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A modelling framework incorporating relationships between agricultural pro-
duction and groundwater hydrology was developed to estimate the bene¢ts of
improved irrigation e¤ciency in the Riverland of South Australia. Increased
irrigation e¤ciency can generate external bene¢ts to downstream users through
reduced discharge of saline groundwater. In the Riverland these bene¢ts are large
in comparison to the direct value of the irrigation water. However, the non-
exclusive and site-speci¢c nature of these bene¢ts makes it di¤cult to fully
internalise them through market instruments such as salinity credits. Achieving
optimal irrigation e¤ciency is likely to require institutional arrangements that
promote collective investment and public expenditure.

1. Introduction

Land clearing and the establishment of irrigation have facilitated the
development of high value agricultural production in Australia's Murray^
Darling Basin. However, land clearing and irrigation have also imposed
costs. The replacement of native vegetation with crops and agricultural
systems has substantially increased the amount of water entering ground-
water systems and, as a result, led to rising water tables. As water tables rise,
there is increased discharge of salt into streams and relocation of salt in the
soil to the soil surface. Higher stream and surface soil (dryland) salinity can
reduce the productive capacity of agricultural resources, adversely a¡ect
infrastructure such as roads and rural services that support agriculture, and
a¡ect the quality and variety of a range of environmental assets including
wetlands, £oodplains and riverine ecosystems.
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Strategies have been, and continue to be, implemented to address the
problem of salinity in the riverine environment. The Salinity and Drainage
Strategy was introduced in 1989 to manage irrigation salinity along the
Murray River in New South Wales and Victoria, and increased salt
concentration in the lower Murray River in South Australia. The Draft
Basin Salinity Management Strategy, released by the Murray^Darling Basin
Commission in October 2000, proposed a series of end-of-valley salinity
targets for 2015 as well as foreshadowing the need to develop longer-term
initiatives. The Commonwealth and State governments agreed in November
2000 to fund a national salinity and water quality program.
Investing in a portfolio of initiatives requires an understanding of how

di¡erent landscapes respond to alternative land and water use options at
both a regional and a broader scale. To evaluate salinity management
options in the Murray^Darling Basin, a simulation modelling framework
that incorporates the relationships between land use, vegetation cover,
surface and groundwater hydrology and agricultural returns was developed
at ABARE, in cooperation with the Commonwealth Scienti¢c and Industrial
Research Organisation (CSIRO).
To date, the catchment model has been developed to estimate the bene¢ts

and costs of reforestation as a tool for salinity management (Heaney et al.
2000). The results of this work suggest that broad-scale reforestation as a
tool for managing dryland and instream salinity may impose signi¢cant costs
on agriculture and rural economies more generally. These costs are incurred
as a result of reduced surface water yield and increased salt concentration of
surface water £ows in the near term. To demonstrate how a targeted
approach to reforestation may still be cost-e¡ective, the model was used to
identify the in£uence of di¡erent hydrological and land use characteristics on
the costs and bene¢ts of reforestation within the Macquarie^Bogan catch-
ment. The results show reforestation targeted to regions in this catchment
that have high groundwater salinity levels and relatively fast-responding
aquifers may generate substantial net salinity bene¢ts. Other catchments are
likely to have di¡erent productive and nonproductive assets that may a¡ect
the bene¢t^cost pro¢le of salinity mitigation through reforestation.
However, as a substantial proportion of the salt load in the lower Murray

River system is due to saline groundwater discharge from irrigated agri-
culture and horticulture, an e¡ective investment portfolio is likely to include
salinity mitigation initiatives in irrigation areas as well as dryland catch-
ments. The model was developed further to estimate the bene¢ts of improved
irrigation e¤ciency in the Riverland irrigation areas in the South Australian
Mallee region as a tool for mitigating the problem of increasing river salinity,
the results of which are presented here. A feature of the approach taken in
the modelling is that it allows both the internal bene¢ts and the external
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bene¢ts of improved irrigation e¤ciency in the Riverland irrigation areas to
be determined. This is useful for public policy purposes.

2. Externalities, irrigation and efficiency

Bene¢ts from improvements in irrigation e¤ciency may be derived in two
ways. First, internal bene¢ts may accrue to the individuals undertaking the
action as a result of more e¤cient agricultural production. Second, improved
irrigation e¤ciency may decrease the amount of groundwater leakage,
thereby decreasing the amount of saline groundwater being transported to
the river system. This leads to an improvement in the quality of surface
water available for use downstream. These are external bene¢ts as they will
not be re£ected in the returns to irrigators who make the investment in
irrigation e¤ciency and are, therefore, the source of a potential market
failure.
The discharge of saline groundwater due to irrigation has important spatial

as well as temporal characteristics that make it di¤cult to internalise the
downstream bene¢ts associated with an improvement in irrigation e¤ciency.
These problems have received considerable attention in economic literature
on pollution abatement (Montgomery 1972; Atkinson and Tietenberg 1987;
Malik et al. 1993). Considering the problem in this context helps to illustrate
the need to develop appropriate institutional arrangements to achieve an
e¤cient level of investment in improving irrigation e¤ciency.
In attempting to equate the marginal cost of increased irrigation e¤ciency

with the sum of the internal and downstream marginal returns, downstream
impacts need to be considered in terms of the level of damage avoided. As
the level of salinity in groundwater discharge is location-speci¢c, similar
irrigation application rates and levels of irrigation e¤ciency can have sub-
stantially di¡erent impacts on the level of salt mobilised to the river system.
Hence, a change in irrigation practices should be related to changes in return
£ows and salt loads.
The impact of saline groundwater discharge depends on the location of

the source. Generally, upstream irrigators will impact on a greater number
of assets than downstream irrigators and hence have a higher marginal
return from a given level of abatement. In addition, downstream impact will
vary from location to location due, for example, to di¡ering salt tolerance
of irrigated crops or di¡ering industrial uses. The bene¢ts of a reduction in
salinity need to be accounted for in terms of a speci¢c set of downstream
sites a¡ected by the change.
In considering emissions permits, Montgomery (1972) established that to

achieve an economically e¤cient outcome a separate property right must be
de¢ned in terms of the damages generated from a speci¢c source at each
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a¡ected site downstream. However, a market solution based on a set of site-
speci¢c (spatially di¡erentiated) tradable property rights, such as a salinity
mitigation credit, faces three problems. First, downstream bene¢ts are non-
appropriable (the right is non-exclusive). If an individual cannot capture the
bene¢t of an upstream investment in irrigation e¤ciency, private markets can-
not function e¤ciently (Hartwick and Olewiler, 1986). Second, there is
considerable uncertainty associated with the level and timing of impacts of an
upstream investment in improved irrigation e¤ciency. When individuals lack
information on how upstream activities impact on downstream users, a
market may not operate e¤ciently (Hartwick and Olewiler, 1986). Third,
several authors have noted that while a system of traded spatially-speci¢c
property rights may be a ¢rst-best policy in theory, the potential complexity
and costs of transactions mean that it is not practical to implement (Atkinson
and Tietenberg 1987; Stavins, 1995; Hanley et al. 1997).
Given the complications associated with implementing a spatially-

di¡erentiated salinity credit scheme, a partially di¡erentiated or undi¡eren-
tiated scheme may be an e¡ective second-best solution. An example may be
allowing trade in salinity mitigation credits between irrigation areas as
opposed to individual irrigators. Trading arrangements may be supple-
mented by administered restrictions such as trading ratios or exchange rates
between irrigation areas (Malik et al. 1993). However, the potential bene¢ts
from any speci¢c intervention will depend on the physical and economic
characteristics of the problem. A central objective of the work presented in
this article is to establish the level of internal versus external bene¢ts of
increased irrigation e¤ciency in the South Australia Riverland and consider
the degree to which a spatial approach may be required.

3. South Australian Riverland region

The study region for this analysis covers a 20-kilometre strip along the
Murray River from the South Australia/Victoria border to Morgan (¢gure 1).
Horticulture crops, predominantly citrus and some stonefruit and vegetables
and, more recently, grape production, cover almost 40 000 hectares in the
South Australian irrigation areas. The irrigation areas along the river are
shown in ¢gure 2. Water for irrigation is sourced solely from the Murray
River. Irrigation areas were ¢rst established as early as the 1880s in settlement
schemes involving state and, more recently, federal governments. These
government schemes were followed, from the 1950s, by other group irrigation
schemes, many of which were funded privately. Early irrigation areas were
located adjacent to the river to minimise the costs of water delivery with
almost all irrigated activity occurring within 10 kilometres of the Murray
River.
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In the South Australian portion of the Murray^Darling Basin, the salinity
of groundwater underlying the irrigation areas is close to and in many areas
exceeds, the salinity of seawater. As a result of irrigation development and the
clearance of native vegetation within this saline environment, the Mallee zone
of South Australia is a signi¢cant source of salt. Furthermore, all of the salt
mobilised in the Mallee zones of Victoria and South Australia is expected to

Figure 1 South Australia Riverland study region

Figure 2 South Australia Riverland region
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reach the Murray River as a result of direct seepage. In contrast, less than half
of the salt mobilised in catchments with poorer drainage features actually
reaches the rivers, with the salt being retained in the landscape. As a result,
salt loads in the Mallee zone from South Australia to Morgan are predicted to
increase substantially. Over the next 30 years, much of this increase in salt
contribution will result from the expanding groundwater mounds beneath
irrigation areas although, progressively, additional salt loads induced from
the Mallee dryland areas will begin to dominate (MDBMC 1999).

4. Model specification

Within the modelling framework, economic models of land use are joined
with a representation of hydrogeological processes in each catchment. The
hydrogeological component incorporates the relationships between rainfall,
evapotranspiration and surface water runo¡, the e¡ect of land use change on
groundwater recharge and discharge rates, and the processes governing salt
accumulation in streams and soil. In the agro-economic component of the
model, land use is allocated to maximise economic return from the use of
agricultural land and irrigation water. Incorporated in this component is the
relationship between salinity and yield loss for each agricultural activity.
Thus, land use can shift with changes in the availability and quality of both
land and water resources.
The framework is a dynamic representation of the relationship between

the hydrological cycle and the economic returns to alternative land uses.
In the South Australian Riverland version of the model, the interactions
between precipitation, vegetation cover, surface water £ows, groundwater
processes and agricultural production are modelled at a river reach scale. In
turn, these reaches are linked through surface and groundwater £ows. The
modelling approach is described in more detail in Bell and Heaney (2000)
and Bell and Klijn (2000).
The lower reaches of the Murray River are a major discharge area for

saline groundwater transporting salt to the river by direct seepage or onto
£oodplains adjacent to the river that may be mobilised in £ood events. The
rate at which salt stored in groundwater is transported to the river is
dependent upon, among other things, the size of an irrigation development,
irrigation e¤ciency, the underlying geology of the irrigated area, and the
distance between the irrigation development and the river valley. As the
distance from the river increases, the time before a change in the level of
recharge is fully re£ected in the level of groundwater discharge to the Murray
River increases substantially. A methodology has been developed to assess
the impact of changes in these parameters on salt loads by an irrigation
development (Watkins and Waclawik 1996; AWE 1999).
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Discharge induced from an upstream irrigation area can increase the
salinity of water supplies, reducing returns to downstream irrigated activity
and imposing costs to industrial and household users. To represent this
externality explicitly, agricultural activity in the Riverland from the border
to Morgan was broken down into a series of independent land management
units. These units were selected on the basis of existing regional salt load
modelling (Watkins and Waclawik 1996) and are located from the South
Australian border to Lock 5, Lock 5 to Lock 4, Lock 4 to Lock 3, Lock 3 to
Lock 2 and Lock 2 to Morgan (¢gure 2). Within a reach each band was then
treated as an independent and spatially homogeneous unit.
While the clearance of native vegetation has contributed to increased

recharge in the Mallee, the most signi¢cant source of recharge is develop-
ment of irrigation along the river. To allow for a range of hydrological
response times, re£ective of the distance of the irrigation development from
the river valley, the management units in the Mallee model were split into
three bands ö within 2.5 kilometres from the Murray River, between 2.5
and 5 kilometres from the river and between 5 and 10 kilometres from the
river. These bands are also shown in ¢gure 2.

4.1 Agro-economic component

The management problem considered is that of maximising the economic
return, de¢ned as the rental return to the ¢xed factors, from the use of
agricultural land in the Riverland by choosing between alternative steady
state land use activities in each year. There are four land use activities, j,
speci¢ed: irrigated crops, irrigated horticulture, dryland crops and dryland
pasture.
Each region is assumed to allocate its available land each year between

the above activities to maximise the net return from the use of the land in
production, subject to constraints on the overall availability of irrigation
water:

max
X

j

pj

r
xj�L j; swj� ÿ

csw

r

X
j

swj �1�

subject to: X
j

swj � sw� and
X

j

L j � L � �2�

where xj is output of activity j, L j is land used in activity j, swj is surface
irrigation water used for activity j, r is a discount rate, and csw is the unit
cost of surface water for irrigation. The net return to output for each activity
is given by pj and is de¢ned as the revenue from output less the cost of
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inputs, other than land and water, per unit of output. Agricultural prices,
input costs and productivity are assumed to be constant.
For each activity, the volume of output depends on land and water use

(or on a subset of these inputs) according to a Cobb-Douglas production
function:

xj �
AjL

aL j

j sw
aswj�t�
j 0 < aL j

� aswj < 1 for j � 1; 2

AjL
aL j

j 0 < aL j
< 1 for j � 3; 4

8<: �3�

where Aj, aL j
, and aswj are technical coe¤cients in the production

function. Note, the technical coe¤cients on irrigation water are time-
dependent to capture the impact of changes in salt concentration in the
Murray River.
The costs to irrigated cropping and horticulture resulting from yield

reductions caused by increased river salinity are modelled explicitly. The
impact of saline water on the productivity of plants is assumed to occur by
the extraction by plants of saline water from the soil. The electro-
conductivity of the soil, ECe re£ects the concentration of salt in the soil water
and reduces the level of output per unit of land input (land yield) and per
unit of water input (water yield). This is represented by modifying the
appropriate technical coe¤cients, aij, in the production function for each
activity from the level of those coe¤cients in the absence of salinity impacts,
for I � L ; sw. That is,

aj�t� �
amax

j

1� exp�m0j � m1jEC� �4�

where m0 and m1 are productivity impact coe¤cients determined for each
activity and amax

j is the level of those coe¤cients in the absence of salinity.

4.2 Hydrological component

There are two parts to the hydrological component of the model. The ¢rst
is the distribution of precipitation and irrigation water between surface
water runo¡, evapotranspiration and groundwater recharge. As the South
Australian Mallee is characterised by a lack of surface water runo¡, all
precipitation and irrigation water is assumed to be either returned to the
atmosphere through evaporation or transpiration or it enters the groundwater
system as recharge. The annual average rainfall for the region is approxi-
mately 270mm. Under native vegetation the estimated rate of groundwater
recharge is slightly less than 1mm a year. Land cleared for dryland cropping
is estimated to have a recharge rate of around 10mm (Kennett-Smith et al.
1994; Cook et al. 1997).
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Irrigation water entering the groundwater system depends, in part, on the
volume of water applied, and the e¤ciency of application and evapo-
transpiration. Water application rates for horticulture are around 10 mega-
litres per hectare a year, equivalent to 1000 mm of precipitation. Much of
the more recent irrigation development in the Riverland is characterised by
highly e¤cient drip irrigation technology whereas the older developments
use overhead sprinkler systems. Average irrigation e¤ciency rates (de¢ned as
that proportion of the water diverted for irrigation that does not enter the
groundwater system) are estimated to be between 75 and 80 per cent
(Anthony Meisner, Department of Environment, Heritage and Aboriginal
A¡airs, pers. comm., November, 2000). Irrigation e¤ciency of 80 per cent
corresponds to 200 mm of groundwater recharge per year.
Soil structure can also a¡ect recharge rates. While soils in the Riverland

are generally sandy and are not subject to high water tables, some areas have
underlying layers of Blanchetown clay that inhibit drainage into the ground-
water system. Maximum in¢ltration rates through Blanchetown clay are
estimated to be around 100 mm a year (Watkins and Waclawik 1996). Tile
drainage is used in these areas to avoid waterlogging. Tile drainage is
represented in the model though a combination of an increase in irrigation
e¤ciency where drainage is re-used or allowed to evaporate, or as a return
£ow to the river system.
The second part of the hydrology component is the determination of

groundwater discharge. The equilibrium response time of a groundwater £ow
system is the time it takes for a change in the rate of recharge to be fully
re£ected in a change in the rate of discharge. The equilibrium response time
does not re£ect the actual time it takes for water to £ow through the
groundwater system but the transmission of water pressure. The equilibrium
response time increases rapidly with the lateral distance the water £ows in
the Mallee due to the £at terrain and resultant low hydrological pressure.
Assuming the contributions of recharge are additive and uncorrelated over

time, it is possible to model gross discharge directly, thereby avoiding the
need to explicitly model groundwater levels. In the approach adopted here,
total discharge rate D in year t is a logistic function of a moving average of
recharge rates in the current and earlier years according to:

D�t� � R�0� �
Xt

i�tÿm

R�i� ÿ R�iÿ 1�
1� exp��nhalf ÿ i�=nslope�

�5�

where R�0� is the initial equilibrium recharge rate, m is the number of terms
included in the moving average calculation, and nhalf and nslope are the time
response parameters. The moving average formulation allows the accumu-
lated impacts of past land use change to be incorporated as well as to model
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prospective changes. Typical response pro¢les for the three land use bands
are shown in ¢gure 3.
Saline groundwater discharge can be intercepted through groundwater

pumping for subsequent disposal in evaporation ponds. In some areas of the
Riverland, there is groundwater discharge to the £ood plains, which is
mobilised in £ood events and does not contribute to the problem of high salt
concentrations. Reductions in average saline discharge from these e¡ects
are accounted for in calculating river salt and water balances.

5. Model calibration

The data required to calibrate the model are extensive. The procedure is
outlined in more detail in Bell and Heaney (2000) and presented brie£y here.
The data sets and parameter estimates are available from the authors on
request.
Land areas were calculated about the Murray River using an ARQ Info

bu¡er procedure. Irrigation areas were obtained from a GIS coverage
provided by Planning SA. Land values for horticultural activities were
obtained from the South Australian Valuer General's O¤ce. ABARE farm
survey data were used to apportion the remaining area between dryland
cropping, pasture and non-agricultural uses and to estimate the net present
value of the returns to these activities.
The volume of irrigation water used in each reach was obtained from the

Figure 3 Weighting function for contribution of past recharge to discharge

486 A. Heaney et al.

# Australian Agricultural and Resource Economics Society Inc. and Blackwell Publishers Ltd 2001



Department of Water Resources and split between the land use activities
using application rates for the crops grown in the region derived from
ABARE farm survey data.
To calculate initial values for the production function parameters in

equation (3), the total rent at full equity accruing to each activity was ¢rst
calculated as the summation of rent associated with use of land and other
¢xed inputs to production and surface water. That is:

Rent Totalj � Rent L j �Rent SWj �Rent Otherj �6�

where:

Rent L j � L j�0�pmin

Rent SWj � swj�0�c~sw

Rent Otherj � L j�0��pj ÿ pmin�
�7�

where pmin is the net return to land and other ¢xed capital structures in their
marginal use and c~sw is the opportunity cost of surface water for irrigation
in the initial period and is assumed to be A$100/ML. This is approximately
equal to the sum of delivery charges and the annualised value of permanent
water transfers in the region (Samaranayaka et al. 1998).
Initial values for the production function coe¤cients for each activity were

then determined as:

aL j
�0� � Rent L j

Rent Totalj

aswj�0� �
Rent SWj

Rent Totalj

Aj � L j�0�1ÿaL j�0�swj�0�ÿaswj�0�

�8�

Within a simulation, these coe¤cients are then adjusted from the initial
values according to equation (4). The coe¤cients in equation (4) were
derived from estimated yield losses caused by irrigation salinity (MDBC
1999) by equating the decline in average physical product of irrigation water
with the yield loss function.
The Murray^Darling Basin Commission has linked its hydrological

modelling to estimates based on cost impacts of incremental increases in
salinity. Costs downstream of Morgan are imputed as a function of EC
changes in salt concentration at Morgan. The analysis considers agricultural,
domestic and industrial water uses. Using the cost functions derived in this
model, each unit increase in EC at Morgan is imputed to have a downstream
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cost of A$65 000 (MDBC 1999). This cost is included in the analysis
presented here.
The groundwater response functions were obtained from Watkins and

Waclawik (1996). Groundwater salinities along with recharge rates under
pre-clearing and current land use activities were obtained from Barnett et al.
(2000). Projected groundwater discharge and salt load to the Murray River
to the year 2100 (Barnett et al. 2000) were used to calibrate the remaining
hydrological parameters. Murray River surface water £ows and salt loads at
the South Australian border were obtained from Jolly et al. (1997).

6. Results

The results presented in this article are for an improvement in irrigation
e¤ciency across all irrigators in the South Australian Riverland region. In
this analysis, there are no e¡ects sourced upstream of the South Australian
border. With no intervention to address salinity, there is expected to be an
increase in salt concentration of the Murray River at Morgan by around 20
per cent over the next 100 years from around 462 EC to 557 EC caused by
increased saline discharge from the irrigation areas in South Australia. As an
increase in stream salinity results in a reduction in the productivity of
irrigation water, a gradual switch from irrigated activities into dryland
production is expected. Using a real discount rate of 5 per cent, the cost of
instream salinity to agricultural and horticultural production in the study
area is estimated to be around A$6.3 million, in net present value (NPV)
terms, over the 100-year period. The estimated cost of salinity in a baseline
scenario is measured as the reduction in economic returns from agricultural
and horticultural activities from those that are currently earned. That is, the
costs of salinity are measured relative to those borne today. These costs are
incurred as a result of yield losses caused by the reduction in the quality of
water used for irrigation. Most of these costs are incurred between Locks 3
and 4 and Locks 2 and 3. This is re£ective of the amount of horticultural
production and their downstream location. In addition to this direct cost is
the imputed cost of the increase in salt concentration downstream of Morgan,
estimated to be around A$32 million NPV over the 100-year period.
As a comparison to the baseline described above, an alternative simulation

was conducted in which irrigation e¤ciency was improved in all irrigation
areas by 5 per cent to reduce the amount of leakage into the groundwater
system. With more e¤cient irrigation, less water is needed to produce the
same amount of output. In the scenario presented here, the volume of water
saved by irrigators is available for sale or for use to increase irrigated
agricultural production. The capital costs of improving irrigation e¤ciency
are not included in this analysis.
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Salinity bene¢ts from improvements in irrigation e¤ciency are derived
from reductions in the discharge of saline water directly into streams, which
leads to a reduction in the salt load and concentration of river £ows.
Improving irrigation e¤ciency in the South Australian Riverland region
leads to a total reduction in salt load leaving the irrigation areas of around
160 000 tonnes, or around 20 per cent in 2050. This corresponds to a
reduction in salt concentration of the Murray River at Morgan of 38 EC
(¢gure 4). Re£ecting the delayed response of the groundwater £ow system, it
takes between seven and ten years before a change in groundwater recharge
is re£ected in a reduction in discharge of saline groundwater into the river.
The extent to which a reduction in salt loads and concentration is achieved

depends on, among other things, the response time of the groundwater aquifer
(in turn, dependent on the distance of the irrigation area from the river), the
volume of the reduction in groundwater leakage and the underlying ground-
water salinity. As a result, the reduction in salt loads varies between reaches
(¢gure 4). In absolute terms, the greatest reductions are in the reaches between
Locks 3 and 2 and between the border and Lock 5.

Figure 4 Reductions in salt loads and EC at Morgan following a 5 per cent increase in irri-
gation e¤ciency

Improvements in irrigation e¤ciency 489

# Australian Agricultural and Resource Economics Society Inc. and Blackwell Publishers Ltd 2001



The total economic bene¢ts derived from a 5 per cent improvement in
irrigation e¤ciency over the South Australian Riverland region is estimated
to be around A$24 million NPV over 100 years. The salinity bene¢ts are
derived in two ways. There is an increase in agricultural revenue of around
A$11 million NPV as a result of increased availability of irrigation water.
These bene¢ts are internal to the region where the e¤ciency improvements
were undertaken ö that is, those producers undertaking the action capture
the bene¢ts.
In addition, bene¢ts are also derived externally to the region undertaking

the action. Bene¢ts are also derived from the improvement in the quality of
irrigation water available for downstream users. As a result of this improve-
ment, agricultural yields are improved and revenue increased. Further, there is
also a reduction in the imputed cost of salinity downstream of Morgan of
around A$13 million NPV over the 100-year period. While these bene¢ts may
appear small in absolute terms, they are in excess of value of the water saved.
The distribution of external and internal bene¢ts is important from a

public policy perspective as policy intervention is usually required to faci-
litate optimal investment in salinity mitigation actions when some bene¢ts
are derived externally. In order to determine the distribution of the total
bene¢ts between those that are internal and external, simulations were under-
taken in which irrigation e¤ciency was improved in only one reach of the
Murray River. The distribution of the total bene¢ts of undertaking the
action is shown in ¢gure 5.

Figure 5 Investing in irrigation e¤ciency
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Figure 5 shows that if an action to improve irrigation e¤ciency was
undertaken in the reach between the South Australian border and Lock 5,
the total bene¢ts to the South Australian Riverland are estimated be around
A$6.8 million NPV over a 100-year period. Of this, around A$2.4 million is
derived from the increase in agricultural production as a result of water
savings.
The remainder of the total bene¢ts is derived from the improvement in

water quality as the irrigation water is now fresher and results in higher
agricultural yields. In the scenario presented here, the users undertaking the
e¤ciency improvement retain the right to water they have saved and use it to
extend agricultural production. The bene¢ts accruing downstream are, there-
fore, a result of higher agricultural yields from irrigation, rather than an
increase in the volume of irrigation water applied. If, on the other hand,
upstream users sold the water saved, downstream users would bene¢t both
from the increase in volume of irrigation water available and from the
improvement in water quality.
There is variation in the ratio of external to total bene¢ts that re£ects

groundwater salinities and number of downstream users below the source.
However, this variation is relatively small. The ratio ranges from a low of
less than 60 per cent between Lock 4 to Lock 3 to a high of around 70 per
cent from Lock 3 to Lock 2. This re£ects two key characteristics of the
region. First, while groundwater salinities are relatively high throughout the
region, they tend to increase further downstream. Second, the impact below
Morgan is a relatively large component of the total external bene¢t.
Together, these factors would tend to o¡set the fact that the external bene¢ts
captured by downstream irrigators falls as the source moves downstream.

7. Policy implications

Improving irrigation e¤ciency in the South Australian Riverland region
has the potential to improve water quality and generate economic bene¢ts.
As these bene¢ts accrue both internally and externally to the region under-
taking the action, the challenge facing policy-makers is to implement insti-
tutional arrangements that lead to an e¤cient combination of private and
public investment in improved irrigation practices and infrastructure.
If the bene¢t derived from the increased agricultural revenue from water

savings exceeds the cost of undertaking the salinity management action,
irrigators will undertake improvements in irrigation e¤ciency themselves.
The extent of the bene¢t will, however, depend on several factors including
retaining the right to some or all water saved, the availability of suitable land
to extend irrigated production and the cost of undertaking the action. All
downstream water users will reap a positive externality from an improve-
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ment in irrigation e¤ciency. However, from the combined perspective of all
water users, the investment in improving e¤ciency is likely to be below that
which would be collectively optimal as, at present, irrigators have no means
to appropriate the bene¢ts that £ow from improved water quality to others.
To achieve an economically e¤cient level of improved irrigation e¤ciency,

these downstream bene¢ts need to be internalised into the investment
incentive faced by upstream irrigators. The external bene¢ts of improved
irrigation e¤ciency depend on the physical characteristics of the location
where the investment is made, such as groundwater salinity levels and the
impact of changes in water quality on individual users downstream of that
site. In principle, site-speci¢c incentives may be a ¢rst-best policy option to
internalise these bene¢ts, but the transactions cost may be high relative to
the bene¢ts accrued. However, spatially undi¡erentiated incentives may be
potentially more e¡ective as they are likely to impose lower transactions
costs. Within the Riverland region of South Australia the spatial variation in
the impact of improved irrigation e¤ciency between irrigation regions was
small and a spatially undi¡erentiated investment incentive may be more
appropriate.
Regardless of whether investment incentives are site-speci¢c or not, the

bene¢ts derived from improvements in water quality are non-exclusive. As a
consequence, market solutions based on tradeable property rights, such as
salinity mitigation credits, will not fully internalise downstream bene¢ts. This
is likely to mean that there is a ¢nancial incentive for individuals to free ride
on the actions of others. Hence, downstream irrigators and urban and
industrial users will not have su¤cient incentive to make upstream invest-
ments in improving water quality. Institutional arrangements may provide
incentives for collaborative action among downstream users. As the irri-
gation areas in South Australia are managed by centralised irrigation
authorities, the institutional arrangements may already be in place to
facilitate this collaborative action.
As the bene¢ts accruing to water users below Morgan are spatially di¡use,

high transactions costs may prevent the collaboration of downstream users
to encourage investment upstream. In this case, there may be a need for a
broader policy response and government expenditure to achieve the level of
investment that is required to undertake salinity mitigation action.
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