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A B S T R A C T

Eutrophication of coastal and nearshore receiving environments downstream of intensive agricultural produc-
tion areas is a global issue. The Reef 2050 Water Quality Improvement Plan (2017–2022) sets ambitious targets
for reducing pollutant loads entering the Great Barrier Reef from contributing agricultural catchments. At a re-
gional scale, the Wet Tropics end-of-catchment target load reduction for dissolved inorganic nitrogen (DIN) is
60% from the 2012–2013 anthropogenic load level. However, not even with the combined efforts of the Reef
Regulations (December 2019) mandate and adoption of best practice nutrient management on farm, is it likely
that these DIN targets will be reached. Thus, there is a need for innovative and cost-effective approaches to de-
liver further water quality improvement. Transitioning low-lying, marginal sugarcane land to alternative land
uses that require lower or no nitrogen inputs, but still provide farmers with income streams, is a potentially at-
tractive solution. In this study, a multi-criteria analysis was conducted to identify sites suitable for such alterna-
tive land uses. The cost-effectiveness of DIN reductions from these land use changes were calculated, accounting
for reductions in annuity gross margins and land conversion cost. In certain locations (where conversion costs are
low and DIN reductions are high) treatment wetlands and no-input cattle grazing offer cost-effective DIN reduc-
tion in the range of 20–26$/kg DIN. This compares favourably with existing agricultural extension-based ap-
proaches (c. $50/kg DIN reduction). Ecosystem service wetlands (i.e., wetland restoration for fish production) –
again when appropriately situated – offer the prospect of even more cost-effective performance (11–14 $/kg DIN
reduction). These results, in conjunction with best management practices, support the premise that alternative
land uses are cost-effective options for improving water quality in certain areas of low-lying, low productivity
sugarcane land. On-going investments by government in addition to private market funding mechanisms could
be appropriate for supporting such land use transitions. These approaches need to be tested and refined via tar-
geted pilot projects, as part of a whole-of-landscape approach to achieve broader reef water quality targets.

1. Introduction

Over a quarter of the world's reefs are under threat from pollutants
such as nutrients, sediments and pesticides from catchment run-off as-
sociated with agricultural, urban and industrial land uses (Burke et al.,
2011). These impacts are compounded by vegetation clearing and wet-
land reclamation connected to catchment development, reducing the
processing and buffering capacity of natural ecosystems (Flanagan and

Richardson, 2010; Verhoeven et al., 2006). Each year over 185 million
tonnes of fertiliser are applied worldwide to agricultural crops (FAO,
2019) and some of this is lost as run-off leading to eutrophication in
waterways and coasts (Boesch and Brinsfield, 2000). The extent of
agriculture and demand for fertiliser (FAO, 2019) is projected to in-
crease to support the food requirements of an increasing global popula-
tion (FAO, 2004). To balance food and fibre demands with adverse
agricultural pollutant impacts, countries around the world have imple-
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mented catchment management programs to reduce pollutants enter-
ing aquatic ecosystems (Kroon et al., 2012). These have included the
regulation of nitrogen fertiliser use on crops (Kronvang et al., 2008),
soil and water conservation (Chu et al., 2009), reduced stocking density
(Kronvang et al., 2008), on-farm treatment systems (i.e., treatment
wetlands and bioreactors) (Christianson et al., 2013) and conversion of
high pollutant risk agricultural land to alternative production systems
or natural ecosystems (Frisvold, 2004; Tian et al., 2010). Such re-
sponses are necessary under the United Nations declaration of ecosys-
tem restoration in order to halt and reverse the decline of the world's
ecosystems (Waltham et al., 2020).

The World Heritage-listed Great Barrier Reef in northern Australia
faces the same challenges, with increased nutrient, sediment and pesti-
cide loads from broad-scale land uses threatening ecosystem health and
resilience (Brodie and Pearson, 2016; Brodie and Waterhouse, 2012;
Waltham et al., 2019; Waterhouse et al., 2012). This iconic natural as-
set holds significant cultural and spiritual values, is a biodiversity
hotspot, and has an economic, social and icon asset value of $56 billion
(Deloitte Access Economics, 2017). It contributes $6.4 billion per year
to the Australian economy and supports an estimated 64,000 jobs
through tourism, recreation, fisheries and scientific activities (Deloitte
Access Economics, 2017). Declining reef health will potentially have a
significant impact on the environmental value and economic return
generated by the GBR as an asset. Stoeckl et al. (2014) conclude that
changes in the environment of the GBR would have a major impact on
national and regional economies, through impacts to the tourism indus-
try. Addressing key threats to the health and resilience of the GBR, in-
cluding land-derived pollutants, is therefore a priority to maintain the
economic, environmental and social values of the unique GBR ecosys-
tem (Adame et al., 2019b; DEHP, 2016; Waltham et al., 2019).

Dissolved inorganic nitrogen (DIN), fine sediments and pesticides
are the main pollutants of concern entering the GBR and agricultural
land uses are the dominant contributor (Brodie and Waterhouse, 2012;
Brodie et al., 2016; Waterhouse et al., 2016; Waterhouse et al., 2012).
Fertilised crops, predominantly sugarcane, cover extensive areas of the
coastal floodplains along the GBR coast and there is a strong relation-
ship between the area of nitrogen-fertilised agricultural land and aver-
age DIN concentration in high-flow events (Brodie and Pearson, 2016;
Brodie and Waterhouse, 2012). Therefore, fertiliser residues from agri-
cultural land are considered a key contributor to DIN entering the GBR
lagoon (Bartley et al., 2017; Terrain NRM, 2015) and sugarcane con-
tributes up to 80% of the total DIN load (from anthropogenic sources)
in some catchments (Hateley et al., 2014). DIN is a major threat to coral
reef ecosystems in the GBR as high nutrient concentrations have been
linked to outbreaks of corallivorous Crown of Thorns starfish (COTS).
There is evidence to suggest that nitrogen runoff reaching the COTS
‘initiation zone’ (approximately between Lizard Island and Cairns) con-
tributes to outbreaks, as higher nutrient levels sustain higher levels of
phytoplankton and increase survival rates of the COTS larvae (Fabricius
et al., 2010). It is estimated that the rivers in the Wet Tropics region
contribute around 80% of the DIN load to the COTS initiation zone
(Terrain.NRM 2015).

The Australian and Queensland Government's Reef 2050 Long-Term
Sustainability Plan (2050 Plan) and associated Reef 2050 Water Quality
Improvement Plan (Reef WQIP) 2017–2022 (State of Queensland,
2018) set out ambitious targets and actions required to reduce threats
to the health and resilience of the GBR, with a major focus on reducing
pollutants from broad-scale land use, notably agriculture (State of
Queensland, 2018). A range of voluntary and regulatory policy instru-
ments have been implemented by Government, agricultural industry
bodies and natural resource management organisations to promote
adoption of best management practices on farms in the GBR catchment.
These have led to a reduction in DIN loads entering the GBR (Eberhard
et al., 2017), however, the load reductions achieved fall well short of
the DIN reduction targets set out in the Reef WQIP (Great Barrier Reef

Marine Park Authority, 2019). The Scientific Consensus Statement
2017 (Waterhouse et al., 2017) recommends that different manage-
ment options, including wetland and floodplain restoration, engineered
treatment systems and changes in land use to less intensive options re-
quire investigation, to complement on-farm practice change.

There is a need to identify options to reduce DIN loads in the GBR
that are cost-effective and also provide longer-term viability for land-
holders. This paper explores such options for land use transition to re-
duce DIN losses, targeting low-lying, high DIN risk sugarcane areas in
the priority Wet Tropics catchments. It identifies potentially suitable
land uses that pose a lower DIN risk while also potentially generating
on-going income for landholders. This is followed by a cost-
effectiveness analysis of the identified land use transition options for re-
ducing DIN loads to the GBR.

2. Management of water quality in the wet tropics region

2.1. Study area

The Wet Tropics region is located in the northern region of the GBR
catchment (Fig. 1) and has been highly modified since European settle-
ment, with extensive vegetation clearing and hydrological modifica-
tions to facilitate agricultural production. Intensive agriculture domi-
nates the coastal floodplain and grazing is the major land use in the
drier, western parts of the region (Bainbridge et al., 2009; Canning and
Waltham, 2021). Sugarcane production is the dominant intensive agri-
cultural land use on the coastal floodplain and accounts for approxi-
mately 80% of the anthropogenic loads of DIN, and over 95% of the
photosystem II (PSII) herbicide load to the GBR lagoon in the Wet Trop-
ics region (Terrain NRM, 2015).

The Wet Tropics Water Quality Improvement Plan (WTWQIP) iden-
tifies that adoption of current best management practices in sugarcane
will only go part of the way towards meeting the DIN water quality tar-
gets - it predicts 19% DIN load reduction for full adoption of B-class
management practices (best practice) and 30% DIN load reduction, for
full adoption of A-class practices (innovative/aspirational practices)
(Hateley et al., 2014). It further explains that restoration of ecological
functions in coastal ecosystems and floodplains is needed alongside im-
proved agricultural management practice, although the water quality
benefits of such actions are yet to be quantified. Similarly, the Alluvium
(2016) report that estimated the costs of meeting the Reef WQIP water
quality targets found that the target for DIN reduction in the Wet Trop-
ics region could not be met under the then-current policy landscape and
concluded alternative policy responses would be needed. The WTWQIP
did not assess alternative policy options such as land use change or land
buy-back options in its cost-effectiveness analysis. This was because in-
sufficient information was available to make appropriate cost estimates
(Alluvium, 2016), and what was perceived to be the high socio-political
risk associated with promoting conversion of the remaining sugarcane
land under D-class management (i.e., poor management of cane farm-
ing with high risk of pollutant loss) to alternative land uses, including
biodiversity conservation or grazing with no fertiliser application. The
modelling showed minimal DIN reduction from this land use change,
due to the small area of D-class management remaining in the Wet
Tropics region (Alluvium, 2016). This suggests that limiting land use
change solely to land under D-class management severely constrained
the opportunity for this policy option to substantially reduce DIN loads.

2.2. Transitioning low lying, high DIN risk, sugarcane land

Transitioning high DIN risk sugarcane land to an alternative land
use that has a lower nitrogen input requirement or increased ability to
process excess nitrogen is outlined as an alternative policy response in
the Reef 2050 Plan targets (State of Queensland, 2018). There are sev-
eral potential reasons why land use conversion may be an economically
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Fig. 1. A) Wet Tropics region and the Great Barrier Reef World Heritage Area; B and C) low-lying cane property illustrating encroaching mangrove and
melaleuca forest over time; and D) example of a sugar cane drain used to remove wet season rainfall away from cane paddocks, where saltmarsh and man-
groves are slowly returning.

and environmentally rational response, particularly in low-lying, high
DIN risk, sugarcane production areas (Wallace et al., 2020). These areas
are noted (but not in every case) for being unreliable from a production
perspective and provide consistently difficult drainage and manage-
ment challenges for landholders. Low-lying sugarcane land generally
has lower productivity yield and requires greater inputs of fertiliser,
and pesticide, to meet desired yield targets (Roebeling et al., 2007). It is
also difficult to establish and harvest crops in these areas, high rainfall
and inundation could potentially result in total crop loss, and they are
likely to be significant sources of high nitrogen loss (Roebeling et al.,
2007).

2.3. Land use change initiatives to mitigate agricultural pollutants

There are direct benefits to water quality from taking cropping land
out of production and ceasing fertiliser and pesticide applications. Con-
structed or restored wetlands have also been shown to reduce agri-
pollutant loads (Flanagan and Richardson, 2010; Griffiths and Mitsch,
2020; Mitsch et al., 2001; Verhoeven et al., 2006), however, monitoring
to date has not identified pollutant reduction in constructed or restored
wetlands in the Wet Tropics and Burdekin regions (Adame et al.,
2019a).

2.4. Frameworks for prioritising water quality and ecosystem health
initiatives

Spatial prioritisation is widely used to inform investment in water
quality initiatives and is recognised as a way to accelerate progress to-
wards reef water quality targets, e.g., Water Quality Improvement
Plans, Water Quality Relative Risk Assessment. Spatial assessment and
prioritisation frameworks can be used to assess multiple ecosystem ser-
vices and the trade-offs between services, to support decision-making.
When ecosystem services are considered, retention or restoration of nat-
ural ecosystems are often shown to be economically viable from a soci-

etal perspective due to the range of services and benefits achievable,
i.e., carbon sequestration, amenity and recreational value, and fish pro-
duction (Waltham et al., 2020). Ecosystem service valuation can help
support a holistic approach to coastal management, although it needs
to be considered site-by-site, and within the appropriate social context.
Assessing multiple ecosystem services enhances the capacity to achieve
co-benefits, and there are a range of models and frameworks available
(e.g., InVEST, https://naturalcapitalproject.stanford.edu/software/
invest).

The study aims to identify alternative land use options for low-
lying, high DIN risk, low productivity/profitability, sugarcane land
that would achieve the goal of reducing DIN loads to the GBR lagoon
and also benefit farmers economically. Land use options were identified
via a process of discussions with stakeholders and a review of available
literature. Under advice provided by stakeholders and experts an initial
set of alternative land uses were identified: aquaculture, alternative
crops (e.g., fruit trees, rice, and hemp), forestry (e.g., pine and man-
groves for harvesting), wetlands for fish production or water treat-
ment, and also leaving land to regenerate under its own processes.

A desktop review of land use options was undertaken to identify cli-
matic, market feasibility and nitrogen application requirements. Nitro-
gen application requirement is treated as a proxy for DIN loss risk. An
important prerequisite was that nitrogen requirements had to be lower
than the generic recommendations for sugarcane in the Wet Tropics as
outlined by (Sugar Research Australia, 2013): 120-150 kg N/ha for fal-
low plant; 160-200 kg N/ha for replant and ratoons. Those land use op-
tions requiring less than 150 kg N/ha, tolerant of a humid coastal wet
tropical climate, and potentially feasible from a market perspective,
were shortlisted for consideration in the Multi-Criteria Analysis (MCA),
and subsequent cost-effectiveness analysis as prospective land use op-
tions for low-lying sugarcane land transition in the Wet Tropics (Table
1). Note – not all low-lying land that were mapped here are marginal
cane, each mapped site requires further on-ground inspection and con-
sideration of constraints (e.g. soils, hydrology).
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Table 1
Ranking of data sources in the MCA for either restore wetland ecosystem
services or treatment system.

Cr iteria Ranking for
restor ing
ecosys tem
serv ices

Ranking for
treatment
sy stems

Ra tional e for ra nking and
as sumptions

DIN
genera tion
in the sub-
catchment

Rela tively low
DIN
(<13 kg/ha/yr )
is ra nked
highest,
modera te DIN
(>13 -
<21 kg/ha/yr )
is ra nked
lower.

High DIN (>
21 kg/ha/yr )
is ra nked
highest,
modera te DIN
(>13 -
<21 kg/ha/yr )
is ra nked
lower.

In sub-catchments with
high DIN genera tion,
treatment sy stems ar e
preferable to help capture
and treat pollutants.
Restor ing ecosys tem
serv ices should be limi ted
to sub-catchments with
low to modera te DIN to
minimi se eutrophication
of restored ecosys tems .

Prox im ity to
wetlands,
including
those of
high
ecological
significance
(HES)

Adja cent to
HES estuar ine
or freshwater
wetland is
ra nked higher
than non-HES
wetlands.

Adja cent to
HES wetland
has the highest
ra nking.
Within 50 m of
estuar ine or
freshwater
wetland has a
lower ra nking.

To protect and enhance
the va lues of HES
wetlands, restor ing
ecosys tem serv ices and
treatment sy stems
adja cent to HES wetlands
ar e ra nked higher than
non-HES wetlands.
Estuar ine wetlands ar e
ra nked higher than
freshwater due to gr eater
potentia l connectivi ty to
the GBR. The model
priori tises treatment
sy stems located within
50 m of a wetland, so
that runoff is treated just
prior to entering a
wetland.

Prox im ity to
protected
ar eas, for
ma nagement
purposes

Adja cent to
declar ed Fish
Ha bitat Area is
ra nked highest.
Adja cent to
natura l land or
protected
estates (e.g .
national park )
is ra nked
lower.

Not applicable Land adja cent to a
declar ed Fish Ha bitat
Area or protected ar ea is
a priori ty for the
restor ing ecosys tem
serv ices option, because
the land could potentia lly
be added onto the exis ting
ma nagement unit. For
exam ple, if land was
restored to estuar ine
wetland it could be
included in an adjoining
declar ed Fish Ha bitat
Area. This is not
applicable to treatment
sy stems, as the intent and
ma nagement of a
treatment sy stem is
genera lly not
comm ensura te with
protected estates.

Connectivi ty
to GBR

Very frequently
and frequently
connected

Very
frequently and
frequently
connected

To improve GBR water
qual ity and ecosys tem
function, the land should
be regula rl y connected to
the GBR.

Hi stor ic
wetland
(i.e., pre-
clear)

Ma pped as a
wetland pre-
clearing

Not applicable Areas that were or ig inal ly
wetlands prior to
catchment development
ar e likely to be more
suitable for restor ing
wetland ecosys tem
serv ices.

Following a review of available data and discussions with State
Government experts, a refined list of land use options was established,
comprising:

1) Grazing (grass-fed beef fattening – with and without fertiliser
applied to pastures); and

2) Wetlands:
a. Restored natural wetlands to provide multiple ecosystem

services and additional, extended, habitat for wildlife (hereafter
termed restored ecosystem service wetlands); and

b. Treatment systems to provide nitrogen runoff treatment before
discharge to receiving waters (hereafter referred to as treatment
systems).

Data were sourced primarily from State and Federal Government,
industry and the local natural resource management group. Only com-
prehensive data layers for the entire Wet Topics region were used; for
example, layers (such as acid sulfate soils) that were not consistently
mapped for the study region were excluded because of confounding
problems in applying decision rules consistently and fairly. Instead ap-
propriate surrogate data were investigated, for example, in the case of
acid sulfate soils, land zone mapping (land zone 1 = tidal flats and
beaches; 2 = coastal sand dunes and beach ridges; and 3 = river and
creek landforms) proved suitable, as these land zones are likely to have
greater connectivity to watercourses and the GBR.

2.5. Multi-criteria analysis

The MCA was completed using GIS processes, where mapping and
spatial analysis routines are used to assess specific land for alternate
and/or suitable uses that differ from its current use. MCA is a decision-
making tool to solve problems by applying large amounts of complex
data in a structured way. Combined with GIS, MCA synthesises spatial
and non-spatial as well as qualitative and quantitative data, represent-
ing criteria known to affect land suitability, to produce a suitability
map of potential alternative land uses for the specific area concerned. It
allows assessment of multiple, often conflicting, criteria and is suited to
informing complex natural resource management decisions because it
incorporates ecological, biophysical and social components, and en-
ables stakeholders' judgement to be introduced into the decision system.

The advantage of using GIS-based MCA is that it offers the possibil-
ity to aggregate data from various disciplines (e.g., biological, environ-
mental, social, economic factors) obtained from expert knowledge
(Chen et al., 2010; Koschke et al., 2012; Malczewski, 2004). This lets
managers identify alternative and/or preferred options for land parcels
according to diverse suitability criteria. Land use suitability analysis is
frequently used in ecological economics due to its powerful and flexible
capability for assessing land suitability (McDowell et al., 2018); the
technique has been applied in a number of mapping applications such
as identifying soil suitability for cotton crops, land suitability for
prawn farming, and conservation effects on urban land use planning.

2.6. MCA process to assess suitability and identify locations for land use
change

As determined through stakeholder engagement and the review of
available data and literature, the GIS-based MCA consisted of the fol-
lowing steps: 1) defining sugarcane areas at risk of DIN loss, that were
frequently connected to primary rivers; 2) determining a ranking sys-
tem of suitability following four different land use scenarios using spa-
tial analysis in ArcGIS Desktop 10.3.1 (ESRI), i.e., rank candidate land
parcels to produce land suitability maps and provide summary statistics
for each land use scenario; and 3) validating/reviewing the land suit-
ability model using stakeholder and expert knowledge.

4
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The first step of the MCA defined those sugarcane lands that are
deemed low-lying and at risk of generating and delivering DIN to the
GBR. This dataset is labelled DINrisk. The DINrisk dataset was gener-
ated by first defining the low-lying sugarcane areas within the Wet
Tropics region and then adding information on connectivity to the
coast, DIN generation rate and property boundaries.

Explicit sugarcane production data were not readily available and
therefore low-lying, flood prone sugarcane areas were used as a surro-
gate for generally low productivity sugarcane land (notwithstanding
that in some low-lying flood-prone areas, sugarcane yield may be
higher than that of neighbouring higher elevation land in dry years).
Here the low-lying sugarcane areas within the Wet Tropics region were
defined as areas that are (Fig. 2):

1. less than 50 m above sea-level (to exclude sugarcane in elevated
areas, such as the Atherton Tablelands and elevated parts of the
Johnstone River catchment), but also constrain the study area
comprising of Land Zone 1, 2, and 3;

2. subject to flooding, or within coastal or alluvial land zones, and
3. mapped as sugarcane land use in the Queensland Government

(2009) spatial data (https://www.qld.gov.au/environment/land/
management/mapping/statewide-monitoring/qlump) Note that
the 2015 land use in Queensland Government was not available at
the time of this research project, and could change slightly the
results.

The low-lying sugarcane land parcels identified via this process
were then ranked according to their risk of DIN generation and delivery
to the GBR. Land parcels at risk of DIN loss to the GBR (DINrisk) are
those that are frequently connected to the GBR, as identified via the
GBRMPA blue maps (https://wetlandinfo.des.qld.gov.au/wetlands/
facts-maps/wetland-background/). Estimates of DIN generation rate
(in kg/ha) using Source Catchment model outputs and sugarcane prop-
erty boundaries were added to the DINrisk dataset.

2.7. Land use transition scenarios

Two land use scenarios (three options in total) were considered in
the MCA based on the land use options identified in the review. Specific

factors and parcel ranking systems for each land use scenario are de-
scribed below. Rankings were systematically scored on a continuous
scale from the least (i.e., 0 or 1) to the most (i.e., 3 to 6) suitable land
use options. Scores were assigned in rank order according to the charac-
teristic factors involved in the parcels' evaluation for each land use sce-
nario without repetition. To verify generated scores, group discussion
with stakeholders and experts was carried out to achieve a final score
consensus.

2.7.1. Scenario 1: Grazing
The land parcels in the DINrisk dataset were ranked according to

their suitability for grazing as defined by expert opinion from Queens-
land Government, as follows:

• Land within 10 m of a stream or river was considered to be
unsuitable for grazing, in order to provide space for a riparian
buffer for control of erosion and sediment loss (based on
recommended minimum buffer width for bank stabilization;
Wegscheidl and Layden, 2011);

• Medium suitability was assigned to land at least 20 ha in size
(normal area for establishing beef grazing systems pers. comm.
Queensland Government) but not adjacent to current grazing land;
and

• Land adjacent to existing grazing land is deemed highly suitable
because new grazing land could potentially be added to an existing
grazing enterprise, without the need to construct new cattle loading
and trucking facilities. It is assumed that existing grazing properties
are viable and that adding new grazing land would be possible. In
addition, the assumption here is that converting to grazing land not
only results in DIN reduction, but also would not contribute to
increased risk from sediment erosion losses to receiving waterways.

2.7.2. Scenario 2: Wetlands (ecosystem services or treatment system)
This scenario investigates two wetland use options: restoring wet-

land ecosystem services or installation of a treatment system to capture
and treat runoff. These two options utilise similar datasets, and a suit-
ability ranking system was used to determine the most suitable land
parcels for each option.

Fig. 2. Spatial data and their application in the framework to define low-lying land with risk of high DIN loss to the GBR.
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This system ranked the values or features in each criterion as most
suitable, moderately suitable, low suitability or unsuitable (Table 1)
and the combination of values or features determined the suitability of
a land parcel for either restoring wetland ecosystem services or a treat-
ment system.

A) Restore wetland ecosystem services

Land suitable for restoring wetland ecosystem services was defined
as:

1. Adjacent to a freshwater or estuarine wetland, with a higher
ranking given to those of high ecological significance or land within
a ‘historic wetland’ (i.e., land mapped as being a wetland prior to
catchment development/clearing);

2. Adjacent to a declared Fish Habitat Area (FHA) or natural land and
protected estates;

3. Frequently or very frequently connected to the GBR; and
4. Having a low to medium DIN generation rate (Fig. 3).

To determine parcels of land that met these criteria, land within the
DINrisk dataset was ranked according to this wetland ecosystem
restoration definition.

B) Wetland treatment system

Land most suitable for a treatment system was defined as:

1. Within 50 m of an existing wetland (i.e., freshwater or estuarine)
consistent with buffer zones in the Wetland Management
Handbook, with a higher ranking for land adjacent to wetlands of
high ecological significance;

2. Frequent or very frequent connectivity to the GBR; and
3. Had a medium to high DIN generation rate prior to conversion

(Fig. 4).

2.8. Limitations in the framework data analysis

All spatial data are subject to temporal and spatial uncertainty,
which needs to be considered when interpreting results. Data availabil-
ity and extent were major limiting factors in running the land suitabil-

Fig. 3. Spatial data and application in the framework to define land most suitable for restoring wetland ecosystem services.

Fig. 4. Spatial data and application in the framework to define areas most suitable for treatment systems.

6
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ity model. The data used were the most up-to-date data available with
temporal ranges from 2009 to 2016. LiDAR has the greatest temporal
range (2009 to 2015), however, is only used to create the 50 m contour
line, having little impact on the resultant rankings. The river dataset
(Ordered Drainage) is from 2007, however, the potential for the rivers
to have changed significantly is minimal in our view, and not antici-
pated to have affected the outcome of the analysis (this assumption
might not be supported in all rivers in the study area, and would require
local data to confirm). Data extent is an important factor in obtaining
a comprehensive land suitability model. Data needs to cover the entire
area of interest otherwise there is a risk of excluding or including areas
incorrectly (for example mapping of acid sulfate soils is limited in the
region). Furthermore, due to inconsistencies in data extent and bound-
aries, a 1 m buffer was used when ranking parcels' suitability in relation
to their adjacency/proximity to specific criteria. Finally, some parcels
overlapped multiple sub-catchment boundaries, in these cases the par-
cel was intersected and the portions contained within each sub-
catchment were treated as separate entities.

3. Economic analysis for land use transition options

3.1. Economic approach

The cost-effectiveness of each low-DIN-loss alternative land use op-
tion (grass-fed beef fattening with and without fertiliser input; restored
wetland for supply of ecosystem services; wetland treatment systems)
was calculated to compare the cost: outcome performance of the differ-
ent options from the perspective of private landholders. This cost-
effectiveness calculation requires estimation of: i) gross margins (GM)
in present value terms from the new land use and from the sugarcane
production that it would replace; ii) costs incurred in land conversion
and establishing the new land use; and iii) DIN emissions under existing
sugarcane production and the new land use. GM was calculated as the
difference between production revenues and operating costs, assuming
the production process is established. The GM calculation does not in-
clude upfront capital costs, taxes, capital depreciation and mainte-
nance costs of non-production system-specific fixed assets. For each
land use evaluated, all anticipated future revenues (Rt) and costs (Ct) in-
curred in year t over a production cycle of duration T years were dis-
counted at real discount rate r to derive a total present value gross mar-
gin (TPVGM):

(1)

Sugarcane production and alternative land uses have operating cy-
cles which differ in length and follow different cost profiles. A typical
sugarcane production cycle in the Wet Tropics is five years in duration,
comprising a harvest 15 months after the cane is first planted, three
subsequent harvests from ratoon cane at 13 months intervals, and a fi-
nal 6-month fallow before new sugarcane is planted again. Cattle fat-
tening with fertiliser input to support pasture growth may operate on a
four-year cycle consisting of one year of heavier fertiliser application
alternating with three years of lighter applications. Restored wetlands
and wetland treatment systems have relatively long lifespans of
15 years or more (US Department of Agriculture, 2019), but very dif-
ferent cost outlays, with the latter incurring higher upfront costs.

To provide a consistent basis for comparing the economic perfor-
mance of land use options with operating cycles of different durations,
TPVGM for each land use was converted to an (equivalent) annuity
gross margin (AGM):

(2)

Having calculated the AGM from existing sugarcane production
and the AGM from the new land use, the reductions in AGM for each al-
ternative land use (relative to the AGM from sugarcane) were calcu-
lated as follows:

(3)

From the perspective of a private owner of low-lying sugarcane
land, the choice is between continuing with sugarcane production or
converting to another land use. In the absence of market-based incen-
tives to pay for delivery of ecosystem services, the AGM from sugarcane
production is higher than the AGM of the new land uses considered
here. By switching to a new land use, the sugarcane farmer incurs an
opportunity cost annually in the form of reduced AGM, in addition to
incurring upfront capital costs. Thus, the present value cost (PVC) of
land use change from the perspective of the sugarcane producer was
calculated as:

(4)

where C0 is the upfront capital cost of land transition and Te is the time
horizon over which the comparison is evaluated. The total present
value cost (in absolute $) (Eq. (4)) was converted to an annualised
equivalent present value cost (APVC) (in $/year) using the formula
shown in Eq. (2). This enables the annualised cost to be used alongside
the yearly (assumed constant) DIN reduction from land use change to
calculate the cost-effectiveness of the different land use change options
(Star et al., 2018)2:

(5)

Using an annual discount rate of 5% (after e.g. Roebeling et al.,
2007), the cost-effectiveness of land conversion to grazing, restored
wetlands and wetland treatment systems was calculated for an evalua-
tion time horizon of 12 years. A production time horizon of 12 years is
chosen because it sits between the 10-year timeframe that has fre-
quently been used when assessing the economic performance of man-
agement practice changes in sugarcane production in catchments drain-
ing to the Great Barrier Reef (e.g. Van Grieken et al., 2010, 2014) and
the 15-year lifespan prescribed for wetland creation, wetland enhance-
ment and wetland restoration by the US Department of Agriculture's
Natural Resources Conservation Service (USDA, 2019 www.nrcs.usda.
gov).

3.2. Annuity gross margins and upfront capital cost of land transition

Estimates of AGM from sugarcane production on four soil classes
(S1, S2, S3 and S4 (see Supplementary Material for descriptions of soil
characteristics); https://www.qld.gov.au/environment/land/
management/soil/soil-data/mapping) in the Tully-Murray catchment
in the Wet Tropics are reported in Roebeling et al. (2007). Overlaying
the soil map (Roebeling et al., 2007) with the GIS maps of the locations
of low-lying, high DIN risk, sugarcane land for the study area indicated
that the majority of the low-lying, high DIN risk sugarcane locations
are on soil classes S2 and S4. Thus, plot-level estimates of AGMs3 from
(Roebeling et al., 2007) for sugarcane grown on soil class S2 ($1603/
ha) and soil class S4 ($1109/ha), both with a fertiliser application rate

2 Star et al. (2018) use a similar approach to evaluate the cost-
effectiveness of interventions to reduce fine sediment, DIN and pesticide
loads to the Reef.

3 The AGMs for sugarcane are expressed in 2016 AUD using the ‘all
groups’ consumer price index for Brisbane Australian Bureau of Statistics,
2016 . Consumer Price Index, Australia, December 2016 , Australian Gov-
ernment.
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of 150kgN/ha (Sugar Research Australia, 2013), are used in this study
as the basis for deriving subsequent estimates of the AGM reductions
following land use change.

Restored wetland would entail annual maintenance cost once con-
struction was complete. Following land use change to restored ecosys-
tem services wetland, from a landholder's perspective, the flow of gross
margins from land that previously produced sugarcane ceases and is re-
placed by wetland maintenance cost. There is no published information
on the annual maintenance costs of natural coastal wetlands in GBR
catchments, thus a conservative value of $750/ha/year was assumed in
this study based on Greening Australia's daily hire rate of $360/person
(Bartley et al., 2018) plus travel cost. The assumed value of $750/ha/
year is slightly higher than the median annual costs of wetland rehabili-
tation ($407/ha year−1 which equates to around $664/ha/year in
20164) obtained in questionnaire responses from 31 projects in Aus-
tralia (Streever, 1997).

Upfront costs for wetland restoration can be highly variable depend-
ing on restoration strategies, spatial- and time-specific factors. Restora-
tion strategies should be chosen to address the impacts on, or threats to,
wetland health (Streever, 1997; Waltham et al., 2019) such that, when
restored, wetlands could over time regain their ecological functions and
integrity to supply highly-valued regulating, provisioning and cultural
ecosystem services (Barbier et al., 2011; Costanza et al., 2014). Wetland
restoration may require just a single technique (e.g., minor modifica-
tion to existing drainage or earthworks to flood previously drained
land) or a mixture of techniques and thus be more expensive (e.g., fenc-
ing, weed removal, earthworks and revegetation in combination)
(Abbott et al., 2020; WetlandCare Australia, 2008). In a global study of
the costs and benefits of ecosystem restoration, De Groot et al. (2013)
found that the upfront capital cost of restoring inland wetlands (defined
as freshwater floodplains, swamps, marshes and peatlands (De Groot et
al., 2012) ranged between $7000/ha - $38,000/ha (2016 AUD$).5
Coastal wetland restoration that requires significant earthworks and
vegetation establishment can mirror the process of installing a con-
structed treatment wetland. The upfront cost of a constructed treatment
wetland was estimated by Alluvium (2016) at $275,000/ha. In this
study, an upfront conversion cost ranging from $7000/ha to $275,000/
ha was used in the cost-effectiveness calculation for land use change to
restored coastal wetland.

Information on the maintenance costs of wetland treatment sys-
tems in tropical settings is scarce. Taylor (2005) suggested that annual
maintenance cost is approximately 2% of construction costs. An exam-
ple provided in The Wetland Economic Assessment Tool (WetlandInfo,
2006) indicates a maintenance cost of around 4% of construction cost
(annual operating expenses of $5636 for a 10 ha wetland with a con-
struction cost of $127,059). This study used the average of these two
estimates, assuming that annual maintenance cost was 3% of wetland
treatment system construction cost.

Estimates of construction costs for treatment wetlands in Australia
and New Zealand were collated from publicly available sources
(Alluvium, 2016; Faulkner and Bichan, 2015; Taylor, 2005;
WetlandInfo, 2014) and all reported cost figures were escalated to
2015/16 AUD.6 The total construction cost of a treatment wetland in-
stalled on a banana farm in the Wet Tropics (WetlandInfo, 2014) and a
dairy farm in New Zealand (Faulkner and Bichan, 2015) were reported
to be $61,472/ha and $57,951/ha, respectively. However, estimates of
installation cost reported by Alluvium (2016) and Taylor (2005) are
much higher at $900,000/ha for a small wetland. Thus, construction

4 Escalated using the Consumer Price Index published by the Australian
Bureau of Statistics.

5 De Groot et al. reported costs in 2007 US $. These costs were converted
to 2007 Australian $ using the US$: AUD$ exchange rate for June 2007
from the US Federal Reserve (https://fred.stlouisfed.org/series/DEXUSAL)
and then escalated to 2015/16 Australian dollars using the Consumer Price
Index published by the Australian Bureau of Statistics.

costs for constructed treatment wetlands were assumed to range be-
tween $60,000/ha and $900,000/ha in the cost-effectiveness assess-
ment in this study.

Estimates of AGM for grazing with and without fertiliser input were
obtained following a detailed discussion with a Queensland Depart-
ment of Agriculture and Fisheries (DAF) Senior Beef Extension Officer.
Detailed descriptions of how AGMs for grazing were calculated are
provided in the Supplementary Material. Annual revenues, operating
costs and AGMs from grazing with and without fertiliser input for light
feeder cattle on soil classes S2 and S4 (Roebeling et al., 2007) are sum-
marised in Table 2. Major costs of transitioning from sugarcane pro-
duction to beef production are watering infrastructure, fencing, land
preparation, and pasture preparation and establishment. With advice
from the DAF Senior Beef Extension Officer, total establishment cost
for a 10-ha grazing operation was estimated to be $14,451. An addi-
tional cost of $15,000 for constructing a stockyard and loading facili-
ties was added for land blocks which were not adjacent to existing
grazing land.

3.3. DIN losses

Transitioning from sugarcane to alternative lower-DIN loss land
uses reduces DIN loss. Roebeling et al. (2007) estimated the DIN losses
from sugarcane production in the Tully on soil classes S2 and S4 at a ni-
trogen application rate of 150 kgN/ha to be 31 kgDIN/ha and
50 kgDIN/ha, respectively.

Wetland treatment systems, when installed in the right location,
and appropriately designed to remove nutrients under ambient ground-
water and surface water flows, are likely to contribute to DIN load re-
duction at the Reef (Department of Environment and Heritage
Protection, 2016). The wetland treatment systems considered in this
study are assumed to meet the minimum design specifications detailed
in WetlandInfo (https://wetlandinfo.des.qld.gov.au/wetlands/) case
studies (e.g., WetlandInfo (2014)). The range of DIN removal rates as-
sumed for constructed treatment wetlands in this study is derived from
results reported by Kadlec and Wallace (2008). Of the 72 free-water
surface wetlands whose performance is reported by Kadlec and Wallace
(2008), 60% delivered average DIN removal rates of greater than
370 kg DIN/ha/year, whilst 70% removed in excess of 220 kg DIN/ha/
year. On this basis, the range of DIN removal rates assumed for con-
structed treatment wetland in this study is 200–400 kg DIN/ha/year.

Under appropriate conditions, natural floodplain wetlands can also
denitrify nitrogen runoff from surrounding agricultural lands (Adame
et al., 2019a; Kroon et al., 2016). The rate of denitrification is depen-
dent on the input nutrient load, residence time, wetland configuration,
vegetation type and chemical properties. Adopting a conservative ap-
proach, we used the lower end of the DIN removal rate range for wet-
land treatment systems quoted by the Queensland Department of Envi-
ronment and Heritage Protection (200 kg DIN reduction/ha/year) as
an upper bound for DIN removal rate by restored coastal wetlands
(Department of Environment and Heritage Protection, 2016). This up-
per bound removal rate is well below the mean potential denitrification
rate (438 kg DIN removed/ha/ year) reported by Adame et al. (2019a)
in a study across the wet and dry seasons of five floodplain wetland
forests dominated by Melaleuca spp. in the Wet Tropics. A nominal min-
imum annual DIN removal rate of 20 kg DIN/ha/year (10% of the
maximum rate) is used as a lower bound for the denitrifying perfor-
mance of restored ecosystem service wetlands.

6 Cost figures that are in Australian dollars were escalated from the origi-
nal studies to 2015/16 dollars using the Consumer Price Index published
by the Australian Bureau of Statistics. If the original reported figures are in
New Zealand dollars, costs were escalated to 2015/16 using the New
Zealand Reserve Bank Calculator and then converted to Australian dollars at
1 NZD = 0.96 AUD exchange rate.
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Table 2
Annuity gross margins (AGM) in $/ha and DIN loss in kgDIN/ha/year
from grazing with low fertiliser input (Low input grazing) and without fer-
tiliser input (‘No input’ grazing) on soil classes S2 and S4 in the Wet Trop-
ics.

Business scenar io Low input gr azing ‘No input’ grazing

AGM
($/ha)

DIN loss
(kg/ha year −1)

AGM
($/ha)

DIN loss
(kg/ha year −1)

L2: light feeders on
soil clas s S2

352 2.7 307 0

L4: light feeders on
soil clas s S4

254 5 269 0

For beef grazing with fertiliser input, this study used the DIN loss es-
timates on soil classes S2 and S4 for light feeder cattle provided by
Roebeling et al. (2007), as summarised in Table 2. Detailed descriptions
of how DIN losses under grazing are calculated are provided in the Sup-
plementary Material.

3.4. Cost-effectiveness results

Results of the economic analysis of land use transition options are
presented as reductions in annuity gross margins (calculated via Eq.
(3)), present value cost of conversion (Table 3) and cost-effectiveness
of DIN reduction (Fig. 5), by soil types. All land use transition options in
Table 3 deliver lower AGMs than sugarcane, producing positive results
for reductions in AGM (see Supplementary Material for further deriva-
tion of reductions in AGMs). Low- and no-input grazing on soil class S4

Table 3
Reductions in annuity gross margins (AGMs) and present value costs of
land conversion. Present value costs of conversion are calculated with a
5% discount rate over a 12-year timeframe for all land uses.

Land use
conversion

Soil
type

Reduction in AGM
($/ha/year )

Present va lue cost over 12-year
timefram e ($/ha)

Min Ma x Min Ma x

Ecosys tem
wetlandsa

S2 – 2353 27,855 295,855

Ecosys tem
wetlandsa

S4 – 1859 23,477 291,477

Treatment
wetlandsb

S2 3403 28,603 90,162 1,153,516

Treatment
wetlandsb

S4 2909 28,109 85,783 1,149,137

Low input
gr azingc

S2 – 1251 12,533 14,033

Low input
gr azingc

S4 – 855 9023 10,523

No input
gr azingc

S2 – 1296 12,932 14,432

No input
gr azingc

S4 – 840 8890 10,390

a The minimum and maximum present value costs for restored ecosystem
wetlands reflect the range in the construction costs from $7000–$275,000/
ha.

b The minimum and maximum present value costs for constructed
treatment wetlands reflect the range in the construction costs from $60,000
- $900,000/ha. The maximum and minimum values for reduction in AGM
are due to using a range of $1800–$27,000/ha/year for treatment wetland
maintenance costs. The minimum and maximum present value costs for
treatment wetlands reflect the ranges of maintenance cost as well as the
construction costs.

c The minimum present value cost for grazing corresponds to land that is
adjacent to existing grazing land, thus removing the requirement to
construct a stock yard for livestock loading/unloading. The maximum
present value cost for grazing refers to converted land that is not adjacent to
existing grazing land, so additional stock yard construction costs are
incurred.

produced the lowest reductions in AGMs of between
$840–$860/ha/year and the lowest present value costs of conversion,
between $10,400–$10,500/ha. This is because cattle grazing can still
deliver positive AGMs of $254–$352/ha and $273–$311/ha for low-
input and no-input grazing, respectively. Consequently, reductions in
AGMs from sugarcane are offset somewhat by these positive AGMs
from beef production.

Reductions in AGMs (Table 3) for transitioning to wetlands are
higher than for grazing because the reduction comprises the sum of for-
gone AGM from sugarcane and wetland maintenance cost. In the ab-
sence of any market mechanism to generate revenue streams for supply-
ing DIN reductions and other ecosystem services (e.g., carbon seques-
tration), the wetland options would continue to deliver negative AGMs.
The Present Value (PV) costs of conversion (Table 3) include the impact
of upfront costs of land conversion and reductions in AGMs (Eq. (4)).
Maximum PV costs of land use conversion arise from applying the up-
per bound estimates of the upfront costs of conversion, whereas the
minimum costs arises from the use of lower bound cost estimates in the
PV cost calculations. The difference between the minimum and maxi-
mum PV costs of conversion is high for wetlands, particularly for treat-
ment wetlands, because of the wide range of upfront construction costs
reported in the literature. Conversion to cattle grazing incurs much
lower upfront costs relative to wetlands.

As shown in Fig. 5, the most cost-effective DIN reductions are ob-
tained when land use transition incurs minimum (PV) cost but delivers
maximum DIN reductions in appropriate locations. Under the assump-
tions of this assessment, the most cost-effective treatment wetlands and
grazing locations deliver DIN reductions in the range of
$20–$26/kgDIN. Appropriately situated restored ecosystem wetlands
offer better cost-effectiveness at $11–$14/kgDIN. For the grazing op-
tions, DIN loss reductions are given by the difference between DIN loss
from sugarcane and DIN loss from grazing. For the wetland options,
DIN loss reductions come from savings in DIN loss from sugarcane plus
active DIN removal by the wetlands themselves. Higher assumed rates
of DIN removal enable treatment wetlands to deliver relatively cost-
effective DIN reduction, even though the lower bound of upfront costs
assumed for treatment wetlands is much higher than that for ecosystem
wetlands or grazing. For the cattle grazing options, DIN reductions can
be obtained much more cost-effectively by converting sugarcane land
on the poorer soil class S4 (Fig. 5).

3.5. Cost-effectiveness discussion

Reducing nitrogen loads to the Reef remains a priority, backed by
government policy (Commonwealth of Australia, 2015), water quality
improvement plans (State of Queensland, 2018) and catchment-specific
load reduction targets (Brodie et al., 2016; State of Queensland, 2018).
Recent changes to the regulations governing sugarcane farming in Reef
catchments mandate that nitrogen application rates are closely
matched to cane requirements, informed by regular soil testing and
farm-level nitrogen management plans (State of Queensland, 2019a,
2019c). Compliance with the new regulations should reduce end of
catchment nitrogen loads substantially (State of Queensland, 2019a,
2019b). Compliance will be achieved by implementing improvements
in nitrogen management practice that were identified in a recent review
as being amongst the most cost-effective approaches for nitrogen reduc-
tion (Farr et al., 2019). However, even when the 2019 Reef Regulations
have been implemented in full, it is likely that further nitrogen reduc-
tions will still be required to achieve the catchment-specific load reduc-
tion targets for the Wet Tropics in the Water Quality Improvement Plan
(Terrain NRM, 2015). Thus, there remains a need for additional cost-
effective approaches for nitrogen load reduction in Wet Tropics catch-
ments. The Farr et al. (2019) review reports the cost-effectiveness of ex-
tension-based approaches for nitrogen reduction to be around $50/kg
DIN. In comparison, the cost-effectiveness estimated here for ecosystem
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Fig. 5. The range of cost-effectiveness for DIN reductions achieved by the different land conversion options from sugarcane land on soil classes S2 and S4. Cost ef-
fectiveness is expressed as the annualised present value cost of land conversion per annual kg DIN reduction delivered (Eq. (5)). (ES wetlands denotes ecosystem
service wetlands).

service wetlands, treatment wetlands and no‑nitrogen input grazing –
when implemented in the right circumstances – appears very attractive
(Fig. 5). The wide range of cost-effectiveness estimated in this study for
restoring ecosystem service wetlands and constructed treatment wet-
lands arises from the wide ranges assumed for both construction costs
and denitrification rates.

No-input grazing on S4 soils also appears to offer cost-effective ni-
trogen reduction, compared with the cost-effectiveness of previous ex-
tension programs. In addition, the low upfront costs and familiarity
with beef grazing as a land use option within the farming industry sug-
gest that barriers to entry may be lower for this option than for wet-
lands. To avoid increasing pathogen loading in locations with sensitive
receiving waters, it may be necessary to install vegetated buffer strips
to reduce pathogen runoff (Atwill et al., 2002) as part of the overall
land re-configuration.

To facilitate transition from sugarcane to ecosystem service wet-
lands, constructed treatment wetlands or no-input grazing, a funding
stream will be required that (at minimum) is sufficient to cover the
costs that landholders incur. Under the proposed Reef Credits initiative,
verifiable reductions in nitrogen applications that persist over
10–25 year time frames can attract regular payments. A change to a
land use that uses less fertiliser than cane thus presents an option for se-
curing Reef Credit payments, i.e., method for accounting reduction in
nutrient run-off through managed fertiliser application (Schultz and
Sinclair, 2020). Reef Credit payments could thus be used to recover the
modest upfront costs of conversion to no-input grazing and could help
absorb the opportunity cost of transitioning to non-agricultural land
uses. A Reef Credits methodology for wetland restoration is currently in
the final stages of development, so this funding pathway may also be-
come available for the wetland options. Other mechanisms, such as the
Queensland Land Restoration Fund's ‘carbon with co-benefits’ scheme
(State of Queensland, 2020), that recognise and reward the bundling
benefits supplied by ecosystem service wetlands (e.g., carbon sequestra-
tion and storage, habitat enhancement for threatened flora and fauna,
water quality improvements for the GBR, and employment opportuni-
ties for rural and First Nations communities) could provide stacked pay-
ments that are more likely than a single service-focused payment to
cover wetland construction and maintenance costs (Canning et al. in re-
view). For all the alternative land use options addressed here, careful
consideration must be given to site selection to obtain the most cost-
effective outcome, and thus achieve the highest possible improvement
in reef water quality under available funding mechanisms.

4. Facilitating on-ground implementation – Next steps towards
water quality improvement

4.1. Site-specific options analysis

The mapping and economic assessment identified potential areas of
land suitable for transitioning to grazing, restored wetlands and treat-
ment systems, and also indicated that these land use changes can be
cost-effective for reducing DIN if the correct site is selected. A site-
specific options analysis needs to be undertaken to identify site-specific
social, economic and environmental implications of land use transition.
The site-specific options analysis consists of two elements: 1) shortlist-
ing sites; and 2) site assessment.

4.1.1. Shortlisting sites
The process for shortlisting sites will depend on the source of fund-

ing available to initiate the transition. In some instances, landholders
may wish to convert to another land use that offers a similar or greater
return or lifestyle choice based on economic information alone. In
many cases, government or private investment, including via credit
schemes, will be required to provide a financial incentive for land use
change. Investors should compare sites, via a detailed site assessment
process, to determine those that are most cost-effective for reducing
DIN whilst also meeting other investor priorities.

4.1.2. Site assessment
There are existing decision support systems for assessing and com-

paring sites for management interventions in GBR catchments. These
generally focus on one objective, such as water quality (e.g., Reef Trust
tender process and Water Quality Grants assessment) or wetlands (e.g.,
wetland decision support system and Walking the Landscape approach;
DEHP, 2016). No single existing Decision Support System (DSS) covers
all potential investor priorities, which may include water quality im-
provement, wetland restoration and/or biodiversity improvement
(Canning et al., in review).

Most DSSs provide a framework for assisting in the analysis of site-
specific options and do not consider all possible factors and site nu-
ances. For example, the social and economic consequences of land use
change may not be adequately considered in existing DSSs, e.g., im-
pacts on mill viability. Therefore, DSSs should only be used to support
decision making, not to make the final decision. A recommended
process for assessing sites, to account appropriately and comprehen-
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sively for multiple social, economic and environmental factors, is sug-
gested.

4.1.3. Process for assessing sites
The following steps should be taken to identify the most suitable

site/s for land use transition and the most appropriate land uses for
those site/s:

1. Identify the management objectives and investor priorities (i.e.,
water quality improvement, enhancing fish habitat, carbon
sequestration);

2. Define the scope, including the geographic area of interest, funding
available and area (i.e., hectares) of land seeking transition;

3. Collate published biophysical, social and economic information on
the site/s and broader catchment;

4. Elicit local landholder and stakeholder knowledge of the site/s; and
5. Workshop with landholders, investors and stakeholders to discuss

available information, suitability of alternative land uses and
further implications of land use transition.

5. Conclusions

Here we used a multi-criteria analysis to identify sites suitable for
land use transition that would deliver water quality improvements for
the GBR lagoon. The cost-effectiveness of DIN reductions from these
changes was estimated, accounting for reductions in annuity gross mar-
gins and present value land conversion cost. In certain locations (where
conversion costs are low and DIN reductions are high) treatment wet-
lands and no-input cattle grazing appear to offer cost-effective DIN re-
ductions in the range of 20–26$/kg DIN. This compares favourably with
the cost-effectiveness reported for existing agricultural extension-based
approaches (c. $50/kg DIN reduction). Ecosystem service wetlands
(i.e., wetland restoration) – again when appropriately situated – offer
the prospect of even more cost-effective performance (11–14 $/kg DIN
reduction). These results support the hypothesis that alternative land
uses are cost-effective options for improving water quality in certain ar-
eas of low-lying, low productivity sugarcane land that are at high risk of
DIN loss. On-going investments by the government in addition to pri-
vate market funding mechanisms on the horizon could be appropriate
avenues for this. These approaches need to be tested and refined via tar-
geted pilot projects to improve the knowledge base for the MCA and the
economic analysis, further assisting managers to advance towards the
reef water quality targets. With full adoption of agronomic best man-
agement practices unlikely to meet the ambitious water quality targets
in the Wet Tropics region, land use transition should be considered as
part of a suite of interventions to improve water quality to the GBR.
Funding for these transition initiatives for farmers could be accessed via
market mechanisms such water quality improvement, carbon abate-
ment or biodiversity mechanisms that are on the horizon.
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