 
water for leaching purposes when irrigation water quality dete-
riorates further. With Scenario 2 water supply is assumed to be 
10% more than that of Scenario 1 (α = 1.1). However, the area 
that can be irrigated remains at 100 ha. 

Scenario 1

Figure 2 shows the tradeoff that exists between deteriorating 
irrigation water salinity and the on-farm margin above speci-
fied costs (a), the marginal value of irrigation water (b), soil 
water salinity (c), amount of water used to leach excess salt 
from the soil (d), the area under production (e) and crop yield 
(f). 

The results in the graphs show that no tradeoff is mod-
elled when the irrigation water salinity level (eci) is below 105 
mS∙m-1. As a result deteriorating irrigation water salinity does 
not alter the marginal value of water which is constant at a rate 
of ZAR21∙m-3. Under conditions of relatively good irrigation 
water quality (eci < 105 mS∙m-1), soil water salinity does not 
exceed the maize salinity threshold level of 350 mS∙m-1. Since 
the maize salinity threshold is not exceeded, crop yield will not 
be affected and a maximum crop yield of 11.4 t∙ha-1 is achieved. 
Since the maximum crop yield is achieved and leaching prac-
tices are not necessary, a maximum on-farm margin of R2.2 m. 
is achieved. Thus, the farmer will use all his available water 
to irrigate 100 ha without allocating any water for leaching 
purposes.

If irrigation water salinity (eci) deteriorates to levels above 
105 mS∙m-1, the salt build-up in the soil causes soil water salinity 
levels to exceed the crop’s salinity threshold. The results show 
that it is profitable to reduce the area irrigated in order to release 
water to leach some salts from the soil to improve crop yields. 
Although leaching is practised, the level of leaching is not suf-
ficient to improve soil water salinity to the crop’s soil water salin-
ity tolerance level. As a result, crop yield decreases, which also 
causes the productivity of water to decrease from a maximum of 
ZAR21∙m-3 to ZAR12.67∙m-3 if irrigation water salinity deterio-
rates to 600 mS∙m-1. At first, it seems as though the productivity 
of water is in direct relation to the rate of yield decrease per 
unit of excess salt above the crop’s salinity threshold level that 
is specified in the Maas and Hoffman (1977) salinity crop yield 
function. However, it is important to note that the actual water 
productivity modelled is higher due to leaching. Although crop 
yield losses are still occurring, the crop yield loss is less than it 
would have been if the farmer had not leached excess salts. Thus, 
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the productivity of water is higher than would have been the case 
without leaching taking place. The results further showed that all 
the tradeoffs that were modelled are linear when irrigation water 
supply is limiting.

Scenario 2

The same variables were used in Fig. 3 to show the impact of 
deteriorating irrigation water salinity when 10% more water 
is available to the irrigator. The resulting tradeoffs show 
more complex relationships between the variables and differ 
significantly from the water-limiting scenario. As is the case 
for Scenario 1, crop yield is only affected if irrigation water 
salinity exceeds 105 mS∙m-1 when no leaching takes place, and 
therefore no tradeoffs are modelled for eci values less than 
105 mS∙m-1. However, crop yield only starts to decrease when 
irrigation water salinity exceeds 195 mS∙m-1 because enough 
irrigation water is available with Scenario 2 to leach salts from 
the soil to improve soil water salinity to the threshold salinity 
tolerance level of the crop. Thus, irrigation water availability 
does not limit the area irrigated or the level of leaching that is 
necessary to sustain maximum potential crop yield. As a result, 
no marginal values for irrigation water are calculated. 

An interesting result is that the marginal value of  
water increases from ZAR12.35∙m-3 at a constant rate of 
ZAR0.08∙m-3∙(mS∙m-1)-1 to ZAR13.98∙m-3 when irrigation water 

salinity increases to between 195 mS∙m-1 and 525 mS∙m-1. 
During this stage, the deterioration of water salinity increases 
the leaching requirement while water availability is inadequate 
to sustain the increase in leaching requirement. The available 
irrigation water is used to irrigate 100 ha and the remainder 
is used for leaching purposes. Thus, if more water had been 
available it would have been used to leach salt from the soil. 
The benefit attributed to the last cubic meter of water that is 
used for leaching is directly related to changes in the soil water 
salinity levels. Irrigation with more saline irrigation water 
results in increasing soil water salinity levels, which affect crop 
yields. However, the increase in soil water salinity level also 
causes the amount of salt that is leached by the last cubic meter 
of water used for leaching to increase. Because the reduction 
in crop yield due to higher soil water salinity levels is less than 
the crop yield increase derived from leaching, the overall result 
is positive and the marginal value of water increases under 
deteriorating irrigation water salinity. 

If irrigation water quality deteriorates to levels of above 
525 mS∙m-1, crop yields would be affected to such an extent 
that it is profitable for the farmer to reduce his hectares under 
irrigation in order to release water for leaching. Although not 
clearly visible from the graphs, it is important to note that all 
the tradeoffs that are reported, except for area irrigated, are 
exactly the same as for Scenario 1 if irrigation water salinity 
exceeds 525 mS∙m-1.

Figure 2
Impact of irrigation 

water salinity on margin 
above specified costs 
(a), the marginal value 
of irrigation water (b), 

soil water salinity (ECsw) 
(c), drainage water 

use (DW) (d), hectares 
planted (A) (e) and crop 

yield (Y,L) (f) under 
water supply condition 
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Conclusions

This study showed interesting relationships between the 
impact of increasing irrigation water salinity on economic 
efficiency and the maximum willingness to pay for irrigation 
water. These relationships are highly dependent on the inter-
action between water availability and the tradeoff that exists 
between using irrigation water to irrigate larger areas or using 
it to leach excess salt from the soil thereby increasing crop 
yield. Modelling results further showed that it is profitable 
to leach excess salt from the soil once the soil water salinity 
exceeds the crop’s salinity threshold. The economic benefits 
of leaching are such that it is even profitable to reduce the 
area irrigated under limited water supply in order to release 
water to leach salt from the soil. When more water, though 
still a limited amount, is allocated to the farmer his willing-
ness to pay for water will increase if irrigation water deterio-
rates. The last-mentioned may seem a paradox, but indicates 
that the added benefit from leaching outweighs the negative 
impact of deteriorating water quality on crop yield. Thus, the 
conclusion is that leaching is profitable irrespective of water 
supply conditions. However, water supply conditions have 
a significant impact on the willingness to pay for additional 
water. Although it is profitable to leach, costs associated with 

artificial drainage need to be taken into consideration, if 
natural drainage is not possible, to determine whether or not 
leaching is still financially feasible to cover the substantial 
long-term costs of artificial drainage and efficient disposal of 
leachate. 

The modelling framework that was developed proved to be 
useful in analysing the interrelationships between allocating 
water for leaching management and using water for produc-
tion. Cognisance should be taken of the assumptions that were 
made when modelling the interrelationships. The model uses 
seasonal production and leaching functions. Thus, the assump-
tion is made that it is physically possible to leach the amounts 
that were estimated with the programming model. Decision-
makers require more detailed information to facilitate leaching 
management. Future research should focus on the optimisation 
of water budget calculations through the season to test the 
feasibility of leaching. Such an approach will also allow for the 
inclusion of other factors such as timing of irrigations, irriga-
tion system capacities and uniformity of applications in the 
analyses. Another aspect that was not covered in this research 
is the fact that leaching causes an externality that will impact 
negatively on the environment and other users. To internalise 
these costs to the farmer appropriately formulated policy is 
necessary.

Figure 3
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