
 

Economics of Protecting Road Infrastructure 

from Dryland Salinity in Western Australia 

 

 

 

 

Tennille W. Graham 

BSc. (NRM) Hons, UWA 

 

 

 

 

A dissertation presented for the degree of Doctor of Philosophy 

 

University of Western Australia 

School of Agricultural and Resource Economics 

2008 



 

 

ii  

 

 



 

 

i 

Certification 



 

 

ii  



 

 

iii  

 

Abstract 

The salinisation of agricultural land, urban infrastructure and natural habitat is a serious 

and increasing problem in southern Australia. Government funding has been allocated 

to the problem to attempt to reduce substantial costs associated with degradation of 

agricultural and non-agricultural assets. Nevertheless, Government funding has been 

small relative to the size of the problem and therefore expenditure needs to be carefully 

targeted to interventions that will achieve the greatest net benefits.  

 

For intervention to be justified, the level of salinity resulting from private landholder 

decisions must exceed the level that is optimal from the point of view of society as a 

whole, and the costs of government intervention must be less than the benefits gained 

by society. This study aims to identify situations when government intervention is 

justified to manage dryland salinity that threatens to affect road infrastructure (a public 

asset). A key gap in the environmental economics literature is research that considers 

dryland salinity as a pollution that has off-site impacts on public assets. 

 

This research developed two hydrological/economic models to achieve this objective. 

The first was a simple economic model representing external costs from dryland 

salinity. This model was used to identify those variables that have the biggest impact on 

the net-benefits possible from government intervention. The second model was a 

combined hydro/economic model that represents the external costs from dryland salinity 

on road infrastructure. The hydrological component of the model applied the method of 

metamodelling to simplify a complex, simulation model to equations that could be 

easily included in the economic model.  

 

The key variables that have the biggest impact on net-benefits of dryland salinity 

mitigation were the value of the off-site asset and the time lag before the onset of 

dryland salinity in the absence of intervention. On the other hand, the extra delay in 

onset of dryland salinity due to planting perennials and the reduction in the value of 

agricultural land due to dryland salinity have relatively little impact on the value of 

dryland salinity prevention. In many cases, the off-site benefits from planting perennial 
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vegetation are small, so that the returns from perennials plants need to be almost as high 

as those from traditional annual crops and pastures, if they are to compete economically.  

 

In the case study of dryland salinity management in the Date Creek subcatchment of 

Western Australia, the economics of vegetation-based and engineering strategies were 

investigated for road infrastructure. In general, the engineering strategies were more 

economically beneficial than vegetation-based strategies. In the case-study catchment, 

the cost of dryland salinity affecting roads was low relative to the cost to agricultural 

land. Nevertheless, some additional change in land management to reduce impacts on 

roads (beyond the changes justified by agricultural land alone) was found to be optimal 

in some cases. Reinforcing the results from the simple model, a key factor influencing 

the economics of dryland salinity management was the urgency of the problem. If costs 

from dryland salinity were not expected to occur until 30 years or more, the optimal 

response in the short-term was to do nothing.  

 

Overall, the study highlights the need for governments to undertake comprehensive and 

case-specific analysis before committing resources to the management of dryland 

salinity affecting roads. There were many scenarios in the modelling analysis where the 

benefits of interventions would not be sufficient to justify action.  
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1. Introduction  

1.1 Dryland salinity 

The salinisation of agricultural land, urban infrastructure and natural habitat is a serious 

and increasing problem in southern Australia (State Salinity Council 2000; Jolly et al. 

2001). Dryland salinity currently affects approximately five percent of agricultural land 

in south-west Western Australia (McFarlane et al. 2004). The agricultural industry is 

worth $4 billion annually for local and export markets and it is expected that by the year 

2050, 10 to 15 percent of agricultural land will be affected (State Salinity Council 2000; 

McFarlane et al. 2004).  

 

Dryland salinity has developed due to a groundwater input/output imbalance, as a 

consequence of clearing deep-rooted perennial vegetation and replacing it with shallow-

rooted agricultural crops and pastures. This widespread change increased recharge rates 

and elevated the watertable. Consequentially, naturally occurring salt in the subsoil has 

been brought to or near the surface. Increased salt accumulation affects agricultural 

production, but also non-agricultural assets, such as natural vegetation, road 

infrastructure and water supplies. The costs of non-agricultural dryland salinity impacts 

may outweigh the impacts on agricultural assets (Short and McConnell 2001). There are 

now major investments in research and remediation actions to reduce the anticipated 

biophysical and economic effects.  

 

During the 1920s and 1930s, Western Australian Governments invested heavily in rural 

infrastructure and settlement schemes to encourage and support continued expansion 

and development of agricultural regions (Beresford et al. 2001; Frost et al. 2001). This 

continued despite the fact that the link between land clearing and dryland salinity had 

been made by Wood (1924). Until the 1980s the prevailing view was that dryland 

salinity would not have a major impact on agricultural production, with two percent of 

agricultural land salt affected (Burvill 1979). Since the 1980s the State and 

Commonwealth Governments have funded numerous programs to assist communities to 

manage the impacts from dryland salinity. One of the first initiatives was the National 

Landcare Program with the aim of cultivating a stewardship ethic among farmers. This 

type of approach has been the dominant focus shaping environmental policy for dryland 

salinity in Western Australia. Such programs have been successful in raising awareness 
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of natural resource problems, but the changes that have been implemented are far too 

small to prevent the ongoing damage from dryland salinity (Pannell 2001b).  

 

From the 1990s to the present day, dryland salinity policy has moved towards 

recognising the need for targeted investment in management approaches. For example, 

there have been several versions of the Salinity Investment Framework (McAlinden et 

al. 2003; Ridley and Pannell 2005a; Sparks et al. 2006). The State and Commonwealth 

Governments recognised that funding available to manage dryland salinity is small 

relative to the size of the problem and therefore expenditure needs to achieve the 

greatest net-benefits from each dollar spent. 

 

For government intervention to be justified, economists argue that the level of salinity 

resulting from private decisions must be in excess of society’s optimal level 

(constituting a ‘market failure’). In addition, the costs of any government intervention 

must be less than the benefits gained by society. This study aims to identify when 

government intervention is justified to manage the level of dryland salinity when it 

affects a public asset such as road infrastructure. 

 

Some of the impacts from dryland salinity on agricultural and non-agricultural assets 

can be classified as externalities, a cause of market failure. Dryland salinity can cause 

both point-source and non-point-source externalities. It may cause point-source 

pollution, for example, when recharge leads to dryland salinity on the same property 

and affects non-market and non-use values (such as impacts on local biodiversity and 

ecosystems functions). Alternatively, it can cause non-point-source pollution where it 

has widespread impacts, such as seepage of saline water into a stream from many 

sources along the stream’s length. In this case, the source of the dryland salinity is 

difficult to identify. 

 

If dryland salinity is degrading an agricultural or non-agricultural asset this does not 

necessarily indicate there is a market failure, thereby justifying government 

intervention. Pannell et al. (2001) argued that dryland salinity externalities were often 

not large enough to lead to market failure in Western Australia. However external costs 

have been the main justification used for government intervention. Careful analysis of 

each situation is needed to check whether government intervention is justified and will 

generate positive net-benefits to society. 
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One such non-agricultural asset which is experiencing severe impacts from dryland 

salinity is road infrastructure. Its degradation is most prevalent in Western Australia 

with up to 30 percent of regional roads affected and road replacement costs reaching $1 

million per kilometre (McRobert and Robinson 2000). The scientific and economic 

investigation of the impact of dryland salinity on road infrastructure has been 

inadequate. The process of road degradation due to high salt levels and shallow 

watertables is not well understood. Several studies have analysed the costs involved 

with road repair and replacement (McRobert and Foley 1999; McRobert and Robinson 

2000; NSW Agriculture 2003), but the estimation of the costs is usually imprecise. It is 

clear that preventing the degradation of roads by dryland salinity will often require 

intervention by government. Such intervention would seek to influence the actions of 

private landholders to change their land-uses to enterprises that generate less recharge.  

 

1.2 Originality and objectives  

The research will investigate the circumstances under which a social net-benefit arises 

from dryland salinity management, such as converting annual crops to perennial 

vegetation on agricultural land. The focus is on whether government intervention may 

be justified to reduce external costs from dryland salinity. A key gap in the literature is 

research which considers dryland salinity as a pollution which originates on-site with 

off-site impacts on public assets, such as road infrastructure. 

 

There are four objectives guiding the research: 

1. Identify conditions under which dryland salinity causes a market failure (due to 

an externality) sufficient to justify government intervention, focusing on a case 

study of roads. This will involved a review of: 

a. hydrological conditions within the Western Australia agricultural region; 

b. the conditions necessary for the existence of market failure; and  

c. past government policies to manage dryland salinity. 

2. To identify those variables which have the biggest impact on the net-benefits 

from government intervention to mitigate dryland salinity. This will involve 

development of a simple economic model representing external costs from 

dryland salinity. 
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3. To include the external costs from dryland salinity on private and public assets 

into a combined hydrological and economic model. This will entail the 

development of a theoretical model to understand what issues need to be 

considered.  

4. To apply the insights derived from the above models to develop a sophisticated 

hydro-economic optimisation model to empirically investigate a case study of 

road infrastructure within the agricultural landscape. The hydrological 

component of the model will employ the method of metamodelling to simplify a 

complex hydrological model to equations that can easily be combined with the 

economic model.  

 

1.3 Outline of dissertation  

Chapter Two provides a review of the formation of dryland salinity in Western 

Australia and the application of past policies from the State and Federal Governments to 

this problem. Following this, in Chapter Three, dryland salinity is presented as an 

economic problem. A review and critique of ‘market failure’ due to environmental 

degradation is presented, with emphasis on externalities. Chapter Four presents the 

theoretical model that is used to understand the issues to be considered when 

developing the hydro-economic model. Chapter Five presents a literature review of the 

methodologies used in this dissertation. A critique is presented of past combined 

hydrology/economic models to optimise social welfare when applying dryland salinity 

abatement. Chapter Six provides a preliminary analysis identifying market failure and 

factors that determine the potential net-benefit from government intervention. The main 

hydro-economic model is presented in Chapters Seven and Eight. Chapter Seven 

describes the metamodelling approach to incorporate a hydrology model into the hydro-

economic model. Chapter Eight presents the economic component. The combination of 

these models is applied to the case study on road infrastructure in the Date Creek 

Subcatchment in Chapter Nine. Chapter Ten presents conclusions and possible 

directions for future research. 
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2. Dryland salinity: A review of its development and 

policy response. 

2.1 Introduction 

Dryland salinity is having degrading effects on the Australian landscape and 

agricultural productivity. Dryland salinity is of particular concern in Western Australia 

and there are governmental strategies aimed at: reducing the impacts on agricultural and 

public lands; protecting and restoring key water resources; building the capacity of 

communities to manage salinity; and protecting infrastructure (State Salinity Council 

2000). Currently, at least two million hectares of land is affected in Australia and at 

least five million hectares is at risk from developing dryland salinity (Australian Bureau 

of Statistics 2002; National Dryland Salinity Program 2004). Nationally, Western 

Australia has the greatest area of land at risk from salinity, with 80 percent of the 

national total and 50 percent of the 2050 forecast area at risk (National Dryland Salinity 

Program 2004). 

 

The purpose of this chapter is to provide a general overview of dryland salinity in 

Australia, focusing on Western Australia. Section 2.2 explains how dryland salinity 

develops and the importance of the hydrological system in determining the rate and 

extent of its occurrence. Section 2.3 details the impacts of dryland salinity on the 

biophysical, environment and the economy. This is followed by Section 2.4 which is a 

review of plant-based and engineering options available to mitigate a rising watertable. 

A history of government responses to dryland salinity is presented in Section 2.5, and 

finally Section 2.6 provides a summary of the chapter.  

 

2.2 The cause of dryland salinity 

The causes of the rise in the watertable and salinisation in Australia are generally 

understood and have been reviewed elsewhere (Peck and Williamson 1987; George 

1992). To summarise the process, dryland salinity is the consequence of the 

replacement of indigenous deep-rooted perennial vegetation with shallow-rooted 

annuals, primarily agricultural crops and pastures. Before clearing, the deep-rooted 

vegetation made use of almost all rainfall and maintained the natural hydrological 

balance (Figure 2.1). The watertable (situated below the soil surface) was in equilibrium 
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and this prevented naturally occurring salt in the sub-soil from being brought to the 

surface. The replacement of the perennial vegetation with shallow-rooted annual crops 

and pastures (Figure 2.2) enhanced recharge (addition of water to the store of 

groundwater), elevated the watertable and mobilised the salts stored in the soil to the 

surface or into water sources. The land area where saline groundwater reaches the 

surface is termed the discharged area. Rising of the groundwater consists of two 

components: vertical filling which occurs through increased recharge at that location 

(vertical water movement) and lateral movement or pressure due to gravity pulling 

groundwater down-hill (Walker et al. 2003).  

 

Rainfall

Evapo-transpiration

Bedrock Watertable

 

Figure 2.1: Pre-clearing hydrological balance. Source Beverly (2003). 
 

The effects of dryland salinity can be observed on-site and off-site. On-site refers to 

land that is at the source of the recharge and off-site refers to land away from the source 

of recharge. The first on-site effects to be noticed are usually reduced crop production 

and the loss of less salt-tolerant vegetation (Land and Water Resources Research and 

Developmental Commission 1992). These on-site impacts generate primarily private 

costs to landholders but there may also be public environmental costs. The off-site 

impacts result from increased salt loads in the groundwater and streams. This leads to 

water pollution, damage to wetlands and associated vegetation, and damage to public 

assets, such as road infrastructure (Land and Water Resources Research and 

Developmental Commission 1992). The off-site impacts generally take longer to occur 

than the on-site damage. The off-site effects and the public costs that they generate 

provide some of the rationale for government intervention to assist in the control of 

dryland salinity (Land and Water Resources Research and Developmental Commission 
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1992). The size and extent of the on-site and off-site costs is determined by the land-use 

decisions of the landholder and the type of groundwater system that is present.  

 

Rainfall

Evapo-transpiration

Watertable
Bedrock

 

Figure 2.2: Replacement of perennial vegetation with shallow rooted annual crops  
and pastures. Source Beverly (2003). 

 

The ability to manage the impacts from dryland salinity on private or public land is 

largely dependent upon the groundwater system. The groundwater system determines 

the time it takes for any land-use change within a catchment to lessen or contain the rise 

of the watertable downstream and where within the landscape discharge areas will occur 

(Beverly 2003; Walker et al. 2003). The scale of action required to alter the current 

groundwater system is determined by the hydrogeology and landforms present within 

the landscape (Beverly 2003; Walker et al. 2003). Kingwell and John (2007) found that 

the extent and topography of sub-catchments determines the economic viability of 

perennial vegetation to manage salinity. The responsiveness of the system to perennial 

plantings, in turn, determines the incentives required by farmers to plant perennial 

vegetation. They found there is an additional incentive for dryland salinity abatement or 

containment when the sub-catchment is basin like, as the area affected by dryland 

salinity will increase more rapidly in early years compared to later years. This would 

result in income being lost earlier, so management is needed sooner to prevent this loss. 

In contrast, in flat landscapes, lateral flow is often negligible and impact on land 

depends primarily on the initial watertable depth and the rate of local recharge.  

 

The hydrological attributes that have the greatest influence on the development of 

dryland salinity are hydrogeology, land-use, climate and landform which vary between 

different groundwater systems. Coram (1998) lists 15 hydro-geological conceptual 
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models of groundwater systems in Australia. The models considered the different scales 

of processes involved in salinisation, classifying them as local, intermediate or regional 

groundwater flow systems (Table 2.1). The characteristics of different types of the 

groundwater systems determine how responsive they would be to different forms of 

dryland salinity management. The Groundwater Flow System Framework allows 

knowledge and experience from one catchment to be transferred to other similar 

catchments (Walker et al. 2003).  

 

Table 2.1: Main features of local, intermediate and regional groundwater systems 
 (Adapted from Coram (1998), Clarke et al. (2002) and Walker et al. (2003)). 

 Local Intermediate Regional 
Horizontal scale 
(km) 

1 to 5 5 to 10 > 50 

Typical 
geomorphology 

Subcatchments in high 
relief areas 

Based in foothills and 
valleys 

Broad plains 

Time lag between 
land-use change and 
new hydrological 
equilibrium (years) 

20 to 30 50 to 100 > 100 

Management 
response time 

Rapid Medium Slow 

 

Local groundwater systems are small in physical extent and often relatively high in 

relief. The extent of the groundwater system may be up to five kilometres, so recharge 

and discharge areas occur within relatively short distances from each other. Given that 

farm sizes in Western Australia are large, in many cases groundwater flows in local 

systems often do not across farm boundaries. This means that the outbreak of dryland 

salinity on farmland is the result of the landholder’s own decision-making, rather than 

actions taken by neighbouring farmers (Pannell 2001b). In some cases, public assets 

may be present on a landholder’s property or close to it (Bathgate 2002). Once cleared, 

catchments with local groundwater systems can experience the on-site effects from 

dryland salinity within one to three decades, depending on the initial groundwater 

depth. The time for such catchments to re-establish hydrological equilibrium after major 

changes in land-use or land management may be up to 50 years, but is commonly 20 to 

30 years (Smitt et al. 2003; Ridley and Pannell 2005b). 

 

For intermediate and regional groundwater systems the time to reach equilibrium may 

take 100 years or more (Coram et al. 2001). A key determinant of potential economic 

benefits from changing land-use is the time taken for the watertable to respond to the 

land-use change (Heaney et al. 2000, 2001). The long time lags for intermediate and 
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regional systems therefore means that the value of off-site dryland salinity benefits from 

a reduction in recharge will usually be small.  

 

The two main options to mitigate dryland salinity are planting perennial vegetation 

(Borg et al. 1988; Bari et al. 1996; George et al. 1999a; Clarke et al. 2002) and 

engineering options (Ali et al. 2004; Pannell and Ewing 2006). Taking into account the 

characteristics of the groundwater system will determine which agronomic and/or 

engineering options are more effective at manage a rising watertable.  

 

2.3 Dryland salinity in Western Australia 

2.3.1 Occurrence  

Dryland salinity occurs throughout the south-west of Western Australia. The 

distribution of dryland salinity is generally determined by the climate, with negligible 

effects occurring in areas with average annual rainfall of greater than 1100mm 

(Ferdowsian et al. 1996). These mainly occur in the south-west coastal region of 

Western Australia. The area that experiences the greatest extent and severity of dryland 

salinity is the wheatbelt of Western Australia. Dryland salinity impacts in the wheatbelt 

are loosely aligned with three broad drainage divisions. 

1. The low rainfall areas (below 400mm) of the eastern and central wheatbelt, 

which are characterised by poor drainage and minimal lateral movement of 

groundwater. Ancient drainage lines in these areas contain extensive chains of 

salt lakes. 

2. West of the Meckering Line (western wheatbelt) where there is an increase in 

slopes and thus better drainage of the soils.  

3. The Jarrahwood Axis (southern wheatbelt) which lies approximately parallel to 

the south coast, 80km inland. This area is gently undulating country, associated 

with broad flat valley floors which are tributaries to chains of salt lakes, and can 

range from poorly-drained to well-drained. (Mulcahy 1973; McArthur 1991; 

Tille et al. 1998). 

 

George et al. (2001) conducted a study into the effectiveness of locally appropriate 

management options for the eastern, central and western wheatbelt regions of Western 

Australia. Revegetation, alternative cropping systems and engineering options were 

considered for the three landscapes. The results showed that, in relatively flat 
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catchments of low to medium rainfall, the long-term risk (50 to 100 years) from dryland 

salinity can only be reduced by very substantial reductions in recharge, requiring very 

large areas of perennials or extensive engineering works. These areas represent over 60 

percent of the wheatbelt area, predominantly the eastern and central areas. Small 

changes in land-use will have almost no impact on the extent and timing of the onset of 

shallow groundwater in these areas. In contrast, the western wheatbelt region, which is 

characterised by undulating landscapes, will respond to recharge reductions relatively 

quickly, particularly in local groundwater catchments.  

 

2.3.2 Biophysical and economic effects 

Biophysical impacts 

The biophysical effects of dryland salinity include degraded water resources and 

biodiversity loss. Since the first overview of stream salinities in the south-west of 

Western Australia in 1989, over two thirds of the rivers have raised salinity levels 

(Schofield and Ruprecht 1989; Mayer et al. 2005). Part of the reason for higher salinity 

levels in the water resources was lower rainfall over the previous 10 years before 2005 

(Mayer et al. 2005). Both reports showed that stream salinity increases as larger areas of 

the catchment are cleared of perennial vegetation. Also, clearing in the lower rainfall 

zones produced higher salinity levels in waterways than clearing in the higher rainfall 

zones (Mayer et al. 2005).  

 

The 1996 Salinity Action Plan (Government of Western Australia 1996) identified five 

Water Resource Recovery Catchments to manage potable water supplied in Western 

Australia. Clearing controls have been in place since the late 1970s and the catchments 

have been partially revegetated to control salinity. The rate of rise in salinity has been 

reduced in all of the catchments, with salinity decreasing slightly in absolute terms in 

the Denmark and Collie River Catchments (Mayer et al. 2005).  

 

Biodiversity loss is another major biophysical impact, and is mainly evident in the 

lower parts of the landscape in the wheatbelt. Valley floors, waterways and wetlands 

contain plant and animal species that are at imminent risk of extinction due to dryland 

salinity (Keighery et al. 2004; Mayer et al. 2005). Nationally the greatest effects on 

biodiversity are likely to occur in the south-west of Western Australia which is 

recognized as a biodiversity hotspot of international significance (Myers et al. 2000). 
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Recent surveys have identified 450 species of plants and 700 species of animals (mainly 

arthropods) which are endemic to low-lying areas and that are under threat from dryland 

salinity (Keighery et al. 2004). The past loss of native vegetation due to vegetation 

clearing since the 1920s is a major loss to the flora biodiversity of the south-west region 

(Dillon and Lewis 2001). As a solution to the loss of native vegetation, the State 

Salinity Strategy (State Salinity Council 2000) identified six Natural Diversity 

Recovery Catchments to help recover and protect significant natural areas, particularly 

wetlands, from salinity. 

 

Economic impacts  

The economic costs associated with dryland salinity damage include a decline in 

agricultural crop yields, increase in the costs of infrastructure maintenance and repair, 

the loss of environmental values and costs for water consumers due to increased levels 

of salt in urban and rural water supplies (Sinclair Knight Merz 2001). The impact of 

dryland salinity measured as the decline in farm profit between 2000 to 2020 due to 

worsening dryland salinity is estimated to be around $238 million in present day values 

(Kingwell et al. 2003). 

 

Table 2.2 provides examples of the economic costs associated with the affects of 

dryland salinity. These costs can be divided into three categories, namely: preventative 

action, maintenance costs and direct losses. It is now understood that the affects of 

dryland salinity on non-agricultural lands (such as biodiversity and infrastructure) is at 

least as significant as the effect on agricultural land (National Land and Water 

Resources Audit 2001). 

 

Table 2.2: Examples of impacts from dryland salinity (Frost et al. 2001) 
Type of 
dryland 
salinity cost 

Agricultural impacts Non-agricultural impacts 

Preventative 
action 

Cost of establishing preventative 
treatments: areas of perennial 
plants or surface drainage 

Costs of engineering works and 
revegetation to protect buildings, roads, 
bridges and other infrastructure 

Replacement, 
repairs and 
maintenance 

Repairs to buildings, replacement 
of dams, establishment of deep 
drains to lower saline groundwater 

Repairs to houses and other buildings, 
desalination of water resource, repairs 
to infrastructure, restoration of natural 
environments 

Direct losses Reduced agricultural production, 
reduced flexibility of farm 
management 

Extinctions, loss of biodiversity, 
amenity, aesthetic values, development 
opportunities on flood plains and water 
resources, eutrophication of waterways 
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Infrastructure damage due to dryland salinity has not been as widely reported as the 

impacts on agricultural and environmental assets. However, infrastructure damage is 

expected to represent 70 percent of the total financial costs of dryland salinity (National 

Land and Water Resources Audit 2001). Rising watertables and saline water result in 

degradation of infrastructure through flooding and salt damage (McRobert and Foley 

1999; National Land and Water Resources Audit 2001).  

 

An initiative of the Salinity Action Plan (Government of Western Australia 1996) was 

the Rural Towns Project, which was developed in response to the substantial dryland 

salinity impacts on rural infrastructure and communities. During the period of the 

wheatbelt being developed for settlement, railways were constructed on low-lying land 

and the towns tended to be located in the bottom of valleys. These areas are typically 

discharge areas and are the prime reason for dryland salinity development in the lower 

lying towns. An economic study of six rural towns (Department of Agriculture 2001) 

showed that each town faces its own unique economic situation. The town of Katanning 

is expected to sustain at least $6.8 million of damage over the next 30 years from 

salinity, while the other five towns involved in the study will experience damage costs 

of less than $1 million (Department of Agriculture 2001). The report found that the 

major cost to town communities was the damage to public infrastructure, in particular 

road infrastrucutre.  

 

2.4 Technical options for management 

There are five approaches available for dryland salinity management – prevention, 

recovery, containment, adaptation or do-nothing (Powell 2004). The prevention 

approach involves retaining native vegetation or re-establishing perennial vegetation to 

prevent future salinity. Recovery involves bringing saline land back to a non-saline 

state. For example, agricultural land may be returned to full production under its former 

land-use. The containment approach entails preventing the maximum predicted extent 

of dryland salinity from being reached. Containment strategies result in slower rates of 

watertable rise and can postpone the occurrence of dryland salinity (Powell 2004). 

Under the adaptation approach the salinised resource, whether land or stream, is used 

for production and profit, or may be managed to provide a different type of natural 

habitat than previously. Finally the do-nothing approach is applicable to areas where 

dryland salinity is not severe enough to warrant action or where the available actions are 
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too costly or are ineffective (Powell 2004). These five approaches are considered within 

the Salinity Investment Framework (McAlinden et al. 2003) and in the State Salinity 

Strategies (Government of Western Australia 1996, 2000). 

 

The first three strategies (prevention, recovery and containment) all involve 

maintenance of recharge at low levels, ideally similar to the levels that occurred under 

native vegetation. Planting perennial plant species that better utilise the available soil 

water is currently the primary means of achieving these options.  

 

Strategies for discharge management may result in reduced recharge. For example, 

planting salt-tolerant shrubs (such as salt bush) increases water use and may lower 

watertables locally (for example Ferdowsian et al. 2002). A complementary strategy is 

to reduce the discharge of saline water into streams or the soil surface by extracting 

water from the watertable. Salt-tolerant plants may have a role in rehabilitating saltland 

by limiting the rise in groundwater. Alternatively, engineering works aimed at draining 

shallow watertables or pumping groundwater are considered possible solutions.  

 

The next two sub-sections describe the range of tools available to mitigate dryland 

salinity, within the broad categories of land-use change and engineering options. In 

many situations, a combination of tools is needed to achieve the dryland salinity 

objectives of the landholder or environmental manager. 

 

2.4.1 Land-use changes 

Deep-rooted perennial vegetation is the primary method to manage the impacts from 

dryland salinity, as it is able to reduce the rate of recharge relative to annual crops. It 

has become apparent that earlier expectations about the effectiveness of perennial 

vegetation were unrealistic (Hatton and George 2000; Ridley and Pannell 2005b). A 

more realistic understanding arose from field observations (George et al. 1999a) and 

from modelling, in which it was shown that the area planted to perennial vegetation for 

dryland salinity management needs to be substantial (at least 50% of the catchment in 

many cases) to reduce the eventual extent of shallow watertables (Frost et al. 2001; 

George et al. 2001). Frost et al. (2001) state that the new scientific consensus is that 

large proportions of land in threatened catchments would need to be revegetated with 

deep-rooted perennial plants.  
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Given that large parts of the landscape must be planted to perennials, it is important to 

fully consider all aspects of the hydrological system to ensure successful dryland 

salinity management. These various aspects are explained below. First, a local 

groundwater system within a catchment will ensure a faster hydrological response to 

revegetation. The time to realise the off-site benefits from perennial vegetation would 

occur more quickly compared to a regional groundwater system (George et al. 1999a; 

Hatton and George 2000).  

 

Second the fresher the groundwater system and the shallower the watertable, the more 

opportunity to intercept groundwater, leading to a reduction in discharge. A larger 

choice of perennials options is available when the groundwater is fresh, and if it is also 

close to the surface, tree plantations may be the most useful option (George et al. 1999a; 

Hatton and George 2000). On the other hand if the groundwater is fresh, the motivation 

to plant perennials to reduce the future area of saline land would be lower. It would 

possibly be more beneficial to plant annual crops, than perennial vegetation, as their 

profits would be accrued sooner. 

 

Third, the steeper the topography, the faster will be the response of groundwater 

movement to revegetation and the more likely it will be relatively fresh (George et al. 

1999a; Hatton and George 2000). Off-site benefits will be realised more quickly in a 

steeper or more undulating catchment, due to the quicker lateral movement of water 

(Kingwell and John 2007). Unfortunately, the majority of the wheatbelt (eastern and 

central areas) in Western Australia is flat, and therefore the lateral movement of 

groundwater is minimal. 

 

Fourth, the optimal targeting of perennial plants depends on the local topography. In 

areas of high relief, perennial plantings in mid-slope positions of catchments appear to 

produce greater watertable reductions than those on valley floors and lower slope 

positions. This approach is not applicable to the broad valleys of the Western Australian 

wheatbelt. In these valleys, which are the areas at most risk from dryland salinity 

nationally, recharge is effectively a one-dimensional process (Barrett-Lennard et al. 

2005); there is little to no water movement where recharge occurs. Therefore off-site 

recharge management may have little or no impact on dryland salinity outcomes; the 

extent of dryland salinity in the valley floors will be mostly influenced by the 
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management actions taken by landholders on the valley floors (Barrett-Lennard et al. 

2005).  

 

Finally, the low discharge capacity of most intermediate and regional groundwater 

systems in Western Australia limits the potential benefits of revegetation strategies. It 

means that substantial reductions in the threat of dryland salinity would require 

perennials to be planted across most of the catchment (George et al. 1999a; Hatton and 

George 2000). The opportunity costs of such a strategy mean that it will not be 

economically efficient unless the perennials that are planted generate direct financial 

returns comparable to the land-uses they replace. 

 

The aspects mentioned above highlight the more general point that the success of using 

perennial vegetation on a large scale for dryland salinity management will depend on 

the farm-level economic performance of the available perennial-based farming systems 

(Bathgate and Pannell 2002). At the farm-level, the economic performance of 

perennials is the prime driver for commercially-oriented farmers to implement them for 

dryland salinity management (Cary and Wilkinson 1997; Pannell 1999; Bathgate and 

Pannell 2002). In other words, perennials must be almost as profitable as the farming 

enterprise they replace, as they will usually not pay their way through dryland salinity 

prevention benefits alone (Frost et al. 2001; Ridley and Pannell 2005a). There are some 

examples of profitable perennial management options for farming systems in Western 

Australia, but they are mostly limited to the higher rainfall regions (Bathgate and 

Pannell 2002). The majority of perennial plant-based options for the wheatbelt or 

similar southern regions of Australia are either unprofitable or lack profitability on a 

scale that would generate substantial benefits from dryland salinity mitigation (Bathgate 

and Pannell 2002; Abadi et al. 2003; Kingwell et al. 2003; Ridley and Pannell 2005a).  

 

Apart from the perennial plant-based options, recent studies have confirmed that there is 

only limited potential to decrease recharge by slightly modifying existing annual crop 

and pasture systems (George et al. 2001; Clarke et al. 2002; Pannell and Ewing 2006). 

There may be small contributions made by maximising the water use of annual plants 

by aiming for higher performance systems (for example higher water use by higher 

yielding crops) and the selection of plants with a longer growing season and increased 

rooting depth (for example serradella cultivars).  

 



 16 

The main options available to manage groundwater recharge are either in the form of 

deep-rooted, high water-using, perennial pastures, or woody vegetation ranging from 

fodder shrubs to plantations (National Land and Water Resources Audit 2001). The 

following sub-sections highlight the advantages and limitations to each of the vegetative 

management options available and examples of their current utilisation in the Western 

Australian wheatbelt. 

 

Cropping practices 

There are a number of ways that water use can be increased in traditional cropping 

practices, including improving agronomy for higher yields to improve water use 

efficiency, phase cropping with an annual and perennial pasture system (National Land 

and Water Resources Audit 2001). Alley cropping between belts of trees is considered 

below under the heading of woody perennials. 

 

This option does not require substantial land-use change when compared to 

implementing some perennial-based systems (such as farm forestry), and therefore costs 

can be kept to a minimum (National Land and Water Resources Audit 2001). This may 

in-turn increase the adoption appeal of these practices. The limitation to altering 

cropping practices is that the amount of recharge reduction may not be enough to 

prevent further salinisation. 

 

The predominant phase-farming method used in Western Australia is lucerne as a major 

component of a low recharge system. Lucerne is a deep-rooted pasture with high water 

use and provides a range of benefits including recharge control, improved soil structure 

and weed management (Stanley et al. 2002). In Western Australia the area of lucerne 

had grown to 150,000 ha in 2001 (Powell 2004). It assists with watertable drawdown in 

local groundwater systems, with falls of up to three metres being observed during long 

phases of lucerne (Powell 2004). Dolling et al. (2007) found that lucerne can 

significantly and rapidly decrease the excess water to the groundwater system within 

two to three years. As the number of years increase that lucerne is included in an annual 

rotation, there is greater drying of the soil water (Dolling et al. 2007). 

 

The profitability from including lucerne into phase-farming depends upon relative 

prices and yields, paddock management and the transition to incorporating lucerne into 

the annual system (Kingwell et al. 2003). Bathgate and Pannell (2002) showed that 
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lucerne can be a profitable option for landholders in the southern region of Western 

Australia, without considering the salinity-related benefits. However, its marginal 

profitability decreases with larger areas sown to lucerne. The authors attributed the 

declining marginal value of lucerne to two reasons. First, lucerne provided a feed source 

for livestock in a period when other feeds are scarce or of less nutritional value, but 

once this feed gap is filled, the value of increasing lucerne area declines. Second, 

increasing the area of lucerne can lead to less profitable rotations being used or it being 

grown on less suitable soils. In their case study, Bathgate and Pannell (2002) found that 

the optimal level of lucerne was 20% of the arable land, which implies that 

approximately 40% of the farm may have dryland salinity prevention (Bathgate and 

Pannell 2002). Based on the literature reported earlier, this would probably reduce the 

eventual extent of dryland salinity, but not eliminate it. 

 

Pannell and Ewing (2006) noted that new species of perennial pastures options have the 

greatest opportunity for dryland salinity management in the short to medium term. The 

Cooperative Research Centre for the Plant-based Management of Dryland Salinity 

(CRC Salinity) has identified a wide range of species that may be applicable land-uses 

for livestock production systems. Native legume species, apart from lucerne, are being 

researched as they are more suited to the harsh environmental conditions that can limit 

the growth of lucerne (Pannell and Ewing 2006; Ryan 2007). Kikuyu (Pennisetum 

clandestinum) and Rhodes grass (Chloris gayana) have been identified as possible 

successful species for recharge control (Pannell and Ewing 2006). For other perennial 

grasses to be successful for establishment as a recharge control option, they need to 

have some summer activity, be drought tolerant and be able to persist in acid and/or low 

fertility soils. 

 

Woody perennials for recharge management 

In the Western Australian wheatbelt, the introduction of new woody perennials to 

farming systems has greater physical potential for managing groundwater recharge than 

establishing perennial pastures. However there are a number of factors that inhibit the 

adoption of woody perennials in this area, including a lack of profitable options, low 

production biomass and/or a lack of markets for products. Even if they could be readily 

adopted, there has been some concern about the possibility of new woody perennials 

becoming pests of natural habitat (Beresford et al. 2001; National Land and Water 

Resources Audit 2001). 
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Three examples of woody perennials used for recharge reduction within Western 

Australia are tagasaste for livestock grazing, oil mallees grown in alley systems for bio-

energy production and Tasmanian Bluegums for farm forestry.  

 

Tagasaste (Chamaecytisus proliferus) has been widely used over the past decade. 

Approximately 100,000ha has been sown with tagasaste in Australia, mainly in Western 

Australia (Pannell and Ewing 2006) primarily for livestock grazing, but offering some 

recharge management as well. Tagasaste has been widely adopted as it can recover 

water and nutrients on certain deep and infertile soils with poor water holding capacity, 

making it more productive than shallower rooted alternatives (Seymour 2005; Pannell 

and Ewing 2006). Tagasaste can be established in plantation, but it is also suited to alley 

systems with pastures and crops in-between. 

 

The Oil Mallee Industry in Western Australia is aiming to plant 500 million oil mallees 

plants over the next 25 years to produce at least five products; eucalyptus oil, activated 

carbon, charcoal, electricity and carbon credits. The industry is still in its infancy. A 

demonstration plant in Narrogin (opened 2006) was built to prove the viability of the 

technology, the harvest and delivery systems and the potential markets for the products. 

If successful, there is a potential for many integrated wood processing plants throughout 

the wheatbelt of Western Australia (Oil Mallee Company 2008). Oil mallees have the 

potential to be a profitable option for landholders (Herbert 2000; Bell and Bennett 

2002). Oil mallee plantations have recently been identified as a potential option to 

sequester carbon to assist in managing climate change (Oil Mallee Company 2007). 

Participating landowners are paid an annuity for the trees on their property.  

 

In Western Australia, farm forestry is a major industry in the southern region of the 

state. Tasmanian Bluegum (Eucalyptus globulus) has been the primary tree species for 

the high rainfall regions (greater than 700 mm per year), with woodchips being the main 

product (Bell 1999; Frost et al. 2001; Kingwell et al. 2003). In lower rainfall areas, the 

State Government has offered a share arrangement to landholders based on Maritime 

Pines (Pinus pinaster) with modest success (Forest Products Commission 2006). Farm 

forestry has several advantages apart from reversing land degradation: it can enhance 

biodiversity, provide windbreaks for stock, and in the right circumstances, it is a 

potential sustainable income source (National Land and Water Resources Audit 2001; 
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Tonts et al. 2001). Its major limitations include high establishment costs and long 

delays before an income is generated. 

 

Saltland systems 

Vegetative options for discharge or saltland areas are fewer than for the recharge areas. 

The main vegetative option for discharge areas in Western Australia is the use of 

saltland grazing systems (Barrett-Lennard 2003). These systems use productive plants 

which tolerate saline conditions with benefits including providing feed at a time of year 

when it is at a premium, enterprise diversification, improvement to stock conditions and 

enhanced aesthetic value of land (Barrett-Lennard 2003; Powell 2004). The options 

available include a range of salt-tolerant shrub species (for example old man saltbush, 

wavy leaf salt bush and blue bush), salt-tolerant grasses such as puccinellia or tall wheat 

grass and modestly salt-tolerant legumes such as Balansa clover (Trifolium 

michelianum). Shrubs are the most salt-tolerant and waterlogging tolerant options 

currently available, but their adoption has been constrained by relatively high costs 

involved in their establishment and by concerns about the quality of their forage for 

livestock (Pannell and Ewing 2006). 

 

2.4.2 Engineering interventions 

Engineering options for dryland salinity management may be considered an alternative 

to, or in combination with, perennial vegetation. They can be defined as: 

 

“Any activity involving the construction of a non-agricultural feature that reduces the 

impact of dryland salinity processes by either directly managing the watertable, 

indirectly managing the watertable through changing the water balance or being 

constructed in such a way as to resist the salinity impact.” (Sinclair Knight Merz 2001, 

pg. 1).  

 

Engineering options can be broken into five main categories: groundwater pumping, 

shallow surface drains, deep surface drains, subsurface drains and infrastructure 

improvements.  

 

Groundwater pumping aims to reduce the volume of discharge by removing 

groundwater via bores. If used in recharge areas, the aim is to intercept recharge to 

protect an associated discharge site elsewhere in the catchment. More commonly, 
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pumps are located in discharge areas and are used to maintain the groundwater table at a 

lower level to protect assets at that location. If pumped groundwater is of low salinity, it 

may be suitable for irrigation or other beneficial purposes. If high in salinity, it may 

potentially be desalinated and used as a potable water source, as practiced in the town of 

Merredin in Western Australia (Nott et al. 2004).  

 

In specific situations where the assets being protected have high value and where 

aquifer conditions make pumping highly effective, then pumping can be economically 

efficient. However, such cases appear to be relatively uncommon. A study of six rural 

towns in the Western Australian wheatbelt to determine the benefits of groundwater 

pumping concluded that pumping was expensive and difficult to justify when compared 

to the alternative of repairing damage as it occurs (Dames and Moore 2001). Given the 

high cost of pumping (including the cost of disposal of saline effluent) it is only likely 

to be economically viable to protect assets of particularly high value, such as built 

infrastructure or outstanding environmental assets (for example, Toolibin Lake). When 

applied to farmland, groundwater pumping to reduce dryland salinity is rarely cost-

effective, due to much lower asset value per hectare.  

 

Surface drains, both shallow and deep, are methods used to intercept groundwater flow, 

intercept shallow seepage and/or remove surplus runoff to prevent it from recharging. 

Both of these approaches have been extensively used in Western Australia (Coles et al. 

1999). Deep open drains have been used for the last 20 years in Western Australia, and 

early evaluations indicated that their use was effective in areas with relatively 

permeable soils (Ali et al. 2004). It appears that any observed improvements came 

mainly from better surface water control rather than from lowered watertables (Sinclair 

Knight Merz 2001). Coles et al. (1999) reported drains which were installed at the break 

of slope having the greatest benefits. They further concluded that drains constructed in 

low, flat valley floors appeared to be less successful and that shallow surface drains 

aimed at reducing surface waterlogging may be the most economic option in these 

situations. 

 

Subsurface drains are horizontal drainage channels below the land surface to remove 

surplus water (Sinclair Knight Merz 2001). They have been extensively used in 

irrigated areas to manage watertables, but have rarely been used for dryland areas, as 

the costs generally outweigh the benefits. 
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Other engineering methods to potentially protect infrastructure from dryland salinity 

include: 

• lining the infrastructure with a material of low permeability to provide a 

physical barrier between the groundwater and the infrastructure, 

• a drainage blanket in the form of a coarse material placed beneath the feature to 

protect it from high watertables, 

• elevation of the infrastructure, or 

• selection of materials that are more resistant to saline conditions 

 

There is a renewed interest and acceptance by the wider community in the role of 

engineering works in managing surface and ground waters. Further investigation is 

required to ascertain and analyse their on-site and off-site impacts, plus their cost-

effectiveness (Peck and Hatton 2003). The State Government has assisted in the 

research of engineering options for dryland salinity management through the 

Engineering Evaluation Initiative (Dogramaci and Degens 2003; Dogramaci 2004), an 

initiative of the Western Australian state government. 

 

2.5 Policy history 

2.5.1 State policy 

Early policies guiding agricultural development in Western Australia were aimed at 

increasing the wealth and productivity of the State. One option to achieve this was to 

expand agriculture. Despite the link between dryland salinity and land clearing already 

being made by the mid 1920s (Wood 1924), State Government policies between 1920 

and 1930 encouraged land clearing without considering environmental impacts. Rapid 

agricultural expansion was driven by several factors including: low input costs for 

wheat farming, provision of cheap land through the Commonwealth/State Soldier 

Settlement Agreement after World War І, extension of the railway into the wheatbelt 

and readily available capital to make clearing and developing the land attractive and 

profitable (Beresford et al. 2001). During the period 1900 to 1930 wheat production in 

Australia grew from 200,000 acres to 4.5 million acres (Beresford et al. 2001).  

 

During the same period, the first indications of dryland salinity were being made by 

Wood (1924). This did not prevent the Federal or State Governments from investing in 
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another War Service Settlement Scheme after World War II. The Scheme evolved into 

the New Farm Lands Scheme, which operated from 1939 to the late 1960s, opening up 

another 3.5 million acres of land for agriculture (Beresford et al. 2001). By the end of 

the 1960s, the State Government was aware of the link between land clearing and 

dryland salinity (Beresford et al. 2001). Individual researchers and State Departments 

were advising the State Government of the impacts of dryland salinity on agricultural 

production and water supplies (Beresford et al. 2001). 

 

It was not until the 1980s that environmental awareness in agriculture increased by 

government, mainly due to public pressure. The State Government in 1979 introduced 

legislation to limit further clearing in the south-west of the State. However, this was the 

only attempt by Government at that time to address the dryland salinity issue; it 

proceeded to allow further land releases during the 1980s. The main land release 

scheme in the 1980s required 40,000 hectares of land to be released every five years 

(Beresford et al. 2001). The late 1980s saw a change in government policy and the 

development of a new State department to tackle natural resource issues. 

 

Despite land-clearing being identified as a major factor contributing to the spread of 

dryland salinity, the State Government continued to release land to farmers for clearing 

until 1995. Only then, when the issue had worked its way sufficiently into the public 

consciousness and media, did the Government announce funding of $7 million over five 

years for landholders to save and fence remnant vegetation. This was a trivially small 

amount compared to the scale of the problem. There was also a restriction on land 

clearing where less than 20 percent of the total native vegetation remained (Beresford et 

al. 2001). The Government resisted a total ban on clearing until 1999, when the 

Government policy changed to put the burden of proof onto farmers; they were required 

to prove that any proposed clearing would not cause land degradation. 

 

These earlier attempts at State policy to manage dryland salinity placed the primary 

responsibility with landholders. Dryland salinity was seen as a problem that would be 

addressed voluntarily by them. This was also reflected in the Commonwealth 

Government response: the National Soil Conservation Program, which evolved into the 

National Landcare Program in 1989. In the Landcare approach, it was assumed that 

action by landholders would be sufficient to prevent all types of dryland salinity 

damage, including damage to off-farm public assets. Although, the National Landcare 
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Program was successful in raising awareness of degradation issues (including dryland 

salinity) the changes achieved have been too small to prevent the ongoing resource 

degradation (Pannell 2001a). The Landcare Program also lacked sufficient funding to 

combat the dryland salinity problem. There was a need for the targeting of priority 

assets and concentrating investment on strategies that have a higher prospect of success, 

but the philosophy of involvement that underlay the program precluded any targeting or 

prioritisation. 

 

In 1996, the first Western Australia Salinity Action Plan was released (Government of 

Western Australia 1996). The need for targeting and selecting priority assets for 

protection from dryland salinity was recognised in the Action Plan with the 

establishment of Water Resources Recovery Catchments, the Rural Towns Program and 

the Natural Diversity Recovery Catchments. The strategy promised $580 million over 

10 years and the establishment of a State Salinity Council. The Action Plan has been 

criticised as having lacked consultation with communities and was therefore revised 

(Beresford et al. 2001; Frost et al. 2001; Clarke et al. 2002). The Western Australian 

Government released a draft modified Strategy in November 1998 (State Salinity 

Council 1998). The 1998 Strategy received considerable public criticism and remained 

in draft form until the release of a further modified State Salinity Strategy in 2000 (State 

Salinity Council 2000). The State Salinity Strategy highlighted the importance of the 

role for community-based programs. The goals of the strategy were to reduce the rate of 

degradation of agricultural and public land, to protect and restore key water resources, 

high value wetlands and natural vegetation and infrastructure, and to provide 

communities with the capacity to address dryland salinity issues (State Salinity Council 

2000; National Land and Water Resources Audit 2001). 

 

Several shortcomings have been identified in the State Salinity Strategy. First the 

funding allocated by the State Salinity Strategy to help mitigate the impacts from 

dryland salinity was still relatively untargeted. The State Salinity Strategy identified the 

following land-use management goals: changing farming practices; developing more 

suitable pastures, crops and commercial tree crops; using salt affected land more 

productively and developing engineering options. Second within the State Salinity 

Strategy there were no targets set by which the above options could be realised or 

assessed (Beresford et al. 2001). Third the strategy is not realistic in terms of the likely 

response of farmers. The State Salinity Strategy encouraged the rural industry and agri-
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business to play a more active role in the development of new and innovative 

agricultural products. However due to limited options for commercially viable 

perennials in the wheatbelt, rural industry would be unwilling to invest into such 

circumstances (Pannell 2000a). 

 

Given these shortcomings, the new State Government in 2001 commissioned a Salinity 

Taskforce to recommend future strategies to combat dryland salinity in Western 

Australia and to provide a more targeted and integrated response to dryland salinity 

(Frost et al. 2001). The Salinity Taskforce considered that the Government has a 

fundamental responsibility in dryland salinity management to protect public assets and 

to assist in the protection of private assets. The authors advised three main actions that 

Government should consider: 

1. Protection of outstanding public assets (biodiversity, water resources, 

infrastructure) from the consequences of dryland salinity and other forms of 

resource degradation;  

2. Investment in and support for major actions on private land by developing new 

technologies and new industries; and  

3. Support and incentives for planning, coordination and implementation of on-

ground works on private land (Frost et al. 2001; Government of Western 

Australia 2002).  

 

These three commitments build on the over-arching management goals in the previous 

State Salinity Strategies of 1996 and 2000; recovery, containment and adaptation 

(McAlinden et al. 2003). Both Frost et al (2001) and the Government of Western 

Australian (2002) identified that private and public expenditure into dryland salinity 

management needed to increase and to be targeted for maximum returns. To achieve 

this, a Salinity Investment Framework was developed by the State Salinity Council. The 

Framework was endorsed by the Government in 2002 with the aim of ensuring that 

public investment is directed to projects with the best potential to protect assets of high 

public value that are threatened by dryland salinity (McAlinden et al. 2003; Sparks et al. 

2006). 

  

The Salinity Investment Framework represents a fundamental shift in natural resource 

management policy, for the following four reasons. 
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1. It shifts the emphasis in determining priorities from a program approach to an 

asset approach. 

2. It provides a logical approach in determining the importance attached to an asset 

and the priority to be placed on investing in its protection. 

3. It will allocate investment in protecting priority assets with sufficient 

intervention to achieve the goal set for each asset according to the value of the 

asset, the threat and the feasibility of actions. 

4. The approach requires managers to define the goal for each asset, the effort 

required and the source of investment for each. (McAlinden et al. 2003). 

 

Since its inception the Salinity Investment Framework has evolved through three 

phases. The first two phases focused on key (iconic) assets and provided a process for 

evaluating which assets should be the highest priority based on a set of agreed 

principles. The third phase broadens the focus to include guidance about investment in 

technology development, gives advice about which policy tool to use for a given asset 

and embeds a large body of existing research and analysis in the form of decisions rules 

(Ridley and Pannell 2005a). 

 

Apart from the Salinity Investment Framework, the Government responded to the 

recommendations made by the Taskforce by developing a new Natural Resource 

Management Council to replace the State Salinity Council. The new Council provides 

the Government with advice on the sustainable management of land, water and 

biodiversity across Western Australia. The Government will fund 19 more Natural 

Diversity Recovery Catchments by 2010, and will continue the Water Resources 

Recovery Catchment Program and Rural Towns Program.  

 

2.5.2 National level 

Similar to the earlier policy approaches by the State Government, the Federal 

Government has largely relied upon social processes built on voluntarism and a duty of 

care from landholders to manage dryland salinity in Australia (Pannell 2000b). The 

National Landcare Program and funding from the Natural Heritage Trust during the 

1990s, as mentioned above, were successful in raising awareness of degradation issues 

but the changes achieved have been too small to prevent dryland salinisation (Pannell 

2001a). Relying upon landholders to adopt perennial options on large scales to address 

dryland salinity was not realistic, given the lack of profitable perennial options available 
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to them and the scale of change required (Pannell 2000a, 2001a). The Landcare 

Program and Natural Heritage Trust also lacked sufficient funding to combat the 

dryland salinity problem (Pannell 2000a, 2000b; Beresford et al. 2001). As the 1990s 

ended it was beginning to be recognized by Federal, State and Local governments that 

effective use of funds for dryland salinity required targeting of priority assets and 

concentration of investment on strategies that have a higher probability of success. 

 

With the ending of the National Dryland Salinity Program and the identification of the 

role vegetation has to manage dryland salinity, but the lack of profitable options for 

landholders to undertake, the CRC Salinity was conceived. The CRC Salinity aimed to 

bring together research efforts to develop and test innovative new farming systems 

designed to cope with or reduce the impact of dryland salinity. The CRC Salinity 

consisted of seven programs: education and extension; function of natural ecosystems; 

new and improved plant species; new farming systems; spatial and economic analysis; 

livestock grazing systems; and biodiversity. 

 

With understanding at the national level that dryland salinity affects more than just 

agricultural land, but also damages biodiversity, waterways and infrastructure, the 

National Action Plan for Salinity and Water Quality (NAP) (Council of Australian 

Governments 2000) was developed in late 2000, with total funding of $1.4 billion over 

seven years (later extended to eight years). Around Australia 21 priority regions were 

targeted under the NAP. After the signing of the Bilateral Government Agreements 

between the State and Federal Governments, funds were distributed to each of the 

States. Western Australia did not sign until 2003 due to disputes with the Australian 

Government about the conditions of funding. Within Western Australia, five priority 

regions were identified under the NAP. Across all States the following actions were 

agreed: establishing targets and standards for natural resource management; developing 

integrated catchment/regional management plans with the community; improving 

capacity building for communities and landholders to assist them to develop and 

implement integrated catchment/region plans; working towards an improved 

governance framework to secure the Commonwealth-State/Territory investments and 

community action in the long-term; and clearly articulating roles for the 

Commonwealth, State/Territory, local government and developing a public 

communication program.  
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The bilateral agreement for Western Australia partly recognised previous efforts by the 

State Government to manage dryland salinity, including the current State Salinity 

Strategy (2000), recommendations made by the Salinity Task Force (Frost et al. 2001; 

Government of Western Australia 2002) and the use of the Salinity Investment 

Framework (McAlinden et al. 2003) to guide priority setting for investments under the 

NAP. 

 

There have been several criticism of the NAP, including the emphasis on local 

communities to make strategic decisions about dryland salinity management with 

limited or out-of-date technologies and information (Pannell and Ridley 2008). The 

issue of accountability was also lacking within the NAP, which meant there was 

concentration on activities for spending public money, instead of the outcomes, and lack 

of guidance about decision-making from government (Pannell and Ridley 2008) 

 

Under the NAP substantial funding was allocated to be spent on incentive payments to 

landholders to change their management practices. It included the National Market-

based Instruments Pilots Program which sought to increase Australia’s capacity to use 

market-based instruments (economic policy mechanism) in managing natural resource 

issues. In 2003, the Natural Resource Management Ministerial Council announced 11 

pilot programs in the 21 priority regions. In 2006 a further round of nine pilots was 

announced.  

 

Two reports, an interim and evaluation report, about the first round of pilots found that 

they were able to fill several knowledge gaps in applying market-based instruments to 

dryland salinity (Grafton 2005; National Market Based Instruments Working Group 

2005). These reports agreed that these mechanisms can deliver substantial cost savings 

but require adequate monitoring, and need to be underpinned by competent bio-physical 

modelling at the farm or paddock level. In addition, landholders must be willing and 

able to participate, and adequate testing is required before implementation. 

 

The National Heritage Trust and NAP incentive schemes were criticised for not 

targeting incentive payments (Pannell 2005; Pannell and Ewing 2006; Pannell and 

Ridley 2008). Incentives can be paid with one of two aims: i) to encourage people to 

trial and eventually adopt new practices that not only benefit themselves but also the 

wider environment and community; and ii) to compensate people for adopting practices 
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that result in net costs to the adopters, but benefit the environment and community 

(Pannell 2005). Under the national incentive schemes the incentives were small, as if 

the new practices are highly adoptable, when in fact the practices being suggested are 

costly to the landholder and would require larger, long-term incentives for adoption to 

be sustained (Pannell 2005; Pannell and Ridley 2008). Therefore the incentives did not 

generate large environmental benefits because the landholders ceased or reduced their 

use of the management practices once the incentive payments ceased (Pannell 2005). 

 

Pannell (2005) also noted that the incentive schemes were not well linked to 

environmental outcomes. This meant that the practices being encouraged may not be in 

the locations or scales required to maintain the environmental benefits in the long-term. 

Therefore the payments being made would often be greater than the environmental 

benefits generated (Pannell 2005). 

 

The NAP and Natural Heritage Trust programs concluded in June 2008. A new program 

called Caring for Our Country with funding of $2.25 billion over five years was 

initiated. There is no longer a national program for dryland salinity. Indeed, dryland 

salinity is not featured as a priority issue within the new program, reflecting a change in 

its political profile at the national level. This change is not consistent with the on-going 

high impact and high threat from dryland salinity in Western Australia.  

 

In parallel with the above national policy programs for on-ground change, there have 

been nationally funded programs of research. In 1993 the National Dryland Salinity 

Program (NDSP) was established as a national collaborative research and development 

effort. Its first five-year phase focused on understanding the causes of dryland salinity 

and estimating its current and future extents. The NDSP was designed to be a service to 

natural resource agencies and to increase awareness of dryland salinity amongst farmers 

and other stakeholders at the catchment-level. It was not intended as a frontline service 

to combat dryland salinity.  

 

In its first phase, the NDSP concentrated its limited funding for dryland salinity into 

five focus catchments, with the resulting information being applied to other catchments. 

The choice of this approach at the time was reasonable given limited resources to 

understand dryland salinity. However it is now clear that there is a limited potential to 

extrapolate results from one catchment to another, due to the high spatial heterogeneity 
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of the problem. The NDSP was designed using the Integrated Catchment Management 

approach to avoid the risk that dryland salinity would be dealt with separately from 

other natural resource issues (Hayes 1997). This meant the NDSP only supported 

activities where catchment plans were in place, and if no catchment plan was available, 

it supported broader catchment planning activities at the expense of short-term progress 

on dryland salinity (Hayes 1997). 

 

The first phase of the NDSP from 1993 to 1998 had three main themes; mapping and 

monitoring, economic analysis and estimating recharge. These research areas ensured 

that a sound basis to deal with the biophysical aspects of dryland salinity was present, 

but did not address the need to develop cost-effective solutions (Hayes 1997). Research 

from the NDSP led to the conclusion that the majority of impacts from dryland salinity 

were off-site (which would be less true in Western Australia than in eastern states) and 

that land managers lacked the incentives to change practices. Hayes (1997) stated that 

the costs and benefits from dryland salinity management were not well understood.  

 

The National Land and Water Resources Audit (NLWRA) (1997 to 2007) filled some 

of the gaps identified in the NDSP. The NLWRA aimed to collect and collate primary 

data and information related to Australia’s natural resource management. At the time, 

the NLWRA was the most comprehensive national assessment of dryland salinity 

(National Land and Water Resources Audit 2001). 

 

The second phase of the NDSP (1998-2003) involved seven themes that aimed to fill 

other knowledge gaps identified (National Land and Water Resources Audit 2001): i) 

audit and monitoring; ii) policy and operating environment; iii) industry solutions; iv) 

productive use of saline resources; v) environmental protection and rehabilitation; vi) 

infrastructure management; and vii) regional and community initiatives. A review of the 

10 years of the NDSP identified six key messages that emerged from it (National Land 

and Water Resources Audit 2001): 

1. Dryland salinity costs are significant and rising, hence responses must be 

strategic. 

2. Profitable options for reversing the trend are lacking (but under development). 

3. There is no one dryland salinity problem: It is important to look beyond 

traditional policy instruments. 
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4. Integrated catchment management must be seen as only one approach to deal 

with dryland salinity. 

5. Vegetation management remains the key to managing water resources, although 

the cost-benefit of revegetation catchments requires careful analysis. 

6. Lack of capacity is an important, but secondary constraint to managing dryland 

salinity. 

 

In recognition of the lack of profitable perennial land-uses, the CRC Salinity was 

conceived and commenced in 2001. The CRC Salinity aimed to bring together research 

to develop and test innovative new farming systems designed to cope with or reduce the 

impact of dryland salinity. The CRC Salinity was superseded by the Future Farm 

Industries Cooperative Research Centre (FFI CRC) in July 2007. The FFI CRC aims to 

develop a suite of perennial-based farming systems.  

 

2.6 Summary 

This chapter began with discussion of the importance of understanding the groundwater 

systems which underpin the development of dryland salinity in Western Australia. The 

type of groundwater system present determines how effective a management strategy is 

at mitigating watertable rise and the time lag before benefits occur. In general, the more 

localised the groundwater system, the greater the likelihood that management strategies 

will be cost-effective. The principle management strategy available is the planting of 

perennial vegetation.  

 

Recent research has advised that a large proportion of the landscape will need to be 

revegetated with perennial plants to have a significant chance of reducing the impacts 

from dryland salinity. However, large scale plantings of perennial plants will depend 

upon their farm-level economic performance, which in many cases are unprofitable, 

reflecting a lack of cost-effective management options. In some cases in Western 

Australia, perennial vegetation will have very little effect on dryland salinity in other 

parts of the landscape. For example, plantings on hill slopes may have little impact on 

the reversal of dryland salinity in valley floors, as in these low-lying areas it is largely a 

one-dimensional system. In these systems, plantings need to occur at the location where 

watertables are rising, or alternatively engineering works, such as groundwater 
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pumping, may be used. The latter, however, are expensive and are only likely to be 

economically viable in carefully selected cases. 

 

Past governmental programs have had limited impact on dryland salinity in Western 

Australia, due to their funding being small relative to the size of the problem, and due to 

the lack of suitable management options for farmers to adopt in most regions. One 

response to this has been an increased emphasis on funding of research and 

development centres which focus on improving the suite of management options 

available to landholders. The other response has been slowly increasing recognition of 

the need to carefully identify and target projects which generate the greatest net-benefits 

from available funding. Funds should be invested in projects where there is a market 

failure – where there are external benefits from intervening, and where those benefits 

will outweigh the costs. 

 

This thesis concentrates on the situation where a market failure exists due to the 

presence of external impacts from dryland salinity on a public asset. This impacts are 

due to on-site agricultural land-use decisions. Chapter 3 reviews the literature on market 

failure and discusses dryland salinity in that context  



 32 

3. Dryland salinity as an economic problem 

3.1 Introduction 

Under perfect competition the market mechanism, in theory, leads to the most efficient 

allocation of resources (Tisdell 1982). However the conditions for perfect competition 

are violated in most real-world situations. Where the market mechanism is inefficient, 

meaning that it results in resource allocations that are not Pareto efficient, there can be 

“market failure” (Samuelson 1954; Bator 1958). Pareto efficiency or optimality refers to 

a situation where it is impossible to make anyone better off without making someone 

else worse off (Tisdell 1982). For environmental problems, including dryland salinity, 

the concept of market failure has been widely used as an argument to justify 

government intervention. 

 

In the case of dryland salinity, market failure can arise because dryland salinity causes 

external costs that are not expressed through a market price. For example, the failure of 

one farmer to maintain a large area of perennial plants may result in dryland salinity 

affecting a neighbouring farm, or a public asset such as a road or a river. There is no 

market mechanism preventing this from occurring. 

 

This chapter is divided into seven sections. Section 3.2 provides an overview of market 

failure and its primary causes, ending with a discussion of “market failure” to justify 

government intervention. Section 3.3 considers various property right regimes and how 

the absence of appropriate property rights can lead to resource degradation. Section 3.4 

critiques the concept of market failure. Section 3.5 presents dryland salinity as a cause 

of external costs and therefore market failure. This section also investigates when 

government intervention to correct dryland salinity would be justified. Section 3.6 

reviews the various policy mechanisms available to correct market failure, with a focus 

on their use for dryland salinity. Section 3.7 provides a summary of the chapter. 

3.2 Causes of market failure 

Market failure can occur where a market does not exist or function properly; that is, 

where the market is not operating under conditions of perfect competition. Even if a 

market exits it may not function properly due to monopoly conditions or restrictive 

practices. Alternatively, a market may not exist because the goods or services cannot be 
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traded, or the welfare of consumers is affected through processes outside the market, 

such as an externality (Norton 1984), due to the absence of defined and enforced 

property rights. Public goods, externalities, monopoly and asymmetric information are 

all causes of market failure. 

 

3.2.1 Public goods  

“Public goods” are goods that have either or both characteristics of non-excludability or 

non-rivalry (Mueller 2003). Non-excludability means that it is possible for an individual 

to use the good without paying for it. In other words, the owner of the good cannot 

exclude access to the good by those who have not paid for access. For example, a 

person who creates a beautiful garden is unable to charge their neighbours for the 

pleasure it gives them. There is a tendency for users of the good to “free ride”. Free 

riding leads to there being no incentive for firms to supply the good (Mueller 2003). 

Therefore, under-provision of the good can occur relative to the Pareto-optimal level for 

society. 

 

Non-rivalry means that consumption of the good by one person does not reduce the 

potential consumption of the good by any other person. In other words, the marginal 

cost of providing the good to another consumer is zero. For example, an individual may 

gain pleasure from a scenic view of a natural scene without reducing the pleasure 

available to others. Economic theory indicates that, to achieve Pareto optimality, the 

cost charged to consumers should equal the marginal cost of supplying the good 

(Randall 1983). If the marginal cost is zero, so too should be the price, but enforcing a 

zero price would mean no firm would be willing to supply the good.  

 

3.2.2 Externalities  

Baumol and Oates (1988) advise there are two conditions for the existence of an 

externality. An externality is present whenever some individual’s utility is affected by 

the actions of another person or firm and where there is no (or inadequate) 

compensation paid from one to the other for the effect on their utility. This situation 

may result in a misallocation of resources, whereby the choices made by individuals are 

not Pareto-optimal.  

 

Externalities can be either positive or negative. A common negative externality related 

to the environment is pollution. Pollution can be characterised into two types: flow and 
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stock (Tietenberg 1996). Flow pollutants occur where the environment has some 

absorptive capacity for the pollution. As long as the emission rate does not exceed the 

absorptive capacity of the environment, the pollutant does not accumulate. Alternatively 

a stock pollutant occurs where the environment has little or no absorptive capacity for 

the pollutant and it accumulates over time.  

 

There are three types of pollution sources. Firstly, point-source pollution occurs where 

emissions discharge into the environment at a specific location, allowing individual 

polluters to be identified and observed at relatively low cost. Non-point-source pollution 

disperses into the environment in a diffuse way, usually from multiple polluters, and 

consequently the cost of identifying and monitoring individual polluters is often 

prohibitively high. Finally, mobile sources of pollution discharge into the environment 

from temporary locations. 

 

Randall (1983) made the important observation that not all externalities are Pareto-

relevant. In other words, not all externalities reduce efficiency, and warrant government 

intervention. In order for an externality to be Pareto-relevant, it needs to have one or 

both of the characteristics of public goods: non-exclusiveness and non-rivalry. An 

example of a non-excludable externality is where downstream users of a natural water 

course cannot escape the polluting effects of upstream users. Additionally, if the 

upstream users implement actions to reduce their pollution output, they cannot exclude 

the downstream users from benefiting from the reduction. A non-rival externality could 

be where passersby enjoy the aesthetic benefits from somebody’s beautiful garden. One 

person’s enjoyment of the garden does not diminish the potential for another person to 

also enjoy it.  

 

3.2.3 Monopolies 

A monopoly is an industry in which there is one supplier of a good or service that has 

no close substitutes, and in which there is a barrier preventing the entry of new firms 

(McTaggart et al. 1996). Individuals or firms who are the one supplier are able to affect 

the price of the good or service being sold, therefore leading to resources being 

allocated inefficiently. Market failure occurs when a monopoly is present because a 

monopoly can sell a good or service at a lower quantity and at a higher price than other 

firms would in a market with perfect competition. The monopoly will make profits 

above the equilibrium price, as they appropriate some of the consumer surplus. 
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3.2.4 Asymmetric Information 

Asymmetric information refers to the situation in which one party to a transaction has 

more information than is known to another. When the information is asymmetric, 

market failure can occur (Katz and Rosen 1998). There are two types of valuable 

information that a decision-maker may lack. The first is hidden characteristics about the 

transaction itself that one side knows, but the other does not. For example, the 

government may want to encourage farmers to adopt a new land-use. The farmers 

would know their compliance costs or opportunity cost function, whereas the 

government would not. Hidden characteristics gives rise to adverse selection, whereby 

the uninformed party (i.e. the government in this example) ends up paying more than 

necessary for land-use change on farmers land. Government may overcome adverse 

selection by implementing information policies to gather in-depth information on 

farmers’ compliance costs. An example is the use of conservation tenders, in which 

farmers submit bids to undertake certain conservation works, thus revealing their 

opportunity costs. 

 

The second type of information asymmetry is hidden action, where farmers take actions 

that the regulator cannot observe without cost. In these situations, the informed side 

may take actions which are contrary to a contract. For instance, a farmer may have a 

contract with a regulator to keep sheep out of native bushland, but in fact may not 

comply.  

 

3.3 How should government respond to market failure? 

3.3.1 The optimal level of pollution 

A key consideration is the extent to which government should attempt to reduce an 

externality, such as a pollutant. When an externality causes market failure it means 

there is a divergence between private and social optimal levels of pollution. The 

problem can be illustrated in a diagram showing the marginal social costs of pollution 

(MSC) and the marginal benefits of polluting (MB) (Figure 3.1). If the producer of 

pollution is not required to decrease pollution, the marginal cost of pollution to the 

producer is zero, so there is no incentive for pollution to be abated. The optimal level of 

pollution output for this producer is point p, where MB=MC=0. The Pareto optimal 
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level of pollution for society occurs at p*, where the marginal benefit to the polluters 

equals the marginal cost of pollution to society (Baumol and Oates 1988).  
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Figure 3.1: The socially optimal level of pollution is where the marginal benefit of 
pollution equals the marginal social costs of pollution. Adapted from Baumol and Oates 

(1988) . 
 

3.3.2 Justification for government intervention 

The existence of one of the causes of market failure described in Section 3.2 may 

provide an economic case for some form of government intervention (Norton 1984), but 

the mere existence of one of these factors is not sufficient to justify intervention by 

government. For example, Figure 3.2 illustrates a case where there are external costs, 

but the optimal level of pollution abatement is zero. More generally, for government 

intervention to be efficient, the benefits from policy intervention must exceed the costs, 

giving a net-benefit or a welfare gain to society as a whole (Zerbe and McCurdy 1999). 

Such an assessment would need to consider the transaction costs of intervening, which 

can be substantial, as well as the market and non-market benefits and costs. 
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Figure 3.2: The optimal level of pollution is zero, even though there are external costs. 
 

3.4 Market failure and property rights 

Property rights are defined as a set of relationships among people describing their 

opportunities, their exposure to the acts of others, their privileges and their 

responsibilities (Tietenberg 1996). They constrain relationships among individuals with 

respect to resources use and management, rather than relationships between individuals 

and resources (Bromley 1991; Tietenberg 1996). There are four distinct property 

regimes: private property, open-access, common-property and state property.  

 

Private property regimes have four characteristics that determine the conditions of 

resource use: universality, exclusivity, transferability and enforceability (Tietenberg 

1996; Ostrom 1999). Universality refers to a situation where all resources are privately 

owned and all entitlements are completely specified. Exclusivity occurs when all 

benefits and costs accrue to the owner as a result of owning and using the resource 

either directly or indirectly. Transferability refers to property rights being transferred 

from one owner to another through a voluntary exchange. Lastly, enforceability ensures 

that the resource is secure from involuntary seizure or encroachment by others.  

 

Open-access resources (res nullius) lack all of the above characteristics of private 

property regimes. Open-access is a form of non-property, and leads to the destruction of 
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a resource due to the inability to control consumption by users (Hardin 1968; Bromley 

1991; Stevenson 1991). The benefit streams from the resource are available to 

everyone, as there is no control over the privileges and rights with respect to use and 

maintenance of the resource.  

 

For many environmental assets, such as water resources or forests, private property 

regimes are difficult to administer as there are usually many users. These common-pool 

resources violate the characteristics of exclusivity and enforceability, as defined for 

private property rights and can lead to the degradation of the resource. In these 

situations a common-property (res communis) regime may be suitable (Bromley 1991). 

Common-property can closely resemble private property rights, but is defined for a 

group of users. It has a well-specified set of co-owners, and the co-owners have 

established a management regime for use of the resource (Ciriacy-Wantrup and Bishop 

1975; Quiggin 1988; Bromley and Cernea 1989; Bromley 1991). This in turn can 

generate economic and non-economic incentives for the defined users to comply with 

existing conventions and institutions. For the regime to be successful it is important that 

the authority recognises and enforces the rights of users.  

 

Hardin’s (1968) classic paper ‘Tragedies of the Commons’ explains the degradation of 

common grazing land due to failure to control access to and management of the 

resource (Cox 1985; Berkes 1989). Common-property regimes may breakdown or not 

exist due to pressures on the resource from increased population, or from technological 

or economic change (Fenny et al. 1998). When authority breaks down, this leads to the 

mismanagement of the resource and common-property regimes degenerate into an 

open-access regime (Bromley and Cernea 1989). 

 

Stevenson (1991) noted seven characteristics of common-property resources which the 

author considers as a set of necessary and sufficient conditions for them to be 

successfully managed as common-property.  

1. The resource unit has bounds that are well defined by physical, biological and 

social parameters. 

2. There is a well-delineated group of users, who are distinct from persons 

excluded from resource use. 

3. Multiple included users participate in resource use. 
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4. Explicit or implicit well understood rules exist among users regarding their 

rights and their duties to one another about resource use. 

5. Users share joint, non-exclusive entitlement to the in situ or fugitive resources 

prior to their use. 

6. Users compete for the resource, and thereby impose negative externalities on 

one another. 

7. A well delineated group of rights holders exists, which may or may not coincide 

with the group of users.  

 

The fifth characteristic highlights the difference between common and private property 

rights. Under private property the resource belongs to a particular person, which means 

the owner has expectations about owning physical units and particular amounts of the 

resource. Under common-property, users can be secure in possessing certain amounts of 

the resource, but not specific physical units of the resource. Joint non-exclusive 

entitlement means that owners have an ex-ante claim to the resource, and upon 

capturing the resource they convert the resource from a joint, non-exclusive entitlement 

to sole ownership (except for goods of a non-rival nature) (Stevenson 1991).  

 

Characteristic five also provides some basis to distinguish between common-property 

and public goods. Some common-property resources have public-good characteristics 

(for example, national parks), which do not exhibit rivalry at a low-to-moderate level of 

use. These resources exhibit joint, non-exclusive entitlement, because all participants 

who use the resource have an ex-ante claim to benefits from the resource. For the above 

reasons, the need to make users have sole ownership of the resource is not a necessary 

condition for common-property. However joint, non-exclusive entitlement is a 

necessary condition for users of a common-pool resource (Stevenson 1991). 

 

Characteristic six states that there are multiple users competing for the resource and that 

one user’s extraction of the resource generates negative externalities for other users, in 

the sense that their costs of extraction are often increased. The difference between 

common-property and open-access in this instance lies in the extent to which 

externalities are generated. The relevance of these common-property characteristics to 

dryland salinity is discussed in Section 3.6.  
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Under a state-property regime, individuals have a duty to regulate their use of the 

resource according to the rights determined by the managing agency (Bromley 1989). 

The resource is owned, managed and controlled by the state. National parks are an 

example of a state-property regime, where the government is responsible for the care 

and use of the resource by individuals. Where a natural resource is being degraded by 

the off-site management decision of others, it may be necessary for government to 

intervene to ensure that the resource is appropriately managed.  

 

3.5 Critique of the market-failure approach  

The first economic analysis of an externality problems was proposed by Pigou (1924). 

The Pigouvian solution was to impose a tax on the generator of the negative externality 

to equalise private and social marginal costs, thereby restoring the optimality properties 

of a competitive economy. Randall (1983) noted that the concept of market failure 

appears as a means of explaining in economic terms why government intervention 

should arise. Policy analysts argue that the existence of a market failure provides a 

necessary, but not sufficient justification for government intervention (Zerbe and 

McCurdy 1999). Sufficiency is established when there are positive net-benefits from 

government intervention (Randall 1983; Pannell 2006).  

 

A practical problem with the market failure concept is that the potential causes of 

market failure (externalities, public goods, information failures, monopolistic power, 

etc.) are common. They exist in varying degrees throughout almost every facet of the 

economy. In many cases of suspected environmental market failure, the sufficiency test 

noted above (that there must be positive net-benefits from intervention) would not be 

satisfied due to transaction costs and/or high abatement costs. It may be that a market 

has evolved into its current form as an efficient response to the existence of transactions 

costs, so that interventions to reduce externalities, for example, have the possibility of 

reducing overall efficiency.  

 

The most prominent critique of Pigous' article was developed by Coase (1960) who 

proposed an alternative analysis based on property rights and transaction costs to 

explain the presence of externalities. He proposed that if fully specified property rights 

exist and transaction costs are low, bargaining between polluters and victims will 

achieve an efficient allocation of resources, whatever the initial assignment of property 
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rights (Coase 1960). If the affected parties can contract with each other under these 

assumptions, the externality will be internalised and the party who has the legal right to 

control the level of pollution will take account of its effects on the other (Coase 1960). 

Therefore, there is no justification for government intervention, such as a Pigouvian tax, 

in this situation: it would reduce efficiency.  

 

Building on the insights of Coase, it has been noted that asserting an externality 

implicitly assumes a set of property rights and hence a distribution of the social costs 

(Norton 1984; Anderson 2004). By assuming a set of property rights, an analyst may 

gloss over the cause of natural resource misallocation, namely the lack of fully specified 

enforceable and transferable property rights (Anderson 2004). As property rights 

become more extensive and complete, transaction costs are reduced (Anderson 2004). 

Similarly as transaction costs decline, property rights become more complete as it is 

cheaper to defend them or transfer property, and the Coasian analysis becomes more 

relevant (Zerbe and McCurdy 1999). 

 

The above analysis rests on the assumption that the number of contracting parties is 

small enough to make the negotiations possible. If the number of individuals involved is 

large then the likelihood of voluntary negotiations being successful is low (Baumol and 

Oates 1988). This is due to the high level of costs required to coordinate bargaining 

amongst a large group of affected parties. If the administrative costs are sufficiently 

high, then individuals treat the behaviour of others parties as being beyond their 

influence. The free-riding problem becomes prominent, as the efforts of individual 

victims to control the level of pollution benefit all victims.  

 

Externalities occur because the transaction costs of resolving them are too high 

(Dahlman 1979; Nelson 1987; Zerbe and McCurdy 1999; Anderson 2004). Market 

failure disappears only when the cost of operating the price system is zero, but this 

never occurs in the real world (Baumol 1979). The existence of non-zero transaction 

costs means that some otherwise beneficial trades do not occur. 

 

Zerbe and McCurdy (1999) proposed that regulators are more likely to discover 

efficient policy mechanisms if they account for transaction costs. The transaction costs 

approach encourages the strengthening of private property rights which can often lower 

transaction costs, and thereby permit private parties to achieve collective solutions to 
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situations where the costs of litigation and bargaining would otherwise be prohibitive. 

In such cases, government intervention through the strengthening of property rights may 

improve the market.  

 

3.6 Market failure and dryland salinity 

3.6.1 Dryland salinity as a stock or flow pollutant 

The hydrogeology of the Western Australian wheatbelt results in the accumulation of 

salts in the soils beyond the absorptive capacity of the environment, with the result that 

dryland salinity can be characterised as a non-point stock pollutant. The low rainfall, 

physical characteristics and hydrogeology of the region means that the environment is 

unable to dilute the salt content of groundwater and remove it from the groundwater 

system. Where dryland salinity is already having an impact, a key question is whether to 

attempt to reverse the problem. The decision depends upon the groundwater system 

present, the local soil types, and the costs of implementing management strategies.  

 

Considering the groundwater system present, if dryland salinity originates from a local 

(small-scale) groundwater system, then the on-site and off-site impacts can be reversed 

relatively quickly within a decade or two in some cases, or 50 years in others (Ridley 

and Pannell 2005b). Alternatively, if a regional (large-scale) groundwater system is 

present, the full benefits from abatement may take hundreds of years to occur.  

 

Soil type matters because it affects the ease with which water can pass through the soil, 

carrying salts away from the surface, which can also influence the choice of 

management strategy (Abbs and Littleboy 1998; Petheram et al. 2002; Ward 2006). 

Also, some soils undergo chemical changes following salinisation, which make it more 

difficult for the salinisation to be reversed (Holloway and Alston 1992; Hatton et al. 

2003). In general, it is more difficult to reverse dryland salinity than to cause it (Hatton 

et al. 2003). 

 

The costs involved in changing management practices are highly case-dependent. They 

depend on the scale of land-use change needed, the profitability of the new land-use(s), 

the opportunity cost of the replaced land-uses, changes in riskiness of new management 

options and the broader impacts on the farming system. 
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In many parts of the Western Australian wheatbelt, the reversibility of dryland salinity 

is so poor that it is effectively a stock pollutant. However, there are some locations that 

are high in topographic relief and high in rainfall, such that dryland salinity can have the 

characteristic of a flow pollutant. In this case, the environment has some absorptive 

capacity for the pollution. As long as the emission rate does not exceed the absorptive 

capacity of the environment, the pollutant does not accumulate. This means that salts 

found in the soil or waterway can be flushed to levels that are not harmful to the 

environment.  

 

3.6.2 Dryland salinity as an externality  

Dryland salinity can have the characteristics of a point-source or non-point-source 

pollutant. In some situations, the physical effects of dryland salinity are contained 

within property boundaries. If these local physical effects include impacts on non-

market values (such as the presence of biodiversity and ecosystems functions), the 

pollution problem would be defined as point-source. For some cases, diffuse dryland 

salinity can be transformed into point source pollution. For example, where there are 

multiple contributors of concentrated saline water to a waterway (Duke 2005). 

Alternatively, where a groundwater system encompasses more than one property and 

groundwater recharge cannot be attributed to individual properties, then the dryland 

salinity is effectively a non-point-source pollutant.  

 

The occurrence of dryland salinity on private and public lands may sometimes be 

attributed to landholders not receiving the market signals or incentives to adopt land 

management practices that would prevent dryland salinity from occurring. The markets 

within which landholders operate to produce agricultural products do not generate price 

signals to producers for recharge reduction (Hayes 1997). As described earlier, the 

market may be failing because of externalities and poorly defined property rights. For 

example, property rights concerning the use of land and the groundwater system may 

not have been properly established because of the high transaction costs that would be 

incurred in order to understand hydrological flows and attribute ownership to them. 

These transaction costs may be so high as to more than offset the benefits gained by 

their establishment in the market (Hayes 1997).  

 

Pannell et al. (2001) argued that there are five reasons why the external effects of 

dryland salinity are less important in Western Australia than previously believed. First 
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the wheatbelt has many local groundwater systems which mean the recharge and 

discharge areas may occur within the same farm. Previously, this was not sufficiently 

well recognised. As a result farmers may be falsely concerned that a management 

option will be ineffective because the cause of their rising groundwater is excess water 

from a neighbouring farm, or that the benefits of a local treatment would be captured by 

their neighbour and not the investing farmer  (Pannell et al. 2001). (This false belief 

interacts with the non-excludable nature of dryland salinity abatement, which gives rise 

to the risk of free riding and under-investment in abatement strategies.) 

 

Second the wheatbelt is characterised by low slopes and low transmissivity of soils 

(lateral movement of water is low and slow) meaning dryland salinity abatement 

options may only be effective locally, even if the physical extent of a groundwater 

system is large (Barrett-Lennard et al. 2005). Landholders who implement treatments 

may find that the distance over which their influence extends is small, so that there are 

no major external benefits. In the Western Australian wheatbelt it is rarely possible to 

implement treatments that protect much more than the land on which they are situated 

(Salerian 1991; Pannell et al. 2001).  

 

Third the consolidation of farms has meant that their size in the Western Australian 

wheatbelt has grown and so discharge and recharge sites are more likely to occur within 

the same farm. Therefore fewer landholders suffer from saline discharge that originated 

outside their own farm (Pannell et al. 2001). In this case, the occurrence of an 

externality between neighbouring farms is less likely to occur. A point-source 

externality may still be present if the property contains substantial non-market or non-

use values such as biodiversity. 

 

Fourth discounting can reduce the long-term impacts from environmental degradation, 

so that they are given less weight in current decision making. Given the long time scales 

associated with the development and mitigation of dryland salinity (100 years or more 

in some cases), discounting will substantially reduce the benefits that accrue so far into 

the future. 

 

Fifth for the implementation of abatement strategies to mitigate the effects of a dryland 

salinity externality requires the benefits of the treatments to exceed their costs. The 

intervention options available to government in Western Australia would often result in 



 45 

little abatement activity, given the highly adverse farm-level economics of currently 

available technologies (Bathgate and Pannell 2002; Kingwell et al. 2003). Furthermore, 

even if widespread adoption did occur, the resulting decrease in dryland salinity 

externalities would be very low in many cases, for the several of the reasons outlined 

above. For this combination of reasons, many of the interventions made by government 

for dryland salinity mitigation would not pass the net-benefits test. This insight will 

become the focus of later chapters in this thesis.  

 

Pannell et al. (2001) state that given the above, the only situation in which 

internalisation of externalities can make a worthwhile difference is where on-farm 

management treatments for dryland salinity mitigation generate net-benefits that are 

only slightly negative before the externalities are considered. In this instance, if the 

externality is internalized then the benefits of dryland salinity mitigation are realised 

and changes the dryland salinity treatment from being slightly unprofitable to slightly 

profitable. The greater the benefit due to dryland salinity mitigation, the more likely it is 

that internalising dryland salinity externalities will alter land management. In Western 

Australia, therefore, the best prospects for intervention are likely to be where there is an 

especially high-value asset in an environment where groundwater systems are 

responsive to management (Pannell et al. 2001). 

 

3.6.3 Public good aspects of dryland salinity 

The public-good nature of the benefits from dryland salinity abatement are a possible 

explanation for the spread of dryland salinity due to the failure of the market to allocate 

sufficient resources to the provision of public goods (Bathgate and Cacho 2005). The 

benefits of dryland salinity abatement can be both non-excludable and non-rival in 

consumption (Randall 1983). It is non-excludable because benefits may accrue to the 

abating landholder and others who do not bear any of the costs of abatement; in other 

words, free-riding occurs. This leads to a divergence between the marginal social 

benefits of abatement and the marginal private costs of abatement. The non-rival aspect 

of dryland salinity abatement may lead to a further divergence. It can be non-rival 

where a reduction in dryland salinity leads to the preservation of highly valued 

environmental assets that have high existence value, so that benefits being experienced 

by one person do not reduce benefits available to others.  
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The supply of research and the development of new technology for dryland salinity 

mitigation can be considered as public goods that are under-supplied by the market 

(Pannell 2001b; Pannell et al. 2001). Depending on the type of research, it may be 

impossible to exclude firms from benefiting from research results, so individual firms 

would probably not be willing to contribute appropriately to the cost of research. In 

these cases, government participation may be necessary at least as a repository of 

knowledge about the resource, but probably also as a coordinator (and perhaps a funder) 

of the research.  

 

3.6.4 Dryland salinity and risk attitudes 

Considerable uncertainty remains regarding the links between specific dryland salinity 

treatments and their mitigation benefits (Bell et al. 2000; Pannell 2001b; Pannell et al. 

2001). These uncertainties are difficult to reduce because of the long lag-times involved 

and the complexity and diversity of catchment hydrology. For farmers, the normal route 

to reducing uncertainty about an innovation is to undertake a small-scale trial. However 

due to the low observability of treatments on groundwater levels, the long time scales 

involved and the low effectiveness of small-scale treatments in reducing groundwater 

levels, the value of information about dryland salinity effects from such trials is likely 

to be low (Pannell et al. 2001). In this situation, there may be a case of asymmetric 

information where government has better information and more confidence about the 

benefits of salinity-mitigating works. The lack of information on the part of the 

landholders may justify government intervention. 

 

3.6.5 Dryland salinity and discount rates 

It may be that government and private land managers have different discount rates. Any 

such divergence in discount rates is of potential importance given the long time scales 

involved in achieving some of the benefits from dryland salinity mitigation (Tietenberg 

1996; Greiner 1997; Pannell et al. 2001). It may well affect investment decisions to 

undertake treatment strategies for dryland salinity management.  

 

Long time frames may also combine with uncertainty and irreversibility to generate an 

“option value” from preserving a resource in good condition. Relevant sources of 

uncertainty may include the future value of land, changes in technology, society tastes 

and preferences, and market conditions. Society may prefer to make economic 
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sacrifices and prevent irreversible damage to the resource by modifying land-use in case 

the value of the asset increases at some time in the future.  

 

3.7 Market and non-market benefits of dryland salinity abatement 

Before considering correcting the presence of a dryland salinity externality, ideally 

there is a need to quantify the market and non-market benefits that are possible from 

dryland salinity abatement. The market and non-market benefits can be further 

characterised into private and public benefits. Table 3.1 displays the possible benefits 

from dryland salinity abatement. 

 

Table 3.1: The benefits possible from dryland salinity mitigation, which can be 
categorized into market or non-market and private or public. 

 Market Non-market 
Private 
(internal) 

• Increased agricultural production 
and profitability. 

• Reduced costs associated with 
waterlogging. 

• Maintained on-farm water 
supplies. 

• Existence value experienced by the 
farmer from maintenance of 
biodiversity or waterways. 

Public 
(external) 

• Reduced repairs costs to road 
infrastructure, railways and town 
sites. 

• Reduced salinisation of water 
supplies. 

• Reduced waterlogging in towns. 

• Existence value of bush lands, wet 
lands, waterways and species 
protected. 

• Value of aesthetic improvements to 
agricultural land. 

 

3.8 Correcting market failure 

This section discusses the first- and second-best choices of the mechanisms to 

internalise an externality and ends with a description of each of the government 

approaches available to mitigate dryland salinity. 

 

3.8.1 First and second-best 

For government to intervene, they require good information about the market failure, 

the preferences of the agents involved and the costs and benefits of the available 

technologies. If the government does not have this information then intervention may 

not lead to a Pareto-efficient outcome. As the market and government can both fail, the 

issue becomes one of whether the government or the market can generate the most 

efficient outcome. 
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When deciding on policies, if the government has full information about preferences 

and technology and if there are no restrictions on the agents, then the government can 

achieve a “first-best” resource allocation which cannot be improved upon (Blackorby 

1990; Gravelle and Rees 1992). Welfare economics theory states that given certain 

conditions, every competitive equilibrium is Pareto-optimal (Blackorby 1990). It also 

states that every Pareto-optimal state could be a competitive equilibrium if the 

government had the power and information to redistribute the initial endowments by 

means of lump-sum transfers (Blackorby 1990). For dryland salinity this means that a 

first-best policy would involve directly linking dryland salinity damage to the recharge 

associated with each land-use at specific locations. To link recharge to land-use the 

following is required: 

• Information on the relationship between land cover in a particular location and 

recharge; 

• The relationship between recharge and discharge rates from the aquifer over 

time;  

• The salt content of the groundwater aquifer. (Bell et al. 2000; Bell and Heaney 

2001)  

 

A second-best policy arises when the government has imperfect information about 

preferences or technology, or when there are non-trivial constraints on the set of policy 

instruments that can be used, or on the agents whose behaviour needs to be influenced 

(Blackorby 1990; Gravelle and Rees 1992). Second-best policies for dryland salinity 

management arise due to the uncertainty surrounding the understanding of the 

relationships between groundwater levels on the development of dryland salinity and 

the impact of management practices on the volume of groundwater recharge. Given the 

limitations of current understanding of the relationship between the biophysical system 

and dryland salinity, there is considerable uncertainty in linking actions to outcomes. As 

a result, policies that rely on directly linking land-use to dryland salinity damage may 

impose excessive costs on landholders suspected of causing dryland salinity (Bell et al. 

2000; Australian Bureau of Agricultural and Resource Economics 2001). Therefore for 

dryland salinity mitigation, a first-best response is not available and a second-best 

approach is generally applied. Any policies must, therefore, be based on proxy 

variables, such as the depth to the watertable or the estimated level of recharge 

occurring underneath particular land-uses.  
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It must be observed that there is no initial way of judging between various scenarios 

where different Pareto optima can be fulfilled. It depends upon a political judgement 

about the net-benefits that each Pareto optimum provides, depending on the social, 

economic, ethical and political factors current at the time. 

 

3.8.2 The choice of policy mechanisms 

There is a range of mechanisms available to government to assist in mitigating the 

effects of dryland salinity on a public asset, including command and control, economic 

instruments, suasive measures, technology development, direct investment and no 

action. The choice between the different mechanisms is potentially dependent upon a 

range of criteria, including those in Table 3.2. Each of these mechanisms is explained 

further below. 

 

Table 3.2: A list of criteria to assist in choosing the correct policy instrument  
for dryland salinity mitigation (Bohm and Clifford 1985; James 1997; Wall et al. 1997). 

Criteria Description 
Static efficiency The chosen mechanisms achieves the goal at least cost. 
Information intensity How much data is needed and what level of predictive modelling 

skill is available to implement the mechanism. 
Ease of monitoring and 
enforcement 

For a non-point-source pollutant, monitoring and enforcement can 
be expensive for the agency as it is difficult to identify the polluters. 
The probability of detection is important in determining the 
incentives for compliance. 

Flexibility The mechanism should have the ability to adjust to maintain the goal 
as tastes, technology, resource use and other items change. 

Dynamic incentives The mechanism should have the ability to encourage the 
development and adoption of improved technology. 

Political considerations This includes consideration of whether the mechanism is ethical, 
allows for economic stabilisation, and is compatible with existing 
institutions and legislation 

Community acceptance The community understands the mechanism chosen and the 
objectives of the management agencies 

Performance under 
uncertainty 

The ability of the chosen mechanism needs to achieve a socially 
optimal goal given any uncertainties about the situation that may 
exist. 

Administrative costs The costs involved to implement the chosen mechanism should not 
outweigh the benefits it may achieve. 

 

The most cost-effective instrument to achieve a dryland salinity target is likely to vary 

over time, between catchments and with the nature and scale of the dryland salinity 

problem. Determining the cost-effectiveness of potential intervention options requires 

an assessment of the likely benefits from reducing dryland salinity damage (and any 

other benefits that result from the intervention), and all costs associated with it. An 
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assessment is made difficult by a general lack of understanding of the sources and 

impacts of dryland salinity. Further it may be complicated by the existence of non-

market benefits and costs, interactions and tradeoffs between the benefits for different 

resource users and regional variations. 

 

3.8.3 Command-and-control 

The command-and-control approach refers to the use of regulations to enforce specific 

actions or planning approaches to achieve goals. The regulations impose the same 

standard on all individuals irrespective of the ability to meet them or the costs of doing 

so. To apply regulation in a more discriminating and cost-effective way, government 

would need to hold good information about the individual costs of production and 

preferences of each firm and individual in society. Clearly, informational requirements 

are high. A lack of information may promote perverse behaviour, by providing 

incentives for producers to misrepresent their marginal abatement costs in order to 

avoid being identified as low-cost providers of abatement, and thereby to avoid facing 

stricter standards. Regulatory approaches also provide no incentive for individuals to 

continue to reduce emissions or to invent new approaches to environmental 

management, once the standard has been attained (Wall et al. 1997; Australian Bureau 

of Agricultural and Resource Economics 2001). Use of regulatory instruments in 

isolation from other measures is unlikely to be the least-cost method of achieving 

environmental objectives in many cases (Australian Bureau of Agricultural and 

Resource Economics 2001). 

 

For dryland salinity, direct controls over land clearing have been enforced in the south-

west of Western Australia with the implementation of Country Areas Water Supply Act 

1947. The Act places restrictions on the rights of landholders to clear their land and 

compensation may or may not be paid to the landholder. Apart from this, there is a 

collection of common and statute law (examples include Common Law, Soil and Land 

Conservation Act 1945, Land Drainage Act 1925 and Environmental Protection Act 

1986) relevant to the occurrence of dryland salinity, but their presence has not 

prevented the ongoing degradation on public and private assets. 

 

3.8.4 Economic instruments 

Economic instruments work on the basis that individuals have access to information on 

the marginal cost of mitigating dryland salinity and make a choice as to whether it is 
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financially sensible to implement these mitigating actions. This set of mechanisms relies 

on changing the incentives faced by individuals in the market, so that decisions are 

made to limit environmental damage. Economic instruments have several advantages 

over command-and-control mechanisms including that they allow polluters to choose 

the abatement method that is best suited to their particular circumstances, that costs are 

more transparent and that they provide an incentive for ongoing innovation (Wall et al. 

1997). 

 

The practical limitations of using economic instruments include the following: 

• it is sometimes conceptually difficult to design a mechanism for the degradation 

problem if there are informational and valuation problems due to spatial and 

temporal heterogeneity;  

• transaction costs can be high in implementing the scheme;  

• it can be problematic to decide how to initially allocate rights; and  

• there can be distributional impacts that may provoke resistance to the scheme 

(James 1997; Wall et al. 1997; Frost et al. 2001)  

 

Economic instruments can be classified into five categories: charges and taxes, 

subsidies and tax concessions, financial enforcement incentives, deposit refund systems 

and property rights systems (including tradeable pollution permits). The first four 

categories are price-based and the last is quantity-based. Price-based instruments are 

those that assign a price to the environmental impacts within existing markets through 

imposition of charges, taxes or subsidies. The landholders then respond to the modified 

market signals and adopt practices that offers them the greatest benefits (Australian 

Bureau of Agricultural and Resource Economics 2001). 

 

Quantity-based instruments create a market in the rights to engage in an activity by 

restricting the total level of activity, and allocating rights to participate in that activity 

(Australian Bureau of Agricultural and Resource Economics 2001). An efficient 

allocation of rights is then determined through a market mechanism. Where marginal 

benefits and marginal costs are well understood, the two approaches can achieve similar 

levels of economic efficiency.(Australian Bureau of Agricultural and Resource 

Economics 2001) 
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The presence of dryland salinity may be partly attributed to the lack of adequately 

defined property rights. Property rights that are well-defined can provide incentives to 

the owner of natural resources to manage or use the resource in ways that provide 

greatest overall benefits. If government intervention is deemed appropriate then its 

primary role may be to facilitate the use of these rights. However the allocation or 

clarification of property rights is not always efficient when there are non-market 

benefits from the resource, or there is information failure.  

 

In Australia there have been policies to create property rights to manage dryland 

salinity, through the Market-based Instruments Pilot Program (Working Group on 

Market Based Instruments 2001). It may be that the use of these policies has a limited 

role, as the main benefits will be in a small proportion of locations where off-site 

benefits from on-farm revegetation are outstandingly high (Ridley and Pannell 2005b). 

For the majority of agricultural land, off-site benefits from revegetation are low, or on-

site costs are high, or possibly both. In these situations, the use of market-based 

instruments are unlikely to be effective in altering farm management on the scale 

needed for technical effectiveness, unless the incentives created are greater than the off-

site benefits. The use of such large incentives may actually reduce economic efficiency, 

rather than increase it. Because they would encourage the adoption of land-use practices 

in a situation where the total costs exceed the total benefits.  

 

3.8.5 Suasive measures 

The role of suasive measures is to change the perceptions and priorities of landholders 

by increasing knowledge or awareness of environmental issues (Wall et al. 1997). It 

may take the form of education, provision of information, training or moral suasion. 

 

The Decade of Landcare (Anon, 1997) was a program of awareness raising, information 

provision and improving social processes. It addressed a range of environmental issues, 

including dryland salinity. It was not sufficient to induce large-scale changes involving 

great expense and high complexity. Frost et al. (2001) state that the appropriate role for 

extension in the context of dryland salinity is the promotion of technologies which are 

already effective and economically viable or advancing the participation of landholders 

in research and development of such technologies.  
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3.8.6 Technology development 

As noted earlier, one of the main difficulties in preventing or reversing dryland salinity 

is the lack of profitable options to implement (Kingwell et al., 2003). As a step towards 

remedying this, research organisations proposed the creation of the CRC Salinity, which 

was funded by the Commonwealth Government from 2001 to 2007 and has since 

evolved into the FFI CRC.  

 

Ridley and Pannell (2005b) argue that given the lack of profitable options available, 

there is a need for investment into the development of improved dryland salinity 

management technologies. They identified four situations where plant-based research 

and development for profitable farming systems are the best options; i) to reduce 

dryland salinity impacts on water resources where groundwater systems are responsive; 

ii) to protect assets that are at low risk and there is a high responsiveness of the 

groundwater; iii) to protect dispersed assets where profitable perennial plant options are 

lacking; and iv) for land that is already salt affected. 

 

3.8.7 Direct investment 

The above sub-sections relate to measures that attempt to alter the behaviour of private 

land managers. However, direct investment by government may be more appropriate in 

some situations. For example, in the Murray Darling Basin, governments have invested 

heavily in “salt interception” schemes, involving the pumping of saline groundwater to 

stop it discharging into waterways. In some situations, it is likely that this is a more 

cost-effective response than compensating farmers for land-use change on the required 

scale. In addition, pumping generates its benefits much more quickly than would 

measures to change land-use. 

 

Similarly, in Western Australia there is the Rural Towns Program, which is supporting 

the use of engineering works such as groundwater pumping to protect a number of 

towns from rising saline watertables. In many of these cases, the main cause of 

groundwater rise is recharge within the town itself, so that changing the management of 

surrounding farms would not be an effective response. 

 

3.8.8 Do nothing 

The ‘do-nothing’ response should be the option preferred by government if the costs of 

the best available intervention outweigh its benefits. 
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The main characteristics that will determine which of the above six policy responses by 

government are applied are: the value of the asset at risk from dryland salinity, the 

degree of threat that the asset faces, responsiveness of the groundwater system, the 

urgency of the problem and the farm-level economics of adopting perennial vegetation 

(Ridley and Pannell 2005b). Where the asset is of high value and the urgency of 

implementing a mitigation strategy is high, engineering options are often the most 

appropriate option to deliver short-term results (Ridley and Pannell 2005b). When there 

is time before damage to a high value asset from dryland salinity, then incentives 

become applicable if the profits from perennial vegetation are only slightly less 

profitable than the annual systems that they need to displace (Ridley and Pannell 

2005b). If an incentive was provided, then it may encourage landholders to alter their 

land-use to assist in the preservation of the public asset. Alternatively, when the 

perennial treatment is more profitable, there is no need for government intervention in 

the form of incentives. However it may use suasive activities to encourage the adoption 

of the perennial vegetation. 

 

If the public asset is of low value, then government intervention would be limited to 

being a provider or funder of research and development, and as a provider of 

information and extension (Ridley and Pannell 2005b). For many of the cases analysed 

by Ridley and Pannell (2005b), no action was the most efficient option, as there could 

be no achievable net-benefit from government intervention. 

 

3.9 Summary 

Market failure can occur where there is a divergence between private and social views 

over the acceptable levels of an externality, when there are public good characteristics 

of the problem, and/or when there are information failures. Further, a sufficient 

condition for government intervention requires that the benefits of the intervention be 

greater than the costs. The net-benefit from government intervention would include 

market and non-market benefits and costs. 

 

When considering the mitigation of dryland salinity, there has historically been an 

emphasis on the importance of external costs as a justification for government 

intervention. However, this chapter has discussed several reasons why the 
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internalisation of externalities from dryland salinity may not make major differences to 

land management in parts of Western Australia. Some studies have noted that the 

situations where internalisation of externalities can make a difference are limited, and 

most likely apply to assets of particularly high value. The main factors that will 

determine the most appropriate policy response by government is the value of the asset 

at risk from dryland salinity, the responsiveness of the groundwater system, the urgency 

of the problem and the farm-level economics of adopting perennial vegetation. These 

characteristics are further investigated in Chapter 6 to ascertain when government 

intervention may be justified where dryland salinity is degrading a public asset.  

 

The following Chapter 4 reviews the various theoretical models used to understand 

dryland salinity management at the farm and catchment-levels. A theoretical model is 

then developed for this dissertation which takes account of the externality elements of 

dryland salinity. 
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4. Theoretical review and economic model of dryland 

salinity 

4.1 Introduction 

This chapter develops a theoretical model of the socially optimal management of 

dryland salinity. The model accounts for farm-profits over time together with damage to 

a public asset from on-farm land-use decisions. Previous theoretical models have only 

considered the external agricultural impacts from dryland salinity, that is, the 

production decisions of one landholder affecting the profitability of another landholder. 

 

The theoretical model developed in this chapter incorporates the public and private 

economic impacts of dryland salinity development spatially and inter-temporally. It 

aims to provide the basis for the hydrological/economic model (from here on referred to 

as hydro-economic model) presented in Chapter 8. Section 4.2 presents a general 

theoretical model for dynamic externalities. Section 4.3 reviews the literature on 

previous theoretical models for dryland salinity. Section 4.4 presents the theoretical 

model developed in this research and Section 4.5 presents functional forms for the 

theoretical model. Section 4.6 presents a priori expectations about the theoretical model 

if a steady-state analysis was conducted. Conclusions and recommendations for the 

development of the hydro-economic model are given in Section 4.7. 

4.2 General theoretical model for dynamic externalities  

Conrad and Clark (1987) define a dynamic externality problem in continuous-time as: 

 
∫
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The objective function J  gives the maximum net-benefit of controlling emissions, 

( )w t , using the management control variable, ( )x t . (Where there is no possibility of 

ambiguity in the continuous dynamic example, the time subscript will be suppressed.) 

The term ( )B x  is a strictly concave benefit function and( )D w  a strictly convex damage 

function. Equation 4.1 is subject to the equation of motion (4.2), wherew&  is the time 
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derivative. Adapting the above framework to dryland salinity implies ( )B x  is the profit 

from different management practices (which may include agricultural production, 

perennial enterprises or engineering works) and ( )D w  is the external damage occurring 

to the public asset from a rising watertable. This is subject to the change in the 

watertable height, w , which is influenced by the management practice employed, x . 

 

The current-value Hamiltonian for (4.1) is: 

 ),()()( xwfwDxBH µ+−=   (4.4) 

 

Where )()( tet t λµ δ= is the shadow price (cost) of the change in the watertable. The 

first-order necessary conditions for maximisation from (4.4) are the Hamiltonian 

condition; 
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and the costate condition; 

 w w

H
D f

w
µ δµ µ∂− = − = +

∂
&  (4.6) 

 

The Hamiltonian condition (4.5) implies that the marginal benefit of management in the 

current year equals the marginal value of a change in the watertable. The costate 

condition (4.6) describes how the shadow price for the watertable changes through time. 

The derivative of (4.4) with respect to µ  returns the equation of motion (4.2). 
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It is assumed that an attainable steady-state solution exists. Evaluating equation (4.5) in 

steady-states implies xx fB /−=µ . Evaluating at the steady-state also implies 0=µ&  

and substituting the expression for µ  and isolating δ  on the right hand side gives the 

steady-state solution for the above problem: 
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This is identical to the steady-state solution for a discrete-time problem (Conrad and 

Clark 1987). While discrete- and continuous-time problems may be identical for the 

steady-state solution, they will be subject to different dynamic behaviour to reach the 

steady-state solution (Conrad and Clark 1987). 

 

4.3 Literature review of theoretical models of dryland salinity 

Theoretical aspects of the dryland salinity problem have been previously studied by 

several authors (Hodge 1982; Quiggin 1986; Gomboso and Hertzler 1991; Salerian 

1991; Barton 1994; Mueller et al. 1998; Cacho et al. 2001; Greiner and Cacho 2001). 

The two earliest theoretical models (Hodge 1982; Quiggin 1986) investigated the 

dryland salinity problem as a non-point externality, but each assumed different 

allocations of property rights to internalise the externality. Hodge (1982) assumed 

property rights for managing dryland salinity resided with the individual landholders 

(defined by the area of land cleared on each property). This created a situation where 

emphasis is placed on influencing landholder’s production choices. Alternatively 

Quiggin (1986) assumed that the property rights for managing dryland salinity resided 

with all landholders within the catchment. In this situation, the watertable was assumed 

to be a common-property asset and management decisions existed with those 

landholders in the recharge zone to decrease the spread of dryland salinity in the 

discharge zone.  

 

Hodge (1982) and Quiggin (1986) both used a comparative-static model of a catchment 

to explain when there would be a positive net-benefit from controls on land clearing. A 

hydrology model was implicitly included in their models by equating a proportional 

area of the catchment to recharge (depending upon the land-use implemented) and the 

remaining proportion to the discharge area. There was no inter-temporal or spatial 

heterogeneity considered in these models. Neither study related the level of dryland 

salinity to the external costs of land-use, but instead implied that damages are a function 

of the recharge area that is cleared.  

 

These two studies highlight the importance of the allocation of property rights in 

theoretical models. Quiggin (1986) showed a common-property approach was 

appropriate where the externality was perfectly reciprocal or when the distribution of 

costs and benefits are symmetrical. These situations are unlikely to occur in reality. 
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Hodge (1982) showed that a private-property regime worked best when the externality 

is unilateral, which is the general situation. However, as Quiggin (1986) explained, a 

common-property approach can use private-property-right elements to manage the 

common resource. This research considered an externality, where the impacts of 

landholder’s decisions can cause damage to their own land and to the public asset. The 

landholders can be both victim and polluter, with the pollution damaging public assets. 

This is nearest to the unilateral externality case described above and modelled by Hodge 

(1982). Therefore a private-property regime may be the more appropriate arrangement 

in the development of the theoretical model. Private property right elements means 

there is a clear set of entitlement rights to the resource by each user, the benefits or costs 

from using the resource are taken into account by all users before action is taken and 

there are transparent implications for degrading impacts on the groundwater system. 

 

The earlier theoretical models failed to take into account the inter-temporal and spatial 

elements of dryland salinity. The first inter-temporal and spatial theoretical models of 

dryland salinity were developed by Gomboso and Hertzler (1991) and Salerian (1991).  

 

Salerian (1991) assumed dryland salinity occurred in a uni-directional system between 

two properties above a common groundwater aquifer. The movement of groundwater 

was not explicitly defined in the model, but was assumed to be reflected in an area of 

dryland salinity occurring on each property. The increase in this area was a function of 

individual land-use decisions and the effects of the uni-directional externality from one 

farm up-hill to the farm down-hill. 

 

Gomboso and Hertzler (1991) developed a steady-state and transient groundwater flow 

model (4.9) that took account of dynamic and spatial variation within a catchment. The 

hydrology model described the groundwater flow on a single farm, where water can 

enter from three sources: neighbouring farms; water from upslope or; other exogenous 

sources of water. Similar to Salerian (1991) the change in groundwater depth within the 

catchment linked the decisions of neighbouring farmers through the following partial 

differential equation.  

s

a
tqs

a

tw

a

tw
tz

t

tw f
t

f

f

n

n
f

f













+











+













−=

∂
∂

)(
)()(

)(2
)(

φτψ  (4.9) 

 



 60 

where 
( )fw t

t

∂
∂

 is the change in the watertable depth on the farm over time and is a 

partial derivative when the groundwater level is adjusting (and is assumed to be zero at 

steady-state), z is a cumulative probability, fψ  is the radius of the farm, )(twn  

represents the watertable depth on neighbouring farms, an is the area of neighbouring 

farms, af  is the area of the farm, s is the surface slope of the farm, tφ  is an exogenous 

source affecting groundwater movement, q(t) is the source/sink term on the farm 

representing recharge and discharge, and τ(t), transmissivity and s, storability represent 

physical aquifer properties in space.  

 

Equation (4.9) shows that groundwater will flow into the farm for three reasons. First if 

the average watertable depth on neighbouring farms is lower than the average 

watertable depth on the farm (Gomboso and Hertzler 1991). This is a simplification, as 

groundwater does not respond to averages, but to highly localised conditions. Second, if 

the watertable is higher upslope in the catchment than on the farm. Third, if there are 

exogenous sources present these will affect the groundwater flow (Gomboso and 

Hertzler 1991). The inclusion of the transmissivity and storability characteristics of the 

aquifer are important when modelling horizontal flow of groundwater, as this will 

determine how fast and how much water will move horizontally (Gomboso and Hertzler 

1991). The equation also took into account the common-property elements of the 

aquifer through the term, z. If z is large, then there are a large number of farms on the 

aquifer which means the degree of common-property is high. Alternatively if z is closer 

to zero, then there are fewer farms. In the scenario modelled by Gomboso and Hertzler 

(1991) (a flat landscape where reciprocal dryland salinity effects are possible) the 

number of farms affect the degree of common-property and affect the producers ability 

to influence the level of the watertable and transmit costs to other farms within the 

catchment (Gomboso and Hertzler 1991). In an undulating landscape, externalities are 

unilateral. Therefore, the number of farms would have no impact on the degree of 

common-property. 

 

Both studies by Gomboso and Hertzler (1991) and Salerian (1991) developed an 

optimal-control model to investigate the optimal economic use of land resources over 

time by accounting for the external costs associated with dryland salinity. For both 

studies the state variable was the groundwater level and the control or decision variable 

was the amount of water that is added or removed from the groundwater system due to 
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the management options employed (agronomic or engineering). Gomboso and Hertzler 

(1991) employed a more sophisticated hydrology model (4.9) than Salerian (1991).  

 

Gomboso and Hertzler’s (1991) objective function aimed to maximise the private value 

of farm output which equals the present value of agricultural profits (4.10). 
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where J  is the present value of farm profits, δ is the discount rate, p  is a vector of 

prices for all land-use activities, g(wf,q) is farm output as a function of the watertable 

depth and the rate of recharge or discharge, and c(q) is cost as a function of 

discharge/recharge. All farmers faced a similar decision problem. 

 

Equation (4.10) is maximised subject to the equation of motion (4.9). The current-value 

Hamiltonian is equation (4.11)  
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where H  can be interpreted as the dynamic profit over time and λ  is the costate 

variable or marginal user cost of groundwater fluctuations. The costate variable 

measures the marginal cost of increasing the watertable in the current period. The 

Hamiltonian was optimised with respect to q, fw  and λ  to give the first-order 

conditions. The Hamiltonian condition: 
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equates marginal revenue to marginal cost from recharge or discharge, plus marginal 

user cost. The authors noted that in an open-access situation, the scarcity rent due to 

groundwater rise would be dissipated and the individual farmer would place no value at 

all on conservation, so the marginal user cost would be zero. Therefore the cropping 

decision would be based on current profit maximisation with no regard to the future. 

However in a situation where there is partially limited access to the watertable (i.e. 

common-property) with larger farms, the marginal user cost would be greater than zero, 

but less than socially optimal scarcity rent. In either of these situations where each 

landholder’s decision is not entirely accountable, the shadow price is reduced and the 
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watertable will rise more rapidly than is socially optimal. This illustrates a general 

principle where the competitive exploitation of a common-property resource tends to be 

economically inefficient and anti-conservationist (Gomboso and Hertzler 1991). 

 

The costate condition describes the marginal user cost 
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Equation (4.13) is the present value of the damage caused in the future by increasing the 

watertable today. From (4.13) the marginal value product of the watertable is negative, 

which implies the marginal user cost is also negative. The authors showed that the 

textbook case of open-access and complete dissipation of rent will never occur, as entry 

to the use of the watertable is restricted. This occurs as the marginal change in the 

watertable determines the degree of rent dissipation and the groundwater supply will 

always be a limited resource, so farmers will dissipate some but not all the rent. 

 

The final first-order condition is the derivative of H with respect to λ  which returns the 

equation of motion (4.9). The authors showed that rent is dissipated indirectly through 

shallower watertables on the farm but the only recourse the farmer has is to buy the 

farm upslope or lobby for government intervention. 

 

The final conditions Gomboso and Hertzler (1991) included in their optimal control 

model were the initial depth of the watertable and a transversality condition where the 

present-value costate variable tends towards zero through time. Their optimisation 

framework incorporated important aspects that had previously been neglected. These 

included the spatial aspects of dryland salinity, which led to an analysis of the 

externality effects and the first-order conditions for optimisation of the dryland salinity 

problem.  

 

Hertzler and Barton (1992) extended Salerian’s work using the same hydrological 

approach of an upland farm and one in the valley but using two separated water balance 

models to allow for differences between them to be modelled. The upland and valley 

watertables were connected by valley recharge, which resulted from rising upland 

watertable as water moved down-hill. The extent of dryland salinity was measured by 
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the depth of the watertable in the valley. This method resulted in two state variables, the 

watertable depth upland and in the valley. 

 

Similarly Greiner and Cacho (2001) considered a two-section catchment with up-hill 

(recharge) and down-hill (discharge) components, which is similar to the assumptions in 

Hertzler and Barton (1992). They also included a component which allowed for the 

gradual transition to different levels of dryland salinity damage (i.e. from slight to 

severe), thus enabling the rather gradual impacts of dryland salinity on crop yields to be 

incorporated. These assumptions resulted in multiple state (area of saline land) and 

control (recharge level of the land-use employed) variables depending upon the number 

of properties that are assumed to exist in the upland and valley areas. This in turn 

increased the complexity of the optimal-control framework. It made steady-state 

analysis intrinsically difficult, so quantitative modelling (for example, mathematical 

programming) was used.  

 

Greiner and Cacho (2001) classified dryland salinity as a stock pollutant, which was 

modelled by the non-decreasing nature of the hydrology function for severely salt-

affected land. This meant that the level of dryland salinity was irreversible at this stage 

of damage. The optimal level of salinisation occurred when the marginal cost of 

recharge equals the marginal present value of net-benefits generated from land in the 

recharge area. 

 

Salerian (1991), Hertzler and Barton (1992) and Greiner and Cacho (2001) employed 

hydrological assumptions which involved separating the catchment into recharge and 

discharge areas, and treating these as separate private enterprises. However this is not 

the case in reality, as most farmers who generate an externality also have areas of 

discharge on their own property, and the most important source of watertable rise at a 

future discharge site is often at that site. 

 

Gomboso and Hertzler (1991) incorporated a hydrological model which treats a 

catchment as a single private entity, but also included external hydrological influences 

such as water movement between neighbouring farms. Similarly Cacho et al. (2001) 

incorporated a hydrological function but was defined more simply as a change in 

recharge generated from different land-uses (4.14),  
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where 1t tw w+ −  is the discrete change in the watertable depth over time, tr  is the 

recharge volume associated with each land-use, tx  is the area of each land-use, L  is the 

total area and θ  is a coefficient that translates the farms recharge balance into depth of 

the watertable. 

 

Cacho et al. (2001) developed an optimal-control problem to investigate under what 

conditions tree crops can provide a financial incentive for landholders to include them 

in their farming system. Unlike previous theoretical models, they included a function to 

describe the effect a rising watertable has on the productivity of different land-uses 

(4.15).  
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where )( t
i wG  is a yield multiplier which influences the effects of dryland salinity on 

the yield of each land-use as a function of the watertable depth, and i
1ϕ  and i

2ϕ  are 

land-use specific coefficients which explain the effect of dryland salinity on yield.  

 

None of the previous authors presented analytical results of their optimal-control 

problems to investigate the steady-state solution. Several authors noted the difficulty in 

obtaining analytical solutions to these problems (Salerian 1991; Cacho et al. 2001). 

Instead many of the authors reverted to mathematical programming as a method to 

analyse their problem. The theoretical model developed and analysed in this chapter 

builds upon the hydrological model developed by Cacho et al. (2001) and the approach 

undertaken by Gomboso and Hertzler (1991). 

 

4.4 The theoretical model 

4.4.1 Overview  

The theoretical model represents a catchment situated in the wheatbelt of Western 

Australia, where dryland salinity affects agricultural land and a public asset, such as a 

nature reserve or a road. The catchment is managed as if it were a single profit-

maximising farm. This assumption simplifies the theoretical model and avoids issues of 
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common-property rights between farms which could lead to strategic interaction 

between them.  

 

The model has an objective function which approximates the social welfare function for 

the catchment. The welfare function sums the total private benefits from the catchment 

over the time horizon, minus the total damage costs to the public asset from dryland 

salinity. Damage to private agricultural production is calculated within the objective 

function. Decreases in the objective function occur through the negative impacts of 

dryland salinity on private agricultural land and the public asset. This is determined by 

the depth of the watertable below the surface. As the watertable nears the surface, crop 

production is reduced and damage to the public asset increases. The farm is able to 

mitigate the effects of dryland salinity on agricultural production and the public asset by 

planting perennial vegetation on private land in place of annual crops. 

 

The watertable depth is analysed when the catchment crop mix and use of perennial 

vegetation are determined exogenously. The theoretical model accounts for non-linear 

relationships, within a dynamic framework for damage to a public asset and/or a 

decrease in agricultural production caused by a shallower watertable. 

 

4.4.2 The model 

The objective function (4.16) approximates a social welfare function which states that 

the regulator maximises private profits, less the cost of damage to the public asset from 

dryland salinity. An optimal-control framework was adopted to capture the dynamic 

relationship between land-use change and groundwater levels. The optimisation 

problem can be defined as;  
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The social welfare function (4.16) is the catchment net-benefit from abating dryland 

salinity from a public asset over a planning horizon of T years. The term a
tx  is the 

proportion of the catchment area in annual land-use and 1p a
t tx x= − , the proportion in 

perennial vegetation. The depth of the watertable over time is represented by the state 

variable, tw . The benefit function, ( , )a
t tB x w  gives the effect that dryland salinity has 

on agricultural profit within the catchment. The function ( )tD w  is the damage 

occurring to a public asset within the catchment due to a rising watertable. The discount 

factor is 1/(1 )t tρ δ= +  and δ is the discount rate. The meaning and units of measure for 

all symbols used in this chapter are given in Table 4.1. 

 

The benefit function, ( , )a
t tB x w  is determined by the area of each annual or perennial 

crop and their respective profit per hectare, t

aV and p
tV respectively. The profit per 

hectare for annual and perennial crops (4.21) depends on tw , the output prices ( ip ) and 

the costs of the respective land-uses (ic ). Prices and costs are assumed to be constant 

over time. The term 0 ( ) 1i
tg w≤ ≤  represents land quality as measured by the depth of 

the groundwater table and its effect on the maximum yield of each land-use (iy ). 

 ( ) ( ) ,i i i i i
t t tV w y g w p c i a p= − =  (4.21) 
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Table 4.1: Meaning and units of measure for all symbols in the theoretical model. 
Parameter/Variable Units Symbol 
Recharge of the annual land-use (4.34) Millimetres ar  
Recharge of the perennial land-use (4.34) Millimetres pr  
Max yield from the annual land-use (4.21) t/ha ay  
Max yield from the perennial land-use (4.21) t/ha py  
Price of the annual land-use (4.21) $/t ap  
Price of the perennial land-use (4.21) $/t pp  
Cost of the annual land-use (4.21) $/ha ac  
Cost of the perennial land-use (4.21) $/ha pc  
Hidden costs (4.31) $/ha C 
Total area of the catchment Proportion  L 
Conversion of total recharge into watertable height (4.34) mm/m3 θ  
Salinity effect on yield parameter (4.32)  

1ϕ  

Salinity effect on yield parameter (4.32)  
2ϕ  

Salinity effect on asset parameter (4.33)  
1β  

Salinity effect on asset parameter (4.33)  
2β  

Total possible damage to the asset due to dryland salinity (4.33) $ α  
Watertable depth parameter (4.34)  φ  
Watertable depth parameter (4.34)  γ  
Discount rate % δ  
Time yr t 

 

The value of each land-use decreases proportionally as the watertable becomes 

shallower. The function (4.21) is assumed to be weakly concave and continuous. 

 

The damage function is assumed to be convex. Equation (4.17) represents the dynamic 

behaviour of the groundwater system, where the change in the watertable depth 

( 1t tw w+ − ) is given by the interaction between the total recharge level, land-use and the 

watertable in the previous period. The equation of motion is assumed to be convex and 

continuous. 

 

The current-value Hamiltonian is: 

 ),()](),([ 1 t
a
tttt

a
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where 1tλ +  is the costate variable (or the shadow price) corresponding to the state 

variable, tw . The costate variable is multiplied by the discrete-time discount factor, ρ , 

which means the variable can be interpreted as the value of an additional unit of tw in 

the current period. To further simplify this problem, interior solutions are assumed for 
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the state and control variables, avoiding the need for Kuhn-Tucker conditions on atx . 

The first-order condition for maximisation, including (4.17), is the Hamiltonian 

condition: 

 01 =+=
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Rearranging gives: 

 a
t

a
t xtx

fB 1+−= ρλ  (4.24) 

 

which says that the marginal benefit of the annual land-use in the current year, a
tx

B , 

equals the present value of a change in the watertable depth, 1 a
t

t x
fρλ +− . The minus sign 

can be explained by the fact that 0a
tx

f <  so overall the right hand side is positive.  

 

The costate condition is given by 
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and determines how the shadow price of the watertable changes through time.  

 

The derivative of the Hamiltonian with respect to 1tρλ +  returns the equation of motion, 

describing how the watertable depth changes through time. 
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Finally the transversality condition 

 0)( 1 =− −TTT wwλ  (4.27) 

 

implies that the change in the watertable depth or the costate variable must equal zero in 

the final period. 

 

The objective becomes one of determining the optimal values for a
tx  over t, and via 

(4.17) and the first-order conditions, optimal values for wt over t (Conrad and Clark 

1987). Together with initial conditions, equations (4.25), (4.26) and (4.27) define the 

optimal solution. 
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4.4.3 Analysing the general theoretical model 

In theory the solution to this problem can be achieved recursively, starting with the final 

value of the costate variable for a given terminal state and proceeding backwards in 

time solving equations (4.23) to (4.27). However, in this problem there is no final 

function on the state variable, and at the end of the timeframe the change in the value of 

the state variable or the costate variable must be zero according to (4.27). This model 

can be solved using dynamic programming. The steady-state optimum ( wx a ~,~ ) for this 

problem can be derived, assuming one exists and is reachable from the initial boundary 

conditions (Conrad and Clark 1987). The following presents the process of determining 

the steady-state solution. 

 

Evaluating (4.24) at steady-state implies: 
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Substituting (4.28) into (4.25) gives: 
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Substituting 1/(1 )ρ δ= + into (4.29) and equating δ  on the left hand side yields: 
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This equation provides the steady-state solution for ax~  and together with (4.26), the 

equation of motion, evaluated at the steady-state ( 0)~,~( =wxf a ), may be solved 

simultaneously to obtain the steady-state optimum (wx a ~,~ ) (Conrad and Clark 1987). A 

steady-state solution is a value for the state variable and the control variable for which 

all differential equations in the system have a zero value. The steady-state represents a 

long-run equilibrium, but there is no guarantee that it is unique (White 2000). 

 

Solving optimal control problems analytically can be difficult, particularly when there 

are several non-linear equations to represent the problem. This problem was 
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encountered in the literature review to analyse dryland salinity (Section 4.3). The next 

section presents the functional forms and assumptions about the dryland salinity system. 

A priori expectations are also presented about the functional forms for a steady state 

analysis. 

 

4.5 Determining the functional forms 

The benefits function (4.31) is influenced by the area (L) of each land-use and the value 

obtainable from each land-use (itV ) within the catchment minus the costs, C, associated 

with the area of annuals. Costs may relate to yield losses as cultivation extends into land 

of poorer quality or increased susceptibility to weed or disease risk. This was first 

formalised by Ricardo (Peach 1993) and is widely noted by farmers, agronomists and 

soil scientists, but often omitted from quantitative production models (Howitt 1995). 

The inclusion of a quadratic term on a
tx  ensures an interior solution and avoids a linear 

control problem (Conrad and Clark 1987).  

 ( )2
( ) (1 ) ( )a a a p a

t t t t t t tB x LV w x LV w x LC= + − −  (4.31) 

 

Various functional forms for the effect that dryland salinity has on the yields of 

different land-uses have been considered. However, there is no consensus on the correct 

functional form (Pavelic et al. 1997; Cacho et al. 2001). This model uses a logistic 

function which has a smooth and continuous yield response to dryland salinity levels as 

assumed by Lee (1992).  

 t
i wi

t
i ewg 2
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In this model, dryland salinity occurs when the watertable depth is two metres or less 

from the surface (Pavelic et al. 1997; Greiner 1998; State Salinity Council 2000; Cacho 

et al. 2001; National Land and Water Resources Audit 2001). The maximum yield that 

can be obtained from a land-use occurs where the watertable depth is two metres or 

further from the surface, although this is not always necessarily the case for all potential 

land-uses.  
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Figure 4.1: Land quality (g(wt)), or proportion of yield from each land-use 
as determined by the depth of the watertable. 

 

The function, gi(wt), decreases from one to zero as the watertable depth ranges from two 

metres below the surface to the surface (Figure 4.1). The coefficients i
1ϕ  and i

2ϕ  are 

specific to each land-use, according to the rate and effect that dryland salinity has on the 

plant’s growth and productivity. To simplify the model, dryland salinity is assumed to 

have the same proportional impact on the potential yield from annual and perennial 

vegetation. 

 

The damage function, which refers to the off-site asset damage caused by dryland 

salinity that originates from private land within the catchment, is given by 

 )()( 2
1

tw
t ewD ββα −=  (4.33) 

 

where α is the total damage value of the off-site asset when the watertable is at the 

surface, and 1β   and 2β  are the parameters which determine the influence of dryland 

salinity (or the watertable height) on the total possible damage on the off-site asset.  

 

There is currently little research into the effects of dryland salinity on the value of 

different public assets (for example road infrastructure or biodiversity). In this study, it 

is assumed that dryland salinity has similar impacts on the value of an asset as its effects 

on yields. This function assumes that the maximum level of damage occurs when the 

watertable reaches the surface, and no damage occurs to the asset when the watertable is 

two meters or further below the surface (Figure 4.2). Unlike agricultural vegetation, on 
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which a shallow saline watertable has immediate effect, non-agricultural assets may be 

damaged more slowly. For example, road infrastructure may be usable when the 

watertable is at the surface, but the road would require increased repair and maintenance 

frequency. 
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Figure 4.2: Proportional value of the public asset as determined by the watertable depth. 
 

A non-linear functional form was chosen for the dynamic behaviour of the hydrological 

system. To ensure an interior solution was obtainable an extra term was incorporated on 

the right hand side (4.34). This addition assists in ensuring that a ‘bang bang’ solution 

does not occur when investigating the steady-state. The term represents the flow of 

water between two points. This heterogeneity would not be captured with a linear 

function (Anderson and Woessner 1992). The second term on the right hand side of 

(4.34) allows for exogenous influences on groundwater, such as lateral drainage to 

ensure non-linearity in the state variable. 
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The change in average watertable height across the farm is determined by the 

interaction between the area of each land-use and the recharge rates associated with the 

annual and perennial land-use ( ,a pr r ) during any given year. L is the total area of land 

available andθ  is a coefficient that translates the farms recharge balance into the 

watertable depth (Cacho et al. 2001). Ideally the recharge rate of a land-use is 

determined by the plant’s age, species and management regime. In this model the 
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recharge rate is a prearranged value for each plant species, but is independent of plant 

age and management regime. 

 

Equation (4.34) is based on an assumption that the watertable height is averaged across 

the farm to simplify the hydrologic equation. This is not true in reality as the depth of 

the watertable can be heterogeneous across the farm. What is important is what happens 

at each particular point on the farm, as to how the watertable depth is affecting 

agricultural and non-agricultural assets. 

 

4.6 A priori expectations 

Table 4.2 lists the a priori expectations about the directions of relationships in the 

model.  

 

Table 4.2: A priori expectations for each component of (4.30). 
Function Expectation Relationship 

wB  As the depth of the watertable increases, the benefits 
increase due to decreasing dryland salinity impacts on 
land-uses and the public asset.  

Positive 

ax
B  As the annual land-use area increases, the benefits increase 

due to the higher net return from annual land-uses. 
Positive 

wD  As the depth of the watertable increases, the extent of 
damage decreases. 

Negative 

wf  As the watertable depth increases, the change in its depth 
increases due to exogenous factors. 

Positive 

ax
f  As the annual land-use area increases, the watertable 

becomes shallower. 
Negative 

 

The mathematical program Mathematica 5.1 (Wolfram Research 2004) was used to 

investigate the variables of Table 4.1 reaching a steady-state solution using (4.26) and 

(4.30). A simulation analysis showed that all expected relationship directions held 

except for ax
B . The value of ax

B  was negative given the assumed parameter values for 

the western wheatbelt, so a steady-state analysis was difficult to undertake.  

 

A simulation analysis of the steady-state for the decision and state variable showed that 

an optimal time path was not achievable for all combinations of starting values for the 

watertable depth, area of annual land-uses and recharges rates for the annual and 

perennial land-uses. This showed there was no steady-state solution, so therefore a 

steady state analysis was not undertaken. Instead the optimal control problem was 

analysed through a static and comparative dynamic analysis. 
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4.7 Analysing the optimal control problem 

The functional forms chosen meant that dynamic analysis was difficult, so this chapter 

focused on an interpretive steady-state analysis. Therefore two analyses were 

conducted: a static analysis and a comparative dynamic analysis. The static analysis 

investigated the characteristics of the objective function (4.16) and the equation of 

motion (4.34). The comparative dynamic analysis examined the effects on the state 

variable and the objective function when constraints were enforced onto the decision 

variable. A mathematical programming approach was undertaken to investigate these 

functions when an imposed area of annual crops and watertable depth is given.  

 

Table 4.3 displays the values for each of the variables and parameters for the above 

optimisation problem. All assumptions are shown for the static and dynamic analysis. 

 

4.7.1 Static analysis  

The static analysis investigated the characteristics of the objective function (4.16) 

incorporating benefit function (4.31), the damage function (4.33) and the equation of 

motion (4.34). This analysis was conducted within an Excel spreadsheet (Wells and 

Harshbarger 1997). Table 4.3 shows which variables were used in the sensitivity 

analysis and over what ranges they were altered. The bold values in Table 4.3 represent 

the base case. 

 

Table 4.3: List of variables/parameters that were used in the sensitivity analysis and their 
range of values. 

Parameter/Variable Range of values 
Equation of motion  

ar   10, 20 
pr  -10, 0, 10 

Objective function  
α  1000, 100,000 

py  2, 4, 6 

 

For the equation of motion (4.34), the recharge amount associated with the annual and 

perennial land-uses were considered. The range of recharge values for the perennial 

vegetation ranged from below zero to simulate the existence of an engineering solution, 

to contributing some recharge to the hydrological system. The recharge values chosen 

for the annual system represent situations where it contributes more recharge than the 
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perennial system, and the possibility where it may contribute the same recharge volume 

as the perennial system. 

 

Only two parameters were considered in the objective function; the total damage 

possible to the public asset and the potential profitability of the perennial system. The 

profitability of the perennial system can be increased via the costs associated with 

production, the prices received or the maximum yield value. The yield value was 

chosen to influence the profitability of the perennial system, to help simulate situations 

where the profitability of perennials is less than annuals to being greater than the annual 

system. 

 

4.7.2 Comparative dynamic analysis 

The comparative dynamic analysis investigates the effects of changes in the area of 

annual cropping and how this influences the time path of the state variable and value of 

the objective function over time. Table 4.4 displays the state and decision variables for 

the analysis. The values assumed for a
tx are constant over the 50 year period. The values 

for wt are the initial watertable depth for the catchment at year zero. 

 

Table 4.4: Values of the variables/parameters that were used in the sensitivity analysis and 
their range of values. 

Variable Range of values 
a
tx  0, 0.25, 0.5, 0.75, 1 

wt 0.5, 1, 2, 4 
 

4.8 Results and discussion 

4.8.1 Static analysis of the equation of motion 

From the static analysis of the equation of motion, the primary output was the resultant 

change in the watertable depth.  

 

Figure 4.3 displays the resultant change in the watertable depth when differing 

proportions of the catchment were planted to annual crops. As expected, when the entire 

catchment was planted to annuals, this resulted in the greatest change in the watertable 

depth, regardless of the starting watertable depth. Conversely when the entire catchment 

was planted to perennials, this had the smallest effect on the change in the watertable 

depth. Even though the recharge attributed to perennials was zero, the positive change 
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in watertable depth was due to exogenous factors on the hydrological system such as the 

lateral movement of water out of or into the catchment.  
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Figure 4.3: The resultant change in the watertable depth for different proportions of the 
catchment planted to annual land-uses. 

 

In the wheatbelt of Western Australia the implementation of engineering solutions to 

control the extent of dryland salinity on public assets is an important option to mitigate 

its effects. Figure 4.4 presents the situation when perennial land-uses simulated an 

engineering system by extracting water from the hydrological system. The 

implementation of an engineering system resulted in more water moving out of the 

catchment, and the watertable depth becoming deeper below the public asset. This is 

indicated by the positive change in the watertable depth in Figure 4.4.  
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Figure 4.4: The resultant change in the watertable depth when engineering solutions are 
incorporated into the catchment at different capacities. 

 

For the other combinations of recharge values of annual and perennial systems in the 

static analysis, the trends were similar to Figure 4.3. For example a catchment planted 

entirely to annuals resulted in a greater decrease in the watertable depth than a 

catchment planted entirely to perennials. This was due to the higher recharge associated 

with annuals systems. The only situation where this did not occur was when the annuals 

and perennials contributed the same amount of recharge to the hydrological system. As 

such there was no difference between planting the entire catchment to perennials or 

annuals. The determining factor for optimisation would be the respective profitability of 

the land-uses. 

 

4.8.2 Static analysis of the objective function 

The objective function values presented in Figure 4.5 represent the net benefits from the 

catchment, which increased as the proportion of annuals planted in the catchment 

increased. This was due to annuals being a more profitable enterprise than perennial 

vegetation and this increase outweighing the benefit of dryland salinity abatement. 

Irrespective of the area of perennials, the maximum objective function value decreased 

as the watertable depth decreased, due to the effect dryland salinity had on the 

production of annual and perennial plants or on the public asset. 
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Figure 4.5: Value of the objective function when different proportions of the catchment 
are planted to annual land-uses. 

 

The sensitivity analysis explored increasing the total production of perennials to 6t/ha 

compared to 2.8t/ha of annuals. This in turn increased the net benefits of the perennials 

when compared to the annuals for all starting watertable depths (Figure 4.6). Although 

the order of lines in the graph has been reversed, their broad shape is similar to Figure 

4.5. 

 

Increasing the total costs of damage to the public asset from the impacts of dryland 

salinity decreased the objective value (Figure 4.7). There was a higher cost to society in 

choosing to allow dryland salinity to degrade a higher value public asset. 
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Figure 4.6: Value of the objective function when different proportions of the catchment 
are planted to annual land-uses when perennials are more profitable. 
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Figure 4.7: Value of the objective function when a different proportion of the catchment 
was planted to annual land-uses when the total damage to the public asset increases. 

 

4.8.3 Comparative dynamic analysis 

Figure 4.6 supports the results shown in Figure 4.3, where increasing the proportional 

area of annuals resulted in the watertable reaching the surface over a shorter period of 

time. In addition, the starting watertable depth had an impact on the time taken for the 

watertable to have damaging effects on the productivity of the land-use. Figure 4.8 

shows where the starting watertable depth was deeper there was more time to 

implement management strategies before the watertable reached a critical depth.  
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The greatest net benefits were achieved when the initial watertable depth was greater 

than two metres and the entire catchment was planted to annual vegetation (Table 4.5). 

Conversely the smallest net benefit occurred when the entire catchment was planted to 

perennial vegetation and the starting watertable depth was very shallow, less than 50cm 

below the surface. In this instance, there was a greater economic loss from planting 

perennial vegetation in combination with greater public asset damage costs. 
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Figure 4.8: Time path of the watertable depth over time for differing initial watertable 
depth and the proportional area of annuals are consistent over time. 

 

Table 4.5:Total benefits ($’000) for different combinations of starting watertable depth 
(w0) and proportional area of annuals ( a

tx ). 

 a
tx  

w0 0 0.5 1 
0.5 -2,173 -2,829 -431 
1 -1,378 -1,307 940 
2 252 1,106 1,509 

 

From Table 4.5 the lowest net benefit occurred when w0 is 50cm and a
tx equals 0.5, 

compared to a
tx equalling zero. Under the assumptions of the theoretical model, at a 

starting depth of 50cm and the 50:50 mix of vegetation, the hydrological system was 

unable to reduce the watertable to below the critical depth. Greater losses are imposed 

on the economic system: loss from damage to the public asset, loss from converting half 

the catchment to perennial vegetation from annual land-use, and loss to annual 

agricultural production from salinity. Alternatively when the entire catchment was 

planted to annuals, the only losses incurred were from damage to the public asset and 

private agricultural production.  
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Figures 4.9 and 4.10 show increasing the area of perennial vegetation in the catchment 

reduced the damage sustained by the public asset, therefore reducing the additional 

costs incurred by the catchment. This supports the results given in the static analysis.  
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Figure 4.9: Cumulative cost of damage to the public asset for a starting watertable depth 
of 0.5m when different proportions of the catchment are planted to annual vegetation. 

 

The rate of cumulative damage in Figures 4.9 and 4.10 differed depending on the initial 

watertable depth. When the starting watertable was close to the surface (0.5m), the 

cumulative damage was approximately linear (Figure 4.9), whereas if the watertable 

depth was at the critical threshold (2m) the cumulative damage was non-linear (Figure 

4.10). The non-linearity can be explained by the choice of functional form for the 

hydrological equation (4.34). When the initial watertable depth was 0.5m from the 

surface, the second term on the right hand side of the function had little to no effect on 

the change in the watertable depth over time; this led to a linear influence on the 

cumulative damage sustained by the public asset. Alternatively, when the initial 

watertable was deeper (greater than 2m), there was a delay in the onset of salinity, 

which in turn delayed the costs of damage to the public asset. In addition the second 

term on the right hand side of (4.34) had a greater influence on the hydrological system, 

therefore leading to a non-linear effect on the cumulative cost of damage of the public 

asset.  
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Figure 4.10: Cumulative cost of damage to the public asset for a starting watertable depth 
of 2m when different proportions of the catchment are planted to annual vegetation. 

 

4.9 Conclusions 

The development of a theoretical model to represent the impacts of dryland salinity on a 

public asset has highlighted several issues that need to be addressed in the development 

of the hydro-economic model. The first of these is the selection of appropriate 

functional forms for the state variable and the objective function. The model needs to be 

simple and yet adequately characterise the problem. A function which is unnecessarily 

complicated will hinder the ability of the hydro-economic model to reach an optimal 

solution, as was discussed in this chapter. In this study, simpler functional forms were 

chosen to represent the different components. However this still resulted in an 

intractable optimal control problem to determine the steady-state values for the 

watertable depth and area of each land-use. 

 

There is a need for further research into appropriate functional forms to represent the 

impacts of dryland salinity on agricultural land and non-agricultural assets and the 

implementation of perennial land-uses for the mitigation of dryland salinity. The choice 

of functional form to represent the impacts from dryland salinity on a public asset will 

have a direct influence upon the optimisation results of the hydro-economic model. The 

question to consider is, at what rate does a rising watertable have a damaging effect on a 

public asset? 
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The following Chapter 5 reviews empirical research into dryland salinity. This review 

will assist in determining which methodologies have been previously undertaken to 

investigate dryland salinity at the farm and catchment levels. The chapter ends with the 

approach chosen for this dissertation. 
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5. Review of empirical research into dryland salinity 

5.1 Introduction 

The previous three chapters have outlined physical and economic characteristics of 

dryland salinity as a natural resource issue. Chapter 2 focused on the management 

options available to landholders to mitigate the impacts of dryland salinity, while 

Chapter 3 discussed the potential justification for government intervention in dryland 

salinity management to increase societal welfare. Chapter 4 considered the theoretical 

models that have been developed to study dryland salinity. A theoretical model was 

then developed, based on elements of selected previous models. 

 

This chapter concentrates on the empirical literature that investigates the consequences 

of dryland salinity at the farm- and catchment-levels. Section 5.2 will review the 

literature at the farm- (Section 5.2.1) and catchment- (Section 5.2.2) levels. Section 5.3 

will discuss the lessons from the literature about combining economic and hydrology 

models which are pertinent to this study. Section 5.4 briefly summarises the approach 

taken for the hydro-economic model (Chapters 7 and 8) developed for the road 

infrastructure case study in Chapter 9. 

 

5.2 Review of empirical research 

This section reviews farm- and catchment-level studies that have investigated the public 

and/or private economic costs and benefits from dryland salinity management. At the 

farm-level, the costs and benefits determine the attractiveness to land managers of the 

available mitigation options. At the catchment, regional or state level, the net-benefits 

can influence the policy approach and the appropriate scale of public investment (if 

any) in dryland salinity management to improve social welfare (Frost et al. 2001). 

 

For this literature review, the external costs and benefits are defined as either those that 

accrue to the farm sector only or apply to multiple stakeholders. Farm-sector external 

costs and benefits relate to cases where private land managers bear the financial 

consequences of dryland salinity. This would include where the land management 

decisions of one farmer are causing downstream dryland salinity on another farmer. 

Where multiple stakeholders are involved this implies that the farm sector and a public 
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asset are being damaged due to the private landholders’ decisions. The public asset may 

be biodiversity, waterways or road infrastructure, for example.  

 

Table 5.1 provides an overview of the different models and analyses that are reviewed 

here. Each study was categorized according to whether it:  

• was conducted at the farm or catchment-level;  

• was static or dynamic, 

• was a simulation or optimisation model; 

• represented external impacts situated only on farm land or for multiple 

stakeholders; 

• was deterministic or stochastic; and 

• used specific hydrological, agronomic and economic models, if any. 

 

5.2.1 Farm-level models 

A farm-level approach for analysing the dryland salinity issue is used to investigate the 

farmers’ costs and benefits from alternative management responses and to indicate 

likely behavioural responses, for example, to policy intervention (Pannell 1998). The 

farm-level studies in Table 5.1 used different approaches to model the hydrologic, 

agronomic or economic components of a farm. In many cases, no hydrology model was 

used. In these cases, the analysis focused on the non-salinity related benefits and costs 

of management responses to dryland salinity. There was considerable variety in the 

agronomic components applied.  

 



 86 

Table 5.1: Overview of the differences and similarities between the various empirical economic models for dryland salinity 
Author Scale/ 

Location 
Static/ 
Dynamic 
 

Simulation/ 
Optimisation 

Farm Sector/ 
Multiple 
Stakeholders 

Stochastic/ 
Deterministic 

Hydrology 
model 

Agronomic 
model 

Economic model 

Kubicki et al. (1993) Farm-WA Dynamic Simulation Farm Sector Stochastic None FARMULA- 
Relative yields 

FARMULA- 
whole-farm budget 

van Bueren et al. (2001) Farm- WA Dynamic Simulation Multiple 
stakeholders 

Deterministic Statistical 
model 

Presence of 
saline soil or 
not 

Benefit-costs 
Analysis using GIS 

Kingwell et al. (2003) Farm-WA Dynamic Simulation Farm Sector Deterministic None Relative yields Single enterprise 
profit function 

Kingwell & Pannell (1986) 
 

Farm- WA Static Optimisation Farm Sector Deterministic None MIDAS – 
Relative yields 

MIDAS- whole-
farm budget 

Kingwell et al. (1993)  Farm-WA Static Optimisation Farm Sector Stochastic None MUDAS- 
Relative yields 

MUDAS - whole-
farm budget 

Greiner (1996b)  Farm-NSW Dynamic Optimisation Farm Sector Deterministic MOFEDS 
 

MoFEDS-
Yield response 
function 

MoFEDS-Farm 
budget 

Pavelic et al. (1997) Catchment- 
SA 

Dynamic Simulation Farm Sector Deterministic MODFLOW Yield response 
function 

Simple farm 
budget 

Hajkowicz & Young (2002) Catchment-
SA 

Dynamic Simulation Multiple 
stakeholders 

Deterministic Flowtube Relative yields Benefit-cost 
Analysis 

Bathgate et al. (2004b) Catchment- 
NSW 

Dynamic Simulation Multiple 
stakeholders 

Deterministic Cumulative 
logistic 
function 

Stream 
salinity, no 
agronomic 
component. 

Benefit-cost 
Analysis 

Gomboso et al. (1996) Catchment –
WA 

Dynamic Optimisation Farm Sector Stochastic Stochastic 
process model 

Yield response 
function 

Benefit-cost 
Analysis 

Greiner (1996a)  
 

Catchment-
NSW 

Dynamic Optimisation Farm Sector Stochastic Flowtube MoFEDS- 
Yield response 
function 

SMAC- Benefit-
cost Analysis 

Nordblom et al. (2004) Catchment-
NSW 

Dynamic Optimisation Multiple 
stakeholders 

Deterministic Zhang curves Stream 
salinity, no 
agronomic 
component. 

Benefit-cost 
Analysis 
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Kubicki et al. (1993) developed one of the first dynamic simulation models at the farm-

level for Western Australia that incorporated the influences of dryland salinity on 

agricultural production. The FARMULA model is a long-term, whole-farm budget used 

to improve farm profitability by increasing productivity and reducing degradation 

(Kubicki et al. 1993). The model is able to compare farm plans with different layouts, 

costs and income patterns, and analyse the implications of factors limiting productivity 

and profitability. The model is divided into different soil classes which represent areas 

that are managed and respond in similar manners. The soil classes are then assigned 

rotations which include existing practices, as well as rotations that include long-term 

conservation issues. Crop yields and stock carrying capacities are specified for each of 

the soil classes. Seasonal adjustments are included through the costs and yields defined 

for each seasonal variation. For the inclusion of dryland salinity, yield modifiers are 

used. 

 

FARMULA was applied to a wheat and sheep farming property in the central wheatbelt 

area in Western Australia (Kubicki et al. 1993). The property had been experiencing 

saline impacts since 1917, but recognition of poorer production was made in 1970s with 

the property having saline valley floors, hillside seeps, and reduced and variable 

paddock production. The aim of the analysis was to increase farm profitability and 

reduce saline degradation. Various changes to the farm layout and crops implemented 

were modelled, along with the inclusion of tree shelterbelts and perennial pastures. The 

key finding from the analysis was that the adoption of tree shelterbelts resulted in a 

relative decrease in long-term profitability, as dryland salinity and shelter related 

benefits were not sufficient to outweigh the costs. This may be partly due to the model 

representing an insufficient timeframe to see accumulated benefits (see below), but on 

the other hand it is not inconsistent with other results discussed below. In the modelling 

analysis tagasaste was included for the valley floors, as a source of summer feed, along 

with trees in strips to provid further watertable drawdown. This strategy was successful 

in increasing profits, and also would generate some conservation benefits on agricultural 

land. 

 

FARMULA uses a long-term approach (of 20 years) to investigate the impacts from 

dryland salinity on farm production. The researchers noted the timeframe of 20 years 

was too short and should possibly be longer to include the benefits from tree production 

to control dryland salinity. This would be difficult to assess given that no explicit 
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hydrology model was included. As the model currently stands, it does not allow the user 

to investigate the effect of different management plans on the watertable depth or area 

of saline land, which would give a clearer and more realistic indication of the effects 

that different management plans have on dryland salinity development or reversal. 

 

In summary, the results reflected that highly productive areas have high opportunity 

costs. Allocating them to conservation works requires considerable yield boosts from 

the surrounding land over long time periods to justify their removal from normal 

production (Kubicki et al. 1993). Alternatively practices that help to make non-

productive land more productive may be worthwhile (Kubicki et al. 1993). 

 

Van Bueren et al. (2001) developed a dynamic simulation model to investigate the 

economic consequences of using different perennial vegetation strategies to control 

recharge. The study looked at four categories of land.  

i) Land that is “treated” (i.e. planted to perennials) which prevents dryland salinity 

on that land that would otherwise have occurred.  

ii)  Land that is treated but was never at risk from dryland salinity (but may help 

protect other land). 

iii)  Agricultural land adjacent to a treated area that is prevented from becoming 

saline. 

iv) Land adjacent to a treated area that is prevented from becoming saline and 

supports infrastructure or natural assets.  

 

For each category of land a ‘business as usual’ scenario was compared to the benefits or 

losses from each of the agroforestry treatments available. Within the analysis, MIDAS 

(discussed in greater detail later) was used to determine the economic values of 

production for each land management unit which was at risk from dryland salinity. 

These estimates were used in a simulation-based economic model. 

 

A simplifying assumption was used in the model: all treatments were assumed to be 

completely effective at controlling dryland salinity on the site where they were located, 

but off-site control was assumed to be zero. This was considered by the hydro-

geologists involved in the study to be the most realistic assumption for the study region. 

Productivity was assumed to remain unaffected until dryland salinity encroached in year 

t, after which time economic returns were equated to those achievable on saltland using 
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saltbush. This assumption avoided the need to develop a physical relationship between 

the level of dryland salinity and agricultural production. The trend for dryland salinity 

development for the ‘business as usual scenario’ followed an asymptotic trend. This 

functional form was chosen as the areas used for the case studies were expected to reach 

a saline equilibrium, within the next 20 years. The model does not allow for the gradual 

impacts of dryland salinity on crop production or the influence of the perennial 

treatments on the watertable level through the use of an explicit hydrological model.  

 

The inclusion of on-farm and off-farm impacts and the distribution of impacts across 

stakeholders can assist in policy formulation, and then cost-sharing strategies. The off-

farm impacts included in the analysis were the length of sealed roads and area of 

perennial vegetation at risk from dryland salinity. These assets were only saved if they 

were located within the treatment area. There was no inclusion in the study for 

treatments to protect assets that were beyond their boundaries. The addition of non-

agricultural impacts in the analysis is a positive step forward provided by this study, 

highlighting that dryland salinity is not only an agricultural degradation issue.  

 

Van Bueren et al. (2001) found that any dryland salinity management strategy needs to 

be commercially profitable in its own right to be attractive to farmers to replace current 

agricultural enterprises. This is consistent with the Kubicki et al. (1993) study, which 

found that dryland-salinity-related benefits of treatments were small. 

 

Kingwell et al. (2003) were commissioned to produce a report that improved the 

targeting of investments in dryland salinity management by or on behalf of grain 

growers. The report firstly provided a spatial overview of dryland salinity management 

issues and investment opportunities in Australia’s main grain-growing areas. It also 

produced a compilation of economic assessments of dryland salinity management 

options available to grain growers to identify their economic attractiveness. Additional 

economic studies were conducted to complement the existing research. The report was 

limited to the grain-growing areas of Australia. It forecasted that the national salt-

affected area would grow by 1.1 million hectares to 3.7 million hectares by 2020 

(Kingwell et al. 2003). The Western Australian grain-growing regions are expected to 

see the greatest increases, compared to the rest of Australia. The cost of rising dryland 

salinity in grain-growing areas is expected to reach $238 million in terms of reduced 

agricultural production (Kingwell et al. 2003).  



 90 

 

The review of economic studies by Kingwell et al. (2003) found that the greatest benefit 

from inclusion of plant-based dryland salinity management options on-farm was 

achieved in areas where available options have relatively high profitability and where it 

was technically and economically feasible to contain or recover areas of the farm from 

dryland salinity. In some areas, the inclusion of lucerne into farming systems was 

considered to be both profitable and environmentally beneficial (Kingwell et al. 2003). 

It was also found that saltland pastures could boost farm profits by a modest amount 

when planted in salt-affected areas. It was concluded that there are no readily available 

profitable options for wide-scale planting in most grain-growing areas (Kingwell et al. 

2003).  

 

The model developed by Kingwell et al. (2003) was a dynamic simulation model 

applied at the farm-level for up to 20 years. The profit function included in the model 

considered a single agricultural land-use to enable the researchers to compare individual 

land-uses, without influences from the other farm enterprises. Benefits for non-

agricultural assets were not included. To compare the yields between land with and 

without dryland salinity, Kingwell et al. (2003) used a relative yield approach. As an 

example, for a crop situated on a saline seep, the expected yield from that crop may be 

20% depending upon the weather and other scenarios chosen within the model.  

 

MIDAS (Model of an Integrated Dryland Agricultural System) has been mentioned 

previously as being a source of parameters for use in other analyses. It is a steady-state, 

static, whole-farm model that describes the physical, technical, biological and 

managerial aspects of farming in Western Australia (Bathgate and Pannell 2002). 

MIDAS is a linear programming model for farm optimisation and has versions 

developed for various locations, including the Eastern Wheatbelt (Kingwell and Pannell 

1986), the Great Southern (Morrison and Young 1991) and the South Coast (Bathgate 

and Pannell 2002) areas of Western Australia. MIDAS is the main model applied at the 

farm-level in Western Australia and has been used to investigate different issues that 

affect farming, including climate change (Flugge and Schilizzi 2003; Petersen et al. 

2003), crop-livestock integration (Ewing and Flugge 2004), biodiversity (Lefroy et al. 

2005) and farm management optimisation in the face of dryland salinity (Salerian et al. 

1987; Bathgate and Pannell 2002; Kingwell and Young 2003; O'Connell 2003; Flugge 

and Abadi 2004; Flugge et al. 2004c, 2004b; Flugge et al. 2004a; O'Connell et al. 2006). 
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The dryland salinity studies using MIDAS have primarily concentrated on investigating 

the profitability of incorporating lucerne into the farming system. The profitability of 

phase-farming with lucerne has been studied using the South Coast and Central 

Wheatbelt versions of MIDAS. The inclusion of lucerne into the South Coast farming 

regions of Western Australia leads to an increase in farm profitability (Bathgate and 

Pannell 2002; Kingwell and Young 2003; O'Connell 2003) and a reduction in recharge 

to assist dryland salinity management. However, the optimal area of lucerne is only 

moderate, whereas large areas would be needed to prevent dryland salinity. The benefits 

from reducing saline discharge were not included into the farm profitability for either 

study. Similarly, lucerne included in the farming system in the central wheatbelt can 

lead to an increase in farm profits by between 3% and 23% depending upon the details 

of accompanying management responses (Flugge and Abadi 2004; Flugge et al. 2004b, 

2004c; Flugge et al. 2004a).  

 

MIDAS has also been used to investigate the profitability of including saltland pastures 

into the farming system as an option to fill the autumn feed gap. Saltland pasture has 

been shown to increase farm profits (Kingwell and Young 2003; O'Connell et al. 2006); 

however their profitability can diminish as the area increases. This reduction in profits is 

because at large areas there is no additional autumn feed-gap, so the opportunity for 

saltland pastures to be a valuable feed source diminishes (Bathgate and Pannell 2002; 

Kingwell and Young 2003). 

 

In some applications of MIDAS, the aggregate level of recharge on the farm is 

represented and the trade-off between profit and recharge is determined. However, no 

explicit hydrology model is included into the model, so the user is not able to 

investigate how the watertable changes over time due to land management practices.  

 

MUDAS (Model of an Uncertain Dryland Agricultural System) is an extension of 

MIDAS incorporating a discrete, stochastic programming component into the model 

(Kingwell et al. 1993). MUDAS takes account of weather risk, price risk and the farm 

manager’s risk aversion. A number of MUDAS versions have been developed (John 

2004; Kingwell 2004; Kingwell and Schilizzi 2004) and have been applied to 

investigate the influence of farmer risk (Kingwell 2004), climate risk attitudes 
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(Kingwell and Schilizzi 2004; John et al. 2005) or a combination of risks associated 

with farming (John 2004) where dryland salinity is present in Western Australia. 

 

John (2004) included into MUDAS the effect of land management practices on the level 

of recharge added to the groundwater system for various scenarios. Again no explicit 

hydrological model was included inside the model, but John (2004) used an external 

hydrological model to estimate an average recharge rate under different farming 

systems. John (2004) found that introducing perennial plants into traditional 

crop/pasture farming systems was profitable on a small scale, but again not on a 

sufficient degree to prevent widespread salinisation. Again, the approach used by John 

(2004) does not simulate the dynamic nature of watertable control in the prevention of 

dryland salinity. 

 

Unlike the previous farm-level models reviewed, Greiner (1996b) used a yield response 

to the depth of the watertable function within the model, MoFEDS (Model of the Farm 

Economics of Dryland Salinity). MoFEDS is a multi-period, optimisation model which 

investigates the relationship between the disposable income of a model farm and soil 

salinisation on a property for a series of scenarios that reflect a range of hydrological 

conditions (Greiner 1997). Soil salinisation directly affects the availability and 

productivity of land. The total farm area, A, is divided into soil classes of different 

management and yield potential according to the farm’s dryland salinity status. For 

given soil productivity, salinisation stages, s, affect different land management options, 

m. Yields, y, are decreased on salt-affected land, reducing the total production of the 

farm, Q (5.1). The salinisation stages in any one year are determined by the difference 

between the groundwater level at the end of the previous year (w(t-1)) and the critical 

depth of the watertable (wc) (5.2). 

 ∑∑=
Mm

smsm
Ss

yAtQ
εε

)(  (5.1) 

 ))1(()( cs wtwftA −−=  (5.2) 

 

Greiner (1996b) included an external hydrological component, which incorporated off-

farm lateral water-flow. The depth of the groundwater table w(t) depends upon the 

groundwater level of the previous year, w(t-1), the on-farm recharge, R, and the 

condition of the upper aquifer applicable to the location, L (5.3). When L takes a 

positive value, the lateral flow balance of the aquifer is positive and causes the 
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watertable to rise independently of on-farm activities. It takes a negative value if the 

aquifer can discharge off-farm. The on-farm recharge, R, is a function of the land-use 

mix and the recharge rates of the crops, C (5.4). 
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This section has highlighted several issues. First, developing farm-level models has 

meant that there is a trade-off between the complexity of the hydrological and economic 

components. For example the inclusion of an external hydrological component by 

Greiner (1996b) was necessarily coupled with a less comprehensive economic 

component in MoFEDS, when compared to a model such as MIDAS. Second, almost no 

dryland salinity studies conducted at the farm-level have included any analysis of the 

damage to public assets such as roads and bush land. There is the exception of van 

Bueren et al. (2001) who did include impacts on road infrastructure located on land 

where the treatments were implemented. And third most of the farm-level literature 

reviewed were conducted in Western Australia rather than other States.  

 

5.2.2 Catchment-level or multi-farm approaches 

The models reviewed in this section are applied at the catchment-level. Dryland salinity 

management at this level must address several issues that make the task difficult, for 

reasons that Greiner and Parton (1995) have outlined. Firstly, land-use decisions are 

made at the farm-level and must be included into the analysis or considered in policy 

options suggested. A gross margin analysis can provide useful scoping information, but 

a whole-farm budget can take into account all farm-level cash flow elements, such as 

taxation, and capital and cash flow constraints (Greiner and Parton 1995). The level of 

information required from the farm-level depends upon the complexity of the economic 

component which will be determined by the aims and objectives of the study. 

 

Secondly, dryland salinity is characterised by time lags and spatial distances between 

cause and effect which must be incorporated into any catchment-level analysis. This is 

particularly important given the existence of externalities, to ensure that the relevant 

biophysical connections are made between land-use decisions and hydrological impacts. 

This requires the application of a hydrologic model.  
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Thirdly there must be a feedback link between alternative land-use decisions and 

salinisation in the catchment spatially and temporally. Land-use activities are the major 

decision variables that influence the hydrological balance and in-turn the extent of soil 

salinisation (Greiner and Parton 1995). The presence of dryland salinity leads to 

reductions in soil productivity, which in turn will affect the choice of land-use activities.  

 

Lastly, other factors influencing the groundwater system, such as sporadic rainfall 

events, must be captured in the model. The farm-level studies have identified climate 

risk as a major external variable influencing the groundwater system which adds an 

element of risk to dryland salinity management (Greiner and Parton 1995; John 2004). 

 

In contrast to most of the farm-level studies, all of the catchment-level studies in Table 

5.1 included an external hydrological model to simulate the interactions between land-

uses and the dryland salinity level within the catchment. This reflects that these studies 

are addressing different research questions compared to farm-level studies. Three of the 

studies in Table 5.1 at the catchment-level also investigated the impacts of dryland 

salinity on the non-farm sector.  

 

There are three simulation models (Pavelic et al. 1997; Hajkowicz and Young 2002; 

Bathgate et al. 2004b) which used different approaches for the hydrologic, agronomic 

and economic components of their models. Pavelic et al. (1997) aimed to present a 

methodology for quantifying the hydrologic, agronomic and economic implications of 

various land management options for dryland salinity control. The model was applied to 

South Australia in a coastal plain on the south-western margin of the Murray Darling 

Basin. The study showed that incorporating perennial pastures into the farming system 

can reduce recharge and therefore the extent of dryland salinity. The cost of doing so 

was high and the economic benefit of perennial pastures was marginal, depending on 

commodity prices and discount rates. The three components of the Pavelic et al. (1997) 

model are described below. 

 

The hydrological component used the three-dimensional, numerical model, 

MODFLOW (discussed later in Chapter 7) (MacDonald and Harbaugh 1988) to 

simulate groundwater flow. Recharge rates beneath crop/pastures were assumed to be 

spatially uniform. However discharge rates could vary from year to year due to 
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variations in rainfall. The authors assumed saline land occurred when the watertable 

was within 0.6m of the soil surface. The use of MODFLOW allowed for a detailed 

spatial analysis of the catchment, but required technical understanding of the 

groundwater model. 

 

The agronomic model used the depth to the watertable as an indicator of dryland salinity 

level. A ‘bent or broken stick’ model was used to describe the relationship between 

land-use yield and depth to watertable. It is a linear response assumed to reach some 

threshold depth where yields are unaffected by dryland salinity. Any depth above the 

threshold level, the land-uses experienced decrease production. This was given by the 

general equation: 
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where yr is the relative yield, b is the depth to the watertable, d is the depth to the 

watertable, a is the slope relating yield to d, b1 is the maximum b where no yield occurs 

and b2 is the maximum b where yields are affected by the saline watertable (Pavelic et 

al. 1997). 

 

The economic component used by Pavelic et al. (1997) was a simple farm budget to 

investigate different management scenarios on farm gross margins. The study looked at 

how the gross margin changes due to converting to perennial pastures (lucerne 

establishment and maintenance) from annual crops. The study did not include any other 

social or external costs associated with salinisation.  

 

Hajkowicz and Young (2002) used a cost-benefit analysis (over 20 years) to determine 

the economic impacts of revegetation for dryland salinity control on the Lower Eyre 

Peninsula in South Australia. The benefits from revegetation included were: the area 

saved from becoming salinised; the returns from agroforestry; the avoidance of 

infrastructure impacts costs; and the improved landscape and ecosystem quality. The 

costs included establishment of agroforestry and the opportunity cost of land no longer 

available for other uses. Only market impacts were included in the cost-benefit analysis. 

The authors used a breakeven analysis to assess non-market values, leaving the question 

of non-market benefits open to policy makers by stating that: the non-market benefits of 



 96 

revegetation would need to equal some value for the project to breakeven. Hajkowicz 

and Young (2002) showed that the market costs of revegetation are likely to exceed 

market benefits. This was based on the result that 50% or more of the catchment needed 

to be revegetated to save only a relatively small land area (that is, three to six percent) 

from being salt affected. They concluded that revegetation programs need to be highly 

targeted to areas of a catchment with a large potential to control dryland salinity, land 

that has minimal value for other uses, and regions with high infrastructure and/or 

ecological value. 

 

Flowtube (Argent 2001a) (discussed further in Chapter 7) was used as the hydrological 

component of the model by Hajkowicz and Young (2002). Flowtube is a two-

dimensional model that simulates the relationship between groundwater levels and 

discharge. Flowtube is unable to directly assess the amount of land that is salinised, so 

Hajkowicz and Young (2002) made some assumptions to determine the economic 

returns in each year from land that is completely or partially salinised. Firstly, a 

relationship between annual recharge reduction and the amount of salinised land by 

2020 was established. Secondly, the growth in saline area was assumed to be linear, 

which was highly simplified.  

 

Hajkowicz and Young (2002) used a relative yields approach for their agronomic 

model. They assumed areas which were salinised will have a 0% relative yield, 10% of 

land surrounding the salinised area would have a relative yield of 50% and all other 

areas would have a relative yield of 100%. These percentages changed the gross 

margins for each land-use. As indicated earlier, this approach fails to take account of the 

gradual effects dryland salinity has on agricultural production. However, in this case it 

does allow land to have different degrees of dryland salinity, as applied in Van Bueren 

et al. (2001). 

 

Hajkowicz and Young (2002) included some of the off-site impacts of dryland salinity: 

the costs of dryland salinity damage to road infrastructure and water supplies. Road 

infrastructure damage was averaged across all road types and applied to all roads in the 

case study area, which again, was a simplification. The length of road affected was 

assumed to be proportional to the area of salt-affected land. To cost the saline-water 

impacts on urban households, functions of the total dissolvable salts (TDS) were used. 

In the study, TDS were assumed to proportionally increase as the area of dryland 
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salinity increased between 2000 and 2020. The inclusion of multiple stakeholders into 

this study is consistent with the reality that dryland salinity affects more than 

agricultural assets.  

 

Similarly, Bathgate et al. (2004b; 2004a) included the downstream benefits of managing 

stream flow for irrigators, and domestic and industrial consumers. The study was 

applied to the Boorowa River Catchment in New South Wales, which is a substantial 

contributor of water and salt to the Lachlan River and downstream users. The aim of the 

study was to determine the benefits of targeting dryland salinity management in the 

catchment, assuming no net changes in farm profit from changing land-use. The results 

showed that broad scale reduction of excess water through revegetation with perennials 

would lead to a decline in economic welfare of water users downstream due to a 

reduction in water runoff into the waterway (Bathgate et al. 2004b; Bathgate et al. 

2004a). There would be benefits due to reduced dryland salinity discharge, but the costs 

to downstream users would generally be greater (Bathgate et al. 2004a).  

 

The authors developed a model to evaluate the impacts of changes in water recharge and 

runoff on the average area of salinised land and the average salt load and stream flow in 

the Lachlan River. The costs or benefits were calculated using damage functions. The 

benefits from introducing perennial vegetation on dryland areas were estimated through 

increases in gross margins. Excess water from the hydrological system was assumed to 

flow into the stream and was represented by a cumulative logistic function which 

described the relationship between the changes in recharge and lagged changes in 

stream base-flow (Bathgate et al. 2004b; Bathgate et al. 2004a).  

 

Gomboso et al. (1996) published one of the earliest catchment-level empirical studies in 

Western Australia. The authors developed a steady-state and transient hydrological 

model which simulated the groundwater system, the current agricultural circumstances 

and alternative management options that could be employed to control dryland salinity 

in the North Stirling Land Conservation District. The hydrological model described the 

groundwater flow on a single farm, which included water entering from three additional 

sources besides on-farm recharge: i) neighbouring farms; ii) water from upslope or; iii) 

other exogenous sources of water. The change in groundwater depth within the 

catchment linked the decisions of neighbouring farmers (Gomboso et al. 1993). The 

hydrological model was developed on the basis that the groundwater system forms a 
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common-pool resource. The exploitation of the common-property resource leads to a 

divergence between social and private values, as a result of the emergence of 

externalities (Gomboso and Ghassemi 1992). They assumed that these externalities 

arose from the exploitation of productive agricultural land with the costs being shared 

by all users and society. The externalities which are produced are not subject only to 

individual properties, from which they arose, but also to downstream water users, losses 

in agricultural production and the loss of native flora and fauna (Gomboso and 

Ghassemi 1992). The economic model developed was used to determine the optimal 

level of agricultural production in the long-run and to derive the long-run agricultural 

production system that would maximize net farm income in the catchment. 

 

Three management strategies were simulated: a ‘do-nothing’ approach, an agronomic 

option (salt-tolerant shrubs) and an agroforestry option (non-commercial eucalypts). 

The economic component determined the losses in gross margins from decreased 

agricultural production. The total income from each land-use was represented as a 

function of crop and pasture yields, which was influenced by the groundwater depth. 

Similar to Pavelic et al. (1997), Gomboso et al. (1996) assumed a bent-stick threshold 

(equation 5.5) model for the impact of the watertable on the yield of each land-use. No 

policy implications were considered.  

 

Gomboso et al. (1996) improved the representation of hydrological characteristics of 

dryland salinity for economic analysis, by including downstream impacts and other key 

hydrological characteristics in the model. Similar to Pavelic et al. (1997), the economic 

analysis was limited in its investigation of management options.  

 

Greiner (1996a, 1999) developed the model SMAC (Spatial Optimisation Model for 

Analysing Catchment Management) to consider external effects on other farms or 

downstream effects that were not explicitly defined. It has been applied to several case 

studies, including Greiner (1998) and Greiner and Cacho (2001), to model the external 

impacts of dryland salinity in the Liverpool Plains, New South Wales. Unlike the 

MoFEDS model, also developed by Greiner (1996b), which assumed hydrological 

conditions were determined exogenously to a single farm, SMAC assumed that these 

conditions are endogenously determined. In addition, climate was modelled 

stochastically in SMAC (Greiner 1996a).  
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Greiner (1999) explained two approaches to building an integrated systems model. The 

first occurs where existing models which address different parts of the system are 

integrated in a hierarchical process, which requires linking between the models. Second, 

if the models do not exist or are not appropriate, then the model can be built from 

scratch. The SMAC model follows the first approach, as it incorporates the Flowtube 

model for producing the hydrological information. Flowtube was chosen as it is the least 

data intensive of all available hydrological models and is a simple, robust conceptual 

model which the authors could manipulate and easily integrate into SMAC. Estimates of 

the relationships between soil, topography, land-use and management, yield, water 

recharge and runoff were obtained from the model APSIM (Agricultural Production 

Systems Simulator) (Keating et al. 2003). The results from APSIM were then fed into 

SMAC and Flowtube, which produced data on optimal land-use and groundwater levels 

or salinisation. Greiner (1996a) advised that SMAC was not developed to consider 

damage to infrastructure, so SMAC is limited in considering the full range of possible 

non-agricultural impacts. The SMAC model was developed to answer questions for the 

Liverpool Plains about the most economically efficient use of land and water resources, 

how the existing farming practices need to be altered, and whether the process can be 

influenced by policy mechanisms and institutional arrangements (Greiner 1999). 

 

Greiner (1998) explored policy options that may assist landholders in controlling soil 

salinisation, but no analysis was made of off-site dryland salinity impacts on farm, 

community infrastructure or biodiversity. Greiner and Cacho (2001) took account of the 

additional costs associated with dryland salinity that occurred on-site (for example farm 

infrastructure, loss of biodiversity or downstream impacts) by doubling the loss in land 

value due to productivity losses and loss of capital value as a crude proxy, but also did 

not address off-farm non-agricultural issues.  

 

Nordblom et al. (2004) developed a quantitative approach for connecting the hydrologic 

and economic consequences of farm-level decisions to the costs of attaining different 

catchment-level goals for water volumes and salt concentrations reaching downstream 

users. The model produced supply curves for future water volumes of different salt 

concentrations from the catchment, as a link to demands by downstream water users for 

a catchment in New South Wales. The authors used Zhang curves (Zhang et al. 2001; 

Zhang et al. 2004) to represent excess water in the groundwater system that directly 

affects water load and salt concentration. Targets were set at the catchment-level for 
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water load and salt concentration. A whole-farm-level model was applied to maximise 

NPV, which was then aggregated into the catchment-level model. The catchment-level 

model then maximized collective NPV, subject to the water and salt constraints 

imposed. 

 

From this review of these catchment-level studies, there is a trade-off between the 

complexity and effectiveness of both the hydrology and economic models when 

combining the two components. The simpler hydrological models developed do not take 

account of the spatial aspects of dryland salinity. On the other hand, studies which 

employed a complex hydrology model used economic analyses that involved a simple 

farm budget approach to compare different management strategies on the development 

of dryland salinity. Including strong hydrology and economic components is clearly a 

challenge. 

 

5.3 Lessons from the literature 

The above literature review has highlighted several important issues to consider when 

choosing the modelling approach and these are discussed below.  

 

The choice between a static or dynamic approach at the farm- or catchment-level 

appears to depend on whether the authors are required to endogenously model the 

development of dryland salinity and the effects of management responses on the rate of 

dryland salinity development. Studies using MIDAS and MUDAS models only 

considered agricultural enterprises for their analysis, and found that a static-equilibrium 

(steady-state) approach was suitable. The other farm- and catchment-level studies that 

included perennial and/or engineering options used a dynamic approach as the analysts 

were interested in the effects of land management options on the groundwater system 

over time (Greiner 1996b; van Bueren et al. 2001). For the current study, a dynamic 

approach to investigate the impacts of dryland salinity on non-agricultural assets is more 

appropriate than a static analysis, as the downstream occurrence of dryland salinity 

entails important spatial aspects and extensive time horizons. 

 

The choice of a simulation or optimization approach depends upon the type of economic 

questions the study is addressing. Using a simulation model for the economic analysis 

involves a “what happens if” approach to assessing management and policy options. An 
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optimisation approach automatically compares all possible options and selects an 

optimum. Simulation models are able to represent the management strategies and all the 

interactions between the hydrological and management options in considerable detail. 

The vast number of potential combinations of management responses to complex 

environmental problems, especially considering the temporal and spatial elements, 

means that a simulation approach cannot practically identify the most valuable 

configurations of the variables (Doole and Pannell 2008). Instead the analyst uses trial 

and error to identify relatively good strategies. 

 

An optimization model will choose the decision variables that best achieve the model 

objectives while fulfilling all constraints. Constraints include the resource availabilities 

(land, labour and capital) as well as equations defining the cause and effect relationships 

within the model. In general, optimisation models involve a greater degree of 

simplification compared to simulation models. Where complex problems include 

discontinuities, many integer variables or strong non-linearities, a simulation approach 

may be more appropriate, provided that the analyst is not concerned to find the globally 

optimal solution (Doole and Pannell 2008). 

 

Section 5.2 showed that a number of authors have avoided the dimensionality or non-

linearities associated with modelling dryland salinity, by choosing to simplify either 

their economic or hydrologic model. For example, the ‘bucket’ model is a simple 

hydrology model (Chapter 4). It only includes the movement of water from an upslope 

‘bucket’ to another ‘bucket’ down-hill. This approach fails to take into account the 

heterogeneity of soils within a farm or catchment or of the hydro-geological 

characteristics of the area. This approach was initially applied in earlier theoretical 

models and was not meant to represent a particular farm or catchment.  

 

At the other extreme in complexity is the MODFLOW hydrological model, which is 

three-dimensional and incorporates considerable hydro-geological detail. These highly 

detailed models are too complex to be represented endogenously within a mathematical 

programming model. They also require highly expert understanding of the model and 

the system it represents. 

 

When considering the complexity of the economic model, similar issues are faced as 

described above when choosing a hydrological model. Choosing a simple 
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farm/catchment budget, would result in important details not being included, such as 

farm financial heterogeneity or farming systems details. Alternatively, an excessively 

complex model may have data requirements that cannot be met, or may make solution 

and interpretation more difficult without providing substantial additional insight.  

 

From Table 5.1 it is evident that there is a deficiency of economic modelling at the 

catchment-level for dryland salinity both in Western Australia and for Australia. The 

models, MIDAS and MUDAS, are the most commonly applied when considering the 

farm-level impacts from dryland salinity, but these models are not suitable for 

modelling management options when external effects are important. At the catchment-

level, SMAC has been the most commonly applied, while MoFEDS fulfils the 

agronomic requirements for the analysis. The SMAC approach is broadly relevant to 

this study, with the additional inclusion of off-site impacts on non-agricultural impacts. 

 

The trade-off between complexity and efficiency when selecting hydrology and 

economic models to combine is a problem that warrants careful consideration to ensure 

that the models chosen suit the problem being researched. The decision to combine 

existing models or to build them from scratch depends upon what is available and the 

objectives of the researchers. An ideal model to address the needs of this dissertation 

would need to be: 

• dynamic to encompass the temporal characteristics of different hydrological 

systems and thereby the formation or reversal of dryland salinity; 

• stochastic to include climate variability due to predicted climate change and 

farmer risk attitudes; 

• at the catchment-level to account for the external impacts of dryland salinity on 

non-agricultural assets; and 

• able to account for individual farm decisions and their impact at the catchment-

level. 

 

5.4 Approach of this study 

A key gap in the literature is the lack of studies investigating dryland salinity as an 

externality which originates on-site and has off-site impacts on public assets such as 

towns, water supplies, biodiversity and transportation infrastructure. This chapter 

showed that the majority of studies have analysed only the agricultural effects of 
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dryland salinity (Table 5.1). When multiple stakeholders are included, they have usually 

been multiple agricultural stakeholders; non-agricultural stakeholders have not been 

central to the research objectives of the studies reviewed in this chapter. Their inclusion 

has been simplistic and generalized, such as averaging the costs across road types or 

doubling the value of land to represent non-market benefits from dryland salinity 

intervention. 

 

To address this gap in the literature, this research is concerned with the scenario where a 

public asset (road infrastructure) is threatened by dryland salinity. In this instance there 

may be a misallocation of resources where landholders are investing in practices which 

lead to an excessive level of negative impacts, resulting in a loss of social welfare. To 

correct the suspected misallocation of resources, government intervention is often 

proposed. However for government intervention to be justified the costs of intervention 

must be less than the overall benefits gained by society (Salerian 1991). As a first step 

towards addressing this gap, Chapter 4 outlined a theoretical model of the problem. 

 

Chapter 6 presents a numerical breakeven analysis to define the circumstances under 

which there would be a net-benefit from government intervention to mitigate dryland 

salinity and to quantify the net-benefits of dryland salinity mitigation in different 

circumstances. The results from the breakeven analysis will provide insight into the 

variables and conditions that are important to quantify in order to understand whether 

there is a high probability of a net-benefit to justify government intervention. 

 

This review has identified the trade-off between the complexity and effectiveness of the 

hydrology and the economic components of a model. There is a need to develop a 

method to reduce the complexity of hydrology models to allow a comprehensive 

economic analysis of dryland salinity and its impacts, whilst maintaining the integrity of 

the hydrology model. In Chapter 7, the method of metamodelling is used to develop a 

hydrological model that is comprehensive and yet simple enough to include within a 

detailed economic model. 

 

The detailed economic model will be presented in Chapter 8. It has the objective of 

maximising social net-benefits within a catchment, consisting of the NPV of private 

land-use profits, plus the NPV of an affected public (non-agricultural) asset, where a 

government policy may be put into operation to save the public asset. A catchment- 
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level approach was chosen to capture the external impacts of dryland salinity. These 

external impacts can occur on-site or off-site. If only on-site external impacts, such as 

biodiversity loss, were considered then a farm-level approach would be sufficient. A 

dynamic approach to the dryland salinity problem is used, given the time lags involved. 

In addition, an optimisation approach was chosen, as this study is interested in the best 

decisions to be made now and into the future. 
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6. Determining the net-benefits from government 

intervention: a breakeven analysis 

6.1 Introduction 

This chapter is concerned with a situation where a public asset (for example a national 

park or a road) is threatened by dryland salinity arising from the management of private 

land. Such an externality may cause a misallocation of resources due to the failure of 

landholders to consider the downstream costs of their actions. To correct the suspected 

misallocation of resources, government intervention is often proposed. For government 

intervention to be justified, the costs of intervention must be less than the benefits 

gained by society, so that there is an improvement in economic efficiency (Baumol and 

Oates 1988; Salerian 1991). For dryland salinity, if government intervention is justified, 

then its extent and timing is influenced by a range of factors including; 

1. the degree to which the asset is threatened by dryland salinity, 

2. the value of the asset under threat, 

3. the responsiveness of the hydrological system to treatments, and 

4. the costs of alternative applicable treatments to mitigate dryland salinity from 

the asset. 

 

Each of these factors will influence the net-benefits from government intervention, and 

bear on the question of whether such intervention is justified. For example, the different 

hydrological systems present in the Western Australian wheatbelt influence the timing 

of potential net-benefits from implementing abatement solutions, as well as the scale of 

change needed. In regional groundwater systems there is a long time lag between 

intervention and the resulting reduction in dryland salinity and the required scale of 

change in land management is large. On the other hand, local groundwater flow systems 

tend to respond more rapidly, and to require smaller changes in land management. 

There will be tradeoffs amongst the above four influences in determining whether 

government intervention is justified to mitigate the negative impacts of dryland salinity 

on an asset. 

 

The objectives of this chapter are: 

1. To define the circumstances under which there would be a net-benefit from 

government intervention to mitigate dryland salinity. 
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2. To quantify the net-benefits of dryland salinity mitigation in different 

circumstances. 

3. To quantify the short-term on-site returns from dryland salinity treatment 

options which are necessary to at least break-even in the long-term. 

4. To quantify the sensitivity of results to the variables of the model, and determine 

which of them has the greatest influence.  

 

It is taken as given that there is an externality issue: there is saline groundwater rise 

under the asset caused by excess deep drainage on surrounding farm land. The focus is 

on whether and when the benefits are sufficient to justify the costs of government 

intervening to address the externality. 

 

This rest of this chapter is divided into four sections. Section 6.2 describes the model 

used for the analysis, including its assumptions, definitions and structure. The methods 

used for the analysis, which includes individual model solutions and multiple parameter 

sensitivity analysis, are explained in Section 6.3. Following this in Section 6.4, the 

results and discussion are presented addressing the objectives outlined above. Lastly in 

Section 6.5 the conclusions are presented and links are made to the larger optimisation 

model which is presented in Chapters 7 and 8. 

 

6.2 Description of the model 

This section presents five aspects of the model: i) a description of the decision problem, 

ii) a list of definitions that are necessary to understand the model, iii) an explanation of 

the model framework using a breakeven analysis method, iv) the assumptions pertinent 

to the model structure, and iv) the model mathematical structure.  

 

6.2.1 Background to the model 

This model assumes the existence of an area of productive agricultural land at risk from 

dryland salinity, due to on-farm management decisions. In addition, the on-farm 

management decisions may increase the risk of dryland salinity affecting an off-site 

asset. This off-site asset may represent, for example, another farm, a national park or a 

road. The manager of the agricultural land has to make decisions about continuing with 

annual plants, therefore enduring the risk of dryland salinity, or converting to perennial 

plants to prevent the impacts of dryland salinity. The aim of this model is to determine 
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the value of a potential land-use change from annual plants to perennial plants on the 

agricultural land to prevent dryland salinity on-farm and/or off-site.  

 

The short-term profitability of perennial plants is highly variable from situation to 

situation and (when expressed as an annuity to enable comparison) it may be more or 

less profitable compared to the original annual land-use (Heaney et al. 2000; Bartle 

2001; Porter et al. 2001; Hill 2004). In addition, new perennial plants have a range of 

financial and non-financial impacts on-site and off-site. The financial impacts will 

comprise some or all of the following, depending upon the management decision 

undertaken: i) potential prevention of a reduction in the productivity of the agricultural 

land due to dryland salinity; ii) a financial gain or loss converting from annual land-uses 

to perennial plants on agricultural land; and/or iii) a gain or loss from dryland salinity 

affecting the off-site asset. The latter may include non-market values such as potential 

biodiversity or waterways improvements.  

 

In Chapter 3, two criteria are proposed to justify government intervention: first there is a 

recognised potential cause of market failure present (for example, externality or public 

good) and, second a positive net-benefit is attainable from the intervention. This 

research investigates cases of dryland salinity-caused externalities when a net-benefit is 

possible from converting to perennial vegetation on agricultural land, thereby 

identifying situations where government intervention is justified.  

 

The potential gains from converting to perennial plants are influenced by; i) the values 

of agricultural land and the off-site asset, ii) the level of dryland salinity risk faced by 

agricultural land and the off-site asset, iii) the time when dryland salinity would occur 

without the intervention, and iv) the effectiveness of the perennial land-use planted on 

agricultural land in mitigating dryland salinity from the off-site asset. A break-even 

analysis is used here to provide general insight into the problem. 

 

6.2.2 Definitions 

The following definitions apply: 

• “Asset” refers to a public or private resource that is threatened by dryland 

salinity. Relevant assets include road infrastructure, native vegetation and fauna, 

a waterway in a water resource catchment or private agricultural land. 
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• “On-site” refers to the agricultural land which is considered for land-use change. 

This land may or may not be threatened by dryland salinity, but is not initially 

saline. 

• “Off-site” refers to land occupied by the threatened asset and does not include 

land being considered for land-use change. The off-site asset may be a public 

asset or private agricultural land that is not planted with perennials. 

• “Treatments” refer to the dryland salinity abatement strategy, which in this 

model is the establishment of perennial vegetation on-site.  

• The “effectiveness” of the treatment refers to the ability of perennial vegetation 

applied on-site to reduce dryland salinity impacts on the off-site asset. It is 

defined as a percentage of whatever level of impact would have occurred 

without the treatment. 

• The “lag” to dryland salinity impact refers to the time when dryland salinity 

would occur if there were no dryland salinity treatment on-site. For simplicity in 

this chapter, the lag is assumed to be the same on-site and off-site. 

• “Delay” in dryland salinity impact refers to the delay in the onset of dryland 

salinity occurring (both on-site and off-site) as a consequence of treatments 

being applied on-site from year one. To clarify, “lag” refers to when dryland 

salinity would occur without on-site treatments and “delay” refers to the 

additional time to impact with on-site treatment. 

 

6.2.3 The model framework. 

This model uses breakeven analysis to study the value of a potential land-use change 

from annual plants to perennial plants. Breakeven analysis takes the approach of 

identifying the values of model parameters that are needed for benefits to at least match 

costs (“breakeven points”) and investigates the dependence of these points on other 

parameters (Schweitzer et al. 1992). The breakeven point for this model occurs when 

the difference in NPV between continuing with annual vegetation and converting to 

perennial vegetation is zero. At the breakeven point, no additional profit is earned and 

no loss is sustained, as a result of converting to perennial plants. The model determines 

the short-term annual equivalent returns from perennial vegetation corresponding to the 

breakeven point. Any value above the breakeven point implies that the perennial plants 

would make a loss on-site, due to being too expensive compared to the annual land-use. 
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In the model, the value of permanently non-saline agricultural land used to grow 

annuals is used as a benchmark value. All other values are specified as a percentage of 

this benchmark value. This allows the model to generate results that are comparable to a 

range of agricultural situations. To illustrate, if the benchmark value of a block of non-

saline agricultural land is $10,000 and the value for the off-site asset is 200%, then the 

off-site asset has a value of $20,000.  

 

Apart from determining the short-term required profitability of the on-site perennial 

treatment compared to annual plants, and the NPV with and without the treatment, the 

value of dryland salinity prevention is also calculated. The value of dryland salinity 

prevention consists of the benefits of mitigating dryland salinity on agricultural land and 

the off-site asset.  

 

6.2.4 Model assumptions 

The assumptions for the overall model framework are as follows: 

• Full information is available regarding the value of the off-site asset, including 

both market and non-market values where relevant.  

• For the duration of the specified lag-time, agricultural land and the off-site asset 

are completely unaffected by dryland salinity. 

• After the specified lag-time has elapsed, if treatments were not planted, then the 

impact of dryland salinity on the value of agricultural land and other assets 

occurs fully within one year. 

• For the duration of the delay caused by planting perennials, agricultural land is 

completely unaffected by dryland salinity and the off-site asset may be partially 

affected by dryland salinity (to the extent specified by the parameter for the 

effectiveness of the treatments applied). 

• After the lag and any further delay have elapsed, agricultural land and the off-

site asset are fully affected by dryland salinity (to the extent specified by the 

parameters for the reduction in the value of the on-site and off-site assets due to 

dryland salinity). 

• Treatments are planted (or not) in year one of the model and this is assumed to 

be early enough to delay the onset of dryland salinity (by the specified amount 

of delay) beyond the expected lag-time. 
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Table 6.1 displays the symbols used in this model, summarises their meaning and their 

units of measurement. 

 

Table 6.1: Glossary of symbols, their meaning and units of measurement. 
Symbol Meaning Units 
α1 Annual value of non-saline agricultural land used to grow 

annual plants 
Normalised to 100 
(Benchmark value) 

β1 Percentage reduction in the value of agricultural land after 
the onset of dryland salinity 

% of α1 

α2 Annual value of the off-site asset that is not salinised   % of α1 
β2 Percentage reduction in the value of the off-site asset after 

the onset of dryland salinity 
% of α2 

λ The relative effectiveness of on-site treatments in protecting 
the off-site asset  

% of β2 

m Lag before dryland salinity occurs if no treatments are 
established 

Years 

n The delay in onset of dryland salinity (after m) caused by 
planting perennials on-site in year 1  

Years 

T Time frame for the analysis Years 
r Real discount rate  % 
V1 NPV of on-site and off-site assets combined if no dryland 

salinity treatment is established 
% of α1 aggregated 
over the area for T  

V2 NPV of on-site and off-site assets combined if dryland 
salinity treatments are established  

% of α1 aggregated 
over the area for T  

P The annual profitability of perennial plants (on-site 
treatments) grown to breakeven with non-treatment 

% of α1  

P* The breakeven value of P % of α1  
S The annual real value of dryland salinity abatement per year 

of perennials (combined for on-site and off-site assets) 
% of α1  

 

6.2.5 Structure of the model 

The model framework and structure is based upon the model developed by Bathgate and 

Pannell (2002), with the addition of off-farm impacts. The hypothetical model is 

structured to select the value of P that equates total NPV with (V2) and without (V1) 

treatments on-site (6.1). 

 1 2 0V V− =  (6.1) 

 

The discount factor is given by δt =1/(1+r)t . The NPV of on-site land and the off-site 

asset if no treatments are established is determined by summation of the on-site and off-

site values, without dryland salinity (up to time m) and with dryland salinity (after time 

m) (6.2). 
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The equivalent equation for total NPV with dryland salinity treatments is given in (6.3). 
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 (6.3) 

 

In (6.2) and (6.3), the first term is the NPV on-site before dryland salinity onset, term 

two is on-site NPV after dryland salinity onset and term three is the off-site NPV before 

dryland salinity onset. In (6.2) the fourth term is the off-site NPV after dryland salinity 

onset. The fourth term in (6.3) represents the value of the off-site asset when treatments 

have delayed the full impacts of dryland salinity, but the asset is still partially affected 

by dryland salinity. During this period, the value of the asset is determined by the 

effectiveness of the treatments at saving a proportion of the asset and the value of the 

asset that suffers the impact from dryland salinity. The fifth term represents the period 

when the off-site asset is fully affected by dryland salinity, after the delay (n). 

 

P is varied until P* is identified when V1 = V2. The value of P* is influenced to a greater 

or lesser extent by all the variables in the model. The quantitative analysis later will 

examine the relative sensitivity of P* in response to different variables. 

 

P* is used to calculate the value of dryland salinity abatement, S = α1 –P*. This 

difference represents the combined benefits of dryland salinity abatement on-site and 

off-site as a result of implementing the dryland salinity treatment on-site. If the benefits 

from dryland salinity abatement (on-site and off-site) are large then the value of P* 

would be small since direct returns from perennials would not need to be so large for 

them to be worth growing. Alternatively if the benefits from dryland salinity abatement 

are small, then for perennial vegetation to be implemented on-site would require them to 

be only slightly less profitable than the annual land-use they would replace. The value 

of S would be small. 

 

A key advantage of the approach used is that it is relevant to a very broad range of 

dryland salinity situations. Because values are expressed relative to the reference value 

of current land-use, any existing situation can be interpreted in relation to the results of 

the model. 
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6.3 Methods 

The model was implemented within an Excel spreadsheet (Wells and Harshbarger 

1997). Appendix A provides an example of the setup within the Excel spreadsheet. Two 

sets of sensitivity analyses were conducted, the first investigating the influence that 

individual parameters have on the value of dryland salinity prevention, and the second 

evaluating the combined effects of multiple parameters on the value of dryland salinity 

prevention. In all cases, the value of dryland salinity protection is expressed as a 

percentage of the benchmark: the annual value of non-saline agricultural land used to 

grow annual plants. 

 

6.3.1 Sensitivity analysis of individual parameters 

Table 6.2 shows the range of values for each of the individual parameters used in the 

sensitivity analysis. The bolded values for each parameter were used as the base case for 

comparison. 

 

Table 6.2: The range of values for each parameter for the sensitivity analysis of individual 
parameters. 

Parameter Range of values 
α1 100 (Benchmark value) 
β1 0, 20, 40, 60, 80, 100 
α2 0, 10, 20, 50, 100, 200, 500, 1000, 2000 
β2 0, 20, 40, 60, 80, 100 
λ 0, 25, 50, 75, 100 
m 5, 10, 25, 50, 100 
n 10, 25, 50, 75, 100, 150, 200 
T 10, 25, 50, 100, 200 
r 2, 5, 7, 10, 15 

 

The range of values chosen for each of the parameters was influenced by the following 

considerations: 

• The α1 parameter was not changed throughout the sensitivity analysis, as it 

provides the benchmark value against which other values are compared. 

• The α2 parameter is varied over a wide range from zero, representing a situation 

where the effects of dryland salinity management are entirely on-site, to 2000% 

representing an off-site asset of outstanding value. 

• The time lag to the onset of dryland salinity, m, was chosen to represent different 

hydrological systems. For example, the base case of 10 years to the onset of 
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dryland salinity may represent an aquifer that is currently relatively shallow and 

still rising, whereas a time lapse of 100 years may represent a deeper 

groundwater head or one that is rising relatively slowly. 

• The delay in dryland salinity onset caused by the dryland salinity treatment, n, 

ranges from a short 10 years representing a local hydrological system, to 200 

years which is realistic for some regional hydrological systems (Coram 1998). 

• The values for r were varied over ranges judged to be realistic for a public 

decision-maker (such as the government with a low discount rate of two to seven 

percent) or a private landholder (with a higher discount rate of seven to 15 

percent). 

• The impact of dryland salinity on the value of agricultural land, β1, and the off-

site asset, β2, varied from no impact at 0% reduction in the value to 100% 

reduction in the value. This wide range was to capture all possible levels of the 

threat dryland salinity may have on private or public assets. 

• The relative effectiveness of the treatments in protecting the off-site asset, λ, 

ranged from 0% effectiveness, meaning that the treatments provide no protection 

to the off-site asset, to 100% effectiveness. 

 

6.3.2 Sensitivity analysis of multiple parameters 

Table 6.3 shows the low, intermediate and high values used for each of the parameters 

for the multiple parameter sensitivity analysis. The values chosen in Table 6.3 were 

influenced by the individual parameters sensitivity analysis results. If the parameter had 

a non-linear influence on the value of dryland salinity prevention, three values were 

chosen. Alternatively, if the parameter had a linear effect on the value of dryland 

salinity prevention, then two values were chosen (a high and low value). 

 

Table 6.3: The values for each parameter for the sensitivity analysis of multiple 
parameters. 

Parameter Low value Intermediate 
value 

High value 

β1 20 - 80 
α2 0 100 1000 
β2 20 - 80 
λ 20 - 80 
m 10 25 50 
n 20 40 60 
r 2 7 15 
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In addition, an average impact factor was generated for each of the parameters. The 

impact factors for each parameter are an average difference in S between the high and 

low parameter values for all combinations of the other parameters (Table 6.3) (Pannell 

1997). 

 

6.4 Results and discussion 

6.4.1 Sensitivity analysis of individual parameters 

Figures 6.1 to 6.9 show the results of changes to individual parameters of the model. 

The focus is on their impact on the value of dryland salinity protection.  

 

Reducing the potential impacts from dryland salinity on the value of agricultural land 

(β1, Figure 6.1) or the off-site asset (β2, Figure 6.2) reduced the benefits from dryland 

salinity prevention. For example, if a better option for making productive use of 

salinised land were to be developed, then the benefits of dryland salinity prevention 

would be reduced. In both figures, the graphs have a positive intercept on the vertical 

axis, indicating the value of dryland salinity prevention to the other asset. For Figure 

6.1, the intercept shows the value of protecting the off-site asset (24% of the value of 

treated land), given the range of parameter values for the base case shown in Table 6.2. 

This value of 24% indicates the upper bound of what it would be worth paying the 

landholder to change land-use on the treated land. For any payment less than 24% of the 

value of the treated land, the payments would be exceeded by the off-site benefits. In 

Figure 6.2 for the reduction in the value of the off-site asset due to dryland salinity, the 

intercept shows the value of protecting the on-site agricultural land (37% of the value of 

treated land).  
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Figure 6.1: How the influence of dryland salinity on the value of agricultural land (β1) 
affects the value of dryland salinity prevention. 

 

For Figure 6.1, the most likely reduction in land value after salinisation was assumed to 

be around 60% (Table 6.2). Given the other assumptions of the base case, this implies 

that the total value of preventing dryland salinity was 61% of the value of treated land. 

In other words, perennials would only have to generate profits 39% as large as annuals 

in order to be worth growing. On the other hand, if there were no off-site benefits, the 

value of dryland salinity prevention would only be 37% of the value of the treated land 

(i.e. the intercept value of 24% is subtracted), and perennials would have to generate 

profits 63% as high as those of annuals to be worth growing. 
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Figure 6.2: How the influence of dryland salinity on the value of the off-site asset (β2) 
affects the value of dryland salinity prevention. 

 

For Figure 6.2, the base case reduction in off-site value was 80%, which again 

corresponds to the total value of preventing dryland salinity of 61% of the value of 

treated land (as does the base case in each of Figures 6.1 to 6.8). However, the reduction 
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could vary widely from 80% depending on the type of asset and the local hydrological 

conditions. A range of 20 to 100% is probably realistic, in which case the value of 

dryland salinity prevention varies from 40 to 70% of the value of treated land. 

 

The value of dryland salinity prevention increases (to greater than one) as the value of 

the off-site asset increases (α2, Figure 6.3). The graph shows that if the off-site asset was 

highly valuable, the value of dryland salinity prevention could be substantially greater 

than the value of agricultural land on which perennials are established. Under such 

circumstances, very substantial subsidies to farmers could potentially be justified, or 

potentially government purchase of the farm land may be warranted. 

 

At the point when the line in Figure 6.3 exceeds one on the Y axis, the combined value 

of on-site and off-site benefits from dryland salinity prevention are sufficient that the 

perennials would be worth growing, even if they generated zero net income. In this 

example, this occured where the value of the off-site asset exceeded 259% of the value 

of treated land. Zero net income is not the same as zero gross income (i.e. a completely 

non-commercial species). It is based on an assumption that income is sufficient to cover 

establishment and input costs, so such perennials might be described as ‘semi-

commercial’. 
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Figure 6.3: How the value of the off-site asset (α2 ) influences the value of dryland salinity 
prevention. 

 

If completely non-commercial species (for example, native trees) were planted, the net 

income from that land-use would be negative, due to the cost of establishing the plants. 

To illustrate the consequences of this, if the annualised value of that cost was 50% of 
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the value of the land in agricultural production (not illustrated in a graph), then the value 

of the off-site would need to exceed 386% in order for them to be worth growing, even 

accounting for the resulting dryland salinity-related benefits. 

 

Figure 6.4 shows that increasing the effectiveness of on-site treatments (λ) at protecting 

the off-site asset resulted in a higher value of dryland salinity prevention. The 

effectiveness of the on-site treatments at protecting the off-site asset during the period 

where the full impact of dryland salinity was delayed (m+1 to n) is important in 

determining the value of dryland salinity prevention. The Y-intercept value of 37% 

occurs where the treatments are not able to prevent or delay the occurrence of dryland 

salinity off-site.  

 

Figure 6.5 shows that increasing the discount rate (r) decreased the value of dryland 

salinity prevention at a decreasing rate. This decrease occurred because dryland salinity 

prevention benefits occur in the future, and an increasing discount rate reduces the 

present value of future benefits. Increasing the discount rate from five to 10% decreased 

the value of dryland salinity prevention from 61% to 39% of the annual value of the 

treated land.  
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Figure 6.4: How the effectiveness of the on-site treatments (λ) in protecting the off-site 
asset influences the value of dryland salinity prevention. 
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Figure 6.5: How the discount rate (r) influences the value of dryland salinity prevention. 
 

Similarly, increasing the time lag before dryland salinity occurs (m) decreased the value 

of dryland salinity prevention at a decreasing rate (Figure 6.6). If the lag is 10 to 20 

years (the watertable is currently shallow and rising), the value of dryland salinity 

prevention moved from 68 % to 40% of the value of treated agricultural land. If the lag 

was over 100 years (for example the land is newly cleared, and the watertable is deep), 

the present value of dryland salinity prevention was close to zero. With a longer lag, the 

benefits from dryland salinity prevention are further into the future, so at any given 

discount rate, they are smaller. 
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Figure 6.6: How the time lag (m) before dryland salinity occurs influences the value of 
dryland salinity prevention. 

 

Increasing the delay in the onset of dryland salinity (n) caused by planting perennials in 

year one lead to the value of dryland salinity prevention increasing at a decreasing rate 

(Figure 6.7). Delaying the onset of dryland salinity allowed the full value of agricultural 
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land to be sustained longer and only partial effects of dryland salinity on the value of the 

off-site asset occurred. The Y-intercept in Figure 6.7 is 0%: if there is no delay in the 

onset of dryland salinity due to the implementation of treatments, irrespective of the lag-

time to dryland salinity occurring, then this is equivalent to no treatments being 

implemented. Hence, the value of dryland salinity prevention in this case was zero  
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Figure 6.7: How the delay (n) in the onset of dryland salinity by planting perennials on-site 
influences the value of dryland salinity prevention. 

 

Figure 6.7 shows that the marginal benefits from delaying the impacts from dryland 

salinity on the off-site asset diminish as the delay increased. Increasing the delay of the 

impacts of dryland salinity from 50 to 100 years would result in only a very small 

increase in the value of dryland salinity prevention.  

 

Increasing the timeframe for the analysis (T) allowed for the benefits of dryland salinity 

prevention to accrue over a longer period, so the measured value of dryland salinity 

prevention increased. The effects of discounting increased the rate of benefits from 

dryland salinity prevention at a decreasing rate. The majority of the benefits from 

dryland salinity prevention were achieved within 30 to 40 years. 
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Figure 6.8: How the time length of the framework influences the value of dryland salinity 
prevention. 

 

6.4.2 Sensitivity analysis of multiple parameters 

The sensitivity analysis of multiple parameters reinforces the results obtained from the 

sensitivity analysis of the individual parameters and allows combinations of changes to 

be examined. In each case, the results shown are based on the average of results for all 

levels of all other parameters. 

 

Table 6.4 shows a small selection of results from the multiple-parameter analysis. The 

largest value of dryland salinity prevention (at 142%) was achieved when the reduction 

in the value of the on-site (β 1) and off-site assets (β2) and the effectiveness of the 

treatments (λ) are all 80% for a discount rate of 2%. For this scenario the treatments 

implemented on-site to protect the off-site asset could make a financial loss and their 

implementation would still be justified. It may be suitable to offer a subsidy to farmers 

to implement the required treatment. The other situation where perennials could make a 

loss, but still be worth implementing is where β1 is 20%, and β2 and λ are 80% for a 

discount rate of 2%, giving a dryland salinity prevention value of 115%. These results 

show that β1 has a lesser impact on the value of dryland salinity prevention compared to 

β2. The difference between the previous mentioned results (between which β1 changed 

from 20% to 80%) is 27%. However if β2 increased from 20% to 80% with β1 held 

constant, the increase in the value of dryland salinity prevention is 79%. 
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Table 6.4: The average value of dryland salinity prevention as influenced by the discount 
rate r), the reduction in value of saline agricultural land (β 1), the reduction in value of the 
off-site asset after salinisation (β2) and the effectiveness of on-site treatments in protecting 

the off-site asset (λλλλ). 
 β 1 20 80 
 β2 20 80 20 80 
r λ     
0.02 20 16 36 43 63 
 80 36 115 63 142 
0.07 20 8 18 21 31 
 80 18 57 31 71 
0.15 20 3 7 9 13 
 80 7 23 13 29 

 

The lowest values of dryland salinity prevention (for all discount rates) occurred where 

β1 , λ and β2 were 20% in Table 6.4. In these situations, perennial vegetation would need 

to be at least 97% as profitable as the agricultural land-use.  

 

The value of dryland salinity prevention was proportional to λ β2 so that a decrease in 

one parameter can be offset by an equivalent increase in the other. For example in Table 

6.4 when the parameters λ and β2 were 80% and 20% compared to when they were 20% 

and 80%, respectively.  

 

Table 6.5 shows a different selection of results. Compared to Table 6.4 a larger range of 

values of dryland salinity prevention was achieved for combinations in delaying onset 

of dryland salinity (n), the lag to when dryland salinity occurred (m) and the value of the 

off-site asset (α2). The largest value of dryland salinity prevention for each discount rate 

(ranging from 74% to 228%) occurred when the lag was shortest (10 years), the further 

delay to dryland salinity onset due to the treatment was longest (60 years) and the asset 

value was greatest (1000%). 
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Table 6.5: The average value of dryland salinity prevention as influenced by the discount 
rate (r), the lag to the occurrence of dryland salinity (m), the delay in the onset of dryland 
salinity from planting perennials from year one (n) and the value of the off-site asset not 

affected by dryland salinity (α2). 
 n 20 40 60 
 m 10 25 50 10 25 50 10 25 50 
r α2          
0.02 0 30 17 8 36 23 12 38 26 14 
 100 45 25 12 54 35 18 57 39 20 
 1000 180 101 49 214 138 73 228 156 81 
0.07 0 22 7 1 25 9 2 25 9 2 
 100 33 11 2 37 13 2 38 14 2 
 1000 130 43 8 147 52 10 151 54 10 
0.15 0 12 1 0 12 2 0 12 2 0 
 100 18 2 0 18 2 0 19 2 0 
 1000 71 14 0 74 9 0 74 9 0 

 

The results in Table 6.5 generally indicate low values of dryland salinity prevention, 

with the majority of cases showing values less than 20%. In these situations perennial 

vegetation will need to be only slightly less profitable than the annual vegetation it 

would replace. For higher discount rates and longer delays to the onset of dryland 

salinity, the value of dryland salinity prevention was often 2% or lower and the 

perennials will essentially need to be as profitable as the annual system. At the other 

extreme, there are several cases where planting perennials can be justified even if their 

net income is zero: where the value of the off-site asset was exceptionally high, the 

discount rate was low to moderate, and the lag and delay were favourable. 

 

6.4.3 Average impact factors 

Table 6.6 displays the average impact factors for each of the parameters. These show 

the difference in value between high and low values of the parameter, averaged across 

all combinations of the other parameters. Given the assumptions of this analysis, the 

value of the off-site asset (α2) had the largest impact on the value of dryland salinity 

prevention. Given the wide variability in values of off-site assets in rural areas, this 

result highlights that there is likely to be wide variation in the justifiable amount paid to 

farmers to change their land-use. Off-site assets of exceptionally high value have the 

potential to justify large subsidies paid to farmers, as reflected in the results where the 

required profitability of perennials to break-even was low or even negative. Of course, 

even though an asset of high value may lead to higher net-benefits from intervention, it 

is still important to assess the other factors that will influence the net-benefits of 

intervening. 
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Table 6.6: Average impact of parameter change on the value of dryland salinity 
prevention. 

Parameter Average impact 

α2 64 

m 54 

r 51 

β2 28 

λ 28 

β1 15 

n 9 

 

The other variable with a high impact on the value of dryland salinity prevention was 

the time lag before dryland salinity would occur in the absence of perennials (m). Other 

things being equal, due to the influence of discounting, it was substantially more 

valuable to implement dryland salinity abatement treatments in situations where the 

onset of dryland salinity is expected to occur in the short-term.  

 

Two variables with moderate impacts on the value of dryland salinity prevention are the 

percentage reduction in the value of the off-site asset after the onset of dryland salinity 

(β2) and the relative effectiveness of on-site treatments in protecting the off-site asset 

(λ). Interestingly, the value of dryland salinity prevention was little affected by the 

variations in the reduction in the value of agricultural land after the onset of dryland 

salinity (β1) or particularly the delay in the onset of dryland salinity (after m) caused by 

planting perennials (n). This latter result occurred because the delay occurred in the 

future (beyond the lag to dryland salinity onset) and so was subject to the effects of 

discounting. As was shown in Figure 6.7, a strategy that results in a reasonable delay in 

the onset of dryland salinity is worth almost as much as a strategy that prevents it 

indefinitely. 

 

6.5 Conclusions 

The starting point for this analysis was the need to define the circumstances under 

which there would be a net-benefit from government intervention to mitigate dryland 

salinity. To advance this, the analysis has quantified the benefits of dryland salinity 
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mitigation under different circumstances. This information would be combined with 

information about the net private returns to landholders from perennials to assess 

whether the total value of the land-use change is sufficient to outweigh the value of 

producing annuals. If so, the benefits from intervening may outweigh the costs 

(provided the transaction costs are not so large as to consume the potential gains). 

 

This analysis has allowed the identification of those variables which have the greatest 

influence on the benefits of dryland salinity prevention. The key variables are the value 

of the off-site asset and the time lag before the onset of dryland salinity in the absence 

of intervention. On the other hand, delay in the onset of dryland salinity due to planting 

perennials in year one and the reduction in the value of agricultural land due to dryland 

salinity have relatively little impact on the value of dryland salinity prevention.  

 

Overall, except where the value of the threatened off-site asset is extremely high, the 

value of dryland salinity prevention is often too low to warrant payment which would be 

large enough to make non-commercial plantings attractive to landholders. In most cases, 

returns would need to be sufficient to cover establishment and ongoing input costs. In 

many cases, returns to perennials would need to be almost as high as those from 

traditional annual crops and pastures. This information clearly has great relevance to the 

selection of assets for policy interventions, and to the selection of appropriate payment 

levels to landholders to achieve land-use change. 

 

The following two chapters undertake a more detailed analysis of the dryland salinity 

abatement problem. Chapter 7 presents a metamodelling analysis to develop the 

hydrological component of the hydro-economic model, which is presented in Chapter 8. 
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7. Developing the hydrological component of the 

hydro-economic model: An application of 

metamodelling 

7.1 Introduction 

Economic models that represent dryland salinity processes in most cases assume a 

simple ‘bucket’ process, where water enters the catchment ‘up-hill’ (the recharge zone) 

and exits ‘down-hill’ (the discharge zone) causing dryland salinity (as discussed in 

Chapters 4 and 5). This approach is an over-simplification of the hydrological system, 

as it ignores complexities such as spatial heterogeneity, topography, soil types and 

geological features of the landscape. These simplified models have been developed 

because detailed hydrology models are too large and complex to allow them to be 

practically included into economic optimisation models. 

 

One method for making these complex hydrological simulation models more 

manageable is metamodelling. It has been used extensively to reduce the complexity 

and execution time of large models for various purposes (such as producing simplified 

versions of biological or physical models). The purpose of this chapter is to develop a 

spatial and dynamic metamodel of the hydrological characteristics of a catchment in the 

Western Australian wheatbelt affected by dryland salinity. 

 

The chapter is divided into seven sections. The chapter begins with an explanation of 

metamodelling and examples where it has been applied in Section 7.2, including a 

discussion of its appropriateness to dryland salinity economic analysis. Section 7.3 

presents the Western Australian catchment that is the subject of the case study, and 

Section 7.4 includes an overview of different hydrological models that have been used 

for dryland salinity analysis, concentrating on those that have been combined with an 

economic model. Section 7.5 presents a description of methods to develop the 

metamodel, and Section 7.6 discusses the results and presents the final functional form 

chosen to be used in the economic model. Finally, Section 7.7 presents conclusions of 

the chapter. 
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7.2 Metamodelling 

7.2.1 What is metamodelling? 

Metamodels are models of models. Process-based simulation models used in hydrology 

are large, complex and non-linear with temporal and spatial relationships. 

Metamodelling involves designing a series of runs (treatments) for the original process-

based model to develop a simplified input-output relationship. Statistical regression 

analysis is then applied to estimate the resulting metamodel (Figure 7.1). The 

metamodel can then be used in an economic model to determine the relative 

performance of different strategies or economic policies (Bouzaher et al. 1993). 

Depending on the purpose of the analysis, different types of metamodels can exist from 

the one simulation model. For example the metamodel can be designed for the analysis 

of parameter sensitivities (Blanning 1975) or for model optimisation (Carriquiry et al. 

1998). A metamodel can be built with a priori technical knowledge or without it.  
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Figure 7.1: Sequential diagram of the development of a metamodel from a simulation 
model. 

 

A disadvantage of simulation models is that results are generated only for the selected 

input combinations so that they allow relatively ad-hoc choices about the policies or 

strategies that are to be compared. Metamodelling allows the user to examine all 

possible combinations of input/output data of the simulation model to gain insight into 

the relationships and to minimise processing time during the economic modelling phase.  
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The main advantages of metamodelling include reduced data requirements for the main 

economic model, a simpler functional form for combination with economic models, less 

demanding modelling effort for the economic model as the complexity of the 

biophysical model has been reduced and a higher integrative potential with other models 

(Kleijnen 1992; Haberlandt et al. 2002; Croke et al. 2007). However there can be a loss 

of some accuracy and detail. The decision arrived at by the metamodel can always be 

checked against the simulation model, providing confirmation of accuracy. 

 

7.2.2 Metamodelling for agricultural pollution problems 

The application of metamodelling to various agricultural and non-point-source pollution 

problems is relatively recent (Bouzaher et al. 1993; Carriquiry et al. 1998; Haberlandt et 

al. 2002; Kampas and White 2002). It has been used extensively in social science (for 

example Li et al. 2007; Kristensen et al. 2008), engineering (for example Ju and Lee 

2008; Li et al. 2008) and medical (for example Riediger and Ebner 2007; Roknik and 

Naversnik 2008) disciplines. In most cases, metamodelling has been used to decrease 

the complexity and time consuming nature of a process-based model to investigate 

different policy situations. 

 

Bouzaher et al. (1993) used metamodelling to evaluate agricultural non-point pollution 

policies. They estimated and validated regression metamodels representing the 

concentrations of chemicals in-ground and surface waters in the United States of 

America. After generating simulations from the process-based model, a simple, non-

linear exponential function was adequate to explain and predict the results of the 

biophysical model. In turn, the validated metamodel was incorporated within an 

agricultural economic model that allowed various weed management control strategies 

to be investigated. Bouzaher et al. (1993) judged that in this case, if metamodelling was 

not used, the policy analysis would have been less comprehensive and less suitable to 

deal with the difficult task of policy formulation. 

 

Carriquiry et al. (1998) used metamodelling to reduce the complexity of a sheet-and-rill 

erosion process model, so that it was more accessible to policy makers. Their main 

reasons for developing the metamodel were that the simulation models used for soil 

erosion are site-specific and computations at each site required a significant amount of 

time and effort, as well as repeated simulations for each policy scenario under 
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consideration. Their metamodel was a linear regression model which showed a mild 

degree of lack of fit. The results predicted by the metamodel were judged to be 

sufficient to inform policy makers.  

 

Haberlandt et al. (2002) used metamodelling to assess the leaching of nitrogen from 

arable land into waterways. Their results confirmed a strong correlation between the 

process-based model and the metamodel. Kampas and White (2002) also employed 

metamodelling of a biophysical model for nitrate pollution to develop a non-linear 

optimization framework. Results from these two simulation models of nitrate emissions 

were represented by simple regression models. In these instances the metamodels 

developed successfully represented the simulation models, allowing the task of in-depth 

economic analysis. 

 

7.2.3 Significance for dryland salinity 

Metamodelling has been used successfully to represent complex process-based models 

of environmental systems. Of particular interest has been the use of metamodelling to 

decrease the complexity of hydrological models representing nitrogen movement in 

waterways and chemical transportation in water. These studies, as described above, 

have been successful in reducing the complexity of these models, while still providing a 

realistic basis for policy analyses. Metamodelling may be useful in decreasing the 

complexity of hydrology models for dryland salinity and allowing the economic 

analysis to be based on realistic hydrology models. The following section describes the 

Western Australian wheatbelt and discusses the reasons for selecting the Date Creek 

subcatchment as the case study for this thesis. 

 

7.3 Selection of representative catchment  

7.3.1 The Western Australian wheatbelt 

George et al. (2001) conducted an investigation into the responsiveness of various parts 

of the wheatbelt to different management strategies. Representative catchments were 

chosen for the eastern wheatbelt (North Bandee), central wheatbelt (Toolibin) and 

western wheatbelt (Date Creek). The hydrology model used was Flowtube, a model that 

has been extensively used in the Western Australian wheatbelt (Clarke et al. 1998c; 

Clarke 1998; George et al. 1999b; George et al. 2001; Pracilio et al. 2003) and 

elsewhere in Australia (Greiner 1996a; Hajkowicz and Young 2002; Vaze et al. 2004).  
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Within the wheatbelt region, dryland salinity can be a spatially distributed pollutant 

(point or non-point) that has external effects on many public and private assets in the 

agricultural landscape. However dryland salinity in this environment is not solely a 

problem of externalities (as discussed in Chapter 3). The results of George et al. (2001) 

support the arguments of Pannell et al. (2001), in that they indicate less serious dryland 

salinity externalities in the eastern and central wheatbelt. Since policy intervention can 

only be justified on efficiency grounds, this thesis focuses on the western wheatbelt 

where dryland salinity externalities can be more prominent. The results suggested that 

catchments in the western region would respond to recharge reduction faster and to a 

greater extent than the eastern and central wheatbelts. The Date Creek Subcatchment, 

within the western wheatbelt, was chosen as a representative catchment for the hydro-

economic model. 

 

7.3.2 Date Creek Subcatchment 

The Date Creek Subcatchment is a well researched catchment in Western Australia 

(Clarke et al. 1998c; Clarke et al. 1998b, 1998a; Clarke 1998; Clarke et al. 1999; 

George et al. 2001; Clarke et al. 2002). It is a subcatchment of the Blackwood River 

Catchment, located within the West Arthur Management Zone. The subcatchment is 

20km south-west of Darkan in the western wheatbelt of Western Australia (Figure 7.2). 

Grazing annual pastures for wool, lamb and beef production are the predominant 

industries. Only limited areas of perennial species presently exist at any site, with Date 

Creek Subcatchment having 20% of its catchment covered by woody vegetation 

(George et al. 2001). Commercial tree crops (E.globulus and Pinus pinaster) are 

currently grown near Date Creek. Its annual rainfall is 600mm/yr and potential 

evaporation averages 1500mm/yr. 
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 Figure 7.2: Location of Date Creek Subcatchment, in relation to Lake Toolibin in the 
Blackwood River Catchment, Western Australia. Source: (George et al. 2001). 

 

7.4 Choice of hydrological model 

7.4.1 Overview of hydrological models suitable for dryland salinity analysis 

There are various approaches to model the characteristics of groundwater systems and 

their movement. The appropriate type of model depends on the hydrological process 

being described, the accuracy and detail required, and the availability of information to 

build and calibrate the model. Catchment-scale models can be divided into lumped 

models (limited spatial resolution where like characteristics are grouped together and 

solved as an aggregate) or distributed models (where spatial resolution is preserved). 

For modelling the development of dryland salinity, hydrological responses can be 

represented using three types of models: 

1. stochastic (based on statistical relations between two or more variables),  

2. parametric (hydro-economic relations describing water movement and storage), 

or  

3. deterministic (based on fundamental flow equations) (Beverly 2003).  

 

Stochastically derived hydrological models (which include some versions of the 

‘bucket’ model) take a higher level of abstraction. These models assume a simple 

relationship between the areas of different land-uses and the resulting amount of 

recharge from these land-uses flowing into the groundwater system. These models fail 
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to take account of the spatial characteristics of a catchment such as soils and 

topography, but are simple and easy to incorporate into economic analysis (Hodge 

1982; Barton 1992). 

 

Parametric models are based on empirical findings, often derived using generalised 

functional relationships developed by collating field observations. One such model 

includes the Australian Bureau of Agricultural and Resource Economics (ABARE) 

model SALSA, which has been used to conduct simple economic analysis at the 

catchment scale (Bell and Heaney 2001). Elements of the CAT model developed by 

CRC Salinity use the same approach. These models have limited spatial definition, 

limited capacity to account for land management and do not account for seasonal 

responses (Beverly 2003). 

 

Deterministic models must be capable of representing the spatial and temporal 

variability in climate, soil, hydrogeology and vegetation at the appropriate scale. They 

are generally based on Darcy’s Law (7.1), the fundamental flow equation used to 

explain the movement of groundwater between two points.  

 ( 1 2) /Q KA H H L= −   (7.1) 

 

Darcy’s Law states that a volume of flow per unit time, Q, is a function of the cross 

sectional area, A, difference in the hydraulic head (1 2H H− ) and inversely related to 

the length of the flow path, L  (Freeze and Cherry 1979). The hydraulic conductivity is 

given by K . 

 

From Darcy’s law a partial differential equation can be derived explaining the change in 

the groundwater level over time. Numerical models approximate this partial differential 

equation over a finite number of points or cells to calculate the water head and flow 

between the points. The smaller the area of each cell, the more accurate the resulting 

simulation will be. However, this makes the model larger and data requirements more 

intense. 
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Several deterministic models have been applied to dryland salinity to understand the 

movement of water within a catchment. The models applied to economic analysis 

include: 

• Flowtube: developed by Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) (Argent 2001a); 

• MODFLOW: an internationally recognised finite difference groundwater model 

developed by the US Geological Survey (MacDonald and Harbaugh 1988); 

• MAGIC: developed by the Water and Rivers Commission of Western Australia 

(Mauger 1996) ; 

• CAT and CAT3D: developed by the CRC Salinity (Beverly 2003; Beverly et al. 

2005). 

 

Flowtube was developed to be as simple as possible requiring minimal input data whilst 

accounting for the key processes of groundwater movement. It represents an aquifer 

system as a two-dimensional conceptual tube. It operates on long-term average recharge 

values, and so is unable to provide estimates of short-term fluctuations in groundwater 

levels (one decade or less). It is not designed to represent the impact of groundwater 

pumping on groundwater levels, although this can be approximated. Apart from this, 

Flowtube is able to provide broad-scale first approximations of the scale and timing of 

groundwater responses to changes in recharge and can be applied to catchments with 

limited information. It also provides a simple representation of relative land-use impacts 

between annual and perennial systems, as well as having a faster simulation time than 

more detailed models. 

 

Sophisticated three-dimensional models, such as MODFLOW and MAGIC provide 

spatially and temporally detailed representations of the development of dryland salinity 

in a multi-layer groundwater system. These models require the use of extensive spatially 

distributed datasets to parameterise the model and simulation time can be as long as one 

day for a single solution (Beverly 2003).  

 

MODFLOW requires the level of recharge to be estimated externally and provided as an 

input, whilst discharge is estimated in the program. The model is unable to account for 

individual land, crop and water management practices which determine vertical water 
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movement to the watertable. MODFLOW represents the groundwater system as multi-

layered, which leads it to be computationally intensive and requires large data storage 

facilities. Nevertheless, it has been widely used in Australia (for example Pavelic et al. 

1997; Clark 1998).  

 

MAGIC is a simpler model than MODFLOW as it is a two-layer, steady-state model. 

MAGIC simulates water recharge by land-uses, by treating vegetation like a pump. 

MAGIC is less computationally intensive and input data is readily available. In the 

Western Australian environment it provides more realistic results than MODFLOW 

(Mauger 1996). The major drawback of MODFLOW and MAGIC for the purposes of 

this study is that they require very high levels of hydro-geological data and 

computational expertise (Clarke et al. 1998b). 

 

CAT3D is a spatially explicit model that links the multilayer groundwater models of 

MODFLOW with a suite of farming-system models that account for topography, soil 

type, climate and land-use (Beverly et al. 2005). The framework estimates the impacts 

from different land-uses at the paddock or farm scale which are then integrated into a 

regional catchment model to simulate lateral flow (Beverly et al. 2005). This method 

has enabled a complex three-dimensional process to be developed into a connection of 

smaller one-dimensional units which each represent a paddock or farm. Underlying this 

network of one-dimensional units is a three-dimensional representation of the 

groundwater system which laterally distributes water and determines discharge to 

streams and land surfaces (Beverly et al. 2005). The CAT3D model has been purposely 

built for analysing dryland salinity management options at the farm scale and it provides 

the capacity to assess the tradeoffs between recharge and discharge intervention 

strategies at these scales, but with the ability for the results to be assessed at the 

catchment scale. Again, it is a complex and labour intensive model which would make 

in-depth economic analysis difficult for this research. 

 

7.4.2 Hydrological models previously used for dryland salinity analysis 

There is a trade-off between the complexity and effectiveness of the hydrology and 

economic model for dryland salinity analysis, as discussed in Chapters 4 and 5. The 

majority of past hydrological/economic models representing the development of dryland 

salinity have been based on broad and simple assumptions of the hydrological systems 

(see for example Quiggin 1986; Salerian 1991; Barton 1992; Cacho et al. 2001; van 
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Bueren et al. 2001). Several studies (for example Gomboso and Ghassemi 1992; Pavelic 

et al. 1997; Bell and Beare 2000) have employed parametric or deterministic hydrology 

models to predict the occurrence of dryland salinity.  

 

The studies which used a simple stochastic model (Hodge 1982; Barton 1992) were able 

to incorporate an in-depth economic model to analysis different management decisions 

at the farm- or catchment-scale for policy analysis. Alternatively, in the studies which 

used the large, more complex deterministic models (Gomboso and Ghassemi 1992; Bell 

and Heaney 2001), the economic component was simpler and did not capture the 

complex economic relationships.  

 

In this study it is important to develop a sophisticated economic model to adequately 

address the research objectives given in Chapter 1. The choice of hydrology model is 

equally important. The Flowtube simulation model is the hydrology model chosen for 

two reasons: 

1. it has been successfully applied to the Western Australian wheatbelt and other 

studies (Mulcahy 1973; Dawes et al. 2000; George et al. 2001; George and 

Coleman 2001; Smitt et al. 2003; Vaze et al. 2004), and 

2. it can be easily manipulated to develop a metamodel. 

 

7.4.3 Flowtube simulation model 

Argent (2001a) provides an in-depth description of Flowtube. The model is based on an 

assumption that the groundwater body can be separated into a number of flow tubes, 

each of which represents the thickness of the soil above the bedrock and describes a 

single flow line in a hydrology system (Figure 7.3). Many flow lines are present in 

hydrology systems making a flow net. For each site modelled, the flow tube is divided 

into a number of cells of equal length, depending upon the overall length of the flow 

tube. 

 

Groundwater movement between cells is controlled by the Boussinesq diffusion 

equation: 

x y z s

h h h h
K K K S R

x x y y z z t

 ∂ ∂ ∂ ∂ ∂ ∂ ∂   + + = −    ∂ ∂ ∂ ∂ ∂ ∂ ∂       (7.2) 
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where this partial differential equation aims to construct a three dimensional (x, y, z) 

distribution of heads (h) (the pressure exerted by a liquid), hydraulic conductivities (K) 

and storage properties (S and R) everywhere within the groundwater system (Anderson 

and Woessner 1992). 
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Figure 7.3: Representative diagram of the flow tube as represented in the Flowtube model. 
Source: Argent (2001b) 

 

In Flowtube, the main calculations proceed by firstly calculating the movement of water 

between cells (or flux) for each cell within the Flowtube from top to bottom using the 

following finite difference equation (7.3): 

 

1, 1, 1, 1 1, 1 1( )( )

2
n n n n n NA K A K h h

q
X

+ + ++ −
=

∆  (7.3)  

 

where q is the flux of water within a cell; A is the wetted cross sectional area at each 

node, n; K is the saturated hydraulic conductivity; h is the head at each node and X∆  is 

the change in distance between each node (Figure 7.4). 

 

The following finite difference equation (7.4) is then used to determine the change in 

head at each section, again proceeding from top to bottom section. 
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 = +   ∆ +      (7.4) 

 

where d is the height of the watertable at time t; q is the change in flux or water volume 

within the cell; ∆X is the change in distance between each node; R is the any additional 
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recharge; ∆t is the change in time; P2 is the porosity of layer two where the watertable 

height is calculated and w is the width of the section. 

 

 

Upper layer (Layer 2)
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Figure 7.4: Representative Flowtube cell showing each aquifer layer and placement of 
nodes. Source : Argent (2001b). 

 

Initial and boundary conditions are imposed for the differential equation for the starting 

water level and conditions for each end of the flow tube. Areas at risk of salinising are 

calculated to occur where the watertable comes within one metre of the soil surface. 

Each simulation is for a period of 100 years and the watertable converges as equilibrium 

is reached. 

 

For each cell along the flow tube, the annual land-use provides the default recharge 

value. To implement an alternative land-use, the recharge value is specified as a 

proportion of the original annual recharge value. For example, if trees were chosen, the 

recharge value may be closer to 0.1; meaning the amount of recharge under trees is one 

tenth of the recharge under the annual farming system. Additionally, increasing the 

proportion of area assigned to perennial vegetation is achieved by adjusting recharge 

rates for all affected cells along the flow tube. 

 

7.5 Methodology 

The following sections explain how data was generated from the Flowtube simulation 

model to develop the metamodel (Section 7.5.1), the estimation approach (Section 

7.5.2) and the validation of the metamodel for inclusion into the hydro-economic model 

(Section 7.5.3). Three regression methods were used to develop the final metamodel. 

The first approach used two equations to explain the variation in the data. The second 

and third approaches used a single equation, but employed different variables to build 
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the metamodel. Each of these methods is explained further below and their relative 

success or failure is outlined. 

 

7.5.1 Data generation 

The Flowtube model was run for a range of levels of perennial cover along the flow 

tube (0, 5, 10, 15, 20, 40, 60, 80 and 100%) and a range of perennial recharge rates (5, 

10, 30, 50 and 100%), which are a percentage of the annual recharge rate. Each 

simulation was for 100 years, in 5 year time steps. Results were collated (in Excel) 

showing the head of the watertable every 50m along the Date Creek cross section 

(3,150m) for each time step starting at time zero. Figure 7.5 shows all the simulated 

results, amounting to over 14,000 values. 

 

The hydrology characteristics assumed for the Date Creek Catchment were taken from 

George et al. (2001) as shown in Table 7.1. The flow tube was assumed to be comprised 

of two layers, each with a different hydraulic conductivity (K). The hydraulic 

conductivity determines how fast the watertable will rise or fall along the flow tube and 

is a property of the soil or rock, which describes the ease with which water can move 

through them. The recharge under an annual system was assumed to be 50mm/yr, and 

all other land-uses were assumed to be a proportion of this value. 
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Figure 7.5: Simulation model output data showing watertable depth over the distance of 
the cross section where distance zero represents the top of the flowtube. 
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Table 7.1: Hydrological characteristics for Date Creek Subcatchment. 
Recharge 
(mm/yr) 

K of Layer 1 
(m/day) 

K of Layer 2 
(m/day) 

Layer 1 thickness 
(m) 

Layer 2 thickness Rate of rise 
(m/yr) 

50 0.6 0.05 10 Rest of profile 0.4 
 

7.5.2 Estimation approach 

The estimation approach involved the following three stages which are explained in 

more detail below: 

1. Analysis of the input and output variables; 

2. Investigation of various functional forms which included a two-equation 

approach and a one-equation approach. 

3. Selection of functional forms to undergo validation. 

 

The computer programme STATA was used to perform all statistical estimations and 

tests (Statacorp 2003). 

 

Analysis of input and output variables 

The first and second regression approaches used the following variables to estimate the 

metamodel. The estimation of the functional form was based upon the following input 

(independent) variables; proportion of the catchment covered by perennial vegetation 

(ct), recharge for each land-use (re) as a proportion of the standard rate for annuals and 

distance along the flow tube (m). Time was implicit in the model through the output 

(dependent) variable, wt which is the watertable depth from the surface for each time 

period, t. 

 

The third regression approach used the following independent variables to estimate the 

metamodel: distance as a proportion of the total length of the catchment (mpm=m/3150), 

a dummy variable (taking a value of zero or one) describing if annual vegetation is 

present at each m, (dumtm), time (t), the proportion of the catchment covered by annual 

vegetation (cat), and three interaction terms, mp*cat, t*cat and dumtm*(1-mpm). 

 

A test for stationarity in the data was performed using the Augmented Dickey-Fuller 

Test (ADF) (Dickey and Fuller 1981). Time-series data can often exhibit non-

stationarity, and testing for this reveals whether it is necessary to take steps to make the 

data stationary. In many cases simple differencing or similar transformations can be 

applied. The ADF tests for the presence of a unit root in the data, which if present can 
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lead to serious errors in inferences. This test performs a regression of the differenced 

variable on its lag (7.5). 

 1t t tY Y uρ −= +  (7.5) 

 

where tY  is the variable that is being tested for stationarity, tu  is the stochastic error 

term and ρ  is a coefficient on 1tY− . If ρ  is equal to 1 then stationarity is evident (the 

null hypothesis is not rejected). 

 

The dataset used to perform the ADF test was a panel data set. A panel data set does not 

allow a unique value to be assigned to each time period. Therefore the dataset was 

redefined to provide unique solutions for each new time variable. 

 

Investigation of functional forms 

From initial investigations of functional forms to explain the movement of groundwater 

along the flow tube, a single-equation approach was deemed appropriate for the dataset. 

In the first regression method, a two-equation approach was initially assessed, where 

one equation would determine the movement of the watertable at the top of the 

catchment, and then another would determine the watertable depth along the length of 

the catchment. However, this method was found not to be able to explain variation in 

the data adequately. Therefore, investigations concentrated on a single-equation 

approach in the second and third regression methods  

 

For the single-equation approach, the statistical tests performed to assess the 

combination of variables for each equation and goodness-of-fit included the t-test for 

each variable, Akaike Information Criteria (AIC) and Bayesian Information Criteria 

(BIC). These are explained in further detail below. 

 

The t-test was used to test the hypothesis that the parameter on each of the variables is 

significantly different from zero. If the variables are statistically significant, then the 

hypothesis that the parameter equals zero is rejected and the variable is retained in the 

model (Greene 2003). 

 

The AIC and BIC tests were used instead of the adjusted R2 to test goodness of fit for 

different models, as they provide higher penalty on the loss of degrees of freedom as the 
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model expands. Lower values from the AIC and BIC tests are preferred for model 

selection. 

 

The AIC is given as (7.6) 

 
2 2 2 /( ) (1 ) K n
yAIC K s R e= −

 (7.6) 

 

where K is the degrees of freedom, n is the sample size and 2
ys  is the variance. 

 

Alternatively BIC is given by (7.7) 

 
2 2 /( ) (1 ) K n
yBIC K s R e= −

 (7.7) 

 

Both these measures place a premium on achieving a given fit with a smaller number of 

parameters per observation (Greene 2003). This is shown by an improvement (or 

decline) in the AIC or BIC measures which causes 2R  to increase (or decrease). 

Diebold (1998) provides a comparison of each of these information criteria. Each has 

their virtues but neither has an obvious advantage over the other. The BIC has a larger 

penalty for the degrees of freedom and as such will lean towards a simpler model. 

 

One aim of metamodelling is to obtain the simplest equation that adequately explains 

the output of the simulation model. For the second regression method, a nested model 

approach was undertaken to test restrictions on various variables that may have been 

determined as insignificant from the t-test, but also to test whether a smaller model 

provided the same information as the model containing a greater number of variables. 

The likelihood ratio test was used (Greene 2003). 

 

The likelihood ratio test is a statistical test of the goodness of fit between two models. A 

more complex model is compared to a simpler model to see if it fits the dataset better. 

The more complex model differs from the simpler model only by the number of 

additional parameters it contains. Adding additional parameters increases the likelihood 

score. However, adding additional parameters is no longer justified in terms of 

significant improvement in the fit of the model to the dataset. The likelihood ratio test is 

a comparison between the likelihood scores of the two models (LR = 2(lnL1-lnL2)). 

This statistic is asymptotically distributed as chi-squared with degrees of freedom equal 

to the number of restrictions under a large sample (Greene 2003). This test statistic 
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requires the restricted and unrestricted models to be determined. In many cases this test 

is preferred to the Wald Test as the null hypothesis of this statistic is often more closely 

chi-squared distributed than the Wald test statistic. Further information can be obtained 

from Greene (2003). The degrees of freedom for the chi-squared distribution is equal to 

the number of additional parameters in the more complex model.  

 

Selection of functions to undergo validation  

Once functional forms were selected, they were validated by three methods: within 

sample, out of sample and against the simulation results. The functions were further 

assessed for their applicability for incorporation into the hydro-economic model in the 

GAMS program. 

  

7.5.3 Validation 

Within and Out of Sample 

For the within-sample fit, the Mean Absolute Error (MAE) formula (7.8) was used to 

determine the degree of difference between the fitted and actual data sets. The formula 

is given below: 

 
ˆi i

i

y y
MAE

n

−=∑  (7.8) 

 

where n is the number of observations, iy  is the fitted value and öiy  is the actual value 

(Greene 2003). A small MAE implies that the model is able to predict accurately. 

 

For the out-of-sample fit, the model was fitted using half of the dataset, and then used to 

predict the second half of the dataset. The MAE was again used to determine whether 

the model was able to satisfactorily predict out of sample 

 

Against Flowtube simulation results 

From the MAE results the number of selected models was further reduced, and the ones 

chosen were compared against the output from Flowtube. The selected models were run 

and the equilibrium watertable depths were compared against the results from Flowtube 

for distances 150m and 2050m along the flowtube.  
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7.6 Results  

7.6.1 Data generation 

Over 14,000 data points were obtained from the simulation model as presented in Figure 

7.5. The dataset followed a non-linear relationship, with the most variation in the dataset 

occurring before a distance of 2,050m from the top of the catchment. As the distance 

increased along the flow tube, the influence of land-use had a decreasing impact on the 

level of the watertable depth. 

 

7.6.2 Functional form estimation 

Analysis of input and output variables 

Firstly a test for stationarity was performed using the ADF test. The results showed that 

there was no unit root problem evident in the data. The value for ρ  was 1, which means 

the null hypothesis of stationarity cannot be rejected. 

 

For the second regression method, the input variables used for the simulation of data 

from Flowtube were the proportional cover of perennial land-use (ct) and the level of 

recharge of the land-use (re) as a proportion of annual land-use recharge. A priori 

investigations of ct and re showed that the influence of these two variables was mutually 

interdependent and so an interaction term should be included in the model. A direct 

interaction term of ct re did not accurately reflect the behaviour of the watertable depth 

(that is, for the watertable depth to increase as the interaction term increased). The 

interaction term ct(1-re) reflects that as the watertable depth increased, so did this term. 

To simplify the term, r=(1-re) was used to define a new interaction term of ctr. 

 

From Figure 7.5, the distance from the top of the catchment had an influence on the 

watertable depth, so distance was included as a variable, m. Inspection of model results 

showed that at distances greater than 2200m (i.e. along the valley floor) there was no 

change in the watertable depth over time. Investigations were made to assess the 

relationship between distance and the watertable depth. It was found that reducing the 

dataset to exclude all data after m equals 2,200m (at the start of the valley floor) was 

appropriate.  

 

The output variable from the simulation model was the watertable depth relative to the 

surface. This data was transformed to be watertable depth from the surface. Therefore 
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wtm is the watertable depth from the surface at each distance along the flow tube. A 

priori  a lagged endogenous variable of the watertable depth was included with the set of 

potential variables. The variable, wt-1m, was included describing the movement of water 

between time periods in Flowtube. In addition, another variable was considered, wt,m-1, 

to represent the movement between cells along the Flowtube. 

 

The third regression approach was developed because of problems with the second 

regression approach that were detected when the estimated model was used to simulate 

groundwater movement in the hydro-economic model. The input variables were 

described in Section 7.5.2. For this regression approach additional changes were made 

to the dataset generated from Flowtube in section 7.6.1. First the dataset was reduced to 

only include data for annual land-uses and for perennial land-uses with a proportional 

recharge rate (compared to annuals) of 0.05. (In the earlier regressions, data for several 

assumed levels of recharge were included). This removed a source of unexplained 

variation in the data. Second, watertables were modelled as the height of the watertable 

above the valley floor htm rather than depth below the surface, wtm.  

 

Table 7.2 summarises the variables used to investigate several functional forms. 
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Table 7.2 Summary of variables used for the various functional forms. 
Description Symbol Units 
Second regression approach   
Interaction term between the proportional 
area of perennials and their recharge 

ctr Proportion 

   
Distance along the Flowtube from the 
highest point of the catchment 

m Metres 

Watertable depth wtm Metres from the surface 
Watertable depth at the previous time 
period at the same distance 

wt-1,m Metres from the surface 

Watertable depth at the same time period 
at the neighbouring distance 

wt,m-1 Metres from the surface 

   
Third regression approach   
Distance towards the valley floor as a 
proportion of the entire length of the 
flowtube (3150m) 

mpm Proportional distance 

Dummy variable describing if annual land-
use is present at  m 

dumtn Value of zero or one 

Time t Five year time steps 
Proportional area of annual land-use within 
the entire catchment 

cat Proportion area of annual land-
use 

Interaction term  mpm*cat  
Interaction term t*cat  
Interaction term dumtm*(1-mp)  
Watertable height above the valley floor htm Metres 
 

Investigation of functional forms 

The second regression method used a general to specific approach to select between 

functional forms. Two sets of nested functions were investigated, where one set did not 

include the variable wtm-1. The following functional forms were investigated for the first 

set that did not include wtm-1. 

2 2 2 2
1 0 1 2 3 4 5 6 7 8( ) ( )t m tm t t t t tw w w m m c r c r c rm c rmβ β β β β β β β β+ = + + + + + + + +  (7.9) 

1 0 1 3 5 7t m td t tw w m c r c rmβ β β β β+ = + + + +  (7.10) 

1 0 1 3 7t m td tw w m c rmβ β β β+ = + + +  (7.11) 

 

The following functional forms were investigated for the second set that did include 

wtm-1. 

2 2 2
1 0 1 2 3 4 5 6

2
7 8 9 1

( )

( )

t m tm tm t t

t t tm

w w w m m c r c r

c rm c rm w

β β β β β β β
β β β

+

−

= + + + + + + +

+ +
 (7.12) 

1 0 1 3 5 7 9 1t m tm t t tmw w m c r c rm wβ β β β β β+ −= + + + + +  (7.13) 

1 0 1 3 7 9 1t m tm t tmw w m c rm wβ β β β β+ −= + + + +  (7.14) 
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The third regression method used two functional forms to describe two situations, where 

planting perennial land-uses would be more favourable to landholders as the perennials 

are more efficient at drawing down a shallow watertable (7.15) or less favourable to 

landholders as a larger area of perennial land-uses is required to achieve the same 

amount of watertable drawdown (7.16). 

1 0 1 2 3 4 5 6tm t m m tm t m t th h mp dum t ca mp ca tcaβ β β β β β β−− = + + + + + +   (7.15) 

1 0 1 2 3 4 5 6

7 (1 )
tm t m m tm t m t t

tm m

h h mp dum t ca mp ca tca

dum mp

β β β β β β β
β

−− = + + + + + +
+ −

 (7.16) 

 

Table 7.3 presents the results from the second regression method for the t-test for each 

parameter, the AIC and the BIC. Equations (7.9) and (7.12) which are the most general 

models have the lowest AIC and BIC values. However a priori the variable , 1t mw −  was 

important, but became insignificant in (7.12), so this equation was rejected. In addition 

(7.9) does not include the variable , 1t mw −  so this equation was also rejected. Even 

though the simpler functions, (7.10), (7.11), (7.13) and (7.14) provide the higher AIC 

and BIC values, they include variables that are considered important.  

 

Table 7.3: Results from the second regression method using equations (7.9-7.14) showing 
parameter estimates, significance (t-value), AIC and BIC values 

 Equations 
Parameters (7.9) (7.10) (7.11) (7.12) (7.13) (7.14) 

0β  
0.29 
(23) 

-0.15x10-1 
(-2) 

-0.39x10-2 

(-1) 
0.31 
(24) 

-0.37x10-1 
(-4) 

-0.16x10-1 
(-2) 

1 tmwβ  0.93 
(428) 

1.00 
(1499) 

1.00 
(1500) 

0.93 
(155) 

1.04 
(261) 

1.03 
(266) 

2
2 tmwβ  0.88x10-3 

(20) 
- - 0.11x10-2 

(18) 
- - 

3mβ  -0.97x10-3 
(-38) 

-0.18x10-3 
(-21) 

-0.19x10-3 
(-24) 

-0.10x10-2 
(-37) 

-0.12x10-3 
(-12) 

-0.14x10-3 
(-15) 

2
4mβ  0.53x10-6 

(35) 
- - 0.56x10-6 

(35) 
- - 

5 tc rβ  
-0.13 
(-19) 

0.48x10-3 
(2) 

- -0.14x10-1 
(-20) 

0.84x10-3 
(3) 

- 

2
6( )tc rβ  

0.15x10-3 
(19) 

- - 0.15x10-3 
(20) 

- - 

7 tc rmβ  0.24x10-4 
(43) 

0.58x10-5 
(30) 

0.61x10-5 
(54) 

0.25x10-4 
(43) 

0.59x10-5 
(29) 

0.65x10-5 
(53) 

2
8( )tc rmβ  -0.97x10-10 

(-32) 
- - -0.10x10-9 

(-31) 
- - 

9 1tmwβ −  - - - -0.66x10-2 
(-1) 

-0.38 
(10) 

-0.35x10-1 
(-9) 

Statistics       
AIC 329 1815 1816 4 1419 1429 
BIC 386 1850 1845 69 1462 1464 
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The results of the likelihood tests showed that there was no significant difference 

between (7.10) and (7.11) (2χ =3.88, p=0.05) and between (7.13) and (7.14) 

( 2χ =11.39, p=0.0007). The degrees of freedom was one, the critical 2χ  value was 

0.004 and the significance level was 0.05  
 

Table 7.4 presents the results from the third regression method for the t-test for each 

parameter, the AIC and the BIC.  

 

Table 7.4: Results from the third regression method using equations (7.15 and 7.16) 
showing parameter estimates, significance (t-value), AIC and BIC values 

 Equation 
Parameters (7.15) (7.16) 

0β  
-1.33 
(-19) 

-1.31 
(-19) 

1 mmpβ  1.12 
(9) 

0.98 
(8) 

2 tmdumβ  0.35 
(10) 

-0.46 
(-4) 

3tβ  
0.05 
(10) 

0.04 
(10) 

4 tcaβ  
1.9 
(20) 

1.72 
(18) 

5 m tmp caβ  -2.045 
(-12) 

-0.85 
(-3) 

6 ttcaβ  
-0.08 
(-13) 

-0.08 
(-13) 

7 (1 )tm mdum mpβ −  - 1.03 
(7) 

Statistics   
AIC 2844 2884 
BIC 2802 2848 

 

Selection of functions to undergo validation  

From the second regression method and the above results (Table 7.3) equations (7.10), 

(7.11), (7.13) and (7.14) were chosen to undergo validation, there was no significant 

difference between the two sets of equations. 

 

From the third regression method and the above results (Table 7.4) equations (7.15) and 

(7.16) were chosen to undergo validation due to their AIC and BIC values. 
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7.6.3 Validation 

Within and Out of Sample 

Table 7.5 presents the MAE percentages for the within-sample and out-of-sample fits of 

each of the functions chosen. These results show that there was approximately a 5% 

error in the equations when estimating within and out of sample from the second 

regression method. Comparatively, there was approximately a 0 to 1% error in the 

equations for the within and out of sample tests from the third regression approach.  

 

Table 7.5: Results from the MAE (%) for equations (7.10), (7.11), (7.13) and (7.14). 
 Second regression method Third regression method 
Equation (7.10) (7.11) (7.13) (714) (7.15) (7.16) 
Within Sample MAE 5.24 5.09 5.01 4.78 1.6 1.59 
Out of Sample MAE 4.96 4.87 4.78 4.78 0.33 0.32 
 

These values are acceptable and therefore the choice between each of the equations 

relies on a priori knowledge, rather than statistical results. From the second regression 

method, Equation 7.14 was chosen to be compared against the Flowtube simulation 

results, as it is the simpler equation and includes the influence of cells along the flow 

tube from the previous distance and time period. From the third regression method both 

equations were chosen to simulate the different impacts on economics from the 

efficiency of perennial land-uses at drawing down the watertable. 

 

Comparison of (7.14), (7.15) and (7.16) against Flowtube simulation results 

From the second regression method, equation (7.14) was chosen to compare it against 

the simulation model. The comparison looked at the change in the watertable depth over 

time for distances of 150m and 2,050m along the flowtube from the top of the 

catchment. Figure 7.6 shows the change in the watertable depth for the metamodel 

compared to Flowtube for the entire catchment planted to annuals or perennials, at a 

distance of 150m from the top of the catchment. It shows that the metamodel follows 

Flowtube results closely over time when the catchment was planted completely to 

annuals. When the catchment was planted totally to perennials the metamodel was less 

accurate in later years, as it continues to increase the watertable depth, whereas in the 

simulation model watertable depth increases at a decreasing rate. This inaccuracy could 

be of concern when incorporated with the economic model.  
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Again for the second regression method, Figure 7.7 displays the results for the distance 

of 2,050m along the flow tube (i.e. on the valley floor) when the catchment was planted 

entirely to annuals or perennials. At this position in the catchment, the introduction of 

perennials to the whole catchment has a minimal effect on the watertable depth, 

compared to top of the catchment (for both the simulation model and metamodel). 

Results from planting the total catchment to annuals had an error of approximately 

0.6m. Nevertheless both sets of results imply a serious impact of saline groundwaters on 

plant growth, and both reflected a similar insensitivity of groundwaters at this location 

to revegetation. 
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Figure 7.6: Comparison of Flowtube and metamodel (7.14) results for the change in the 

watertable depth over time at a distance of 150m (or at the top of the catchment). 
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Figure 7.7: Comparison of Flowtube and metamodel (7.14) results for the change in the 
watertable depth over time at a distance of 2,050m (or at the bottom of the catchment). 
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For the third regression method, Figures 7.8 to 7.11 show the results for distances 150m 

and 2050m along the flowtube when the entire catchment was planted to annuals or 

perennials for equations (7.15) and (7.16).  

 

At a distance of 150m from the top of the catchment the results between the simulation 

model and the metamodels (7.15) and (7.16) followed the same trends (Figures 7.8 and 

7.9, respectively). These results are sufficient for this part of the catchment (flowtube) 

as the risk of dryland salinity occurring is marginal, therefore this difference has little, if 

any, impact on the economics of the catchment. 
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Figure 7.8: Comparison of Flowtube and metamodel (7.15) results for the change in the 
watertable depth over time at a distance of 150m (or at the top of the catchment). 

 

At a distance of 2050m along the flowtube, or at the valley floor, the difference between 

the simulation model and the metamodels (7.15) and (7.16) was greater (Figures 7.10 

and 7.11, respectively). Nevertheless, the general trend displayed by the metamodel are 

appropriate, showing no lowering of the watertable if annuals are present, and a 

lowering of the watertable if perennials (trees) are present. The most important 

difference between the Flowtube and the metamodel results at this distance was that the 

metamodel predicts a more rapid groundwater response to the establishment of 

perennials, which will increase the estimated benefits of this strategy. 
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Figure 7.9: Comparison of Flowtube and metamodel (7.16) results for the change in the 
watertable depth over time at a distance of 150m (or at the top of the catchment). 
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Figure 7.10: Comparison of Flowtube and metamodel (7.15) results for the change in the 
watertable depth over time at a distance of 2,050m (or at the bottom of the catchment). 
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Figure 7.11: Comparison of Flowtube and metamodel (7.16) results for the change in the 
watertable depth over time at a distance of 2,050m (or at the bottom of the catchment). 

 

Applicability for incorporation into GAMS 

GAMS is a powerful program that can optimise linear and non-linear programming 

models (Bisschop and Meeraus 1982; Meeraus 1983). Initial investigations of non-

linear hydrology models in combination with a non-linear economic models found that 

GAMS was unable to handle the non-linearity and complexity of the combined model. 

It was therefore decided to keep the hydrology model as simple as possible, whilst still 

representative of the chosen hydrological system. A linear hydrology model is therefore 

appropriate and Equations (7.14), (7.15) and (7.16) fit this criterion.  

 

Equation (7.14) was initially incorporated into the GAMS program with the economic 

component from Chapter 8. However after several re-configurations the hydro-

economic model was found to produce output that was inconsistent with plausible 

hydrological behaviour. It was concluded that this was occurring because the bulk of the 

explanatory power in Equation (7.14) was provided by the lagged depth variable, with 

some other variables having parameter estimates with implausible signs. Therefore the 

metamodels from the third regression method (based on differences of depth over time) 

were used in the GAMS program with the economic component. Both equations (7.15) 

and (7.16) were incorporated into the hydro-economic model for a comparison of 

results. 
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7.6.4 Final functional forms chosen 

The final functional forms chosen to represent the change in the hydrological system of 

a local catchment to be used with the economic model are given below, (7.17) and 

(7.18): 

1 1.33 1.12 0.35 0.05 1.9 2.045 0.08tm t m m tm t m t th h mp dum t ca mp ca tca−− = − + + + + − −  (7.17) 

1 1.31 0.98 0.46 0.04 1.72

0.85 0.08 1.03 (1 )
tm t m m tm t

m t t tm m

h h mp dum t ca

mp ca tca dum mp
−− = − + − + +

− − + −
 (7.18) 

 

where the change in the height of the watertable for the current period, 1tm t mh h−− , is:  

• positively influenced by the proportional distance along the flowtube from the 

highest point mmp ; 

• positively influenced by whether there are annuals planted at each distance, 

tmdum  (Equation (7.15)). In Equation (7.16) the influence of this variable is 

subject to interaction with the proportional distance term, m leading to the 

inclusion of the interaction term, (1 )tm mdum mp− . If the proportional distance is 

less than 0.55, the effect of annuals is positive. 

• positively influenced by time, t ;  

• positively influenced by the proportional area of annual vegetation in the 

catchment, tca ; 

• negatively influenced by the interaction term m tmp ca ; and 

• negatively influenced by the interaction term ttca . 

 

These models were found to perform well when used to simulate groundwater depth. 

Overall, they were judged to be suitable for inclusion in the hydro-economic model 

(Chapter 8). 

 

7.7 Conclusions 

The metamodels developed in this chapter represent the essential characteristics of the 

groundwater system in a local catchment. Preceding chapters in this thesis have 

identified the difficulties that have been encountered by previous researchers in the 

coupling of hydrological and economic models. In particular many hydrological models 

for dryland salinity are too complex and time-intensive for integration with a similarly 
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robust economic model. As a consequence, many economic studies have had to over-

simplify the hydrological models, compromising the practical integrity of the results. 

This chapter has applied the method of meta-modelling to the problem of dryland 

salinity to simplify a complex hydrological model so that is can be included in a robust 

economic model to achieve results that are based on sound hydrology. 

 

The metamodel presented in this chapter is one component of the combined hydro-

economic empirical model that is developed to investigate the justification for 

government intervention when dryland salinity is affecting road infrastructure due to 

private landholders decisions. The hydrology model is combined with the economic 

model presented in the following Chapter 8. 
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8. Mathematical presentation of the integrated 

hydrological-economic model  

8.1 Introduction 

Chapter 5 discussed the tradeoffs that exist from coupling economic and hydrological 

models for dryland salinity analysis. The review of the literature identified that, 

commonly, complex hydrological models are combined with simpler economic models, 

or that simple hydrology components are used in conjunction with rigorous economic 

models. There are concerns about each of these approaches, as simplifying assumptions 

have been needed to ensure the combined models will simulate or optimise. In an 

attempt to address the difficulty of incorporating realistic and complex hydrological 

models within economic models, Chapter 7 applied metamodelling to a hydrology 

model. This method was used to reduce the complexity of the hydrological model, 

Flowtube, but at the same time retain sufficient hydrological detail to provide realistic 

results for the purpose of economic modeling.  

 

Chapter 5 also identified the lack of studies that incorporated the external damage from 

dryland salinity on non-agricultural assets, such as road infrastructure. The model 

developed here directly includes this issue.  

 

This chapter presents the hydro-economic model which will be used for the road 

infrastructure case study presented in Chapter 9. It begins with an overview of the 

hydro-economic model in Section 8.2 and its mathematical presentation in Section 8.3. 

This is followed in Section 8.4, by the determination of land-use prices and costs that 

are applicable to the Date Creek Subcatchment. The assumptions about recharge rates 

and the impacts from a rising watertable on land-use production are detailed in Section 

8.5. Section 8.6 explains the mathematical programming model used and Section 8.7 

summarises the models development before it is applied to the road-infrastructure case 

study. 

 

8.2 Overview of the hydro-economic model 

The hydro-economic model has the objective of optimising profits within a catchment. 

This is achieved by maximising the NPV of private land-use profits, minus the costs of 
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mitigating dryland salinity from the public non-agricultural asset. A catchment-level 

approach was chosen as the external impacts from dryland salinity are considered within 

a local groundwater system. These external impacts can occur on-site or off-site. On-site 

refers to degradation occurring on private land. Off-site impacts refer to dryland salinity 

degradation occurring away from private land, on public land. If only on-site external 

impacts, such as biodiversity loss, were considered then a farm-level approach would be 

more appropriate.  

 

A dynamic process for the hydro-economic model was chosen given the long time lags 

that can occur between dryland salinity development and when mitigation treatments 

may become effective at managing the groundwater system. In addition, an optimisation 

approach was used as this study analyses optimal decisions that need to be made now 

and into the future.  

 

The hydro-economic model represents a catchment situated in the western wheatbelt of 

Western Australia where dryland salinity affects agricultural land and road 

infrastructure. The catchment is managed as a single profit-maximising farm, which 

avoids issues of common-property rights between farms. The model assumes the 

existence of an area of productive agricultural land at risk from dryland salinity, which 

is the consequence of on-farm management decisions. On-farm management decisions 

may increase the risk of dryland salinity damaging the non-agricultural asset. The 

catchment manager has to make decisions about whether to continue with annual plants, 

therefore continuing the risk and costs of dryland salinity on agriculture and roads, or 

converting to perennial plants and/or implementing engineering options to prevent the 

impacts of dryland salinity.  

 

The objective function approximates the social welfare function for the catchment. The 

welfare function sums the total private benefits from the catchment over the time 

horizon, minus the total damage costs to the public asset from dryland salinity. Damage 

to private agricultural production is calculated within the total benefits function. 

Decreases in the objective function may occur through the impacts of dryland salinity 

on private agricultural land and the non-agricultural asset. These impacts from dryland 

salinity are determined by the depth of the watertable below the surface. As the 

watertable nears the surface, crop production is reduced and the costs of damage to the 

public asset increases. The structure of the model is depicted in Figure 8.1. 
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Figure 8.1: Structure of the hydro-economic model 
 

8.3 Mathematical presentation of the hydro-economic model 

8.3.1 Objective function 

The objective of this model is to maximise net profit to landholders when mitigating 

dryland salinity which is degrading a public asset. The catchment is treated as a single 

farm. The catchment has designated on-site and off-site areas within the catchment. On-

site areas refer to the agricultural land which is being considered for land-use change. 

This land may or may not be threatened by dryland salinity. Off-site refers to land on 

which the threatened asset is located. This land may or may not be planted to perennials 

or have engineering options implemented close to the asset to control watertable rise. 
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The catchment (which has an area of 8,283ha and a width of 3,150m), is divided for the 

purposes of modelling into multiple sections, described according to their distance from 

the highest point of the catchment, m. The valley floor (for example from a distance of 

1,850m to 3,150m) would have a higher risk of experiencing a shallow watertable, 

while the top of the catchment (for example 50m) would have a lower risk. There are 19 

sections along the flowtube and each section of the catchment to 1650m has an area of 

341ha. The section at a distance of 1750m has an area of 846ha and the section at the 

distance 1850m (the valley floor) has an area of 1640ha. The distances associated with 

each section start at 50m at the top of the catchment and increase by increments of 

100m to the valley floor at the distance 1750m. 

 

Table 8.1 presents each variable and parameter of the model with their meaning and 

associated units of measurement. 

 

Recharge occurs across the catchment, whenever there is not active discharge occurring. 

Discharge tends to occur lower in the catchment. The extent to which recharge adds to 

discharge down-hill depends upon the catchment characteristics, as discussed below in 

Section 8.3.3 and in Chapter 7, which presented the hydrology component. 
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Table 8.1: Variables and parameters for the hydro-economic model. 
Variable or 
parameter 

Meaning Units 

Economic 
Component 

  

J  NPV $ 
tδ  Discount factor - 

jp  Prices for each vegetative land-use $/t 

jc  Costs for each vegetative land-use $/ha 
a
tc  Road maintenance costs as a function of watertable 

depth  
$ 

e
tmc  Engineering costs for each distance $ 

tjmq  Quantity produced from each land-use for each distance tonnes 

tjma  Area of each land-use at each distance ha 

tg  Cost of government policy initiative $ 

tjmy  Yield for each land-use at each distance t/ha 

jY  Maximum yield for each land-use t/ha 

tjmη  Yield coefficient - 

jϕ  Specific land-use parameter for the yield coefficient - 

jβ  Specific land-use parameter for the yield coefficient - 

m Distance along the catchment from the highest point metres 

Hydrology 
component 

  

tmw  Watertable depth for each distance metres below 
surface 

htm Watertable height above the valley floor metres 

tjca  
Proportion of the catchment covered by annual land-
uses 

 

tjcp
 

Proportion of the catchment covered by perennial land-
uses 

 

mpm Proportional distance from the top of the catchment  

dumtm Dummy variable explaining if there are annual land-
uses at this distance 

0 to 1 

t Time Five year time 
steps 

tmγ  Change in watertable depth due to pumping  metres 

tmp  
Number of pumps - 

 

The NPV, J, is the sum of profits minus costs of each of the land-uses over time, t, 

minus the costs of maintaining the asset (8.1).  

( ) ( )t a e
j tjm j tjm t tm t

t j m

J p q c a c c gδ
   = − − − +  
   

∑ ∑∑  (8.1) 
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where pj are the prices for outputs from each land-use j; qtjm are the quantities of output 

from the land-uses; cj are the costs of land-uses; atjm is the area of each land-use; e
tmc  are 

the costs associated with implementing an engineering option; and a
tc  are the costs of 

maintaining the asset. Maintaining the asset involves increasing costs of maintenance 

and repair as the impacts from dryland salinity worsen. For example the costs involved 

with maintaining a length of road increase as the watertable becomes shallower. In some 

instances a policy instrument, gt, may be applied to encourage the adoption of a 

particular abatement strategy. The objective function represents net-benefits to the 

community as a whole, not just to landholders. 

 

The discount factor is tδ  and the time horizon is 100 years. This timeframe was chosen 

for three reasons. First the Flowtube hydrological model uses 100 years as the default 

length of time to reach a hydrological equilibrium, although the equilibrium may be 

reached in a shorter timeframe. Second a review of the empirical studies in Chapter 5 

noted that a timeframe of 20 years was too short to capture the market and non-market 

benefits from some perennial management strategies or other intervention options. 

Third the on-site local impacts from management options may be observed within one 

to three decades, but the off-site impacts may take 50 years or more to see any positive 

or negative impacts on the development of dryland salinity (Ridley and Pannell 2005b). 

A local groundwater system is the focus of this analysis, as there is a greater chance that 

there will be net-benefits from asset protection through dryland salinity mitigation in the 

presence of an externality problem.  

 

8.3.2 Land-use production 

The total quantity of output from a land-use, qtjm, (8.2) available at any time at any 

distance is given by the area of the land-use, atjm, multiplied by the yield, ytjm given the 

dryland salinity conditions.  

 tjm tjm tjmq y a=  (8.2) 

 

The maximum output, jY , available from a land-use when the watertable is sufficiently 

deep, decreases proportionally as the watertable becomes shallower, as determined by, 

tjmy  (8.3). 

 tjm tjm jy Yη=   (8.3) 
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The value of ytjm which represents the effects of dryland salinity on land-use output is 

influenced by the susceptibility of the land-use to dryland salinity and the depth of the 

watertable at each distance, wtm, (8.4). The functional form of the yield coefficient, tjmη , 

is discussed below.  

 

There is a strong relationship between salt concentration within soil and the electrical 

conductivity (EC) of the soil extract. The standard unit for an EC measurement is deci-

siemens per metre – dS/m. Correlations between EC values and crop yields have been 

established with the general criteria of an EC between 4-6 dS/m having a significant 

effect on many crops (Smedena and Rycroft 1983). Values above these EC 

measurements mean only salt-tolerant crops may be grown and values below means 

dryland salinity may have a slight effect on the crop yield. The effect that dryland 

salinity has on vegetation depends on many factors, including the type of crop, 

availability of water in the soil, soil structure and evaporative demand from the 

atmosphere (Sinclair Knight Merz 2001).  

 

Several functional forms have been developed to characterise the effect that dryland 

salinity has on the yields of annual and perennial land-uses. These different functional 

forms include linear threshold, log-linear, quadratic and exponential. The linear 

threshold and quadratic functional forms are similar in that they are both concave 

suggesting a rise in yield that decreases rapidly as dryland salinity levels fall. Lee 

(1992) found that the most appropriate function form was the quadratic form, but for 

ease of modelling the linear threshold yield model is often used. The linear threshold 

form is commonly given the term ‘bent-stick model’ (Figure 8.2). The bent-stick model 

relates soil salinity to relative yield of a crop on a non-saline soil under comparable 

growing conditions. Crops are tolerant to soil salinity up to a threshold level of salinity, 

beyond which yields progressively decline to zero. The threshold level varies across 

different crop and soil types. 
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Figure 8.2: Linear threshold yield response to dryland salinity. Adapted from Sinclair 
Knight Merz (2001). 

 

The depth to groundwater table can also be used to indicate the level of dryland salinity 

and therefore its impact on yield losses (Nulsen 1981). A shallow watertable can also be 

associated with waterlogging. Waterlogging occurs when more water enters an area than 

is being discharged from it. Similar to the level of dryland salinity, crops have differing 

tolerances to waterlogging, depending upon the type of crop, duration of waterlogging 

and the stage of plant growth (Sinclair Knight Merz 2001). The bent-stick model can 

also be used to represent the effects of a shallow watertable on yield losses from dryland 

salinity and/or waterlogging. Where the watertable reaches a critical depth, generally 

closer to the soil surface, no crop production is possible and any depth greater than the 

threshold results in an increase in crop production. The depth to watertable is better 

correlated to yields of crops than soil salinity alone (Nulsen 1981; Pavelic et al. 1997). 

An adapted bent-stick model is shown in Figure 8.3. 

 

The ‘kinks’ in the bent-stick model make it inconvenient to incorporate into a 

mathematical programming model. For that reason, this model uses a logistic function, 

which has a smooth and continuous yield response to dryland salinity levels (Cacho et 

al. 2001). The maximum yield obtainable from a land-use occurs where the watertable 

depth is two metres or more from the surface (Nulsen 1981; National Land and Water 

Resources Audit 2001).  



 162 

 

Depth to Watertable (m)

R
el

at
iv

e 
Y

ie
ld

 (
%

)

0

100

Depth to Watertable (m)

R
el

at
iv

e 
Y

ie
ld

 (
%

)

0

100

 

Figure 8.3: Adapted bent-stick model where relative yield is influenced by the depth to the 
watertable. 

 

Equation (8.4) shows the negative effects that a shallow watertable has on the maximum 

output available from a land-use, jY  (Figure 8.4). The yield coefficient, tjmη , decreases 

from one to zero as the watertable depth over the landclass, wtm (8.6), ranges from two 

to zero metres below the surface. The coefficients øj and βj are specific to each land-use. 

The difference between the reduced yields from annual and perennial land-use due to 

dryland salinity is characterised in (8.4).  

 
1

( )
(1 e )j tmtjm tm w

j

f w βη
ϕ −= =

+
  (8.4) 

 

8.3.3 Hydrology component 

The hydrology component of the model uses the metamodels derived from Flowtube in 

Chapter 7. The metamodel presented in (7.17) and (7.18) are restated as (8.5) and (8.6), 

respectively.  

1 1.33 1.12 0.35 0.05 1.9 2.045 0.08tm t m m tm t tm tmh h mp dum t ca mpca tca−− = − + + + + − −  (8.5) 

1 1.31 0.98 0.46 0.04 1.72

0.85 0.08 1.03 (1 )
tm t m m tm t

t t tm m

h h mp dum t ca

mpca tca dum mp
−− = − + − + +

− − + −
 (8.6) 

 

where 1tm t mh h−−  is the change in the watertable height above the valley floor over time, 

mmp is the distance as a proportion of the total length of the catchment (3150m), tmdum  

is a dummy variable which advises if there are annual land-uses present at each distance 

over time, t  is given in five year time-steps and tca  is the proportional area of annual 

land-uses in the entire catchment over time. As these equations represent a change in the 



 163 

watertable height, the watertable depth is determined in (8.7) for both (8.5) and (8.6) 

and this equation can also include groundwater pumping, tmγ . 

1 1( )tm t m tm t m tmw w h h γ− −= − − +   (8.7) 

 

where the watertable depth, tmw , for the current period, t, and distance across the 

catchment, m, is depends on the watertable depth in the previous period, 1t mw − , the 

change in the watertable height, 1( )tm t mh h−− , and the amount of groundwater pumping, 

tmγ .   

 

8.3.4 Engineering 

Engineering options were included into the hydro-economic model, because for some 

high-value assets in low valley areas, engineering is the only management option that is 

effective. Groundwater pumping was included, as it is likely to be relevant to the 

protection of roads. In addition, Flowtube has been able to represent its impacts on the 

watertable in previous studies (for example George et al. 2001). To simplify the 

inclusion of groundwater pumping into the hydro-economic model, it is assumed to 

represent another land-use. The hydro-economic model may choose to implement more 

than one pump per year at each distance. When pumping is implemented, then the 

section containing the pump(s) has a lowered watertable, which eventually has benefits 

to lower sections of the catchment, by reducing the lateral movement of groundwater. 

Within a section: 

 6tm tmpγ α=  (8.8) 

 

where tmγ  is the amount that groundwater is lowered by pumping, tmp  is the number of 

pumps and 6α  is the discharge rate for each pump (8.8). 

 

To simplify the representation of costs involved with implementing an engineering 

activity in the catchment, it is assumed that groundwater pumps are rented from a firm 

at an annual cost per pump, λ  (8.9). This negates the need to account for itemised 

establishment, maintenance and depreciation costs. 

 e
tm tm

m

c pλ= ∑   (8.9) 
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The hydro-economic model chooses the number of pumps necessary to achieve the 

objective of maximising NPV. It will also determine the position within the catchment 

where they would be helpful at preventing a rising watertable, either near the public 

asset or on private agricultural land. 

 

8.3.5 Non-agricultural asset 

The costs of damage to the non-agricultural asset due to a shallow and rising watertable 

are given in the following equation (8.10).  

 ( )
(1 e )

a
tm

a
a
t tm wa

C
c w

βϕ −
=

+
  (8.10) 

 

where ( )a
t tmc w  is the costs of damage to the asset, aC  is the maximum cost to the asset 

when the watertable is less than 0.5m from the surface, aφ and 
a

β  are the scaling 

parameters as the watertable depth deepens and wtm is the watertable depth under the 

asset. The total costs vary from zero to aC as the watertable depth ranges from two to 

zero metres below the surface. The values for aφ and 
a

β are determined by the type of 

asset at risk from dryland salinity. These values are given in Chapter 9 when a case 

study is presented of dryland salinity degrading road infrastructure in Western Australia. 

 

These costs are included in the hydro-economic model as a continuous  function. The 

same functional form as (8.4), which depicts the effects of dryland salinity on 

vegetation, was chosen. In the absence of more detailed information about the 

appropriate functional form to use for infrastructure, this equation was considered a 

reasonable approximation as it captures the broad trend of dryland salinity costs due to a 

rising watertable below the asset. 

 

8.3.6 Constraints 

The following constraints were applied to the model. 

 

The hydrology models (8.5) and (8.6) have been specified so that if the variable tca  is 

one, then the entire catchment is planted to annual vegetation. Alternatively, if tca  is 

zero, then the entire catchment is planted to perennials (8.11). 

 1t tcp ca= −   (8.11) 
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The following bounds are applied to the area of the catchment. Firstly, so that the 

solution does not exceed the total area within the catchment. 

 tjm t
j m

a A≤∑∑   (8.12) 

 

Secondly, so that each section of the catchment does not exceed the section area. 

 400tm
j

a ≤∑   (8.13) 

 

8.4 Determination of prices and costs from the Western Wheatbelt 

8.4.1 Rotation gross margins 

Data was initially collected from a consulting company located in Darkan, Western 

Australia. Data obtained included the costs and prices for land-uses including pasture 

and annual crops (wheat, barley, canola and lupins). Incorporating a full range of annual 

crops made the model too complex. As an alternative, the MIDAS model, which was 

described in Chapter 5, was used to calculate gross margins for a selection of relevant 

rotations. Table 8.2 presents the results of the MIDAS optimisations.  

 

To simply the optimisation model, only the rotation LWNB (Table 8.2) was used to 

represent the annuals land-use. 

 

Table 8.2: Gross margins for each crop rotation as optimised by MIDAS for the hydro-
economic model. 

Annual Rotation* Gross Margin ($/ha) 
LWNB 167.95 
PPPP 130.41 
4UWNBLW 131.52 
PPNW 118.79 
PPPP 67.03 

*The abbreviations for each annual crop are as follows: 
L= Lupins, W= Wheat, N=Canola, B=Barley, P=Pasture, U=Lucerne. 
 

8.4.2 Perennial land-uses 

Any perennial land-use option that is available can be analysed in the hydro-economic 

model. The model has one perennial option: tree farming. Tree plantations are included 

through a 25 year cycle based upon Tasmanian Bluegums, which have been grown in 

the Date Creek Subcatchment. Within the 25-year rotation, two crops are harvested in 
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years 12 and 25 of the cycle. The cost to establish trees is $1500/ha , in-conjunction 

with ongoing maintenance and coppicing costs which are given in further detail in 

Appendix C (Department of Agriculture 2005). The price for harvested trees is $25/t 

and the production from tree plantations is assumed to include all products, equating to 

200 tonnes per hectare (Department of Agriculture 2005). The annuity of Bluegum 

production when a shallow watertable is not present is $136.91/ha at a discount rate of 

5%.  

 

The choice between the two land-uses (annual or perennial) is based on their 

profitability without dryland salinity, their tolerance of dryland salinity and their 

contribution to preventing dryland salinity. The model can choose any proportion of 

annuals or perennials independently in each section of the catchment. 

 

8.4.3 Engineering options 

Engineering options available to be incorporated into the hydro-economic model are 

limited, as the original hydrological model used for the metamodel was not designed for 

including engineering options. For this hydro-economic model, groundwater pumping 

has been applied as it is considered to be a suitable engineering option for protection of 

infrastructure in the western wheatbelt. Groundwater pumping has been simulated in 

Flowtube previously by George et al. (2001). George et al. (2001) advised that Flowtube 

may overestimate the groundwater impacts from groundwater pumping. For this reason, 

groundwater pumping was not simulated through Flowtube, but was added onto the 

hydrology equation (8.7). 

 

Groundwater pumping has been effective at lowering watertable levels across the 

Western Australian wheatbelt, but the success depends upon the aquifer characteristics 

(Dogramaci 2004). The economics of groundwater pumping are site-specific and 

depend on drawdown distance, cost of pump operation, groundwater disposal and the 

value of infrastructure protected (Dogramaci 2004). If the value of the infrastructure is 

particularly high then groundwater pumping costs could be economical (Dogramaci 

2004; Nott et al. 2004). A cost-benefit analyses of groundwater pumping for six rural 

towns in the Wheatbelt concluded i) that groundwater pumping is expensive and 

difficult to justify currently considering its benefits due to reduced local damage, and ii) 

more analysis is needed to work out the optimum engineering response for the towns 

investigated (Dames and Moore 2001; Dogramaci 2004). 
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To determine the potential costs of groundwater pumping for the hydro-economic 

model, the assumptions and information used in a spreadsheet model developed by the 

Department of Agriculture was used. PUMPS is a model of the financial aspects of 

groundwater pumping systems used to reclaim salt-affected land (George 2001). The 

costs this model includes are drilling costs, power site preparation, effluent disposal, 

purchase of pumps and pump repairs and maintenance.  

 

Drilling costs depend upon the depth of the bores and the type of pump system used. A 

multiple-well single-pump system is one of the cheapest options, requiring three to five 

bores to reclaim 100ha. The bores are drilled to depths of 10 to 20m. The cost per metre 

drilled can range from $300 to $500. George (2001) advised that observation bores may 

need to be installed to monitor the effect of the pumping and whether or not the 

watertable is being lowered over the designed reclamation area. Monitoring bores are 

only drilled to depths of five to 10 metres.  

 

Power costs include the costs needed to bring power to the site, installation of 

transformers, connection charge and power consumption by the bores. The bores are 

assumed to run 24 hours per day, every day of the year (when not undergoing repairs or 

maintenance). The assumptions for power supply are taken from George (2001). 

 

It is assumed that the waste water from the bores will be disposed of into salt 

evaporation basins. These costs can range between $10,000 and $50,000 per basin 

depending upon size required. 

 

The cost of a single pump can range from $1000 to $2500 depending upon the type of 

pump used. Yearly repairs are generally 5% of the capital costs and a pump can have a 

lifespan of five to 20 years. For this study, it is assumed that the lifespan of each pump 

is 20 years. 

 

Table 8.3 displays the assumed base case and range for each type of pumping cost. It is 

assumed that each pump operates five wells. The yearly cost per pump is determined 

from the values in Table 8.3 using the base case values. The annuity for each pump over 

the 20 years is $8,420.40 (Appendix D). 
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Table 8.3: Determination of an undiscounted yearly cost per pump to reclaim land from a 
shallow watertable for the hydro-economic model over 20 years (George 2001). 

Pumping cost Cost range  Base case  
Drilling $9,000 to $50,000/pump $30,000 /pump 
Power $1,000 to $2,000/pump/yr $1,500/pump/yr 
Disposal $10,000 to $50,000 $30,000 
Capital  $1,000 to $2,500/pump plus 5% per year $1,750/pump plus $88/yr 

 

8.5 Recharge/discharge rates and land-use production assumptions 

8.5.1 Vegetative land-uses 

The recharge rate for each vegetative land-use is shown in Table 8.4. The second 

column, “Proportional recharge rate” specifies the recharge rate of each land-use as a 

proportion of recharge of annual plants. These are the values used in the Flowtube 

hydrology simulation model using the Date Creek Subcatchment assumptions from 

George et al. (2001) (Chapter 7). 

 

Table 8.4: Recharge rate for each vegetative land-use 
Land-use Proportional recharge rate Recharge rate (mm/yr) 
Annual rotation 1 50 
Tree plantations 0.05 2.5 

 

To simulate the effects of a shallow watertable on land-use production, a logistic 

function was chosen (8.4). It is smooth and continuous, unlike the bent-stick model, and 

so better reflects the gradual effects of dryland salinity on annual and perennial land-

uses (Figure 8.4).  
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Figure 8.4: Plot of Equation 8.4 depicting the effect of a shallow watertable on the 
maximum yield obtainable from each land-use 

 

The values for the parameters, øj and βj, in (8.4) are shown in Table 8.5 for each land-

use. These values were determined according to the following assumptions. 

• At a watertable depth of 0.2m, little or no yield is obtainable from annual land-

uses (Pavelic et al. 1997). 

• At a watertable depth of 1.8m or lower the yield obtainable from annual land-

uses begins to diminish due to the effects of dryland salinity (Nulsen 1981). 

• Tree plantations are assumed to lose yield potential if the watertable depth is one 

metre or shallower (Clarke et al. 2002). However, watertables deeper than one 

metre are assumed to be low enough for the trees to survive. 

 

Table 8.5: Values of the parameters, øj and βj from Equation 8.4 for each land-use. 
Land-use øj βj 
Annual rotation 48 4 
Tree plantations 20 8 

 

8.5.2 Groundwater pumping 

The amount by which groundwater pumping will increase the watertable depth and over 

what distance from the pump is highly dependent upon hydrological and geological 

characteristics of the catchment and groundwater system present. For the case study in 

Chapter 9, the increased discharge rate due to groundwater pumping was assumed to be 
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5cm every year, uniformly within a section for each pumping system installed. The 

discharge amount for the hydro-economic model was chosen to represent hydro-

geological conditions that were partly favourable to groundwater pumping. This 

assumption was guided by the results from Beverley et al. (2008). The authors assessed 

the groundwater extraction volumes required to protect high-value assets within 10 

locations of the Avon Richardson Catchment in northern Victoria. The volumes 

extracted were estimated to maintain the watertable beneath each asset to a depth of two 

metres (Beverly et al. 2008). The discharge rates to achieve this watertable depth for 

each location ranged from 2cm/yr to 19cm/yr, with an average of 11cm/yr.  

8.6 Computer software used 

The non-linear mathematical programming model is generated using the Generalized 

Algebraic Modelling System (GAMS) computer software program. GAMS was 

developed by The World Bank (Bisschop and Meeraus 1982; Meeraus 1983). It is a 

modelling system used to facilitate the development, documentation, solution and 

reporting of results for optimisation of mathematical programming models. The GAMS 

code for the hydro-economic model is available in Appendix B 

8.7 Summarising comments 

Unlike many previous models of dryland salinity, the hydro-economic model developed 

in this study includes off-site external impacts from dryland salinity, as well as private 

impacts. The model is able to investigate the temporal and spatial impacts of dryland 

salinity and determine the optimal placement of management strategies to internalise the 

dryland salinity externality, for a case study in the western wheatbelt of Western 

Australia. The next chapter applies the hydro-economic model by investigating the 

impact of dryland salinity on public road infrastructure. 
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9. Impact of dryland salinity on road infrastructur e in 

Western Australia 

9.1 Introduction 

More than 80 percent of regional towns and cities in Australia have ongoing costs 

related to the damage caused by dryland salinity (both irrigation and dryland) to existing 

infrastructure (McRobert and Robinson 2000). These costs include damage to building 

foundations, bridges, pipelines and roads. Dryland salinity and its effects on road 

infrastructure are most prevalent in Western Australia, but are also apparent in South 

Australia, New South Wales and Victoria. In some of Western Australia’s salt-affected 

catchments, up to 30 percent of the regional roads are affected, with cost of road 

replacement reaching $1million per kilometre for main highways (McRobert and 

Robinson 2000). 

 

There are two broad approaches to dryland salinity mitigation that are possible for 

governments to pursue: (a) engineering works undertaken directly by government (for 

example, pumping, drainage and use of salt-resistant construction methods) and (b) 

efforts to encourage landholders to shift from annual systems towards more perennial-

based farming systems in order to prevent salinisation. This research focuses on both 

cases. It investigates a series of different road classes, as defined by Mains Roads 

Western Australia, in order to; 

• quantify the net benefits of alternative dryland salinity mitigation strategies 

relevant to each road type; and 

• determine when government intervention is justified to encourage landholders to 

abate the impacts of dryland salinity with and without policy constraints. 

 

This chapter begins with a summary of how dryland salinity and waterlogging affect the 

quality of roads in Section 9.2, followed by an outline of the options that are available to 

mitigate these adverse impacts (Section 9.3). Section 9.4 presents a range of estimated 

costs from dryland salinity affecting roads. Then Section 9.5 presents the assumptions 

for the incorporation of road infrastructure into the hydro-economic model. Section 9.6 

explains the scenarios investigated in this case study to accomplish the objectives 

described above. Section 9.7 contains the results and discussion, and is followed by the 

conclusions of the study in Section 9.8.  
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9.2 Dryland salinity impact on roads 

In 1999 it was estimated that 230km of main roads was already affected by high 

watertables and dryland salinity in Western Australia, representing 3% of the main road 

network (McRobert and Foley 1999). This figure does not include local roads, which 

would make the estimate considerably higher. In terms of monetary value, an additional 

$50 to $100 million in routine maintenance and reconstruction costs over a 20 year 

period is expected (McRobert and Foley 1999).  

 

Other estimates have involved much greater road lengths (Table 9.1). The discrepancy 

is at least partly due to different criteria being used. The estimates in Table 9.1 are for 

road lengths at risk of shallow watertables, rather than estimates of lengths actually salt-

affected. The “at risk” category is much broader. 

 

Table 9.1: Estimated length of road affected by high watertables in 2001 and 2050. 
Road type Estimate at 2001 Estimate at 2050 
Highway 721 km* 1400km# 1506 km* 2665km# 
Primary roads 630 km* 1166 km* 
Secondary roads 1196 km* 12750km# 2326 km* 25255lkm# 
*source: (National Land and Water Resources Audit 2001) 
# source: (Short and McConnell 2001) 
 

Another reason for the broad range of estimates is the difficulty of making such 

estimates. It is not an easy task to determine the precise effects of a shallow watertable 

and dryland salinity on road assets as there are usually a range of interlinked processes 

contributing to deteriorating seals, base failures or structure weakening. As a general 

guide, topographically low areas in districts with known dryland salinity problems will 

be most likely to have sections of road vulnerable to dryland salinity effects.  

 

Roads have also been identified as contributing to shallow watertables in some parts of 

the Australian landscape (Robertson et al. 1992; Environment Australia 2005). Roads 

can affect the distribution of drainage patterns, cause erosion, siltation, turbidity, 

fragmentation of habitats and spread non-indigenous plants and animals (Robertson et 

al. 1992). The extent to which a road will have any impact on salinisation will depend 

on several factors, including the location of the road, road surface materials, level of 

use, extent and nature of maintenance and the time since construction (Environment 

Australia 2005). This research is focussed on cases where the problem is a rising 

watertable causing road degradation, not the presence of the road causing a rising 
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watertable. This simplifies the causal relationship of the dryland salinity; it is private 

management decisions causing degradation to a public asset. 

 

As part of the 1996 Salinity Action Plan, the Rural Towns Rescue Program was 

established aimed at protecting infrastructure. Martin and Metcalf (1998) showed that 

each council spent an average of $77,000 per year on repairs and maintenance to roads 

and buildings directly caused by dryland salinity. Dames and Moore (2001) identified 

that damage to public infrastructure, in particular to road pavements, represented up to 

60% of the damage cost in rural towns in Western Australia. It is important to be 

cautious in generalising from these studies, as each case of regional town and road 

infrastructure will require individual investigation and advice in determining the most 

appropriate course of action. This study aims to broaden the understanding of the 

economics of dryland salinity impacts on public infrastructure, in particular roads.  

 

9.2.1 The influence of dryland salinity on road performance. 

The impacts of dryland salinity on road infrastructure are complex, involving water and 

salt cycles above and below the ground or road base. These processes vary significantly 

from site to site, as well as over time. The cycles of water and salt accumulation can act 

separately, but also have a combined effect on the road performance and durability.  

 

Increased water or moisture content is one of the main causes of road failure worldwide. 

An increase in moisture content, beyond which the road is designed for, can weaken 

and/or deform the road significantly affecting its performance. If the watertable is at the 

soil surface or within approximately two metres of the surface, capillary action can draw 

moisture into the road, damaging the road surface and sub-base (Department of 

Agriculture 2001; NSW Agriculture 2003; Kodikara et al. 2004). Lowering the 

watertable may have a lagged effect on the moisture content in the road pavement and 

sub-grade soil; like other aspects of dryland salinity, damage to roads is said to be 

characterised by hysteresis, or poor reversibility. Evaporation from the capillary zone 

may take three to five years to ensure a return to dry pavement (Department of 

Agriculture 2001). This process can be assisted by roadside plantings of trees. 

 

The damage to roads caused by salts depends upon the type of salt and concentration 

present, which varies with local climate and geology. Each type of salt has different 

solubility and crystallisation properties. Only water-soluble salts are able to move 
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through the road structure and, if evaporation occurs, these salts concentrate and may 

become solid, resulting in deformities in the road surface (NSW Agriculture 2003; 

Kodikara et al. 2004). 

 

The combined effects of water and salt in a road structure result in:  

• rutting of the road surface caused by trafficking on a weakened pavement 

structure, 

• development of potholes due to the abrading effect of traffic removing the 

surface stone chips on moisture-weakened seals and sub-base materials, 

• high concentrations of salt deposition in the sub base layer, leading to debonding 

of the seal bituminous surface, causing a reduction in traction for traffic, 

• a need for major road patching due to base failure by moisture weakening large 

sections of the sub-base, and 

• damage to concrete structures due to rusting and expansion of steel 

reinforcements, resulting in spilling of the concrete cover (McRobert and Foley 

1999; NSW Agriculture 2003) 

 

McRobert and Robinson (2000) identified several issues of concern for local road 

managers due to dryland salinity: 

• saturation of the underlying road structure leading to base failure; 

• loss and degradation of important remnant vegetation along roads; 

• increased surface flooding and inundation of roadways leading to erosion and 

subsequent siltation of road structures, such as culverts; 

• contribution by roads themselves to the dryland salinity problems in adjacent 

farms; 

• growing damage due to increased axle loads and altered heavy vehicle patterns 

on local roads; and . 

• difficulty in sourcing good quality aggregates and gravels to keep up with 

resealing and reconstruction activities.  

 

9.3 Approaches to manage the effects of dryland salinity on roads 

The majority of the road network that is already affected by dryland salinity and shallow 

watertables are local roads managed by local councils. For these councils, funding is a 

major constraint on the rehabilitation and treatment options available to mitigate the 
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effects of dryland salinity. Therefore the choice of approach must be one which offers 

the greatest benefit for the least cost. The management options available for all types of 

roads include: 

• reconstruct and rehabilitate the road after damage; 

• incorporate improved drainage and/or groundwater pumping to locally lower 

watertables; and 

• introduce salt/waterlogging tolerant perennial vegetation along road reserves or 

in adjacent catchment areas to lower watertables locally and under the road.  

 

The success of the different approaches depends on the hydraulic properties of the 

aquifers and soils which control the movement and storage of groundwater at each site 

(McRobert and Robinson 2000). Table 9.2 describes the different approaches available 

and comments on their potential performance for dryland salinity mitigation. Many of 

the approaches can be used in combination to alleviate the effects of dryland salinity. 

Road maintenance and reconstruction does not directly address the cause of the 

problem, whereas perennial revegetation and, in some cases, engineering options will 

lower the watertable (McRobert and Robinson 2000; NSW Agriculture 2003). 

 



 176 

Table 9.2: Description of the different approaches available and comments on their 
potential performance for dryland salinity mitigati on.  

Performance criteria Dryland salinity 
management 
approach 

Comments 

Capital 
cost 

Ongoing 
maintenance 

Effectiveness 

Road maintenance and rehabilitation measures 
Road reconstruction- 
raise pavement and 
reconstruct 

Raise road up to 1m above 
the natural surface level 

High  Moderate High 
(immediate 
benefit) 

Pavement 
rehabilitation- 
resheeting or drainage 
blanket 

Highly dependent upon 
long-term sub-grade 
strength. 

Moderate Moderate Moderate 

Intensive maintenance- 
surface drainage 
works, patching 

Dependent on sub-grade 
strength and traffic 
loading. Defers the need 
for major reconstruction 

Low to 
moderate 

High Low 

Engineering 
approaches 

The following three 
options will depend on the 
presence of a suitable 
discharge point to 
environment. 

 

Groundwater pumping Requires sufficient aquifer 
permeability, success will 
very much depend on local 
site factors 

Moderate High Low to 
moderate 

Subsurface drainage 
installation - placed 
just beneath or deeper 
below the sub-grade 

Performance will be site-
specific and dependent on 
sufficient grades, 
formation permeability 

Moderate Moderate Moderate 

Surface drainage 
improvement - for 
runoff management 
and watertable control. 

Shallow surface drains 
nearly always achieve 
benefits providing there is 
sufficient surface gradients 
to drain water, deeper 
drains raise concerns about 
road safety and stability in 
long-term 

n/a n/a n/a 

Revegetation approaches 
Recharge control- 
broad scale 
revegetation of 
catchment 

May require large costs to 
compensate participating 
farmers for their losses due 
to land-use change 

High High High (over 
long-term) 

Roadside planting for 
local discharge 
control- revegetation 
of road verge or 
adjacent to landholders 
properties 

Success of vegetation in 
achieving drawdown in the 
watertable to protect roads 
will depend on local site 
factors 

High Moderate Moderate 

Source: McRobert and Robinson (2000) and NSW Agriculture (2003) 
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9.3.1 Revegetation strategies 

The success of revegetation strategies depends on a range of factors. The difficulties 

that must be considered include that  

i) the long-term survival of introduced vegetation will rely on accumulated salts 

remaining or being leached beyond the root zone;  

ii)  the salt and waterlogging tolerance of tree species is variable and needs to be 

matched to local conditions;  

iii)  the choice of tree species may also be influenced by biodiversity conservation 

objectives – native species may provide better habitat than do introduced 

species; and  

iv) careful planning and preliminary site investigation is needed. 

 

To manage these difficulties a range of factors (depending on the local site conditions) 

should be considered. 

• Initial depth to watertable should be more than two metres as waterlogging and 

dryland salinity can affect health and stability of young plants.  

• Groundwater salinities should preferably be no more than 10,000mg/L.  

• Sandy soils are more conducive to leaching salts from the surface to enable 

established plants to survive. 

• Aquifer characteristics must be considered, including the porosity of the aquifer, 

hydraulic grades and groundwater storage volumes. These will determine the 

water usage rates by the plantation to achieve a given level of watertable 

reduction. A low permeability will have low storage and low groundwater 

inflow rates. 

• Plant species should be chosen to suit local climate, and to suit levels of dryland 

salinity and waterlogging experienced locally (McRobert and Robinson 2000; 

NSW Agriculture 2003). 

 

9.3.2 Engineering strategies 

If saline groundwaters are already shallow, drainage and groundwater pumping may be 

the only effective management options in the short-term. Their performance depends on 

the following aspects being present: 

• sufficient surface grade to allow groundwater to drain to a suitable discharge 

point; 
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• suitable permeable soil layers for engineering works to be effective. Sandy 

surface soils are better as they leach readily and are more responsive to drainage; 

• aquifer storage volumes being sufficiently low to be managed by drains at 

acceptable recurrent operating and maintenance costs; and 

• acceptable discharge outlets. (McRobert and Robinson 2000; NSW Agriculture 

2003). 

 

The extent to which either revegetation or drainage will be cost-effective in lowering 

the watertable and protecting roads is difficult to predict, particularly since the results 

will be site-specific and to some extent will remain uncertain even following 

preliminary site investigation.  

9.4 Costing the impacts of dryland salinity on roads 

Costs to roads can be incurred at a number of different stages including construction, 

ongoing repair and maintenance, and reduced lifespan. Several reports have estimated 

the costs associated with dryland salinity damage on roads (Wilson 1999; Dames and 

Moore 2001; Department of Agriculture 2001; Hajkowicz 2002; NSW Agriculture 

2003). Table 9.3 presents a list of these cost estimates for each of the treatment 

strategies described in Table 9.2. These costs do not distinguish between the different 

types of roads. Table 9.4 presents a range of maintenance costs for different degrees of 

dryland salinity impacts on a variety of road types. 

 

Table 9.3: Indicative costs of different treatment strategies to mitigate the effects of 
dryland salinity. Adapted from McRobert and Foley (1999) and NSW Agriculture (2003) 

Treatment Strategy Indicative cost ($/km) Probability of long-term 
success 

Road reconstruction 400,000 High 
Intense road maintenance >50,000 per year Very low 
Major road rehabilitation 200,000 to 400,000 Good to high 
Revegetation 6,000-9,000 Good 
Groundwater pumping 9,000 High 
Subsurface drainage 5,140-11,600 High 
Surface drainage 500-1,000 High 
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Table 9.4: Associated costs for a range of watertable depths for road type ($/km/yr). 
Adapted from (Wilson 1999), republished in (NSW Agriculture 2003) 

Road class Severe impacts 
 

Moderate 
impacts 

Slight impacts Very slight 
impacts 

National or state 
highway 

31,180 3,600 1,200 800 

Main sealed road 17,320 1,600 450 200 
Minor sealed 
road 

1,200 700 300 100 

Unsealed road 800 500 200 80 
Urban road  2,400 1,500 380 150 
*assume severe impacts is an average watertable depth of 0.5m, moderate impacts 1.5m, slight 
impacts 2m and very slight impacts of 2.5m. 
 

The costs presented in Table 9.4 are comparable to estimates published in other studies 

(Dames and Moore 2001). These costs represent the additional costs to manage the 

impacts of dryland salinity on road pavement, and do not include the costs of 

revegetation or engineering strategies.  

 

The Department of Agriculture (2001) study included costs for road reconstruction and 

these costs are shown in Table 9.5. The study assumed that the life expectancy of a road 

was reduced from 40 years to 20 years as a result of a shallow watertable. The report did 

not include reconstruction costs for a minor sealed road. The values included into Table 

9.5 are estimated by the author based on an interpolation between the values in the 

table.  

 

Table 9.5: Reconstruction costs of roads to the presence of dryland salinity as presented in 
the report by the Department of Agriculture (2001). 

Road Type Reconstruction 
costs ($/km) 

Additional reconstruction 
costs (watertable less than 
2m) ($/km) 

Repair costs due to 
a shallow watertable 
($/km/yr) 

State highway 400,000 71,000 to 115,000 10,000 
Main sealed road 100,000 25,000 to 35,000 2,900 
Minor sealed road 25,000* 8,000 to 12,000* 1,500 
Unsealed road 7,000 3,000 1,000 
*these values are estimated by the author. 
 

9.5 Assumptions for the analysis 

9.5.1 Assumptions about the road network 

The objective function for this analysis is to maximise the present value of net-benefits 

consisting of net profits from a variety of land-uses, and net costs associated with 

impacts of dryland salinity on the road network within the catchment. The road network 

consists of four types of roads as presented in Table 9.4. The length of road in the Date 
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Creek subcatchment is estimated to be three percent of the total length of road in the 

West Arthur Shire – 26 km out of 854 km (Main Roads Western Australia 2004). The 

value of three percent is chosen, as the Date Creek subcatchment represents three 

percent of the total area of West Arthur Shire. It was assumed that only 30% of the road 

network is at risk from dryland salinity (State Salinity Council 2000). This equates to 

7.82km within the Date Creek subcatchment. 

 

Within the Date Creek subcatchment, the types of roads that are present are only minor 

sealed (6 km) and unsealed (20 km); there are no highways or main sealed roads 

present. However, to investigate the effects of different road types on optimal land 

management in agricultural catchments, three different combinations of road types are 

used (Table 9.6). The first combination represents the current situation within the Date 

Creek subcatchment where only unsealed and minor roads are present. The other two 

combinations reallocate 20% of the road length to either main roads or highways (Table 

9.6). 

 

Table 9.6: The percentage of each road type and corresponding length of each road type 
(km) for each combination of road types that are at risk from dryland salinity. 

Road Class Combination 1 Combination 2 Combination 3 
Highway - - 20 (1.566) 
Main sealed road - 20 (1.566) - 
Minor sealed road 50 (3.915) 40 (3.132) 40 (3.132) 
Unsealed road 50 (3.915) 40 (3.132) 40 (3.132) 

 

9.5.2 Assumptions for the hydro-economic model 

This section explains the assumptions that were made for the hydro-economic model. 

Road maintenance costs 

The majority of roads at risk from dryland salinity are at or near the valley floor section 

of a catchment. For this analysis, the threatened roads are assumed to be situated at 

distances of 1,850m or more along the flow tube in the hydrological model (Figure 9.1), 

i.e. on the valley floor of the catchment. For calculation purposes, it is assumed that all 

roads are located at exactly 1,850m. The maximum length of road (of all road types) 

that can be degraded by a shallow watertable is 7.82 km (Table 9.6).  
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Figure 9.1: Conceptual cross-sectional diagram of the location of the road within the 
catchment and the starting watertable depth. 

 

The costs of road maintenance when a shallow watertable is present are taken from 

Table 9.4. These costs are included into the hydro-economic model as a logistic 

function for each road type . This equation is restated here and renamed (9.1). 
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where )( ,dt
a
t wc  is the total cost of damage per kilometer of road, aC  is the maximum 

cost per kilometer when the watertable reaches the surface, aφ and 
a

β  are the scaling 

parameters as the watertable depth deepens and wtd is the watertable depth under the 

road infrastructure. This part of the equation, 
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transformed from (8.10) to represent a proportional change in the costs to maintain the 

road. As Figure 9.2 shows, as the watertable becomes shallower, the costs of road 

maintenance increase. When this section of (9.1) is multiplied by aC  it gives the 

proportional road maintenance costs per kilometre. The values for aφ  and 
a

β  are 64 

and 4 respectively. These values were chosen to ensure that when the watertable reaches 

one metre below the surface means half of the maximum possible road maintenance 

costs ( aC ) will be incurred.  
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Figure 9.2: Proportional cost of the maximum road costs per kilometer as the watertable 
becomes shallower. 

 

The costs for road reconstruction are taken from Table 9.5. The decision to reconstruct 

the road occurs when the watertable has been less than 2m below the road for a period 

greater than 20 years. At this point, it is assumed that the road has deteriorated to a point 

where further maintenance is unable to maintain the safety of the road for use by the 

public. In this instance, there are costs associated with maintaining the road for 20 years 

and then with its replacement, if the watertable depth has not fallen to greater than 2 m. 

Incorporating the costs for road reconstruction into the model, as just described, would 

involve an integer programming problem, which would further complicate the hydro-

economic model developed. To resolve this issue, the costs of road reconstruction are 

annualised and added to the annual road maintenance costs. The reconstruction costs 

from Table 9.5 for each road type were multiplied by 0.03024 to convert them to 

annualised values. These annualised costs paid over 20 years would be equivalent to the 

replacement costs at the end of 20 years assuming a real discount rate of 0.05%. This 

annualised value was then added to the annual costs of road maintenance when the 

watertable is 0.5m below the surface. The maximum costs of road maintenance per 

kilometre, aC , are shown in Table 9.7.  
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Table 9.7: Maximum cost of road maintenances per kilometre due to a rising watertable 
aC  ($/km/yr). 

Road type aC  
Highway 43,276 
Main sealed road 20,344 
Minor sealed road 1,956 
Unsealed road 1,012 

 

9.6 Scenarios investigated 

For the two metamodels presented in Chapter 8, two situations were considered: firstly, 

where groundwater pumping would be a potentially viable option to assist in managing 

a shallow watertable; and secondly, where groundwater pumping would not be a 

potential option (for example, due to excessive disposal costs or unsuitable soil types).  

 

A series of three starting watertable depths were chosen to represent varying degrees of 

threat from dryland salinity; imminently threatened, potentially threatened depending on 

land-use decisions and no immediate threat. The three starting watertable depths for 

each metamodel are shown in Table 9.8. These watertable depths were chosen 

according to the following criteria: 

• For the ‘imminently threatened’ category, when the watertable depth reached 

two metres by year 10. 

• For the ‘potentially threatened’ category, when the watertable depth reached two 

metres by year 30. 

• For the ‘no immediate threat’ category, when the watertable depth reached two 

metres by year 50. 

 

Table 9.8: Starting watertable depths (metres below the ground surface) for each 
metamodel representing different degrees of threat from dryland salinity.  

Road type Metamodel (8.5) Metamodel (8.6) 
Imminently threatened 2.8 2.9 
Potentially threatened 3.8 4.2 
No immediate threat 4.2 5.0 
 

For each initial watertable depth and groundwater pumping situation, two management 

scenarios were investigated:  

• Scenario A (Business as usual): The model optimises land management for the 

catchment without regard to the implications of land-use decisions for dryland 

salinity affecting the road. In this case, the costs of road maintenance are not 



 184 

included in the objective function of the catchment and so remedial options to 

control a shallow watertable are not selected. 

• Scenario B (Internalise the externality): For this scenario the damage costs from 

dryland salinity on road infrastructure are included into the objective function 

along with all other costs and benefits of the land management options. 

 

9.7 Sensitivity Analyses 

Three sets of sensitivity analyses were conducted, the first examining results for 

different combinations of roads and different levels of dryland salinity threat, the second 

investigating the influence that changes in individual parameters have on the value of 

the objective function and the optimal management strategy, and the third evaluating the 

combined effects of multiple parameters on the results. The first sensitivity analysis 

examined all combinations of roads (Table 9.6) while the latter two sensitivity analyses 

were limited to the first and third combination of roads (Combinations 1 and 3), to show 

the range in results between the most expensive and least expensive road type 

combinations.  

 

9.7.1 Road type and dryland salinity threat scenario 

The model was solved for each metamodel for each road combination (Table 9.6), for 

each starting watertable depth (Table 9.8). 

 

9.7.2 Sensitivity analysis of individual parameters 

Table 9.9 shows the range of values for each of the individual parameters used in the 

sensitivity analysis. The values in bold are for the base case. 
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Table 9.9: The range of values for each parameter in the hydro-economic model for the 
sensitivity analysis of individual parameters. 

Parameter Description Range of values  
r Discount rate 2.5%, 5%, 7.5% 

e
tmc  Cost of groundwater pumping. 50%, 100%, 150% 

Profitability 
of trees 

Increase the profitability of trees up to 
a maximum level equal to the gross 
margin from annual land-use. 

$136/ha/yr, $146/ha/yr, 
$156/ha/yr, $166/ha/yr 

aC  Maximum damage cost to the road 
from dryland salinity ($/km/yr) 

50%, 100%, 200% 

,1650tw  
The road was located at distance 
1,650m along the flow tube. 

Unconstrained 

10,1850w  
Prescribed starting watertable below 
the road in year 10. 

1.5m, 2.0m, 2.5m 

 

The range of values chosen for each of the parameters was influenced by the following 

considerations: 

• Policy constraint ( tdw ): A hypothetical policy constraint was imposed within 

the catchment to maintain the watertable depth below the road to various 

watertable depths after year 10. 

• Increased costs of road maintenances (aC ): As the costs of road damage due to 

dryland salinity is uncertain, a scenario with half and double the costs was 

included. 

• Shifting the location of the road (tdw ): In Scenarios A and B, the road was 

located at a distance of 1,850m or on the valley floor. In this sensitivity analysis 

the road was shifted up-hill to a distance of 1,650m, which is situated before the 

valley floor. The impact of dryland salinity on the road will be lower. 

• Increasing the profitability of woody perennial vegetation: The profitability of 

trees is variable from time to time (for example, due to changes in wood product 

prices), so the gross margin of trees was increased over a range up to the value 

of the gross margin of annual vegetation.  

• Altering the costs of engineering works (e
tmc ): As the costs of engineering works 

are case-specific and difficult to predict for a particular case, so costs of 

groundwater pumping was varied. 

• Discount rate(r): The discount rate has a large influence on the future value of 

various management options. There is no clear-cut policy on which discount rate 

should be used, so a range was examined. 
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9.7.3 Sensitivity analysis of multiple parameters 

Table 9.10 shows the low and high values used for each of the parameters for the 

multiple-parameter sensitivity analysis. Two values were chosen for each parameter in 

Table 9.10 (a high and low value) when there was a noticeable impact on the objective 

function.  

 

Table 9.10: The values for each parameter from the hydro-economic model for the 
sensitivity analysis of multiple parameters. 
Parameter Low value High value 

aC  50% 200% 
e
tmc  50% 150% 

r 2.5% 7.5% 
 

9.8 Results and discussion 

9.8.1 Road type and dryland salinity threat scenario 

Scenario A 

The maximum annuity was $136/ha, when dryland salinity would not occur in the 

catchment. In this situation the entire catchment was planted to annual land-uses.  

 

Maximum objective function values expressed as annuities are presented in Table 9.11 

for Scenario A. Scenario A does not include the damage costs to road infrastructure in 

the objective function; therefore there was no difference between the combinations of 

roads (Table 9.6). The highest annuities, when dryland salinity would not occur for 

another 50 years (labelled “no immediate threat”), were close to the maximum value of 

$136/ha. For all levels of threat from dryland salinity, there was some cost to agriculture 

production in the catchment. As the threat from dryland salinity increased, so did the 

costs from decreased agricultural production and/or the management option 

implemented. Indeed, economic returns are quite sensitive to the imminence of the 

dryland salinity threat. The highest cost from these scenarios was around 9% of the 

annuity of the no-salinity case. Metamodel (8.6) represents a situation where dryland 

salinity is harder to manage and so has a greater impact on economic returns, compared 

to Metamodel (8.5). 
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Table 9.11: Scenario A annuities from only agricultural production ($/ha) for each 
starting watertable depth and metamodel used 

Management option and Metamodel Dryland salinity threat  

Only trees are available 
Imminently 
threatened 

Potentially 
threatened 

No immediate 
threat 

Metamodel (8.5) 131.59 135.46 135.85 

Metamodel (8.6) 124.70 134.34 135.76 

Groundwater pumping and trees available     

Metamodel (8.5) 132.84 135.46 135.85 

Metamodel (8.6) 131.13 134.95 135.76 

 

Table 9.12 displays the road maintenance costs that were calculated in the above results 

but were not included into the objective function for Scenario A. The total costs to 

agricultural production from dryland salinity are also shown in Table 9.12. The road 

costs increased from Combination 1 to Combination 3, as more costly roads (main roads 

and highways) were included. This increase was large proportionally, but overall the 

cost to roads was small relative to the cost of agricultural land. The inclusion of 

groundwater pumping as a mitigation option reduced the costs of road maintenance 

considerably, especially for Metamodel (8.6). 

 

The agricultural cost from dryland salinity (when the only management option was 

trees) represents the costs across the catchment from dryland salinity and/or the 

inclusion of trees (Table 9.11). The optimal area of trees over time is shown in Table 

9.13. Trees were only selected when the threat from dryland salinity was imminent. 

Optimal tree areas for other levels of dryland salinity threat were zero (not shown in 

Table 9.13). As noted previously, Metamodel (8.5) represents a situation where trees are 

efficient at drawing down the watertable locally, while Metamodel (8.6) represents a 

case where trees are required over a larger area to lower watertables. In the first 

instance, the trees were planted where the road was located in the catchment, and a 

smaller area was used. In the second metamodel, a larger area of trees was selected 

across the entire catchment. 
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Table 9.12: Scenario A road maintenance and total costs expressed as annuities ($/ha) for 
each level of dryland salinity threat and metamodel used 

Management option and Metamodel Dryland salinity threat  

Metamodel (8.5) Imminently 
threatened 

Potentially 
threatened 

No immediate 
threat 

Only trees are available     

Agricultural costs 4.41 0.54 0.15 

Road costs, combination 1 0.16 0.04 0.01 

Road costs, combination 2 0.47 0.11 0.02 

Road costs, combination 3 0.81 0.18 0.04 

Groundwater pumping and trees available     

Agricultural costs 3.16 0.54 0.15 

Road costs, combination 1 0.07 0.04 0.01 

Road costs, combination 2 0.20 0.11 0.02 

Road costs, combination 3 0.34 0.18 0.04 

Metamodel (8.6)    

Only trees are available     

Agricultural costs 11.30 1.66 0.24 

Road costs, combination 1 0.45 0.10 0.01 

Road costs,  combination 2 1.31 0.31 0.02 

Road costs, combination 3 2.25 0.53 0.03 

Groundwater pumping and trees available     

Agricultural costs 4.87 1.05 0.24 

Road costs, combination 1 0.08 0.03 0.01 

Road costs, combination 2 0.22 0.09 0.02 

Road costs, combination 3 0.38 0.15 0.03 

 

In the cases where no trees were planted (when the catchment faced a potential threat or 

no immediate threat), the total costs represent the reduction in agricultural production 

due to dryland salinity.  
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Table 9.13: Area of trees in the catchment (%) for each metamodel under Scenario A 
when the threat from dryland salinity was imminent (groundwater pumping excluded) 

Metamodel Time (yr) Area of trees Location (distance, m) 

Metamodel (8.5) 1-25 0.5 1,850 

 26-50 2.3 1,850 

 51-75 0 0 

 76-100 0 0 

Metamodel (8.6) 1-25 12.4 350, 650, 750, 850, 1,450, 1,650 

 26-50 0 - 

 51-75 0 0 

 76-100 0 0 

 

For the cases where groundwater pumping was an option, Table 9.14 describes when 

the pumps operated in the catchment and how much water was pumped. In all cases, the 

pumps were located close to the road. and it replaced the area of trees planted. For 

Metamodel (8.5), groundwater pumping was used in years one to 50 where the dryland 

salinity threat was imminent. After year 50, the optimal solution was for the pumps to 

be turned off. For Metamodel (8.6), groundwater pumping was used at a higher rate 

given imminent dryland salinity, and used at a lower rate for a relatively shorter period 

given potential dryland salinity. 

 

These results indicate that, given the assumptions used in this analysis, groundwater 

pumping is a more beneficial option than planting trees in this environment. This 

conclusion depends on a broad range of assumptions that are tested further below. 

 

Table 9.15 presents the final watertable depth under the road at the end of the time 

horizon (T=19). In the “imminent” scenario, and to a lesser extent the “potential” 

scenario, the implementation of groundwater pumping increased the final depth of the 

watertable relative to the result for trees only. This resulted in lower total costs 

(agricultural and/or road maintenance costs) from dryland salinity (Table 9.12). 
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Table 9.14: Amount of water pumped (m) (at the location of the road) in the catchment 
when groundwater pumping was available as a mitigation option, when dryland salinity 

was imminently or potentially threatening. 

Metamodel 

Dryland 
salinity 
threat Time (yr) 

Amount of 
water pumped 

(every five 
years) 

Metamodel (8.5) Imminent 1-25 0.1 

  26-50 0.1 

  51-75 0 

  76-100 0 

Metamodel (8.6) Imminent 1-25 0.18 

  26-50 0.21 

  51-75 0 

  76-100 0 

 Potential 1-25 - 

  26-50 0.11 

  51-75 0 

  76-100 0 

 

Table 9.15: The watertable depth (metres below the surface) under the road at the end of 
the time period (T=19) for each metamodel and dryland salinity threat for Scenario A. 

Management option and Metamodel Dryland salinity threat  

Only trees are available 
Imminently 
threatened 

Potentially 
threatened 

No immediate 
threat 

Metamodel (8.5) 2.9 2.9 3.3 

Metamodel (8.6) 0.9 1.9 2.7 

Groundwater pumping and trees available     

Metamodel (8.5) 3.1 2.9 3.3 

Metamodel (8.6) 2.5 2.4 2.7 

 

Scenario B 

Table 9.16 presents the annuities from the objective function for Scenario B, in which - 

damage costs to road infrastructure are included in the objective function. Compared to 

Table 9.11 the annuities are slightly lower due to the incorporation of road costs. 

However, a more valid comparison is between the total costs of dryland salinity 

(agricultural land plus roads) for Scenario A (Table 9.12) and Scenario B (9.17). In 

Scenario B, the total costs are often lower, due to adjustments to management to reduce 

those costs. These adjustments are made as a result of including the road costs into the 

objective function. For example, consider the results for Metamodel (8.5), road 
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combination 3, trees only and imminent dryland salinity. In Scenario A, the cost was 

$4.41 for agriculture, $0.81 for roads, totalling $5.22/ha/yr (Table 9.12). In Scenario B, 

the total cost for this situation was $5.08/ha/yr, consisting of $0.56 for roads and $4.48 

for agriculture. This reflects different land management as follows. In Scenarios A and 

B tree plantations were located at the road. For Scenario B, when the costs of road 

maintenance were included into the objective function, the area of trees increased from 

0.5% to 1% for the first 25 years. The area of trees for years 26 to 50 was the same 

(2.3%) for the both Scenarios. 

 

Table 9.16: Scenario B annuities ($/ha) for each level of dryland salinity threat and 
metamodel used 

Management option and Metamodel Dryland salinity threat 

Metamodel (8.5) Imminently 
threatened 

Potentially 
threatened 

No immediate 
threat 

Only trees are available     

Combination 1 131.43 135.43 135.84 

Combination 2 131.17 135.36 135.82 

Combination 3 130.92 135.28 135.81 

Groundwater pumping and trees available     

Combination 1 132.78 135.45 135.84 

Combination 2 132.66 135.40 135.82 

Combination 3 132.55 135.35 135.81 

Metamodel (8.6)    

Only trees are available     

Combination 1 124.60 134.23 135.75 

Combination 2 124.42 134.03 135.74 

Combination 3 124.11 133.84 135.72 

Groundwater pumping and trees available     

Combination 1 131.06 134.92 135.75 

Combination 2 130.93 134.87 135.74 

Combination 3 130.81 134.81 135.72 

 

In some cases, the costs are the same between Scenarios A and B, because the 

management options selected under Scenario B were no different, despite the 

differences in objective function. For example, when there was no immediate threat 

from dryland salinity, the costs to agriculture were the same for both metamodels. The 

difference in the objective functions between the two scenarios was due to the 

incorporation of road maintenance costs in Scenario B. 
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Table 9.17: Scenario B agricultural cost and road maintenance cost annuities ($/ha) for 
each level of dryland salinity threat and metamodel used 

Management option 
and Metamodel 

Dryland salinity threat 

 Imminent threat Potential threat No immediate threat 

Metamodel (8.5) Agric. 
costs 

Road 
costs 

Agric. 
costs 

Road 
costs 

Agric. 
costs 

Road 
costs 

Only trees are available       

Combination 1 4.42 0.15 0.53 0.04 0.15 0.01 

Combination 2 4.46 0.37 0.54 0.10 0.15 0.02 

Combination 3 4.52 0.56 0.54 0.18 0.15 0.04 

Groundwater pumping 
and trees available        

Combination 1 3.16 0.06 0.52 0.03 0.15 0.01 

Combination 2 3.18 0.16 0.54 0.06 0.15 0.02 

Combination 3 3.20 0.25 0.54 0.11 0.15 0.04 

Metamodel (8.6) Agric. 
costs 

Road 
costs 

Agric. 
costs 

Road 
costs 

Agric. 
costs 

Road 
costs 

Only trees are available        

Combination 1 10.79 0.30 1.66 0.10 0.24 0.01 

Combination 2 11.11 0.46 1.67 0.29 0.24 0.02 

Combination 3 11.19 0.69 1.72 0.44 0.24 0.03 

Groundwater pumping 
and trees available  

      

Combination 1 4.87 0.07 1.05 0.03 0.24 0.01 

Combination 2 4.88 0.18 1.05 0.08 0.24 0.02 

Combination 3 4.91 0.28 1.06 0.12 0.24 0.03 

 

Underlying the above results, Scenario B resulted in complex changes in land-uses and 

groundwater pumping, compared to Scenario A. Figure 9.3 shows this comparison from 

Metamodel (8.5), when dryland salinity was imminent and trees were the only permitted 

management response. The left-most bar in each time period is for Scenario A, business 

as usual. The other three bars are for Scenario B with different road combinations. In 

years one to 20 (periods one to four in the graph), the area of trees increased as the 

value of the road combination increased. In years 21 to 45, the same area of trees is 

optimal for each of the road combinations. Overall, the area of trees is positively related 

to road value. As for Scenario A, the trees were planted at the location of the road. 

Overall, for Metamodel (8.5), the area of trees selected was a small percentage of the 

catchment, reflecting the relative ease of managing the watertable level in this model. 
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Figure 9.3: Area of tree plantations within the entire catchment (%) located at the road 
(distance of 1850m) for Metamodel (8.5) when the threat from dryland salinity was 

imminent. 
 

By comparison, when the costs of road maintenance were included with Metamodel 

(8.6) the increase in the area of trees was larger and over a longer time frame. Figure 9.4 

displays the area of tree plantations within the catchment when there was an imminent 

dryland salinity threat. Again, Scenario A is compared to each road combination. For 

road Combination 1 (unsealed and minor roads) trees are selected over 17% of the 

catchment for 20 years, over 7% for the next 25 years and over 5% for the remaining 55 

years. For Combinations 2 and 3, the area was slightly lower for the first 20 years, much 

higher (24%) for the next 25 years and zero for the remainder. The larger area in periods 

five to nine meant that trees were not needed in the later years.  
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Figure 9.4: Area of tree plantations within the entire catchment (%) for Metamodel (8.6) 
when the threat from dryland salinity was imminent. 

 

The distances at which trees were planted were different for each road combination for 

Metamodel (8.6). Table 9.18 illustrates this for the case of “potential” dryland salinity 

threat. The table shows that when trees are not as effective at controlling the watertable 

depth, then a greater area is planted, but also the area distributed across the catchment 

was wider. This would ensure more recharge was intercepted, and less water was 

moving towards the valley floor.  

 

Table 9.18: Location of tree plantations for Metamodel (8.6) when there was a potential 
dryland salinity threat for each road combination (distance along the flowtube, metres). 

Time Road combination   

 Combination One Combination Two Combination Three 

Year 1 to 25 
350, 650, 750, 850, 

1,450, 1,650 
50, 150, 250 50, 150, 250, 350 

Year 26 to 50 350, 450, 650, 1,450, 

1,550 

50, 350, 450, 550, 650, 

750, 850, 950, 1,450, 

1,650 

50, 150, 250, 450, 

550, 650, 750, 1,450, 

1,650 

Year 51 to 75 1,850 - - 

Year 76 to 100 1,850 - - 

 

When there was a potential threat of dryland salinity, road Combinations 2 and 3 

planted trees at a distance of 1,650m (which is only 200m from the location of the road) 

for Metamodel (8.6). In this scenario, from the year 26 to 50, Combination 2 planted 

0.7% of the catchment area to trees and Combination 3 planted 2.3%. In Scenario A, for 
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the same assumptions for dryland salinity threat, no trees were planted, indicating that 

the presence of roads in the catchment can make a difference to the socially optimal 

strategy. 

 

When Metamodel (8.6) included groundwater pumping as a mitigation option along 

with trees for Scenario B, pumping displaced the trees, as in Scenario A. Figures 9.5 

and 9.6 show the amount of groundwater pumped when the threat from dryland salinity 

was imminent for Metamodels (8.5) and (8.6), respectively. Groundwater pumping was 

only applied for the first 50 years. As previously, a higher road value prompted a higher 

level of groundwater pumping sooner in the period.  
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Figure 9.5: Amount of groundwater pumped (m) for each road combination when the 
threat from dryland salinity was imminent for Metamodel (8.5). 
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Figure 9.6: Amount of groundwater pumped (m) for each road combination when the 
threat from dryland salinity was imminent for Metamodel (8.6). 

 

Figures 9.7 and 9.8 display the amount of groundwater pumped when there was a 

potential threat from dryland salinity for Metamodels (8.5) and (8.6), respectively. As 

previously, Scenario A is compared to the three road combinations in Scenario B. For 

these cases groundwater pumping was applied only from year 26 to year 50. 

Groundwater pumping for Metamodels (8.5) and (8.6) was only implemented in close 

proximity to the road (at a distance of 1,850m along the flowtube). 

 

When the threat from dryland salinity was imminent, a larger volume of groundwater 

was pumped in the first 25 years for Metamodel (8.5) when compared to latter years 

(Figure 9.5). Alternatively, Metamodel (8.6) used groundwater pumping to extract more 

water in later years (Figure 9.6). However, a smaller amount overall was pumped for 

Metamodel (8.5). These results again show that the hydrological assumptions 

underlying Metamodel (8.5) meant that pumping was relatively more efficient at 

controlling the watertable. As Metamodel (8.6) requires a larger amount of water to be 

pumped (or a greater area of trees to be planted), this had a negative impact on the 

objective function (Table 9.16).  
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Figure 9.7: Amount of groundwater pumped (m) for each road combination when there 
was a potential threat from dryland salinity for Metamodel (8.5). 
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Figure 9.8: Amount of groundwater pumped (m) for each road combination when there 
was a potential threat from dryland salinity for Metamodel (8.6). 

 

Similarly, when there was a potential threat from dryland salinity, groundwater 

pumping was used in both Metamodels. However in Scenario A, groundwater pumping 

was not used in Metamodel (8.5) (Figure 9.7), but was for Metamodel (8.6) (Figure 9.8).  

 

The results for Scenario B reinforce the finding under Scenario A that pumping is a 

more cost effective management response than trees. Groundwater pumping has three 

advantages in this case over tree plantations, given the assumptions of the model; i) it is 
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more effective at maintaining a deeper watertable underneath the road: ii) it does not 

displace as much land from annual vegetation, therefore retaining the potential profits 

from annual land-uses; and iii) it is more cost efficient when compared to maintaining 

the road under saline conditions or implementing tree plantations.  

 

No mitigation options available  

When there were no mitigation options available (neither tree plantings or groundwater 

pumping), the impact on the objective function was large. Table 9.19 displays the 

annuities for both metamodels for the various road combinations and dryland salinity 

threats.  

 

Table 9.19: Annuities (and total costs) ($/ha/yr) for both metamodels for the various road 
combinations and dryland salinity threats when no mitigation options were available. 

Management option and Metamodel Dryland salinity threat  

Metamodel (8.5) Imminently 
threatened 

Potentially 
threatened 

No immediate 
threat 

Combination 1 127.57 (8.43) 135.43 (0.57) 135.84 (0.16) 

Combination 2 126.61 (9.39) 135.36 (0.64) 135.82 (0.18) 

Combination 3 125.56 (10.44) 135.28 (0.74) 135.81 (0.19) 

Metamodel (8.6)    

Combination 1 123.55 (12.45) 134.23 (1.77) 135.75 (0.25) 

Combination 2 122.19 (13.81) 134.03 (1.97) 135.74 (0.26) 

Combination 3 120.73 (15.27) 133.81 (2.19) 135.72 (0.28) 

 

These results can be used to indicate the effectiveness of optimal management in 

reducing the impacts of dryland salinity. For example, Tables 9.20 and 9.21 show the 

gain in annuity relative to Table 9.19 if trees (Table 9.20) or trees and groundwater 

pumping (Table 9.21) were permitted. 
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Table 9.20: Gain in annuities ($/ha) for both metamodels for the various road 
combinations and dryland salinity threats when trees were the only mitigation options 

available. 

Management option and Metamodel Dryland salinity threat 

Metamodel (8.5) Imminently 
threatened 

Potentially 
threatened 

No immediate 
threat 

Combination 1 3.86 0 0 

Combination 2 4.56 0 0 

Combination 3 5.36 0 0 

Metamodel (8.6)    

Combination 1 0.94 0 0 

Combination 2 2.23 0 0 

Combination 3 3.38 0.03 0 

 

Table 9.21: Gain in annuities ($/ha) for both metamodels for the various road 
combinations and dryland salinity threats when trees and groundwater pumping were 

available as mitigation options. 

Management option and Metamodel Dryland salinity threat 

Metamodel (8.5) Imminently 
threatened 

Potentially 
threatened 

No immediate 
threat 

Combination 1 5.21 0.02 0 

Combination 2 6.05 0.04 0 

Combination 3 6.99 0.07 0 

Metamodel (8.6)    

Combination 1 7.51 0.69 0 

Combination 2 8.74 0.84 0 

Combination 3 10.08 1.00 0 

 

When there was no immediate threat from dryland salinity, the agricultural costs are the 

same (or there is no gain in the annuity, Tables 9.20 and 9.21) when compared to 

Scenarios A and B. At this level of dryland salinity threat, it was more cost efficient to 

incur the increased costs from dryland salinity on reduced agricultural production and 

increased road maintenance costs. Alternatively, when the threat from dryland salinity 

was imminent, the increase in the annuities was larger. When groundwater pumping was 

included as an additional management option, the annuities are larger than when trees 

were the only management option. 
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9.8.2 Sensitivity analysis of individual parameters 

The following results are for the sensitivity analysis of individual parameters. These 

results concentrate on Road Combination 3 with an imminent threat from dryland 

salinity, unless otherwise stated. 

 

Costs of groundwater pumping 

Changing the costs of groundwater pumping from 50% to 150% of the base case value 

resulted in less than 2% decrease in the overall catchment annuity for all road 

combinations and dryland salinity threat levels. For example, for Metamodel (8.5) the 

catchment annuity decreased from $133.34 to $131.84. However, the costs of road 

maintenance increased by approximately 56% for all road combinations and dryland 

salinity threat levels. This reflected the decrease in water being pumped as the 

groundwater pumping costs increased (Table 9.22). The table also shows that 

groundwater pumping was partially delayed, and reduced overall. The optimal area of 

trees did not increase to compensate, at least at the prices examined here. Instead the 

model chose to incur the increased costs from road maintenance. 

 

Table 9.22: Amount of water pumped (m every five years) for Road Combination 3 when 
the threat from dryland salinity was imminent and the costs of groundwater pumping 

changed from 50% to 150% (groundwater pumping was located at the road). 
Management option 
and Metamodel Time 

Water pumped Year 1to 25 Year 26 to 50 Year 51 to 75 Year 75 to 100 

Metamodel (8.5) 0.151 to 0.115 0.098 to 0.107 0 0 

Metamodel (8.6) 0.222 to 0.182 0.202 to 0.211 0 0 

 

Profitability of trees 

Increasing the profitability of trees to be slightly less profitable than the gross margin 

from agricultural production resulted in no changes to the objective function value for 

either metamodel or any dryland salinity threat level. Tree plantations were not chosen 

by the model as groundwater pumping was also available as a mitigation option to 

manage dryland salinity. As previously seen in Scenarios A (Table 9.14) and B (Figures 

9.5 to 9.8), groundwater pumping displaces the area of trees. Under these assumptions, 

tree plantations would possibly need to be at least as profitable as agricultural 

production to be implemented, if groundwater pumping is also included as a mitigation 

option. This is due to two reasons: first tree plantations are not as efficient at controlling 

the watertable depth when compared to groundwater pumping for both metamodels; and 
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second the benefits from tree plantations are realised further into the future compared to 

agricultural production. 

 

Maximum damage cost to the road 

Increasing the maximum costs of road maintenance from 50% to 200% of the base case 

value resulted in a less than 0.3% decrease in the catchment annuity for all road 

combinations and dryland salinity threat levels. For example for Metamodel (8.6) the 

catchment annuity decreased from $130.96 to $130.56. However, the annuities for road 

maintenance increased by 63.6% over this range of road maintenance costs (Figure 9.9). 

The increase in road maintenance costs was somewhat moderated because the amount 

of groundwater pumping implemented also increased. The groundwater pumping was 

located at the road. 
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Figure 9.9: Change in the annuity value of the road maintenance costs as the maximum 
road maintenance costs increase for both metamodels for Road Combination 3 with an 

imminent threat from dryland salinity 
 

Location of the road 

Changing the location of the road up-hill from the valley floor increased the objective 

function by at most 0.24% (Table 9.23). The increase in the objective function was due 

to two reasons. First, there was decreased road maintenance costs, as the extent of 

dryland salinity was less as the road was situated further from the valley floor. Second, 

as the road was not located on the valley floor, less groundwater pumping was required 

overall, as it was partly moved to a later time period (Table 9.24). 
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Table 9.23: Annuities of the objective function and road maintenance costs ($/ha) for Road 
Combination 3 when the threat from dryland salinity was imminent and the road was 

relocated from a distance of 1,850m to 1,650m. 

Metamodel Catchment annuity Road Costs Annuity 

Road location* 1,650m 1,850m 1,650m 1,850m 

Metamodel (8.5) 132.84 132.55 0 0.25 

Metamodel (8.6) 131.13 130.81 0 0.28 

 

Table 9.24: Amount of water pumped (m every five years) for Road Combination 3 when 
the threat from dryland salinity was imminent, for different locations of the road 

(groundwater pumping was located at the road). 

Metamodel Year 1 to 25 Year 26 to 50 Year 51 to 75 Year 76 to 100 

Road 
location* 1,650m 1,850m 1,650m 1,850m 1,650m 1,850m 1,650m 1,850m 

Metamodel 
(8.5) 

0.111 0.130 0.108 0.103 0 0 0 0 

Metamodel 
(8.6) 

0.177 0.199 0.213 0.207 0 0 0 0 

*Distance from the top of the catchment. 

 

Policy constraint on the watertable depth under the road 

In this instance landholders are required to implement groundwater pumping or tree 

plantations to mitigate the damaging impacts of dryland salinity on the road. As the 

watertable depth required below the road was increased (from 1.5m to 2.5m), the 

annuity of the objective function decreased for both metamodels (Table 9.25). There 

was a decrease in road maintenance costs (Figure 9.10), but this was more than offset by 

the greater cost of undertaking works. 

 

Table 9.25: Catchment annuity ($/ha) as various policy constraints are applied to the 
maximum watertables depth under the road for both metamodels for Road Combination 3 

with an imminent threat from dryland salinity. 

Scenario Metamodel (8.5) Metamodel (8.6) 

Unconstrained 132.55 130.81 

1.5m 132.55 130.81 

2m 132.24 130.40 

2.5m 130.89 128.86 
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Figure 9.10: Change in the annuity value of the road maintenance costs as various policy 

constraints are applied to the maximum watertables depth under the road for both 
metamodels for Road Combination 3 with an imminent threat from dryland salinity. 

 

When pumping was included as an option, no tree plantations were applied. The amount 

of water pumped is illustrated in Figure 9.11. As the depth of the watertable for each 

policy constraint increased, the amount of water pumped increased and it tended to 

occur earlier. No mitigation options were chosen by the model in years 76 to 100, which 

are not shown on Figure 9.11. The results for the unconstrained base case are the same 

as for the scenario where the watertable must not be shallower than 1.5m, reflecting that 

in the unconstrained scenario the actual depth resulting in 1.8m at its shallowest point 

over time. 
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Figure 9.11: Amount of water pumped (m) as various policy constraints are applied to the 
maximum watertables depth under the road for both metamodels for Road Combination 3 

with an imminent threat from dryland salinity. 
 

Due to the lower responsiveness of the catchment to mitigation options in Metamodel 

(8.6) than in Metamodel (8.5), the optimal level and duration of groundwater pumping 

was greater in Metamodel (8.6). This resulted in a lower objective function. 

 

Discount rate 

Increasing the discount rate from 2.5% to 7.5% resulted in the annuity value for the 

objective function decreasing at an increasing rate (Figure 9.12). A consequence of the 

increase in discount rate was that the optimal extent of the abatement strategies was 

reduced (Table 9.26). Increasing the discount rate from 2.5% to 7.5% resulted in a 

decrease in the area of trees being planted and the amount of groundwater pumped for 

all road combinations and both metamodels when the threat from dryland salinity was 

imminent for the first 25 years. This occurred because, in all cases, the benefits of trees 

or pumping occur at a later time, so that more severe discounting reduced the magnitude 

of the benefits by more than the reduction in costs. Flowing from the reduced extent of 

management was approximately a 60% increase in road maintenance costs (Figure 

9.10). Although for the following 25 years, the amount of water pumped increased. 
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Figure 9.12: Change in the annuity value of the objective function as the discount rate 
changes for both metamodels for Road Combination 3 with an imminent threat from 

dryland salinity  
 

Table 9.26: Area of trees (% of catchment area) and amount of water pumped (m every 
five years) for Road Combination 3 when the threat from dryland salinity was imminent. 

The first number in each cell is for discount rate 2.5% and the second is for 7.5%. 
Management option 
and Metamodel Time 

 Year 1 to 25 Year 26 to 50 Year 51 to 75 Year 75 to 100 

Tree area     

Metamodel (8.5) 0.009 to 0 - - - 

Metamodel (8.6) 0.02 to 0 0.03 to 0 - - 

Water pumped   - - 

Metamodel (8.5) 0.13 to 0.1 0.059 to 0.141 0 0 

Metamodel (8.6) 0.233 to 0.166 0.162 to 0.244 0 0 
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Figure 9.13: Change in the annuity value of the road maintenance costs as the discount 
rate changes for both metamodels for Road Combination 3 with an imminent threat from 

dryland salinity  
 

9.8.3 Sensitivity analysis of multiple parameters 

The following results are for the sensitivity analysis of multiple parameters. These 

results concentrate on Road Combination 3 with an imminent threat from dryland 

salinity, unless otherwise stated. 

 

Tables 9.27 and 9.28 display the catchment annuities and road maintenance costs for 

Metamodel (8.5). The highest catchment annuity, under the most favourable 

combination of circumstances, totaled $145.92 (Table 9.27). This annuity result 

coincided with the lowest road maintenance costs (Table 9.28). Similarly the lowest 

annuity corresponded to the highest road maintenance cost. However, this does not 

imply that the differences in annuity are mainly due to the differences in road 

maintenance cost. In all scenarios examined, road maintenance costs were small relative 

to the impact of dryland salinity on agricultural land. Of the four parameters examined, 

the one with the greatest impact on the annuity was the discount rate. 
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Table 9.27: The catchment annuity ($/ha) for Metamodel (8.5) and Road Combination 3 
when the threat from dryland salinity was imminent. 

  Road maintenance costs (%) 

  50 200 
Discount rate (%) 

Tree profit ($/ha) Pumping cost 
(%) 2.5 7.5 2.5 7.5 

50 145.85 120.02 145.67 121.37 
146 

150 144.45 120.52 144.73 119.99 

50 145.92 121.66 145.67 121.37 
166 

150 145.85 120.52 144.73 119.99 

 
Table 9.28: The road maintenance costs ($/ha/yr) for Metamodel (8.5) and Road 

Combination 3 when the threat from dryland salinity was imminent. 

  Road maintenance costs (%) 

  50 200 
Discount rate (%) 

Tree profit ($/ha) Pumping cost (%) 
2.5 7.5 2.5 7.5 

50 0.07 0.21 0.20 0.33 
146 

150 0.13 0.28 0.28 0.58 

50 0.07 0.12 0.20 0.33 
166 

150 0.07 0.21 0.28 0.58 

 

The difference in management responses to dryland salinity between the highest and 

lowest annuities for Metamodel (8.5) (Table 9.27) are shown in Table 9.29. When the 

annuity for the catchment was highest, a combination of tree plantations, followed by 

groundwater pumping (at the location of the road) was implemented. Alternatively, in 

the strategy corresponding to the lowest annuity for the catchment, only groundwater 

pumping was applied at the location of the road. From the individual sensitivity 

analysis, increasing the profitability of trees plantations to be slightly less profitable 

than annual vegetation resulted in no more trees being planted, with groundwater 

pumping continuing to be selected. It would appear that the potential implementation of 

tree plantations is highly influenced by the costs associated with groundwater pumping 

and its effectiveness at controlling the watertable in the catchment. 
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Table 9.29: Area of trees planted in the catchment (%) and amount of water pumped for 
the strategies with highest and lowest annuities in Table 9.27 for Metamodel (8.5). 

Management option 
and annuity Time 

 Year 1 to 25 Year 26 to 50 Year 51 to 75 Year 75 to 100 

Tree area     

Highest 0.03 - - - 

Lowest - - - - 

Water pumped   - - 

Highest - 0.071 0 0 

Lowest 0.099 0.141 0 0 

 

Tables 9.30 and 9.31 display the catchment annuities and road maintenance costs for 

Metamodel (8.6). The highest annuity for Metamodel (8.6) occurred when the discount 

rate was 2.5%, and groundwater pumping and road maintenance costs were 50% of the 

base case. The profit from tree plantations did not greatly influence the results. 

Similarly the lowest catchment annuity occurred when the discount rate was 7.5%, road 

maintenance costs were 200% of the base case and groundwater pumping costs were 

150% of the base case. Again there was no effect from variations in the profitability of 

tree plantations. 

 

Table 9.30: The catchment annuity ($/ha) for Metamodel (8.6) and Road Combination 3 
when the threat from dryland salinity was imminent. 

  Road maintenance costs (%) 

  50 200 
Discount rate (%) 

Tree profit ($/ha) Pumping cost 
(%) 2.5 7.5 2.5 7.5 

50 144.47 120.56 144.28 120.16 
146 

150 142.05 118.61 141.85 118.01 

50 144.47 120.56 144.31 120.23 
166 

150 143.50 118.61 143.26 118.01 
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Table 9.31: The road maintenance costs ($/ha/yr) for Metamodel (8.6) and Road 
Combination 3 when the threat from dryland salinity was imminent. 

  Road maintenance costs (%) 

  50 200 
Discount rate (%) 

Tree profit ($/ha) Pumping cost (%) 
2.5 7.5 2.5 7.5 

50 0.08 0.13 0.22 0.37 
146 

150 0.15 0.24 0.39 0.66 

50 0.08 0.13 0.22 0.37 
166 

150 0.10 0.24 0.27 0.66 

 

The difference in management response to dryland salinity between the highest and 

lowest annuities for Metamodel (8.6) (Table 9.30) are shown in Table 9.32. When the 

annuity for the catchment was highest, a combination of trees plantations and 

groundwater pumping (at the location of the road) was implemented. Alternatively, the 

lowest annuity for the catchment only applied groundwater pumping at the location of 

the road. Larger areas of tree plantations were implemented and a greater amount of 

water was pumped when compared to Metamodel (8.5) (Table 9.29). These results 

reflect the effectiveness of mitigation options to manage the watertable in Metamodel 

(8.6) being less when compared to Metamodel (8.5). 

 

Table 9.32: Area of trees planted in the catchment (%) and amount of water pumped for 
the highest and lowest annuities in Table 9.30 for Metamodel (8.6). 

Management option 
and annuity Time 

 Year 1 to 25 Year 26 to 50 Year 51 to 75 Year 75 to 100 

Tree area     

Highest 0.06 0.001 - - 

Lowest - - - - 

Water pumped   - - 

Highest 0.212 0.163 0 0 

Lowest 0.165 0.244 0 0 

 

9.9 Conclusions 

The analysis in this chapter has shown that, in the modelled environment, the benefits of 

revegetation and groundwater pumping strategies are sufficient to outweigh the costs 

when groundwater tables are already shallow and affecting farm land and off-farm 

infrastructure. The optimal combination of treatment strategies depends on a range of 
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factors including the value of the roads that face degradation due to dryland salinity, the 

costs of management strategies and the discount rate used. 

 

Overall, the total cost (agricultural and road maintenance costs) from dryland salinity 

was relatively small for the catchment, never exceeding nine percent of the maximum 

annuity achievable for the catchment. The agricultural costs represented the largest 

component of the total costs from dryland salinity. Road maintenance costs never 

exceeded 22 percent of the total costs from dryland salinity. The highest total costs 

occurred when the groundwater system in the catchment was unresponsive, the only 

management strategy available was tree plantations, and the type of road combination 

was the most expensive. The greatest benefits occurred when the catchment had a 

responsive groundwater system and the mitigation options available were effective at 

controlling the groundwater system to prevent on-site and off-site damage.  

 

The optimal scale of intervention differed between a responsive and an unresponsive 

groundwater system within the catchment. Both types of groundwater systems would 

result in the implementation of a mitigation strategy (i.e. tree plantations or groundwater 

pumping), but the intensity of the strategy varied. Where the groundwater system is 

responsive, then the management strategies are located close to and/or on the site of 

road infrastructure. Alternatively, when the groundwater system is unresponsive, then 

the management strategies are located over a larger area or the amount of water pumped 

is greater. In addition the mitigation options are spread further apart across the 

catchment. The benefits of a responsive groundwater system are that: less productive 

agricultural land is displaced by mitigation options, less implementation of management 

strategies are required to manage the impacts of dryland salinity on road infrastructure, 

and there is a greater opportunity to decrease the impacts of dryland salinity. 

 

Groundwater pumping has one key advantage over tree plantations: it does not displace 

land from production of profitable annual vegetation, such as wheat crops. Tree 

plantations were not able to mitigate as effectively the costs associated with road 

maintenance costs, when compared to groundwater pumping. This resulted in higher 

costs to the catchment in the form of reduced agricultural profits, as land was replaced 

with tree plantations, greater costs to road infrastructure, and lower agricultural 

production from dryland salinity damage. 
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The responsiveness of the groundwater system also has a substantial impact on 

economic returns within the catchment. The results show that a groundwater system 

which is unresponsive to mitigation options requires larger areas of perennial vegetation 

and/or more water pumped. In all scenarios investigated in this chapter, the less 

responsive groundwater systems lead to lower profits for the catchment as a whole. The 

lower profits are due to more groundwater pumping being implemented, replacement of 

agricultural production with perennial vegetation and higher dryland salinity damage. 
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10. Dissertation discussion and conclusions 

This final chapter reviews the main findings of the thesis. The first section reviews the 

methodology and new modelling developments used in the thesis. Section 10.2 presents 

the main results and conclusions. Section 10.3 discusses the relevance of the findings 

and the limitations of the research. Finally, Section 10.4 presents the opportunities for 

further research. 

10.1 Methodological and theoretical development 

This dissertation included the development of the first theoretical model that takes into 

account the off-site impacts of dryland salinity on a public asset. Previous models have 

only considered the external agricultural impacts from dryland salinity; that is, they 

have examined how the production decisions of one landholder affect the costs or 

benefits of another landholder. As dryland salinity impacts on non-agricultural assets 

are common and severe, this is an important addition to the theoretical literature. 

 

Chapters 4 and 5 identified the trade-off between complexity and usability associated 

with coupling hydrological and economic models. The literature review showed that 

hydrological models that represent dryland salinity processes assuming a simple 

‘bucket’ process, where water enters the catchment ‘up-hill’ (the recharge zone) and 

exits ‘down-hill’ (the discharge zone) causing dryland salinity, is an over-simplification 

in that it ignores a number of important hydrological complexities, and fails to represent 

spatial heterogeneity of hydrological conditions. These simplified models have been 

developed because other hydrology models are too large and complex to allow them to 

be practically included into economic optimisation models. Alternatively, some studies 

use a hydrological model that takes into account all of the groundwater characteristics, 

but then employ a very simplistic farm economics model. Linking a complex 

hydrological model with a representative economic model would mean that optimisation 

is no longer possible and a simulation approach would have to be adopted. The 

disadvantage of a simulation approach is that in a dynamic model it would be difficult 

to assess all of the relevant range of alternative strategies.  

 

This dissertation was able to avoid many of the difficulties and simplifications discussed 

above through the use of metamodelling to simplify a complex hydrological simulation 

model. Metamodelling has been used successfully to represent complex process-based 
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models of environmental systems. The application of metamodelling to decrease the 

complex, data-intensive and time-consuming nature of hydrological models has been 

proven successful in this dissertation. Coupling the hydrological metamodel with the 

detailed economic model to investigate the various aspects of dryland salinity 

management, has improved and expanded the range of economic analysis at the 

catchment level that can be conducted. 

 

The hydro-economic model developed for this dissertation is one of the first to include 

the off-site impacts from a dryland salinity externality. The hydro-economic model 

temporally and spatially investigates the impacts of dryland salinity and suggests the 

optimal placement of management strategies, accounting for off-site impacts. The 

hydro-economic model had the objective of maximising the NPV of private land-use 

profits, less the costs of works undertaken to protect the public non-agricultural asset 

from dryland salinity. 

 

10.2 Main results and conclusions 

This dissertation was guided by four objectives, which are briefly restated here: 

1. Identify where within the Western Australian agricultural landscape, and under 

what conditions, dryland salinity is an externality sufficient to justify 

government intervention. 

2. To identify those variables that have the biggest impact on the net-benefits from 

government intervention to mitigate dryland salinity. 

3. To include the external costs from dryland salinity on private and public assets 

into economic modelling.  

4. To determine when government intervention is justified to encourage 

landholders to take action to abate the impacts of dryland salinity with and 

without policy constraints. 

 

In relation to objective one, discussions of dryland salinity have often assumed that the 

presence of externalities means that there is a market failure, without confirming 

whether the benefits of an intervention would be greater than the costs. 

 

The analysis conducted in Chapter 6 allowed the identification of those variables which 

have the greatest influence on the benefits of dryland salinity prevention (objective 
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two). The key variables were the value of the off-site asset and the time lag before the 

onset of dryland salinity in the absence of intervention. On the other hand, delay in the 

onset of dryland salinity due to planting perennials in year one and the reduction in the 

value of agricultural land due to dryland salinity have relatively little impact on the 

value of dryland salinity prevention.  

 

Overall, except where the value of the threatened off-site asset is extremely high, the 

value of dryland salinity prevention was too low to warrant payment which was large 

enough to make non-commercial plantings attractive to landholders (objective one). In 

most cases, returns need to be sufficient to cover establishment and ongoing input costs. 

In many cases, returns to perennials need to be almost as high as those from traditional 

annual crops and pastures. This information clearly has great relevance to the selection 

of assets for policy interventions, and to the selection of appropriate payment levels to 

landholders to achieve land-use change. 

 

The development of the theoretical model to represent the impacts of dryland salinity on 

a public asset highlighted several issues about the development of the hydro-economic 

model (objective three). The first of these is the selection of appropriate functional 

forms for the state variable and the objective function, which should be simple and 

robust in order to adequately represent the problem. A function which is unnecessarily 

complicated will hinder the ability of the hydro-economic model to reach an optimal 

solution, as was concluded in Chapter 4. The simplest functional forms were chosen to 

represent the different components. However this still resulted in an intractable optimal-

control problem, whereby it was not possible to determine the optimal steady-state 

watertable depth or area of land-use. The thesis, therefore, relied on numerical 

modelling rather than theoretical solutions. 

 

The hydro-economic model included a damage function for the impacts from dryland 

salinity on road infrastructure (objective three). Road rehabilitation or reconstruction 

measures alone will not influence the primary cause of the impacts on roads from 

dryland salinity (in particular, saturation of the road base leading to weak road 

foundations), and if used will have only temporary benefits. In many cases there will 

need to be a change in the land-use surrounding the affected road. The optimal 

combination of treatment strategies depends on a range of factors including the value of 
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the roads that face degradation due to dryland salinity, the costs of management 

strategies and the discount rate used (objective four). 

 

This dissertation (under the assumptions used) has shown that revegetation strategies 

are not as effective or profitable when groundwater pumping is also available. 

Groundwater pumping has three advantages over tree plantations: i) it is more effective 

at maintaining a deeper watertable underneath the road; ii) it does not displace land 

from annual vegetation, therefore retaining the potential profits from annual land-uses; 

and iii) it is more cost efficient when compared to maintaining the road under saline 

conditions or implementing tree plantations. If groundwater pumping is not an option, 

leaving only tree plantations, then there is a trade-off between bearing the increased 

maintenance road costs due to a shallow watertable, and the opportunity cost of 

replacing annual vegetation with tree plantations. 

 

The responsiveness of the groundwater system also has a substantial impact on 

economic costs and returns within the catchment and the merits of possible intervention 

from government (objective four). A groundwater system which is unresponsive to 

mitigation options requires larger areas of perennial vegetation and/or more water 

pumped. There is also a requirement for a wider area of perennial vegetation to be 

implemented to intercept a larger amount of recharge and groundwater flow. A less 

responsive groundwater system leads to lower profits and/or higher costs for a 

catchment. This is due to more groundwater pumping being implemented, replacement 

of agricultural production with perennial vegetation and higher dryland salinity damage. 

 

This dissertation has shown that justification for government intervention for dryland 

salinity abatement in Western Australia, and more generally for Australia, is dependent 

upon many variables (objective four). Several basic economic principles must be 

applied before taking action, such as ensuring there is a market failure present, and that 

the benefits from government intervention will outweigh the costs. The main factors 

that will influence the net-benefits from government intervention for dryland salinity 

management are: the responsiveness of the groundwater system; the value of the asset at 

risk from dryland salinity; the degree to which dryland salinity is already well 

progressed, and the farm-level economics of adopting different mitigation strategies. 

The road infrastructure case study showed that if the asset at risk from dryland salinity 
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is high enough in value, then it can be optimal for society to take action to save the asset 

(objective four). The choice of mitigation strategy will depend upon the relevant costs.  

 

10.3 Limitation of the study 

The limitations of this study include the following:  

• Only current technologies for dryland salinity mitigation were considered. 

• The research did not consider other engineering options apart from groundwater 

pumping to assist in mitigating dryland salinity from public assets. 

• The research only considered one type of perennial land-use. 

• The models used were deterministic, and so did not explicitly represent sources 

of risk or uncertainty, except through sensitivity analysis. 

• The objective function assumed risk neutrality.  

• The research concentrated on only local groundwater systems due to the greater 

potential for an externality to occur. This could be expanded to intermediate or 

regional groundwater systems. 

• Simplified hydrological assumptions were used about pumping and recharge 

under trees and annual crops.  

• Heterogeneity was not fully captured in the hydro-economic model between 

farmer’s production functions or biophysical aspects. 

• The dissertation did not include non-marketed goods or services, such as 

biodiversity. 

• Climate change risk is another variable facing farmers in Australia and this was 

not included into the hydro-economic model. 

• This study only considered the direct impacts from dryland salinity on road 

infrastructure.  

• The hydro-economic model was only applied to one catchment within the 

western wheatbelt of Western Australia. 

• The extent of dryland salinity was represented by the average depth of the 

watertable below the ground surface in each section of a catchment, whereas 

there is spatial heterogeneity of depth in reality. 

• The model had to be based on the limited available information regarding 

impacts of dryland salinity on road infrastructure. 
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10.4 Application and future research 

This dissertation showed the success of using the method of metamodelling to decrease 

the complexity of hydrology models for inclusion into economic optimisation models. 

This approach could be applied to other catchments with different hydrological 

characteristics and different public assets. 

 

Future research identified from this dissertation would include: 

• The incorporation of non-market benefits and costs from dryland salinity 

mitigation. 

• Analysis of other public assets, such as railway lines and streams. 

• Investigation of other perennial vegetative options to mitigate the impacts of 

dryland salinity on public assets. 

• Further investigation of the use of engineering options, possibly in conjunction 

with perennial plant-based options. 

• Research into appropriate functional forms to represent the impacts of dryland 

salinity on agricultural land, perennial land-uses and more non-vegetative assets.  

• Replication in different catchments in Western Australia and Australia. 

• Application of metamodelling to other hydrology models used for dryland 

salinity investigation. 

• The incorporation of other risk factors, such as climate change, into the hydro-

economic function to assess their impacts on farmer’s optimal responses to 

dryland salinity. 

• The incorporation of other land degradation problems that face farmers, to see 

how they affect the optimal responses to dryland salinity management. 

• Investigation of specific policy interventions to mitigate dryland salinity. 
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Appendix A: Example of spreadsheet setup for the 

breakeven model in Chapter 6. 

 
How much money do you have to make from perennials on farms (as a proportion of 

traditional agricultural land uses) to break even, allowing for off-site benefits?

Assumption (optimistic) Ag land with perennials is itself fully protected from salinity

Value of trad. agric. land 100 Standardised to 100%
% value remaining after salinisation of 
trad. Agric.land 40%

Real discount rate 5%
Break-even profit of perennials 1 <- Use Excel's solver to solve for this ...

Value of off-site assets protected (as a 
percentage of value of trad agic land) 0.0%
Time to salinity impact (yrs) 10
Effectiveness of treatments at protecting 
off-farm 50% 100% = fully effective. 0% = value of off-site land falls to the defined value remaining after salinisation (B12)
% off-site value remaining after 
salinisation of offsite asset 20%
The delay in onset of salinity caused by 
planting perennials in year 1 (yr) 190

`
No treatment applied Treatment applied Difference <- The solver minimises this difference 

NPV $772.17 $772.17 $0.00      to find the break even

Calculations
Salinity hits after lag Salinity avoided or reduced in severity

Year
Value of ag 
land 

Value of 
offsite 
asset land Value of ag land 

Value of offsite 
asset land

1 100 0 100 0
2 100 0 100 0
3 100 0 100 0
4 100 0 100 0
5 100 0 100 0
6 100 0 100 0
7 100 0 100 0
8 100 0 100 0
9 100 0 100 0

10 100 0 100 0

Put new results in
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Appendix B: GAMS code for the hydro-economic 

model as applied to the road case study. 

This GAMS code example is for Metamodel (8.5) and for Road Combination 3 when 

groundwater pumping and tree plantations are available as mitigation options. 

 

$title 'Hydro-economic model for dryland salinity analysis.' 

 

sets 

*sets associated with time 

t time (5 year periods) /0*19/ 

to(t) optimisation period /1*19/ 

tr to allow for yearly time steps when determining NPV /0,1,2,3,4/ 

tb(t) base period 

tt(t) terminal period; 

tb(t) = yes$(ord(t)eq 1); tt(t) = yes$(ord(t) eq card(t)); 

Display tb, tt; 

 

sets 

*sets associated with road infrastructure and tree rotations 

road(t) length of time the watertable constraint is applied /3*19/ 

treea(to) first rotation /1,2,3,4/ 

treeb(to) second rotation /5,6,7,8,9/ 

treec(to) third rotation /10,11,12,13,14/ 

treed(to) fourth rotation /15,16,17,18,19/; 

 

Sets 

*sets associated with distance of the catchment 

d distance (m) 

/50,150,250,350,450,550,650,750,850,950,1050,1150,1250,1350,1450,1550,1650,1750,1850/ 

db(d) base distance 

dt(d) terminal distance; 

db(d) = yes$(ord(d) eq 1); dt(d) = yes$(ord(d) eq card(d)); 

Display db, dt; 

 

parameter annualsdist(d) proportional area for each distance /50 1, 150 1, 250 1, 350 1, 450 1, 

550 1, 650 1, 750 1, 850 1, 950 1, 1050 1, 1150 1, 1250 1, 1350 1, 1450 1, 1550 1, 1650 1, 1750 

1, 1850 1/; 

parameter distarea(d) maximum area for each distance (ha)/50 341, 150 341, 250 341, 350 

341, 450 341, 550 341, 650 341, 750 341, 850 341, 950 341, 1050 341, 1150 341, 1250 341, 

1350 341, 1450 341, 1550 341, 1650 341, 1750 846, 1850 1640/; 

 

Sets 

*sets associated with landclass 

l land-uses available /annual, tree, gwp/ 

perennial(l) perennial land-use /tree/ 

annual(l) annual land-uses /annual/ 

profit(l) annual profit from land-uses /annual/ 

 

alias (perennial,pe); 
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alias (profit,p); 

alias (annual,an); 

 

parameter ti(t) making time a parameter /0 0,1 1, 2 2,3 3,4 4,5 5,6 6,7 7,8 8,9 9, 10 10,11 11,12 

12,13 13,14 14,15 15,16 16,17 17,18 18,19 19/; 

parameter tdis(tr) making time a parameter for discounting /0 0,1 1,2 2,3 3,4 4/; 

 

parameter  Dpar(d) making distance as a parameter /50 50,150 150, 250 250,350 350,450 

450,550 550,650 650,750 750,850 850,950 950,1050 1050,1150 1150,1250 1250,1350 

1350,1450 1450,1550 1550,1650 1650,1750 1750,1850 1850/; 

Parameter hfix(d) starting watertable depth above the valley floor for distance at t=0 

/50 34.5, 

150 33.1, 

250 31.7, 

350 30.2, 

450 28.7, 

550 27.2, 

650 25.6, 

750 24.1, 

850 22.7, 

950 21.6, 

1050 20.55, 

1150 19.5 

1250 18, 

1350 16, 

1450 13, 

1550 11, 

1650 9, 

1750 4.5, 

1850 2.8/; 

 

Parameter discharge(l) discharge associated with groundwater pumping (m) /gwp 0.025/; 

parameter maxyield(l) maximum yield from trees with no salinity present (t per ha) /tree 200/ ; 

parameter g(l) value for yield response eq /annual 48, tree 20/; 

parameter f(l) value for yield response eq /annual 4, tree 8/; 

 

Parameter MV(p) MIDAS gross margin for annual land-uses ($per ha) /annual 168/ ; 

Scalar pricetree price trees ($ per tonne) /25/; 

Scalar costtree cost of trees ($ per ha) /1500/; 

parameter gwpcost maintenance cost for groundwater pumping ($ per year per pump) 

/10000/; 

 

table areafix(l,d) starting proportional area of each land-use for t=0 

             50 150 250 350 450 550 650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750 

1850 

annual  1    1     1      1      1     1      1     1      1     1        1       1       1         1        1       1        1       1        

1 

tree       0    0     0      0      0     0      0     0     0      0        0       0       0         0        0       0        0       0        

0 ; 

 

Scalar dr discount rate (%) /0.05/; 

Scalar totarea total area of catchment (ha) /8283/; 

Scalar totlandclass total number of distances for the 'annuals at this distance variable' /19/; 

Scalar lengthcatchment total length of the catchment (ha) /3150/; 
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*Road combination information 

scalar highwayl total length of the highway in the catchment that is threatened by salinity 

20%(km) /1.566/; 

scalar mainl total length of the main road in the catchment that is threatened by salinity 

20%(km) /1.566/ 

scalar minorl total length of the minor road in the catchment that is threatened by salinity 

40%(km) /3.128/ 

scalar unsealedl total length of the unsealed road in the catchment that is threatened by 

salinity 40%(km) /3.128/ 

scalar minorll total length of the minor road in the catchment that is threatened by salinity 

50%(km) /3.91/ 

scalar unsealedll total length of the unsealed road in the catchment that is threatened by 

salinity 50%(km) /3.91/ 

 

scalar parroada parameter in road degradation equation /64/; 

scalar parroadb parameter in road degradation equation /4/; 

 

scalar maxhighway maximum highway cost for road degradation equation /41.180/; 

scalar maxmain maximum main road cost for road degradation equation /20.220/; 

scalar maxminor maximum minor road cost for road degradation equation /2.7/; 

scalar maxunseal maximum unsealed road cost for road degradation equation /1.8/; 

 

Variables 

         M objective value ($) 

         TotPV(to) summing over tr ($per 5yr of annual land-uses) 

         PV(to,tr) Present value over time ($ per yr of annual land-uses) 

         Prof(to) total annual land-use profit undiscounted($ per yr) 

         Inc(to,p) total profit from each annual land-uses ($ per yr) 

         inct total profit from trees ($) 

         incta(to,tr) profit from trees not discounted ($ per yr) 

         inctb(to,tr) profit from trees discounted ($ per yr) 

         costta(to,tr) cost from trees not discounted ($ per yr) 

         roadcost(to,tr) cost of road repairs ($ per yr per km) 

         totroadcost(to,tr) cost of road repairs discounted ($ per yr) 

         R total road costs 

 

         pumps(t,d,l) number of pumps at each distance and year 

         GWPump(t,d) total amount of groundwater pumped from the watertable (m) 

         GWPtotc  total cost of groundwater pumping 

 

         Q(to,l,d) quantity of trees for entire area planted (t) 

         Y(t,l,d)  tree yield as watertable changes for each distance(t per ha) 

         area(t,l,d)  area of each land-use (ha) 

         Ycoeff(t,l,d) yield coefficent weighter for trees 

         MVtot(to,p,d) annual gross margin ($ per t) 

         MVcoeff(to,p,d) yield coefficient weight for annuals 

 

         CH(t,d) change in the watertable height over time and distance (m) 

         H(t,d) watertable height (m above valley floor) 

 

         arealanduse(t,l,d) area of each land-use (ha) 

         C(t) land-use cover proportion for annuals 

         anndist(t,d) are there annuals at this distance. binary variable 0 or 1. 
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         area(t,l,d) area of each land-use over time and landclass; 

 

*Constraints 

H.l(t,d)=0.000002; 

H.lo(to,d)=0.0000002; 

area.lo(to,l,d)= 0; 

area.up(t,l,d)=1; 

area.fx("0",l,d)=areafix(l,d); 

Q.lo(to,l,d)=0; 

C.lo(to)=0; 

Ycoeff.lo(t,l,d)=0; Ycoeff.up(t,l,d)=1; 

pumps.lo(t,d,l)=0; 

arealanduse.up(t,l,d)=distarea(d); 

anndist.lo(t,d)=0; 

anndist.up(t,d)=1; 

 

*policy constraints 

*H.lo(road(t),'2050')=2.0001; 

 

*To turn groundwater pumping option on or off 

pumps.fx(t,d,'gwp')=0; 

area.fx(t,'gwp',d)=0; 

 

Equations 

         NPVcatchment objective function ($) 

         SumPV(to) summing over tr for each annual land-use ($ per 5 yr) 

         PVTime(to,tr)  NPV over time for each annual land-use ($ per yr) 

         income(to,p)  annual land-use summed undiscounted ($ per yr) 

         CurrentProfit(to) annual land-use summed ($ per yr) 

         inctrees total income from trees discounted ($) 

         inctreesa(to,tr)  income from trees undiscounted as per each rotation ($ per yr) 

         inctreesb(to,tr) 

         inctreesc(to,tr) 

         inctreesd(to,tr) 

         costtreesa(to,tr)  cost of trees undiscounted as per each rotation ($ per yr) 

         costtreesb(to,tr) 

         costtreesc(to,tr) 

         costtreesd(to,tr) 

         inctreese(to,tr) Net income from trees discounted as per each rotation ($ per yr) 

         inctreesf(to,tr) 

         inctreesg(to,tr) 

         inctreesh(to,tr) 

 

         costofroad(to,tr) road cost ($ per yr) 

         totalroadcost(to,tr) total road cost discounted ($ per yr) 

         roadtotal total cost from road maintenance ($) 

 

         GWPTotalcost  Total costs from groundwater pumping ($) 

         GWPumping(t,d) total amount of groundwater pumped from the watertable (m) 

         pumping1(to,d,l)  Specifying groundwater pumping rotations 

         pumping2(to,d,l) 

         pumping3(to,d,l) 

         pumping4(to,d,l) 

         pumping5(to,d,l) 
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         pumping6(to,d,l) 

         pumping7(to,d,l) 

         pumping8(to,d,l) 

         pumping9(to,d,l) 

         pumping10(to,d,l) 

         pumping11(to,d,l) 

         pumping12(to,d,l) 

         pumping13(to,d,l) 

         pumping14(to,d,l) 

         pumping15(to,d,l) 

 

         areatrees1(to,l,d) specifying tree rotations 

         areatrees2(to,l,d) 

         areatrees3(to,l,d) 

         areatrees4(to,l,d) 

         areatrees5(to,l,d) 

         areatrees6(to,l,d) 

         areatrees7(to,l,d) 

         areatrees8(to,l,d) 

         areatrees9(to,l,d) 

         areatrees10(to,l,d) 

         areatrees11(to,l,d) 

         areatrees12(to,l,d) 

         areatrees13(to,l,d) 

         areatrees14(to,l,d) 

         areatrees15(to,l,d) 

 

         Yield(to,pe,d) yield for tree land-use (t per ha) 

         Quantityield(to,pe,d) quantity of tree product (t) 

         Ycoefficent(to,pe,d) yield coeffient as watertable depth decreases for each distance with 

trees 

         MVcoefficient(to,p,d) yield coefficient as watertable depth decreases for each distance 

with annuals 

         MVtotal(to,p,d) 

 

         hydro_0(t,d) watertable depth in time period 0 (m below the surface) 

         Hydrology(t,d) watertable depth (m below the surface) 

         changeinH(t,d) change in the watertable height between time periods (m) 

         annualsatthisdistance(t,d) are there annuals present at this distance is a value of 0 or 1 

 

         landusearea(t,l,d) area of each land-use over time and each distance (ha) 

         Coverannual(t) proportion area of annuals in the catchment 

         maxarea(t) 

         GWParea(t,l,d)   area of groundwater pumping 

         perennialarea(t,l,d) area of trees in the catchment 

                 ; 

 

NPVcatchment..  M =e= ((Sum(to, TotPV(to)))+inct-GWPtotc)/1000; 

SumPV(to)..  TotPV(to)=e=sum(tr, PV(to,tr)); 

PVTime(to,tr)..  PV(to,tr)=e= (((1/((1+dr)**(5*ti(to)+tdis(tr))))*((sum(p,inc(to,p)))))); 

CurrentProfit(to).. Prof(to)=e=(sum(p,inc(to,p))); 

income(to,p)..     Inc(to,p) =e=(sum(d, MVtot(to,p,d)*arealanduse(to,p,d))); 

 

inctrees..   Inct=e=(inctb('4','4')+inctb('9','4')+inctb('14','4')+inctb('19','4')); 
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inctreese(to,tr).. inctb('4','4')=e=((1/((1+dr)**(5*ti('5')+tdis('4'))))*incta('4','4')); 

inctreesf(to,tr).. inctb('9','4')=e=((1/((1+dr)**(5*ti('9')+tdis('4'))))*incta('9','4')); 

inctreesg(to,tr).. inctb('14','4')=e=((1/((1+dr)**(5*ti('14')+tdis('4'))))*incta('14','4')); 

inctreesh(to,tr).. inctb('19','4')=e=((1/((1+dr)**(5*ti('19')+tdis('4'))))*incta('19','4')); 

 

costtreesa(to,tr).. costta('1','0')=e=(costtree*sum(d, arealanduse('1','tree',d))); 

inctreesa(to,tr).. incta('4','4')=e=((pricetree*sum(d,Q('4','tree',d))))- costta('1','0'); 

costtreesb(to,tr).. costta('5','0')=e=(costtree*sum(d, arealanduse('5','tree',d))); 

inctreesb(to,tr).. incta('9','4')=e=((pricetree*sum(d,Q('9','tree',d)))) - costta('5','0'); 

costtreesc(to,tr).. costta('10','0')=e=(costtree*sum(d, arealanduse('10','tree',d))); 

inctreesc(to,tr).. incta('14','4')=e=((pricetree*sum(d,Q('14','tree',d)))) - costta('10','0'); 

costtreesd(to,tr).. costta('15','0')=e=(costtree*sum(d, arealanduse('15','tree',d))); 

inctreesd(to,tr).. incta('19','4')=e=((pricetree*sum(d,Q('19','tree',d)))) - costta('15','0'); 

 

costofroad(to,tr).. 

roadcost(to,tr)=e=((highwayl*maxhighway+minorl*maxminor+unsealedl*maxunseal)* (1-

(1/(1+(parroada*exp(-parroadb*H(to,'1850'))))))); 

totalroadcost(to,tr).. totroadcost(to,tr)=e=((roadcost(to,tr)*(1/((1+dr)**(5*ti(to)+tdis(tr)))))); 

roadtotal.. R=e=sum(to,sum(tr,totroadcost(to,tr))); 

 

landusearea(t,l,d).. arealanduse(t,l,d)=e=distarea(d)* Area(t,l,d); 

perennialarea(t,l,d).. sum(pe,area(t,pe,d))=e=1-sum(an, area(t,an,d))-area(t,'gwp',d); 

Coverannual(t).. C(t)=e= ((sum(d, sum(an,area(t,an,d))))/totlandclass); 

maxarea(t).. sum(an, sum(d,area(t,an,d)))=g=0; 

GWParea(t,l,d).. area(t,'gwp',d)=e=pumps(t,d,'gwp')*0.025; 

 

areatrees1(to,l,d)..  area('2','tree',d)=e=area('1','tree',d); 

areatrees2(to,l,d)..  area('3','tree',d)=e=area('2','tree',d); 

areatrees3(to,l,d)..  area('4','tree',d)=e=area('3','tree',d); 

areatrees4(to,l,d)..  area('6','tree',d)=e=area('5','tree',d); 

areatrees5(to,l,d)..  area('7','tree',d)=e=area('6','tree',d); 

areatrees6(to,l,d)..  area('8','tree',d)=e=area('7','tree',d); 

areatrees7(to,l,d)..  area('9','tree',d)=e=area('8','tree',d); 

areatrees8(to,l,d)..  area('11','tree',d)=e=area('10','tree',d); 

areatrees9(to,l,d)..  area('12','tree',d)=e=area('11','tree',d); 

areatrees10(to,l,d)..  area('13','tree',d)=e=area('12','tree',d); 

areatrees11(to,l,d)..  area('14','tree',d)=e=area('13','tree',d); 

areatrees12(to,l,d)..  area('16','tree',d)=e=area('15','tree',d); 

areatrees13(to,l,d)..  area('17','tree',d)=e=area('16','tree',d); 

areatrees14(to,l,d)..  area('18','tree',d)=e=area('17','tree',d); 

areatrees15(to,l,d)..  area('19','tree',d)=e=area('18','tree',d); 

 

Ycoefficent(to,'tree',d)..  Ycoeff(to,'tree',d)=e=1/(1+g('tree')*(exp(-f('tree')*H(to,d)))); 

Yield(to,'tree',d).. Y(to,'tree',d) =e= maxyield('tree')*Ycoeff(to,'tree',d); 

Quantityield(to,'tree',d).. Q(to,'tree',d) =e= Y(to,'tree',d)*arealanduse(to,'tree',d); 

MVcoefficient(to,p,d).. MVcoeff(to,p,d)=e=1/(1+g(p)*(exp(-f(p)*H(to,d)))); 

MVtotal(to,p,d)..  MVtot(to,p,d) =e= MV(p)*MVcoeff(to,p,d); 

 

changeinH(t,d).. CH(t,d)=e=-

1.32797997+1.115897855*(Dpar(d)/lengthcatchment)+0.3527482*anndist(t,d)+0.045860392*

ti(t)+1.906060786*C(t)-2.04547329*(Dpar(d)/lengthcatchment)*C(t)-0.08169884*ti(t)*C(t); 

annualsatthisdistance(t,d).. anndist(t,d)=e=sum(an, area(t,an,d)); 

 

hydro_0(t,d).. H('0',d)=e=hfix(d)-CH('0',d); 
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hydrology(t-1,d).. H(t,d) =e= -CH(t,d)+H(t-1,d)+GWPump(t,d); 

 

GWPumping(t,d).. GWPump(t,d) =e= sum(l, discharge('gwp')*pumps(t,d,'gwp')); 

GWPTotalcost.. GWPtotc =e=( sum(tr, sum(to, sum(d, 

pumps(to,d,'gwp'))*(gwpcost*(1/((1+dr)**(5*ti(to)+tdis(tr)))))))); 

pumping1(to,d,'gwp').. pumps('2',d,'gwp')=e=pumps('1',d,'gwp'); 

pumping2(to,d,'gwp').. pumps('3',d,'gwp')=e=pumps('2',d,'gwp'); 

pumping3(to,d,'gwp').. pumps('4',d,'gwp')=e=pumps('3',d,'gwp'); 

pumping4(to,d,'gwp').. pumps('5',d,'gwp')=e=pumps('4',d,'gwp'); 

pumping5(to,d,'gwp').. pumps('7',d,'gwp')=e=pumps('6',d,'gwp'); 

pumping6(to,d,'gwp').. pumps('8',d,'gwp')=e=pumps('7',d,'gwp'); 

pumping7(to,d,'gwp').. pumps('9',d,'gwp')=e=pumps('8',d,'gwp'); 

pumping8(to,d,'gwp').. pumps('10',d,'gwp')=e=pumps('9',d,'gwp'); 

pumping9(to,d,'gwp').. pumps('12',d,'gwp')=e=pumps('11',d,'gwp'); 

pumping10(to,d,'gwp').. pumps('13',d,'gwp')=e=pumps('12',d,'gwp'); 

pumping11(to,d,'gwp').. pumps('14',d,'gwp')=e=pumps('13',d,'gwp'); 

pumping12(to,d,'gwp').. pumps('15',d,'gwp')=e=pumps('14',d,'gwp'); 

pumping13(to,d,'gwp').. pumps('17',d,'gwp')=e=pumps('16',d,'gwp'); 

pumping14(to,d,'gwp').. pumps('18',d,'gwp')=e=pumps('17',d,'gwp'); 

pumping15(to,d,'gwp').. pumps('19',d,'gwp')=e=pumps('18',d,'gwp'); 

 

Model Generic /NPVcatchment, SumPV, PVTime, CurrentProfit, income, inctrees, inctreesa, 

inctreesb, inctreesc, inctreesd, inctreese, inctreesf, inctreesg,inctreesh, costtreesa, costtreesb, 

costtreesc, costtreesd, areatrees1, areatrees2, areatrees3, areatrees4, areatrees5, areatrees6, 

areatrees7, areatrees8, areatrees9, areatrees10, areatrees11, areatrees12, areatrees13, 

areatrees14, areatrees15, Ycoefficent, yield, quantityield, hydro_0,hydrology, changeinH, 

MVcoefficient, MVtotal, costofroad, totalroadcost, roadtotal, GWPTotalcost, GWPumping, 

pumping1, pumping2, pumping3, pumping4, pumping5, pumping6, pumping7, pumping8, 

pumping9, pumping10, pumping11, pumping12, pumping13, pumping14, pumping15, 

Coverannual, landusearea, annualsatthisdistance, maxarea, perennialarea, GWParea/; 

 

Generic.scaleopt = 1; 

 

SET RTMAXJ 1.EXX 

Solve 

Generic maximising M using nlp; 
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Appendix C: Assumptions about costs, profits and 

rotations for Tasmanian Bluegum plantations 

Assumptions and values for this Appendix were drawn from Department of Agriculture 

(2005) 

 

Table C1 shows the typical costs for each step of a Bluegum plantation. These costs are 

for a pulplog crop harvested at year 10, then grown for a further ten years from coppice. 

It shows a possible combination of contract prices and farmer costs. 
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Table C1: Costs to establish and grow Bluegums. 
 Year Type of cost Range ($/ha) Example ($/ha) 

Establishment cost 0 Soil assessment 20-50 35 

  Plan, prepare and supervise 80-250 160 

  Rabbit control 0-20 10 

  Fencing 0-80 40 

  Ripping and mounding 60-200 150 

  Pre-plant spray 70-150 100 

  Seedlings 230-270 270 

  Planting 80-100 80 

  Fertiliser 50-70 50 

  Fertiliser application 30-70 60 

  insect surveillance 0-20 10 

  Insecticide and spray 0-30 20 

  Over spraying weeds 0-40 20 

  Firebreaks 10-20 10 

  Insurance 0-50 25 

  Overheads 0-600 0 

  Subtotal 630-1620 1040 

Growing costs – first crop 1 Weed control 100-150 100 

 1 Insect surveillance 0-20 10 

 2 Fertiliser 70-200 200 

Growing Costs – second crop 11 Thin coppice 300-700 500 

 13 Fertiliser 70-200 200 

 15 Fertiliser 70-200 200 

 1 - 20 Annual costs   

  Firebreaks 10-20 10 

  Insurance 0-50 25 

  Overheads 0-100 0 

 

Budget for a Tree Block – Two Rotations 

Table C2 shows a simple budget for two rotations of pulplogs grown in a one-hectare 

block, with the second rotation grown from coppice. Costs are taken from the range 

shown in Table C1. The returns are based on a harvest volume of 200 tonnes of 

pulplogs per hectare after ten years and a stumpage (price to the grower net of 

harvesting and transport costs) of $25 per tonne. The ‘present value’ of net return is 

found by discounting all amounts by 5% per annum. 
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Table C2: Budget for one hectare of Bluegum plantation (two rotations) 
Year Expenses ($) Revenue ($) Net Return ($) Present Value 

of net return 
($) 

 A B C = B - A D = Cpv 

0 1,200  -1,200 -1,200 

1 170  -170 -162 

2 170  -1700 -154 

3 35  -35 -30 

4 35  -35 -29 

5 35  -35 -27 

6 35  -35 -26 

7 35  -35 -25 

8 35  -35 -24 

9 35  -35 -23 

10 35  -35 -21 

11 35  -35 -20 

12 35 5,000 4965 2765 

13 535  -535 -284 

14 170  -170 -86 

15 35  -35 -17 

16 170  -170 -78 

17 35  -35 -15 

18 35  -35 -15 

19 35  -35 -14 

20 35  -35 -13 

21 35  -35 -13 

22 35  -35 -12 

23 35  -35 -11 

24 35  -35 -11 

25 35 5,000 4965 1466 

Profit (NPV)    $1,9210/ha 

Annuity    $136/ha/yr 



 248 

Appendix D: Assumptions about costs to include 

groundwater pumping into the GAMS model 

Table D1 displays simple budget for the implementation of one groundwater pump with 

five wells. Costs are taken from George (2001) as outlined in Table 8.4 The ‘present 

value’ of net return is found by discounting all amounts by 5% per annum.  

Table D1: Yearly expense to implement groundwater pumping 
Year Expenses ($) Present Value 

of net return 
($) 

 A D = Cpv 

0 63,338 -63,338 

1 3,338 -3,179 

2 3,338 -3,028 

3 3,338 -2,883 

4 3,338 -2,746 

5 3,338 -2,615 

6 3,338 -2,491 

7 3,338 -2,372 

8 3,338 -2,259 

9 3,338 -2,152 

10 3,338 -2,049 

11 3,338 -1,952 

12 3,338 -1,859 

13 3,338 -1,770 

14 3,338 -1,686 

15 3,338 -1,606 

16 3,338 -1,529 

17 3,338 -1,456 

18 3,338 -1,387 

19 3,338 -1,321 

20 3,338 -1,258 

Cost (PV)  $104,937 

Annuity  $8,420/yr 
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