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1 Future Farm Industries Cooperative Research Centr
A target to reduce phosphorus flows into the Gippsland Lakes in south-eastern Australia by 40% in order
to improve water quality has previously been established by stakeholders. This target, like many others
worldwide, has been set mostly on the basis of environmental concerns, with limited consideration of
issues such as technical feasibility, socio-economic constraints, political factors and associated costs
and benefits. An integrated analysis at the catchment scale is undertaken to assess the agricultural land
management changes required to achieve this target, and to evaluate the cost-effectiveness of these
changes. Based on assumptions used, it appears technically feasible to achieve a 40% reduction in P load
entering the Lakes. However, the least-costly way of doing so would require around A$1 billion over
25 years, a dramatic increase in the current levels of funding provided for management. Results of a
sensitivity analysis indicate that there is little or no chance of investment in a 40% reduction being
cost-effective. On the other hand, a 20% P reduction could be achieved at much lower cost: around $80
million over 25 years and requiring more modest land-management changes. Reliance on voluntary
adoption of ‘Current Recommended Practices’ is unlikely to deliver changes in management practices
at the scale required to have sufficient environmental impacts. Enforcement of existing regulations for
the dairy industry would be amongst the most cost-effective management strategies. The major implica-
tions of this work for agriculturally induced diffuse-source pollution include the need for feedback
between goal setting and program costs, and consideration of factors such as the levels of landholder
adoption of new practices that are required and the feasibility of achieving those adoption levels. Costs,
landholder adoption of new practices and socio-political risks appear neglected in the formulation of
many water quality programs. The study provides a demonstration of an approach to integrated multi-
disciplinary research addressing complex environmental problems with multiple decision makers, multi-
ple stakeholders, and high uncertainty. On the evidence of experience in this study, the approach
deserves consideration in other contexts.

� 2011 Published by Elsevier Ltd.
1. Introduction

Agricultural systems have long been known to reduce the water
quality of waterways through loss of sediments, phosphorus (P)
and nitrogen (N) (e.g., Logan, 1993; Sharpley et al., 1999). Though
not large compared to levels of nutrient application, nutrient losses
from agriculture are often sufficient to impair the provision of eco-
nomic, social and environmental values by waterways through
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promoting the nuisance growth of algae, leading to eutrophication.
Excess P inputs are often the major cause of eutrophication of sur-
face freshwaters (Sharpley et al., 1999), although N can also con-
tribute to the problem (Stoate et al., 2009). Nitrogen leaching is
most often the cause of problems in marine systems (National
Research Council, 2008; Stoate et al., 2009) and groundwaters
(Maticic, 1999; Kay et al., 2009).

Water bodies affected by nutrient and sediment loss from agri-
culture include the Great Lakes (León et al., 2004), Chesapeake Bay
(Simpson, 2010), the Florida Everglades (Rice et al., 2002), the Gulf
of Mexico (National Research Council, 2008) and the Californian
Central Coast (Dowd et al., 2008) in North America and the Baltic
and Black Seas in Europe (Stoate et al., 2009). New Zealand also
has eutrophic rivers (Monaghan et al., 2009) and highly-valued
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Lakes, such as Lakes Taupo and Rotorua, are threatened (Connor
et al., 2009; Burger et al., 2007; Monaghan et al., 2007). Agricultur-
ally-induced water quality problems (both P and N) also occur in
Australia, threatening highly-valued environmental assets,2 such
as the Great Barrier Reef (Waterhouse et al., 2010), the Peel-Harvey
Inlet (Summers et al., 1999) and the Gippsland Lakes (Department of
Natural Resources and Environment, 2002).

Point-source nutrient pollution (e.g. sewage treatment works,
industrial sites, animal feeding operations) has often been success-
fully reduced in developed countries (Baker, 1993; National Re-
search Council, 2008; Sharpley et al., 1999). This stems from the
fact that nutrient loadings from point sources are measurable
and occur from spatially confined areas, making them cost-effec-
tive to monitor and regulate. In contrast, regulation of non-point
(diffuse) sources is more complicated. Reasons for this include that
emissions are often essentially unmeasurable and highly variable
across time (Shortle and Horan, 2001) and that there are large
numbers of farmers involved which increases the transaction costs
of policy engagement. Furthermore, regulation may require coop-
eration and agreement across different states or nations (National
Research Council, 2009), such as for the Great Lakes of North Amer-
ica and many European waterways, Lakes and marine ecosystems.
Consequently, diffuse pollution is now the major contributor to
declining water quality in much of North America, Europe and Aus-
tralia, with agriculture being the largest contributor (Cherry et al.,
2008; Waterhouse et al., 2010; Hancock et al., 2007).

Nutrient reduction programs are usually developed by setting
targets aimed at attaining water-quality standards. These include
the Water Framework Directive in Europe (Kay et al., 2009) and
the total maximum daily load (TMDL) approach in the USA (Na-
tional Research Council, 2008). Given the complexities of dealing
with diffuse-source pollution problems, Gunningham and Sinclair
(2002) suggest that policy approaches need to include (1) the re-
moval of perverse market signals; (2) education and training; (3)
underpinning regulation; and (4) a systematic approach to reward-
ing performance. The mix of policy tools differs between countries;
for example, regulation is common in Denmark; voluntary ap-
proaches are common in the United Kingdom (UK); and Sweden
uses a mixture of regulations, subsidies and education/extension
(Kyllmar et al., 2006).

The aim of this study is to assess the potential for changed land
use and land management practices to achieve nutrient reduction
targets for an important Australian environmental asset, the Gipps-
land Lakes. The analysis identifies least-cost integrated strategies
(involving combinations of many practices) to achieve a range of
target nutrient reductions. Results provide a trade-off curve be-
tween program cost and environmental benefits (Weersink et al.,
2002), and sets of least-cost management actions to achieve partic-
ular targets.

Like a number of environmental problems related to agricul-
tural land use, the problem addressed here is large in scale and
complex in technical, economic, social and policy terms. It involves
various decision makers and multiple stakeholders, with different
knowledge and objectives, as well as multiple land uses distributed
across the catchment, each with different environmental impacts
and different potential management options, with widely varying
economic costs. It involves high levels of uncertainty about some
technical, economic and social parameters of the problem, despite
previous research in the area (mainly focused on technical
aspects).

In conducting this study, the researchers aspire to influence the
decisions of environmental managers using, in part, an analysis of
2 We use the term ‘‘environmental asset’’ to mean the particular environmental
object or area that is valued and which may need actions for it to be protected or
enhanced.
the strongest available evidence. There is no generally accepted re-
search methodology for such complex, multifaceted problems.
Clearly, the research needs to be multidisciplinary, integrative,
and to involve stakeholders and decision makers. A contribution
of this study is to demonstrate an approach to this type of research
that can be rigorous, practical and persuasive. A second contribu-
tion is that the study demonstrates that a number of factors that
are often ignored when setting targets for water quality can be cru-
cial in determining the cost-effectiveness of different targets and
management options.

2. Methods

2.1. Study area – Gippsland Lakes, Victoria, Australia

The Gippsland Lakes, located in south-eastern Australia (Fig. 1),
are one of the most important environmental assets in the state of
Victoria. They consist of a system of coastal lagoons separated from
the Tasman Sea by the coastal dunes of the Ninety Mile Beach. The
main Lakes – Wellington, Victoria and King – cover 340 km2, with a
shoreline of 320 km. There are seven major rivers draining into the
Lakes and the size of the catchment is approximately 20,000 km2.
Average annual rainfall ranges from over 2300 mm year�1 in the
alpine regions to 570 mm year�1 near the Lakes themselves
(Queensland Government, 2011). The Gippsland Lakes empty into
the ocean through a constructed and dredged entrance at the town
of Lakes Entrance. The Lakes and catchment contain a number of
sites of national and international significance under the Ramsar
Convention, the Japan–Australia Migratory Bird Agreement and
the China–Australia Migratory Bird Agreement (Department of
Sustainability and Environment, 2003).

Agricultural production in Gippsland (4.3 million ha, twice the
area of the Gippsland Lakes catchment) generates approximately
$1.3 billion/year (Department of Primary Industries, 2011a,
2011b). The main agricultural industries are dryland grazing (beef
and sheep, land area 347,160 ha), irrigated dairy production
(45,890 ha), dryland dairy-dominant systems (110,490 ha) and hor-
ticultural cropping (potatoes, vegetables, 18,300 ha) (Fig. 2). Over
70% of the remainder of the catchment is forested. Average stocking
rates are 13 dry sheep equivalents ha�1 for beef and sheep systems
(Department of Primary Industries, 2011b) and range from 1.5 to
3.3 milking cows ha�1 for dairy depending upon the intensity of
the system (Kerry Stott, personal communication).

The Lakes are also important for tourism, being a major recrea-
tional boating destination and generating over A$250 million/year
in tourism income to the regional economy (Department of Natural
Resources and Environment, 2002).

An environmental audit of the Gippsland Lakes was conducted
in 1998 (Harris et al., 1998) which concluded that the system
was poised on the edge of possibly irreversible degradation. This
study was followed up by a collaborative study between CSIRO,
universities and government agencies (Webster et al., 2001). This
work used hydrodynamic modelling (to investigate flushing char-
acteristics) and calibrated biogeochemical modelling (to simulate
the fate of nutrients and primary production within the Lakes)
and concluded that very high nutrient loads and low flushing rates
were the major contributors to deteriorating water quality and
more frequent and intense algal blooms. Analysis of available data
showed that algal blooms (mostly Nodularis spumigena) occurred in
11 of 30 years, all of which were within the 19 highest TP load
years (Cook et al., 2008). The costs to the economy of algal blooms,
largely through reduced recreation and amenity, have been esti-
mated to be in the order of $7.4 million/year (Olszak, 2004).

Major sources of nutrient and sediment loads into the Lakes are
also well understood through modelling studies (Hancock et al.,
2007). By Australian standards, there was a strong biophysical



Fig. 1. Location of the Gippsland Lakes, Victoria, Australia. The grey shaded area represents the catchment area with rivers coloured black. The Gippsland Lakes themselves
comprise Lake Wellington (west), Lake Victoria (centre) and Lake King (east) coloured in white.

Fig. 2. Major land uses within the Gippsland Lakes catchment.
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understanding of the link between nutrient loads and environmen-
tal impacts.

A target of 40% reduction in the average annual nutrient (P and
N) load entering the Lakes over 20 years was agreed to in 2002
(Department of Natural Resources and Environment, 2002) by
stakeholders comprising a governing body called the Gippsland
Lakes Taskforce (GLTF). The target was set based on an expectation
that it would reduce the frequency of algal blooms and improve
aquatic habitat. The target was mostly informed by previous eco-
logical studies, rather than an assessment of whether it was tech-
nically feasible, socially feasible, or economically cost-effective.

The approach for nutrient reduction activities has been largely
based on previous identification of major nutrient sources. It has
involved fencing off the riparian areas of major rivers to exclude



14 A.M. Roberts et al. / Agricultural Systems 106 (2012) 11–22
livestock from the river banks, wetland restoration and provision
of small temporary payments to irrigated dairy farmers for adop-
tion of improved management practices. The aim of such measures
is to increase land stewardship, as is occurring in other countries
(e.g. Kay et al., 2009). Despite a concerted effort with the available
budget, the GLTF has become increasingly aware that the current
approach will fall far short of the target. Recent work has assessed
that achievable P reductions, based on expert assessments of effec-
tiveness and realistic adoption levels of improved farm manage-
ment practices, are likely to be in the order of 13% (Ladson and
Tilleard, 2006). Furthermore, limited previous economic analyses
have also indicated that the Benefit:Cost Ratio (BCR) of reducing al-
gal blooms is likely to be very low (BCR value 0.04, Olszak, 2004).
Given the current lack of integration between environmental tar-
get setting, landholder adoption levels and costs required to
achieve nutrient load reductions, the analysis reported in this
study represents a logical next step to enable the GLTF to considers
its future strategies and directions.

2.2. Stakeholder engagement in the analysis

The analysis was conducted in partnership with the GLTF. This
partnership approach was important because the GLTF are the ma-
jor investment decision-making body for the Gippsland Lakes.
They have intimate knowledge of previous research and could en-
sure that we had not overlooked crucial pieces of relevant
information.

The GLTF chose a trusted consultant with knowledge of the
institutional context, previous research and implementation pro-
jects and people involved. The consultant oversaw the participa-
tory process, and collection of information (previous reports,
expert opinion, local knowledge). The major stages of participation
were:

� Gaining GLTF support to conduct the analysis, and developing
lines of communication.
� An inception workshop of key stakeholders to agree on the

scope of the environmental asset to be protected, its condition,
main land-use types (irrigated dairy, dryland dairy, mixed dairy
and beef, dryland beef/sheep grazing, forestry, horticulture),
suggested scenarios for analysis and some parameters for the
later analysis. The asset for this analysis was defined as being
the three main Lakes of the Gippsland Lakes complex: Lakes
Wellington, Victoria and King.
� A workshop of technical experts to identify previous research

conducted in which there was sufficient confidence for it to
be usable in this analysis, identify major knowledge gaps and
agree on improved land management options for major land
uses. No comprehensive scientific assessment of the effective-
ness of management measures (their percentage reductions of
total nutrient load entering the Lakes) had previously been con-
ducted in Gippsland. While there have been such assessments
internationally (e.g. Simpson and Weanmert, 2009), the effec-
tiveness of management practices is highly context specific,
due, for example, to variations in climate, soil types, topography
and land use. This study had to rely on expert opinion for these
parameters, elicited systematically in workshops with multiple
experts present. The lack of relevant scientific evidence for
these parameters is acknowledged as a limitation of the study.
From the consultation with technical experts, it became clear
that there was less confidence about N impacts on the Lakes
than for P. The algal bloom problem has most commonly been
associated with the N2-fixing cyanobacteria Nodularia spumige-
na which has been associated with high TP loads (Cook et al.,
2008). Most of the limited research to date on the effectiveness
of management practices has been focussed on reductions in P
loads, with work on effectiveness of management options to
reduce N being even less advanced than for P at this point.
Due to lack of knowledge about impacts of management, N
was excluded from the current analysis.
� A workshop of local extension staff. For each land-management

option, extension staff were asked to identify the likely percent-
age levels of adoption by farmers under three levels of funding:
zero public funding, current standard payment levels (if any),
and payment of the full opportunity cost to farmers of adopting
the practice.
� Follow-up discussions with individual technical experts and

extension staff for details of the effectiveness of ‘Current Rec-
ommended Practices’ (CRPs) and cost estimates or clarification
of information.
� Opportunities for technical experts and extension staff to

review/change assumptions based on additional evidence.
� Discussions with the Executive Officer and Chair of the GLTF

when decisions were required or when concerns arose.
� Presentation of an interim progress report to the GLTF. It

became clear part way through the process that the costs to
achieve the existing 40% P reduction target (scenario 1 in Table
1) would be prohibitively expensive. There was concern that
results could be disregarded due to their lack of palatability. A
decision was made to include additional scenarios based on less
ambitious targets: 30%, 20% and 10% P reductions (scenarios 2–
4), and scenarios based on what could be achieved with partic-
ular budgets (scenarios 5–10) and what could be achieved by
focussing on particular land management practices (scenarios
11–14). This was also viewed as a way of providing a range of
options for the GLTF as the basis for developing a business case
for further public funding.
� Visual presentation of the results to the GLTF for consideration,

during which there was a high level of engagement and active
discussion, including agreement on the need for additional time
to consider how best to use the information.
� External review of the science and knowledge base and scrutiny

of the assumptions used to underpin the analysis was carried
out by three independent consultants with combined expertise
in: the Gippsland Lakes, previous research, CRPs, economics,
and modelling at both the farm and catchment scales (Tony
Ladson, Darron Cook and Dan Rattray).

2.3. Use and modification of existing data, products and reports

Many reports providing data and information for the analysis
were available. However, only a minority of information was in a
form useful for the analysis. Some information was excessively
complex (e.g. information about the land management options),
and other information was not sufficiently detailed (e.g. the avail-
able land-use information on which previous modelling had been
based). Without modification, reliance on existing information
would have reduced the credibility of the analysis. As a result of
these issues two products were developed:

� An updated land-use map that reduced inconsistencies in land-
use classifications between the eastern and western parts of
the catchment, relative to previous maps (Anonymous, 2007;
Sargant, 2009), and that separated extensive beef cattle grazing
and non-irrigated dairy farming systems (two new land classes
of dryland dairy and mixed-dairy beef). The total P load from
the generic dryland grazing systems estimated by previous mod-
elling work was retained, but was apportioned between the new
land classes (dryland dairy, mixed dairy-beef) assuming that P
export rates (per ha) of dryland dairying land were three times
that of dryland beef-sheep systems, based on the known large P
surpluses generated by dairy systems (Gourley et al., 2007).



Table 1
Scenarios analysed for the Gippsland Lakes INFFER analysis.

Scenario no. Description

1 40% P reduction by 2030, based on the 10 year average load to the Lakes
2 30% P reduction by 2030, based on the 10 year average load to the Lakes
3 20% P reduction by 2030, based on the 10 year average load to the Lakes
4 10% P reduction by 2030, based on the 10 year average load to the Lakes
5 $2 million/year for 5 years, followed by funding to maintain works
6 $5 million/year for 5 years, followed by funding to maintain works
7 $10 million/year for 5 years, followed by funding to maintain works
8 $2 million/year for 5 years, followed by no on-going funding
9 $5 million/year for 5 years, followed by no on-going funding
10 $10 million/year for 5 years, followed by no on-going funding
11 Payments for all CRPs at current rates for all industries, and including management of riparian areas for rivers and smaller streams
12 As for scenario 11, but excluding riparian management of smaller streams
13 Current incentive rates for irrigated-dairy CRPs, full enforcement of effluent management, no riparian management
14 Enforcement of farm effluent management only
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� A model integrating the available information to estimate the P-
load reductions in the Gippsland Lakes in response to changes in
land use or land management. This spreadsheet tool was based
on a previous tool (Ladson and Tilleard, 2006), modelling results
(Grayson, 2006) and information collected from the various
stakeholder meetings and expert workshops. The model is
described further below, and assumptions are outlined in an
online report (http://dpannell.fnas.uwa.edu.au/archive/gipps-
land.pdf) and provided in detail in the spreadsheet tool
itself, available online (http://dpannell.fnas.uwa.edu.au/
archive/gippsland_tool28.xls).

Data and assumptions are too voluminous to present here but
are available on-line in the spreadsheet tool. To illustrate the mod-
el and its assumptions, consider the case of irrigated dairy. There
are approximately 46,000 ha of irrigated dairy production in the
catchment, and this land includes 1400 km of small streams. Total
P exports to the Lakes in the absence of additional interventions
are estimated at 65 tonnes per year.

Management options which have an impact on nutrient reduc-
tion for irrigated dairy (agreed to by participating stakeholders)
are: on-farm re-use systems for irrigation tailwater, conversion
to pressurised irrigation, irrigation automation, effluent manage-
ment, irrigation farm plans, and management of riparian areas
(fencing to exclude livestock). The first option, tailwater re-use, is
potentially applicable to 40% of irrigated dairy land. If adopted, it
would reduce total P exports from that area by 80%. The level of
adoption of tailwater re-use is predicted to be 10% in the absence
of incentive payments, 18% with existing modest incentive pay-
ment rates, and 90% if payments cover the full opportunity cost
of adoption. Total P export reductions from these three payment
levels are calculated to be 5.2, 8.0 and 19.2 tonnes per year, respec-
tively. The cost is $3800 per ha up front with no ongoing mainte-
nance cost.

Similar parameters were required for each of the other manage-
ment options for irrigated dairy, and repeated for each of the other
land uses in the catchment: dryland (non-irrigated) dairy and
mixed dairy–beef, dryland beef–sheep, forest, and river riparian
areas (which span a variety of agricultural industries).

2.4. Economic optimisation

The spreadsheet P-load model described above was used as a
basis for an optimisation analysis to estimate P-load reductions
for scenarios 1–10 (Table 1). The optimisation analysis aimed to se-
lect the least-cost combinations of practices to achieve P-load
reduction targets of 40%, 30%, 20%, and 10% (scenarios 1–4), as well
as to assess the management actions that would maximise P-load
reductions for fixed budgets ($2 million, $5 million and $10 mil-
lion/year for 5 years) (scenarios 5–10). Scenarios 5–7 also allowed
for on-going annual maintenance funding, whereas scenarios 8–10
assumed no ongoing funding is available.

Decision variables for the optimisation were: the area allocated
to each land use, the levels of payments made to landholders to
encourage adoption of CRPs, the percentage of relevant land over
which these payments were offered, and the areas of land changed
from current agricultural or forestry industries to non-commercial
forests (with no nutrient inputs). The payment levels could be one
of several values: zero, current low levels of payment, or higher
payments calculated to cover the farmers’ full opportunity costs.
The percentage of land over which payments were offered was
constrained so that it could not exceed the maximum area of land
over which the CRP could be used minus the level of current
adoption.

The number of potential combinations of management actions
in the model is enormous. Optimisation was used to search for
least-cost strategies. The interdependency of integer and continu-
ous decision variables prevented the application of standard math-
ematical programming optimisation methods, so a genetic
algorithm (GA) (Mitchell, 1996) was used. The GA was part of
the Premium Solver Platform version 9.5 (Powell and Baker,
2010.) package used for optimisation in Microsoft Excel.

When using GA, the solutions found are generally near-optimal
but may not be absolutely optimal. To get solutions as close to
optimal as possible, the following strategies were used:

1. The termination conditions for the search algorithm were
tightly defined to prevent premature completion of the search
process.

2. The GA was run more than three times for each problem
instance to see whether superior solutions could be identified.

3. Solutions were used as starting strategies for subsequent
optimisations.

4. The model was also coded in the General Algebraic Modeling
System (GAMS) (Brooke et al., 2008) and optimised using
alternative global optimisation algorithms (i.e. BARON,
LindoGlobal).

5. Trial and error was used to test whether solutions could be fea-
sibly improved.

6. These measures ensured that the identified solutions are of very
high quality.

2.5. Investment framework for environmental resources (INFFER)

The analysis made use of the INFFER framework (Pannell et al.,
2011, www.inffer.org). INFFER is designed to assist with decision

http://dpannell.fnas.uwa.edu.au/archive/gippsland.pdf
http://dpannell.fnas.uwa.edu.au/archive/gippsland.pdf
http://dpannell.fnas.uwa.edu.au/archive/gippsland_tool28.xls
http://dpannell.fnas.uwa.edu.au/archive/gippsland_tool28.xls
http://www.inffer.org


Table 2
Percentage P reduction load achieved and the associated Benefit:Cost Ratio for each
investment scenario in the Gippsland Lakes.

Scenario % P
reduction

Costa Benefit:Cost
Ratio

1. 40% P reduction 40 789 0.04
2. 30% P reduction 30 180 0.32
3. 20% P reduction 20 73 1.1
4. 10% P reduction 10 16 3.2
5. $2 m/year for 5 years, with on-going

annual costs
9 21 2.1

6. $5 m/year for 5 years, with on-going
annual costs

18 88 0.8

7. $10 m/year, for 5 years, on-going
annual costs

22 105 0.6

8. $2 m/year for 5 years, no on-going
funding

7 10 4.5

9. $5 m/year for 5 years, no on-going
funding

7 25 2.0

10.$10 m/year for 5 years, no on-going
funding

10 49 1.4

11. Current payments including rivers
and smaller streams

17 156 0.4

12. As for 11, minus smaller streams 13 28 2.2
13. Current payments irrigated

dairy + effluent enforcement, no
riparian management for rivers or
smaller streams

9 22 1.6

14. Effluent enforcement 6 15 2.0

a Expected present value (A$ million) of costs over 25 years.
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making about public investment in the environment and natural
resources, such as natural habitat, rivers, wetlands, threatened spe-
cies, agricultural land, Lakes, parks and reserves. INFFER is used to
evaluate and compare alternative environmental projects on the
basis of environmental benefits per dollar spent. For each potential
project, it elicits and integrates the following information:

� The significance or importance of each environmental asset.
� Threats currently affecting or likely to affect the asset.
� A Specific Measureable, Achievable, Relevant, Time-bound

(SMART) goal for the project.
� Proposed works/actions in the project.
� Time lags between undertaking works/actions and generating

benefits.
� The effectiveness of proposed works/actions, and technical

risks.
� Spin-off benefits and costs from the project.
� The adoptability of proposed works/actions by target users.
� Delivery mechanisms/policy mechanisms to be used in the

project.
� Project costs.
� A variety of risks.
� Knowledge gaps and information quality.

Users are guided through a process to develop projects that are
logically consistent, in that they will deliver the required on-
ground action to achieve a specific, measurable, time-bound goal.
The Public: Private Benefits Framework (Pannell, 2008) is used to
guide the choice of delivery mechanisms (e.g. positive incentive
mechanisms, negative incentive mechanisms, extension, technol-
ogy development, no action).

An output from the INFFER process is a Benefit:Cost Ratio (BCR)
for the project being assessed. The higher the BCR, the more attrac-
tive is investment in the project. In simplified terms, it is calculated
as follows:

BCR ¼ ðVPPB� A� ð1� RFÞ � DF
TPVEPC

ð1Þ

where VPPB is the value of potential project benefits, assuming that
that the required works are fully adopted, and that there are no
risks to project success and no time lags; A, the proportion of re-
quired adoption of new works and actions that is expected to be
achieved by the project; RF, the risk of failure of the project, so
(1 � RF) repesents the probability that the project will not fail;
and DF is the discount factor for the time lag on benefits. Consistent
with standard economic theory, the discount factor is calculated as
DF = 1/(1 + r)L, where L = time lag until the majority of anticipated
benefits from the project occur (years) and r is the real discount
rate, assumed to be 5%. TPVEPC = total present value of expected
project costs, in dollars. As with the benefits, future costs should
also be discounted to their present values to make them compara-
ble in a logically consistent way.

Further details on the BCR, including the parameters used in
this analysis, are provided in an Appendix A. Parameters for tech-
nical variables, adoption of new practices by landholders, project
costs and long-term maintenance costs were based on the analysis
conducted with the P-tool spreadsheet. The risk parameters were
estimated subjectively based on discussions with stakeholders
and decision makers.

There is uncertainty about most of the parameters of the analysis.
Many studies have involved use of modelling techniques that explic-
itly deal with the uncertainty inherent in decisions regarding envi-
ronmental management. Recent examples include Dono and
Mazzapicchio (2010) and Yang et al. (2010). This study deals with
uncertainty through the application of structured sensitivity analy-
sis, whereby the impact of realistic variation of model parameters on
key findings is ascertained (Pannell, 1997). Structured sensitivity
analysis is favoured over more sophisticated modelling techniques
given the lack of information about probability distributions for
most parameters that could realistically change from their baseline
values and because sensitivity analysis results are typically more
easily explained to decision makers.

The approach taken in sensitivity analysis was to test the robust-
ness of the conclusions from the base-case results. First, the possibil-
ity of changing the ranking of the key strategies (for scenarios 1–4)
due to changes in parameters was explored. Then, for scenarios that
initially appeared to have low levels of cost effectiveness based on
the BCR (the strategies for scenarios 1 and 2), we investigated
parameter changes that would be required to make them cost-effec-
tive. These results provide insights into the likelihood that these
more ambitious strategies could be worth pursuing.
3. Results

Table 2 shows core results for each of the scenarios described in
Table 1. The second column shows the percentage reduction in P
load entering the Lakes. For scenarios 1–4 the percentage reduction
is defined as part of the scenario. The optimisation algorithm is used
to find the least-cost strategy for each P-reduction target. For
scenarios 5–10, the P reduction is calculated by the optimisation
algorithm as being the greatest reduction that is possible for the
available budget. Scenarios 11–14 were added as scenarios of inter-
est to the GLTF or the research team. The third column shows the
present value of project costs over 25 years. Project costs include
up-front costs (for an initial 5-year project) and annual maintenance
costs (over the following 20 years), to which a real discount rate of
5% was applied. Project administration costs were also included, as-
sumed to be 5% of upfront and annual maintenance costs. The fourth
column shows the BCR for each scenario. Higher BCR values are pre-
ferred to lower values, and values of at least one are desirable.

In Table 3, optimal land management strategies are presented
for scenarios 1–10. (Strategies for scenarios 11–14 are provided
in the scenario definitions in Table 1.)



Table 3
Optimal land management strategies to achieve P reduction scenarios in the Gippsland Lakes.

Scenario Costa Strategy

1. 40% P Upfront costs: $584 m Full costs of CRPs in all dairy and dryland beef-sheep, full costs riverbank protection and forest roads, enforcement of
effluent management. Land retirement of 2415 h of irrigated dairy landOngoing costs: $38 m

Present value (PV) over
25 years: $994 m

2. 30% P Upfront costs: $117 m Full cost, tailwater re-use, over 30% of the relevant area; current payments, pressurised irrigation, 40%; enforcement,
effluent management, 80%; current payments, irrigation farm plans, 98%; current payments, irrigated dairy riparian
buffering, 82%; full cost, groundcover above 70%, 41%; full cost, riverbank protection, 99%

Ongoing costs: $10 m
PV: $223 m

3. 20% P Upfront costs: $54 m Current payments, tailwater re-use, 30%; current payments, pressurised irrigation, 40%; enforcement, effluent
management, 80%; current payments, irrigation farm plans, 98%; full cost, riverbank protection, 90%Ongoing costs: $2.5 m

PV: $81 m

4. 10% P Upfront costs: $10 m Current payments, pressurised irrigation conversion, 40%; current payments, riverbank protection, 73%
Ongoing costs:$0.6 m
PV: $17 m

5. 9% P Upfront costs: $9.9 m Current payments, pressurised irrigation, 40%; enforcement effluent management 80%; current payments, riverbank
protection, 23%Ongoing costs: $1.2 m

PV: $23 m

6. 18% P Upfront costs: $25 m Current payments, pressurised irrigation, 40%; enforcement effluent management 80%; full costs, groundcover above
70%, 40%; current payments, riverbank protection, 99%Ongoing costs: $8.4 m

PV: $115 m

7. 22% P Upfront costs: $50 m Current payments, pressurised irrigation, 40%; enforcement effluent management 80%; full costs, groundcover above
70%, 38%; full costs riverbank protection, 82%Ongoing costs: $8.6 m

PV: $142 m

8. 6.6% P Upfront costs: $9.8 m Current payments, tailwater re-use, 30%; current payments, pressurised irrigation, 40%; full cost, irrigation automation,
1%; current payments, irrigation farm plans, 98%Ongoing costs: $0

PV:$9.8 m

9. 7.4% P Upfront costs: $25 m Full cost, tailwater re-use, 12%; current payments, pressurised irrigation, 40%; current payments, irrigation farm plans,
98%Ongoing costs: $0

PV: $25 m

10. 10% P Upfront costs: $49 m Full cost, tailwater re-use, 27%; current payments, pressurised irrigation, 40%; current payments, irrigation farm plans,
98%Ongoing costs: $0

PV:$49 m

a These costs are calculated assuming that the ongoing costs are actually occurred each year. This differs from the costs shown in Table 2, for which ongoing costs are
weighted by the probability that they will actually be incurred (G – see Appendix A).
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Based on the data collected from stakeholders, experts and exist-
ing reports, a 4% reduction in P load was calculated as being achiev-
able at no public cost. This reduction results from voluntary
adoption of CRPs by landholders who are environmentally
motivated.
3.1. Least cost P-load reduction (scenarios 1–4)

The integrated assessment of this systems problem (using
parameters based on the available science and expert opinion,
where necessary) indicates that the existing official target of a
40% reduction in P load entering the Lakes (scenario 1) is techni-
cally feasible but very costly, requiring public expenditure of
around $994 million (present value) over 25 years (Table 3). This
vastly exceeds current public expenditure on management of the
Lakes. Least-cost actions to achieve this target consist of paying full
opportunity costs to farmers to achieve maximum adoption of all
CRPs in all agricultural industries in all parts of the catchment,
enforcement of effluent regulations in both irrigated and dryland
dairy farming, management of riparian areas for both rivers and
streams, works on forest roads to minimise erosion and conversion
of 2415 ha of irrigated dairy land to non-commercial native forests
(Table 3). The estimated BCR for this strategy is 0.04 (Table 2), indi-
cating that benefits are likely to be much smaller than costs.

The 30% P reduction target (scenario 2) is also expensive ($223
million over 25 years, Table 3), although much less so than the 40%
target. It also has a low BCR of 0.32 (Table 2). The 30% target
appears achievable without land-use change away from agriculture
but still requires a diverse package of other measures (Table 3).

Twenty percent P reduction (scenario 3) can be achieved at a
present value cost of $81 million (Table 2). For this target, the
land-management changes are more modest, including paying full
costs for riverbank protection (but not riparian management of
smaller streams), payments for irrigated dairying farm plans and
re-use systems, and enforcement of existing dairy regulations (Ta-
ble 3). The BCR for this target is 1.1, indicating that benefits would
be sufficient to approximately offset costs.

The cost of the 10% P reduction target is relatively modest
($17 million), involving a much less extensive package of actions.
It results in a favourable BCR of 3.2, indicating that benefits would
significantly outweigh costs.

Fig. 3 shows the trade-off between P reductions and costs. The
relationship is highly non-linear, with costs escalating as the envi-
ronmental target becomes more stringent.
3.2. P reductions achievable for different budgets (scenarios 5–10)

Scenarios 5–7 show results that maximise P reductions for bud-
gets of $2 million, $5 million and $10 million/year for 5 years, fol-
lowed by additional ongoing maintenance costs. The levels of
maintenance costs are not constrained. Scenarios 8–10 are for
the same budgets for the first 5 years, but are constrained to ac-
tions that do not require on-going funding beyond the initial 5-
year phase. With ongoing funding available, higher P reductions
are possible, but the additional costs are such that the BCRs are
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lower (Table 2). For example, a $2 million/year budget for 5 years
with ongoing maintenance funding (scenario 5) could achieve 9%
P reduction with a BCR of 2.1. In contrast, where no maintenance
funding is allocated beyond 5 years (scenario 8) it is only possible
to achieve 7% P reduction but the BCR rises to 4.5.

3.3. Payments for Current Recommended Practices, and effluent
enforcement (scenarios 11–14)

The BCR results are sensitive to which CRPs are financially
supported and whether effluent regulation is enforced. Scenarios
11–14 illustrate some of the possible choices. For example, sce-
nario 11 includes payments at current standard levels for all CRPs
for farm and riparian management (both rivers and streams)
across the dairy (both irrigated and dryland) and beef-sheep
industries. This could achieve a P reduction target of 17% (Table
2), but at large cost ($156 million) and low BCR (0.4). This is
much more costly than scenario 3, which achieves a higher P
reduction, illustrating the cost of constraining the choice of inter-
ventions. Excluding riparian management (scenario 12) reduces
the P load reduction to 13%, and the cost to $28 million, but pro-
duces a more favourable BCR (2.2). Simply enforcing existing
effluent regulations (scenario 14) has only a modest effect on P
emissions but is cost-effective (BCR 2.0).

3.4. Sensitivity analysis

There is uncertainty about each of the parameters used in the
analysis, so a sensitivity analysis is valuable to test whether
changes in parameter values are likely to alter key conclusions
from the results. First consider the ranking of strategies for the four
P-reduction targets considered in scenarios 1–4. In the base-case
results in Table 2, there is a clear trend of lower targets having
higher cost-effectiveness, as indicated by higher BCR values. A sen-
sitivity analysis was conducted to test whether plausible changes
in parameter values could alter this conclusion.

Of the parameters (which are explained in the Appendix A), V
was not altered in this sensitivity analysis, since any change in V
would affect all four BCRs by the same proportion, and so would
not alter their rankings. The cost parameters were also not altered,
since they are the values about which we have the highest confi-
dence. The impacts of works on environmental values were also
not altered as it was judged that an approximately linear response
was realistic. Therefore the altered parameters were F, A, P, G, and
L. An extreme scenario was tested, in which the default values for a
10% P reduction are assigned to 20%, 30% and 40% P reductions.
Thus any remaining differences in the BCR would be due entirely
to differences in costs and the impacts of works.

Following these changes, results for BCRs were 0.3, 1.0, 1.6 and
3.2 for 40%, 30%, 20% and 10% P reductions. The proportional in-
creases in BCR are large for 40% and 30% P reductions, but even
so the trend of increasing BCR for lower targets remains strong,
providing increased confidence in this result. The sensitivity anal-
ysis shows that this result is primarily due to escalating costs of
more ambitious targets (Fig. 3), rather than differences in time lags
or any of the risks modelled.

A second sensitivity analysis was conducted to explore the po-
tential for BCRs for 30% and 40% P reduction targets having BCRs of
at least 1.0 (i.e. for benefits to be at least as large as costs). High and
low values for each parameter are defined subjectively for each
parameter in each scenario, with the intention of defining 90% con-
fidence intervals for each case. Parameter values used are given in
Table A.1 in Appendix A. Parameters varied in this sensitivity anal-
ysis are V, F, A, P, G, L, C and M. The researchers judged that the
highest uncertainty was associated with V, so its value was varied
over the widest proportional range. Uncertainty about F was
judged to be least, so it was given the smallest range of values. A
complete factorial experiment was run for each scenario, calculat-
ing the BCR for all combinations of seven variables over three lev-
els for the two scenarios (30% and 40% P reduction) resulting in
13,122 solutions. Results are shown in Fig. 4, which depicts cumu-
lative relative frequency for BCRs for each P-reduction target.

Results indicate that there is little if any chance of the 40% P-
reduction target generating sufficient benefits to outweigh its
costs. In the most positive of the 6561 solutions for this target,
the BCR was 0.21. Only 5% of the solutions have a BCR above 0.1.

For the 30% P reduction target, a small number of the most
favourable combinations of parameter values result in BCRs
slightly above 1. So although this target might be cost effective
in ideal circumstances, the probability of this is very low. Across
all 6561 scenarios, 83% have BCRs less than 0.5.
4. Discussion

The cost of the current 40% P reduction target (around A$1 bil-
lion) is far beyond the reach of existing environmental budgets.
Over the 2002–2009 period approximately A$17.8 million funding
was allocated to improvement of water quality for the Gippsland
Lakes by the Victorian government (Gippsland Lakes and Catch-
ment Task Force, 2011). Additional funding has been received since
then from both the Australian and Victorian governments. Further,



Table A.2
High and low parameter values used in sensitivity analysis.

Scenario V W F A P G L C (m) M (m)

1 – High values 150 0.56 0.9 0.6 0.45 0.55 20 $701 $46
1 – Low values 50 0.36 0.74 0.4 0.29 0.45 10 $467 $31
2 – High values 150 0.38 0.92 0.7 0.60 0.65 16 $140 $12
2 – Low values 50 0.30 0.78 0.5 0.40 0.55 8 $93 $7.9

Notes: Scenario 1 is for 40% P reduction and scenario 2 is for 30% P reduction.
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increasing the budget sufficiently to achieve 40% would not be
cost-effective and would involve substantial social, economic and
political challenges associated with land-use changes away from
agriculture. The analysis points to the need for managers and pol-
icy makers to reconsider the 40% P reduction target.

The results for P reduction scenarios up to 20% provide a basis
to develop a stronger business case for higher public investment
in the Lakes. Up to 20% P reduction could be achieved cost-effec-
tively. The decision about whether 20% P reduction will give suffi-
cient environmental benefit is one that needs further discussion by
governments, agencies and stakeholders.

The analysis indicates that achievement of sufficient changes in
land management to deliver substantial reductions in emissions is
very challenging and expensive. This reinforces previous conclu-
sions of Monaghan et al. (2007) that reliance on voluntary adoption
of CRPs is unlikely to deliver changes in management practices at
the scale required to have large environmental impacts without
large payments or effective enforcement of regulations. (Here we
estimate that the level of reduction in P exports that is possible
at minimal public expense is only 4%.) A large number of impedi-
ments to adoption of new conservation practices by land managers
have been identified (Pannell et al., 2006) including cost, compat-
ibility with the current farming systems, complexity of new sys-
tems, difficulties in trialling new systems and uncertainty about
their performance. These impediments explain the high difficulty
and expense of achieving substantial practice change for environ-
mental benefits. The study highlights the importance of explicitly
considering likely adoption of management changes at an early
stage in the decision making process for environmental projects
(as emphasised by Pannell et al., 2006). In practice, this rarely oc-
curs (e.g. Simpson, 2010; Stoate et al., 2009).

Another key factor considered in this analysis that is often ne-
glected when establishing environmental targets and developing
projects is the relationship between the works to be undertaken
and environmental outcomes. This, together with the adoptability
of the required works, determines the realistic level of project costs.
Environmental goals for the Gippsland Lakes (40% nutrient reduc-
tions) were set on a partial biophysical basis without consideration
of costs. The same could be said for many other natural assets includ-
ing, for example, Chesapeake Bay – also with a target 40% nutrient
reductions (Simpson, 2010), the Great Barrier Reef – 50% (Anony-
mous, 2009), and the Waikato River, New Zealand – 50% (Doole,
2010). For the Gippsland Lakes, the upfront cost of achieving official
targets for this one asset (close to A$600 million) exceeds total na-
tional annual expenditure of the country’s largest environmental
program, Caring for our Country. We suspect that other assets with
similarly large catchments (e.g., Chesapeake Bay – 165,000 km2

catchment area, Great Barrier Reef – 424,000 km2 catchment area)
Table A.1
Parameters used to calculate the INFFER Benefit:Cost Index (BCR).

Scenario Parameter

V W F A B P G L C M

1 100 0.46 0.82 0.5 1 0.37 0.5 15 584.1 38.3
2 100 0.34 0.85 0.6 1 0.50 0.6 12 116.8 9.9
3 100 0.21 0.89 0.7 1 0.7 0.7 10 54.0 2.5
4 100 0.09 0.92 0.7 1 0.85 0.9 10 10.3 0.6
5 100 0.09 0.92 0.7 1 0.7 0.9 10 9.9 1.2
6 100 0.18 0.89 0.7 1 0.7 0.7 10 24.9 8.4
7 100 0.22 0.88 0.7 1 0.7 0.6 12 50.0 8.6
8 100 0.07 0.92 0.7 1 0.85 1.0 10 9.8 0
9 100 0.07 0.92 0.7 1 0.85 1.0 10 24.7 0

10 100 0.10 0.92 0.7 1 0.85 1.0 10 49.3 0
11 100 0.17 0.89 0.7 1 0.85 0.6 12 103.2 8.3
12 100 0.13 0.91 0.7 1 0.85 0.7 10 20.9 0.87
13 100 0.09 0.92 0.7 1 0.7 0.7 10 14.1 1.03
14 100 0.06 0.92 0.7 1 0.7 0.9 10 5.2 1.03
also have targets that are highly inconsistent with current budgets.
This lack of financial realism in setting environmental targets makes
it impossible to implement a rational approach to prioritising envi-
ronmental investment, and likely reduces the environmental out-
comes that are achievable for the available budget. Consideration
of realistically costed scenarios would enable a more informed dia-
logue about what is environmentally acceptable, technically feasi-
ble, politically realistic and cost-effective to achieve.

As well as adoption, feasibility and cost, other commonly ne-
glected factors that have been considered in this analysis include:
socio-political risks, the requirement for long-term maintenance
funding beyond the initial project phase, the risk of not obtaining
the required long-term funding, and time lags between undertaking
works and environmental benefits. These are all included as stan-
dard elements of the INFFER process for assessing the cost-effective-
ness of environmental projects. INFFER’s facilities to test the logical
consistency of environmental projects and to advise on appropriate
delivery mechanisms for a project were also valuable in this study.

Based on this experience, we believe that a similar comprehen-
sive analytical approach would be valuable for other large, com-
plex environmental assets affected by poor water quality. For
example, decisions about the Great Barrier Reef have lacked a com-
prehensive analysis of the agricultural and environmental trade-
offs that are required to reduce sediment and nutrient inputs suf-
ficiently to halt the Reef ecosystem decline. It is recognised that
adoption needs to be high across all industries operating in its
catchment, and that resources need to be targeted at priority areas
and actions to achieve environmental outcomes cost-effectively
(Waterhouse et al., 2010), but analysis to underpin policy and pro-
ject design has been very partial.

The Chesapeake Bay Program in the USA has an ambitious nutri-
ent reduction goal and requires co-operation from six states, Wash-
ington, DC and the Federal government (Simpson, 2010). The
program has set quantitative goals, underpinned by water quality
modelling to identify major contributing areas and developed quan-
titative CRP tracking and crediting, monitoring and reporting on pro-
gress (Simpson, 2010). It has placed much less emphasis on outlining
costs associated with landholder adoption at the scale required to
have an impact. It has yet to consider socio-political risks, including
the power of the farm lobby and increasing urbanisation. In each of
these cases, a comprehensive INFFER-style analysis would provide a
stronger basis for more informed debate about realistic targets and
budgets.

The analysis for the Gippsland Lakes highlights a number of
important knowledge gaps, including: lack of data on the effective-
ness of CRPs, which had to be estimated using expert opinion;
poorly understood connectivity between farm-scale nutrient sur-
pluses and delivery to the Lakes; and lack of knowledge of the local
drivers and constraints for adoption of CRPs. Experience from the
Chesapeake Bay Program suggests that estimates of CRP effective-
ness derived from workshops of technical experts (as we have
done) may be overly-optimistic (Simpson, 2010). If so, results for
cost per unit of P reduction will be understated.

It was important that the analysis was done in partnership with
the peak management body (GLTF), local stakeholders and experts,
for reasons including credibility, management of political
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sensitivities, access to information (both published and unpub-
lished) and ‘‘ownership’’ or acceptance of the results. The technical
report from the study has been released on the GLTF website with
comment that ‘The Taskforce believes this work provides the most
transparent and robust framework to justify future cost-effective
public investment that has been done to date and looks forward
to further improving components of the analysis in the future’.
5. Conclusion

A 40% P reduction goal for the Gippsland Lakes, whilst appearing
technically feasible, is well beyond the reach of existing environ-
mental budgets (with a required cost of close to $1 billion over
25 years) and far from being cost-effective (BCR 0.04). A sensitivity
analysis allowing for uncertainty in parameter values indicates that
the 40% target would remain low in cost effectiveness even under
the most favourable combination of parameter values that were
considered plausible. Achieving a 20% P reduction appears cost
effective, requiring only modest levels of change within agricultural
systems. The major implications of this work for agriculturally-in-
duced diffuse-source pollution problems include the need to be clear
about what environmental assets are being protected, and the need
for feedback between goal setting and program costs. The research
highlights the importance of considering factors such as the impacts
of works on environmental condition, the levels of landholder adop-
tion of changed land-management practices required to achieve
particular environmental targets and the costs of achieving those
levels of adoption. The analysis provides a basis for more informed
discussion about the environmental outcomes that can be achieved
with limited budgets and also about agricultural production and
environmental trade-offs involved in reducing diffuse-source nutri-
ent pollution. Results are relevant to comparable water-quality pro-
grams worldwide.

The study demonstrates an approach to integrative multidisci-
plinary analysis of a complex environmental problem that makes
use of the best available evidence in a highly consultative and par-
ticipatory process. Based on the experience of this study, the ap-
proach may have potential for application in other contexts with
some of the same challenges encountered here.
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Appendix A. The Benefit:Cost Ratio

The calculation of a Benefit: Cost Ratio allows us to compare
projects of different types, scales, and durations. It facilitates this
because, respectively, it expresses benefits in a common unit of
measure, it divides benefits by costs to allow comparison of rela-
tive cost-effectiveness, and it discounts future benefits and costs
to calculate their present values. This follows well-established
and widely applied theory developed for Benefit:Cost analysis
(Boardman et al., 2000).

Breaking down the simplified formula in Eq. (1), the complete
BCR formula is as follows:

BCR ¼ V �W � F � A� B� P � G� DFBðLÞ � 20
C þ PVðMÞ � G

ðA:1Þ

where V = value of the asset, W = multiplier for impact of works,
F = multiplier for technical feasibility risk, A = multiplier for adop-
tion, B = multiplier for adverse adoption, P = multiplier for socio-
political risk, G = multiplier for long-term funding risk, DFB = dis-
count factor function for benefits, which depends on L, L = lag until
benefits occur (years), C = short-term cost of project, PV = present
value function, M = annual cost of maintaining outcomes from the
project in the longer term.

Details about each of the variables is provided below.
Asset value (V): V is estimated as a score that represents the va-

lue of the environmental asset, assuming that the asset is in good
condition. The scoring system is calibrated such that a score of
100 corresponds to an asset of high national significance (such as
the Gippsland Lakes), assumed to be worth A$2 billion.

Impact of works (W): W represents the proportional increase in
future asset value that would result if the project was fully imple-
mented (i.e. assuming that it is fully adopted) compare to if it was
not. W is measured as a proportion of the total value of the asset (in
good condition).

Technical feasibility (F): F is the probability that the benefits gen-
erated would be as large as specified in W. In other words, it is the
probability that benefits will not be significantly less than W. Like
all the probabilities included in the formula, F is expressed as the
probability of success, rather than of failure, so that the formula
provides the expected value of benefits.

Private adoption of works and actions (A): A is the proportion of
required adoption of new works and actions that is expected to
be achieved by the project., assuming that the project is fully
funded and the project’s delivery mechanisms are implemented.

Preventing adoption of adverse practices (B): B is the probability
that the project will not fail due to adoption of adverse works or
actions, despite efforts by the project to prevent that adoption from
occurring.

Socio-political risks (P): P represents the probability that other
socio-political factors will not derail the project. This includes the
risk of non-cooperation by other organisations and the impacts
of social, administrative or political constraints. The latter can in-
clude resistance to the project at the political level, bureaucratic
approvals that would be needed, or opposition by local
government.

Long-term funding risks (G): G represents the probability that
essential long-term funding will be available to continue to main-
tain the benefits generated by this project, or to complete the
essential works commenced by this project.

Time lag to benefits (L): L is the expected time lag in years until
the desired bio-physical outcomes would be achieved. It represents
the earliest time when a large proportion of the benefits will occur.

Discount factor (DFB(L)): Benefits that occur further into the fu-
ture are a lower priority than similar benefits that occur rapidly.
This is captured through the use of discounting. The discount factor
is calculated as follows:

DFBðLÞ ¼ 1=ð1:05ÞL ðA:2Þ

This is based on the assumption that the real discount rate (net
of inflation) is 0.05. Eq. (A.2) is the standard method for discounting
benefits and costs over time, as used throughout economics and fi-
nance (Sinden and Thampapillai, 1995; Boardman et al., 2000).
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Up-front costs (C): C is the sum of direct costs that will be in-
curred within the immediate time frame of this project – assumed
to be three to 5 years.

Ongoing or maintenance costs (PV(M)): Some costs may be in-
curred each year in the long term, such as monitoring and evalua-
tion, or enforcement costs, or ongoing compensation payments.
The annual total of these maintenance costs is M. To make them
comparable to the up-front costs, we need to express them as a dis-
counted present value.

Relating these variables to Eq. (1), VPPB = V �W � 20,
RF = 1 � F � B � P � G and TPVEPC = C + PV(M) � G.

Table A.1 outlines each of the parameters used for the BCR cal-
culation in each scenario.

Table A.2 provides parameter values used in the second sensi-
tivity analysis.
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