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Ecological, biosecurity, off-site and irrigationinduced salinity risks

Authors: Carmel Pollino, Andrew Ash, Brendan Ebner, Tony Grice, Simon Irvin, Rob Kenyon,
Linda Merrin, Daryl Nielson, Jackie O’Sullivan, Dean Paini, Jeda Palmer, Cuan Petheram,
Danial Stratford, Andrew R Taylor and Mark Thomas
Chapter 7 discusses a range of potential risks to be considered before establishing a greenfield
agriculture or aquaculture development. These include the ecological implications of altered flow
regimes, a range of biosecurity considerations, off-site impacts from sediments, nutrients and
agropollutants, irrigation drainage and aquaculture discharge water and irrigation-induced salinity.
The key components and concepts of Chapter 7 are shown in Figure 7-1.

Figure 7-1 Schematic diagram of the components where key risks can manifest when considering the establishment
of a greenfield irrigation or aquaculture development
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7.1

Summary

This chapter provides information on the ecological, biosecurity, off-site and irrigation-induced
salinity risks to the Darwin catchments from greenfield agriculture or aquaculture development. It
is principally concerned with the risks from these developments to the broader environment but
also considers biosecurity risks to the enterprises themselves.

7.1.1

KEY FINDINGS

Ecological implications of altered flow regimes
Although irrigated agriculture in Australia typically occupies a small percentage of a catchment
area (i.e. <3%), it can potentially use a large proportion of the water (i.e. greater than 30%).
Consequently it was important for the Assessment to consider ecological changes to near-shore
marine, estuarine, freshwater and riparian ecosystems that may result from changes in
streamflow following water resource development for irrigation or other uses. It should be noted,
however, that several other human-related factors can also impact on these ecosystems, including
grazing, fire, disease, invasive species and changes in water quality. These factors are discussed
qualitatively in the companion technical reports on ecology (Pollino et al., 2018a, 2018b).
This section overviews the outcomes from the ecology asset analysis, considering flow-related
impacts of potential dams and water harvesting. It was found that the sensitivities of ecological
assets to changes in flow vary. Vulnerabilities of assets change depending on their location in the
catchment, the type and size of the development, volumes of water extracted and timing of water
extraction. The sensitivity of assets to impacts also varies according to their dependencies on
different parts of the flow regime.
The Darwin catchments encompass a variety of landscapes and ecosystems and large populations
of some of northern Australia’s most iconic wildlife species, such as saltwater crocodiles, magpie
geese and barramundi. The richness of biodiversity is attributed to the integrity, extent and
heterogeneity of its wetland habitats.
A summary of analysis findings is presented below.
Finniss catchment

The introduction of the potential Mount Bennett dam results in moderate changes to assets at the
end-of-system. Pumping or diverting volumes of water less than 350 GL results in minor change to
flow metrics for all assets at the end-of-system. However, moderate change may occur for
volumes greater than 350 GL with a low extraction threshold (LT).
Adelaide catchment

Results show major impacts to assets downstream of the potential Upper Adelaide River dam.
Species likely to be locally impacted include migratory fish, including inland barramundi and
freshwater sawfish. Moderate impacts are possible for magpie geese, riparian vegetation,
waterholes and wetlands. The magnitude of changes in flow decreases with increasing distance
downstream from the dam, with no change to minor change to estuarine and coastal species.
Water harvesting results in no change to minor change to all species and habitats under all
scenarios with a high-take threshold. With a low-take threshold, changes in flow metrics are minor
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for extraction volumes less than 350 GL. For extraction volumes greater than 350 GL, changes are
moderate for sawfish and migratory fish. The Adelaide River Offstream Storage results in no
change to flow metrics that are important to estuarine and coastal species and habitats.
Mary catchment

Changes in flow downstream of the potential Mary River dam result in local extreme change, with
likely habitat and species loss. These impacts are modelled for migratory fish, including
barramundi and Hyrtl’s tandan, as well as wetlands and waterholes. The magnitude of change in
flow decreases with distance from the dam, with changes in flow ranging from minor to moderate
for estuarine and coastal species. Water harvesting resulted in minor impacts to ecological assets.
Biosecurity considerations
Compared with many other countries, Australia has many advantages in terms of the opportunity
to mitigate risks from pests and disease due to its isolation and sound regulatory processes.
However, there have been a number of recent disease outbreaks, such as the disease of bananas,
Panama disease tropical race 4, which highlight the risks to enterprises and to industries. The
recent discovery of white spot syndrome virus in south-east Queensland prawn farms similarly
shows the potential for disease to damage whole industries and to have a negative impact on
industries which depend on wild catch. Man-made pathways include road transport, ships and
planes, and the ‘carriers’ (e.g. humans, animals, plants, machinery) that facilitate the movement
and incursion of new pests, diseases and weeds. In the short to medium term, biosecurity risks to
the Darwin catchments are most likely to come from within Australia and, in particular, from
adjacent or climatically similar parts of the country, although wind dispersal from countries to the
north is also possible. The warmer, north Australian environment is more favourable than
temperate climates for insects and pathogens to adapt and multiply with the introduction of a
new food source (e.g. a crop). However, the environment also favours beneficial organisms that
prey on pest species. A range of macro-pests also pose a risk, such as feral pigs. Pathogens pose a
constant risk to aquaculture enterprises. In some cases management actions aim to prevent the
introduction of the pathogen to the enterprise, in other cases the pathogen is present in the
farmed population and needs to be managed through good husbandry practices. There is also
potential for disease in farmed populations to escape into wild populations. Similarly, irrigated
agriculture has the potential to introduce weeds into the broader environment.
Sediment, nutrients and agropollutant loads to receiving waters
Agriculture can affect the water quality of downstream freshwater, estuarine, and marine
ecosystems. The principal pollutants from agriculture are nitrogen, phosphorus, total suspended
solids, herbicides and pesticides. A relative-risk assessment approach was used to determine
potential surpluses of these. Nitrogen use varied considerably but was very high for crops such as
bananas and okra. Conversely, the nitrogen surplus was low or even negative for crops such as
rice, maize and peanuts. Phosphorus surplus also varied substantially but was very high for crops
such as melons, okra, cucumber and snake bean that have high phosphorous inputs and a low
quantity of phosphorous in the harvestable product. Conversely, the phosphorous surplus was low
or even negative for crops such as sweet corn, maize and soybean. Some crops, such as bananas,
have high pesticide, herbicide and fungicide application rates while other crops such as mangoes
have much lower application rates. Determining herbicide and pesticide surplus is difficult,
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especially since technologies are changing rapidly and many newer chemicals have much lower
application rates, but their active ingredients are relatively more potent than older chemicals.
Nitrogen losses were also examined using a different approach, through simulation. Losses via
runoff were highly dependent on the amount of runoff, which is highly dependent on rainfall
amount and intensity. Simulated sediment loss showed that the use of a cover crop could
minimise soil loss and therefore the amount of sediment released into water bodies downstream.
Irrigation-induced salinity
Irrigation-induced salinity requires a source of salt for salinity to manifest itself as an
environmental and production problem. Areas with higher rainfall (i.e. more than 1200 mm/year),
such as the Darwin catchments, and/or highly permeable soils, tend to have lower concentrations
of salts in the soil profile because the salts are leached down to the watertable and flushed out of
the groundwater system. Due to the absence of a source of salt in the landscape and given that
water sources are typically fresh, the risk of irrigation-induced salinisation in the Darwin
catchments was deemed to be low.

7.1.2

INTRODUCTION

The range of environmental changes that could potentially occur as a result of water and irrigation
development is as varied as the number of developments that could be proposed. Furthermore,
water and irrigation development can result in complex and in some cases unpredictable changes
to the surrounding environment and communities. For instance, prior to the construction of the
Burdekin Falls Dam, the Burdekin Project Committee (1977) and Burdekin Project Ecological Study
(Fleming et al., 1981) concluded that the dam would improve water quality and clarity in the lower
river and that para grass (Brachiaria mutica), an invasive weed from Africa that was then present
at relatively low levels, could become a useful ecological element as a result of increased water
delivery to the floodplain. However, the Burdekin Falls Dam has remained persistently turbid since
construction in 1987, greatly altering the water quality and ecological processes of the river below
the dam and the many streams and wetlands into which that water is pumped on the floodplain
(Burrows and Butler, 2007). Para grass and more recently hymenachne (Hymenachne
amplexicaulis), an ecologically similar plant from South America, have become serious weeds of
the floodplain wetlands, rendering innumerable wetlands unviable as habitat for most aquatic
biota that formerly occurred there (Tait and Perna, 2000; Perna, 2003, 2004).
Thus, there are limitations to the specific advice that can be provided in the absence of specific
development proposals and for this reason this section provides general advice on those
considerations or externalities that are most strongly affected by water resource and irrigation
developments. It is not possible to discuss every potential change that could occur. For this
reason, the chapter is structured as follows:
• Section 7.2, ecological implications of altered flow regimes; examines how river regulation
affects inland and freshwater assets in the Darwin catchments and marine assets in the nearshore marine environment.
• Section 7.3, biosecurity considerations; discusses the risks presented by disease, pests and
weeds to an irrigation development and the risks new agriculture or aquaculture enterprise in
the Darwin catchments may present to the wider industry and broader catchment.
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• Section 7.4, sediment, nutrients and agropollutant loads to receiving waters; examines water
quality resulting from agriculture and aquaculture enterprises and discusses agricultural or other
chemical containment risks to downstream aquaculture enterprises and the environment.
• Section 7.5, irrigation-induced salinity; briefly discusses the risk of irrigation-induced salinity to
an irrigation development and the downstream environment in the Darwin catchments.
Other externalities associated with water resource and irrigation development discussed
elsewhere in this report include:
• The direct impacts of the development of a large dam and reservoir on:
– Indigenous cultural heritage (Section 3.4)
– the movement of aquatic species (Section 5.3)
– terrestrial ecosystems and species within the reservoir inundation area (Section 5.3).
The externalities listed above are rarely factored into the ‘true costs’ of water resource or
irrigation development, and the reality is that even in parts of southern Australia where data are
abundant, it is very difficult to express these ‘costs’ in monetary terms as perceived changes are
strongly driven by values, which can vary considerably within and between communities and
fluctuate over time. For this reason, the material in this chapter is presented as a standalone
analysis to help inform conversations and decisions between communities and government.
It is important to note that this chapter is primarily focused on key risks from irrigated agriculture
and aquaculture, although the section on biosecurity considers both risks to the enterprise and
risks emanating from the enterprise into the broader environment. Other risks to irrigated
agriculture and aquaculture are discussed elsewhere in this report and include risks associated
with:
• flooding (Section 2.5)
• regulatory delays (Section 3.6)
• erosion (captured in the land suitability analysis described in Section 4.3)
• sediment infill of large dams (Section 5.3)
• reliability of water supply (sections 5.3 and 6.3)
• timing of runs of failed years on the profitability of an enterprise (Section 6.3).
Material within this chapter is largely based on (and further information can be found in) the
companion technical reports on agricultural viability (Ash et al., 2018), aquaculture viability (Irvin
et al., 2018), hydrogeological assessment (Turnadge et al., 2018) and two companion reports on
ecology (Pollino et al., 2018a, 2018b).

7.2

Ecological implications of altered flow regimes

7.2.1

INTRODUCTION

As outlined in Chapter 2, the Darwin catchments are characterised by distinct wet and dry
seasons, with significant variability year to year in annual rainfall. Most rivers only flow during the
wet season and freshwater and marine ecosystems of northern Australia have adapted to this
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seasonal variability. Changes in flow as a consequence of new water resource developments have
the potential to impact on these ecosystems depending upon the location, scale and nature of
regulation. This section assesses the potential ecological impacts arising from changes in flow as a
result of:
• major instream dams (Section 5.3)
• water harvesting (Section 5.3), where water is pumped or diverted from a major watercourse
into an offstream storage, usually a ringtank.
As described in Section 5.3, major instream dams are efficient at capturing water. However, they
can dramatically change the flow patterns downstream of the dam wall. With distance
downstream from the dam and the point of water extraction, the seasonality of streamflow may
increasingly resemble the natural pattern and the amount of water extracted as a proportion of
total streamflow decreases. Water harvesting typically causes less disruption to the high- and lowflow extremes than major instream dams. This is because during high-flow events mechanical
pumps can only physically extract so much water, which is usually a small volume in relation to the
volume of the flows. At low flows, pump-take thresholds constrain water take, where pumping
only commences when the flow in the river is above a certain ‘threshold’ discharge. While a lower
threshold results in an irrigator being able to extract their full allocation of water at a higher
degree of reliability, it reduces the protection of low flows for the environment.
This section evaluates the potential impact of changes in flow on freshwater and marine ecological
assets, which may result from these two water resource development options (Scenario B). Some
analyses also include assessment under wet and dry extreme climate projections (Scenario C), and
assessment of climate change projections and potential developments (Scenario D). Assets are
defined as important habitats, species or functional groups that are of conservation, cultural,
commercial or recreational value or that support ecological function (Figure 7-2). The outputs are
intended to examine the sensitivity of freshwater and marine ecological assets to potential
changes at locations within the catchment where the asset is located and to assist future decisions
on environmental flows.
Environmental flows are used to describe the quantity, timing and quality of water flows required
to sustain freshwater, estuarine and coastal ecosystems. While simple ‘rules of thumb’ approaches
to defining environmental flows are desirable, they have no empirical basis and can put the
integrity of ecosystems at risk (Arthington et al., 2006). Contemporary methods for defining
environmental flows require the development of relationships between components of flow and
ecological responses (Poff et al., 2010). This report develops such relationships to evaluate the
impacts of flow alteration.
Unless specified elsewhere, the material presented in Section 7.2 has been summarised from the
companion technical report on ecology (Pollino et al., 2018b).
Contextual information
Water-dependent ecological assets are sensitive to changes in flow, being sustained by either
surface water or groundwater flows or a combination of these. Priority assets have been selected
in the Darwin catchments to represent potential impacts to ecology as a consequence of surface
water developments. To assess impacts, knowledge of the distribution and drivers of change of
assets was synthesised and potential impacts of altered flows to assets assessed using quantitative
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and qualitative methods. By using these scenarios, the sensitivity of assets to changes in flow as a
consequence of different types of flow changes was evaluated.

Figure 7-2 Diverse wetland habitats are critical ecological assets in the Darwin catchments
Photo: CSIRO

A two-tiered approach was used for analysis.
• The first tier evaluated changes in flow throughout the catchment where assets are known to be
located. The components of the flow that are important to the asset were identified and the
potential for these to change were evaluated. This was done by comparing ‘important’
components of flow (referred to as flow metrics) under Scenario B to the same components of
flow under Scenario A and calculating the mean change, with the scale of change ranging from 0
and 100%.
• A subset of these assets proceeded to a second tier of analysis that provided a more detailed
assessment of potential impacts. This was only undertaken for those assets for which there was
a sufficient body of literature available to develop quantitative models (for more information
see the companion technical report on ecology (Pollino et al., 2018b)).
Several other factors can also impact ecological systems such as water quality, access to
groundwater, soil characteristics, physical changes (e.g. grazing impacts), fire, disease and invasive
species. However, this analysis solely focuses on ecological changes that may result from changes
in flow regimes. Other factors are discussed in Pollino et al. (2018a) but not evaluated.
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A subset of hydrological model nodes was selected for assessment, representing locations in the
Darwin catchments. These nodes were selected based on observational records of the location of
assets within the catchment, and the likelihood that the nodes would experience changes in flow
(Figure 7-3).

Figure 7-3 Map of the Darwin catchments showing the location of potential water development sites and nodes
used for the ecological analysis

Under Scenario A, streamflow is simulated using the historical climate and current levels of
development. This is the ‘baseline’ scenario against which other scenarios were compared.
Under Scenario B, water is extracted at different locations within the catchments and the
Assessment examined how the reliability of extraction is affected by a variety of pump-related
variables and other uses (Hughes et al., 2018). It also involved using major dams to store water
within a catchment (Petheram et al., 2017).
Under Scenario B water harvesting (Scenario B-WH), the ecological analysis considered six wholeof-system annual extraction volumes (50, 150, 350, 550, 750 and 950 GL) at a low pump-take
threshold (LT; 200 ML/day) and at a high pump-take threshold (HT; 1800 ML/day).
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Under Scenario B major dams (Scenario B-D), the impacts of five potential dams on streamflow
were calculated individually (Scenario B-D-I) and in combination (Scenario B-D-C):
• In the Finniss catchment only the potential Mount Bennett dam is considered.
• In the Adelaide catchment, the potential Upper Adelaide River dam and the Adelaide River
offstream water storage (AROWS) adjacent to the Adelaide River are considered individually and
in combination.
• In the Mary catchment a potential dam on the Mary River is considered. The impact of a
potential dam on the McKinlay River in conjunction with a dam on the Mary River is then
assessed.
Potential changes under scenarios Cwet and Cdry are examined. Scenarios are described in
Section 1.4.
Categories of impact used in the scenario analysis are:
• no change – no changes are likely to be measurable (mean change in flow metrics is less than
10%)
• minor change – minor changes that are unlikely to be measurable (mean change in flow metrics
is between 10 and 30%)
• moderate change – measurable changes but without major changes to ecosystem structure or
function (mean change in flow metrics is between 30 and 60%)
• major change – significant changes to ecosystem structure or function, no longer supporting
habitat or species (mean change in flow metrics is between 60 and 90%)
• extreme change – complete change of ecosystem structure and function (mean change in flow
metrics is greater than 90%).
The remainder of this section is structured as follows:
• Section 7.2.2 provides a summary of changes to assets using the first-tier approach at selected
locations across the study area.
• These results form the basis of interpretation and discussion in Section 7.2.3.
• Combined with the second-tier approach, further results are discussed in sections 7.2.4 to 7.2.6.

7.2.2

CHANGE IN COMPONENTS OF FLOW SPECIFIC TO KEY ECOLOGICAL ASSETS
AND HABITATS IN THE DARWIN CATCHMENTS

To analyse the potential for ecological change arising from potential water resource development,
relative changes in streamflow under scenarios A and B were assessed at eight locations in the
Darwin catchments. Data from select sites, corresponding with streamflow nodes, are presented
here.
The sites for which results are presented in this section are shown in Figure 7-3. In the Finniss
River catchment results are presented for streamflow node 81500001 (Figure 7-4). In the Adelaide
River catchment results are presented for nodes 81700001, 81700200, 81700050 and 81700020
(Figure 7-5 ,Figure 7-6, Figure 7-7 and Figure 7-8, respectively). In the Mary River catchment
results are presented for nodes 81800001, 81800351 and 81800354 from the coast (end-of378 | Water resource assessment for the Darwin catchments

system) to inland (Figure 7-9, Figure 7-10, Figure 7-11, respectively). The figures in this section
present a summary of information on aspects of change in modelled volume and timing of
streamflow specific for each species and habitat at each node relative to Scenario A. The greatest
changes occur at nodes immediately downstream of dams. It should be noted that under these
general simulations the hydrological model was not configured to simulate irrigation releases
immediately downstream of the dam. For this reason and depending upon how water is conveyed
from the dam to the irrigation area (e.g. pipeline, river channel) actual streamflow patterns in the
reach immediately downstream of the dam may be considerably different to the modelled flows
reported in this section.
Each figure in this section corresponds to a specific node in the river model. The proximity of
assets to each river model node was determined, and only assets in close proximity to a node
were assessed at that node. Scenarios involving water harvesting (Scenario B-WH) and dams
(Scenario B-D) are presented on the x-axis and assets are listed on the y-axis. Each number
represents the percentage difference between Scenario B and Scenario A, ranging from 0 to 100%.
The percentage difference is calculated as the mean of change across flow components considered
important to each asset relative to Scenario A. The larger the mean percentage difference in flow
components between scenarios B and A, the larger the potential for ecological change to assets.
The intensity of the colour in Figure 7-4 to Figure 7-11 illustrates the magnitude of the percentage
difference in flow components.
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Figure 7-4 Assessment of change in flow metrics for assets at assessed location 81500001 in the Finniss catchment
The intensity of the colour represents the variability of the scenario evaluated relative to Scenario A. Water harvesting
scenarios are designated by an ‘LT’ or ‘HT’ where ‘LT’ and ‘HT’ represent low (200 ML/day) and high (1800 ML/day)
extraction thresholds for water harvesting, respectively. The pump rate was assigned such that the allocated volume
could be extracted in 20 days. The numerals in the water harvest label correspond to the total extraction in the Finniss
catchment. Upstream dams are labelled as cumulative (D-C) or individual (D-I). Numbers in cells represent mean
percentage change in flow metrics for an asset (between Scenarios B and A). The bar graph at the top shows the mean
of the mean change across all assets. This node represents end-of-system.
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Figure 7-5 Assessment of change in flow metrics for assets at assessed location 81700001 in the Adelaide catchment
Refer to caption note in Figure 7-4 for figure explanation. This node represents the end-of-system.
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Figure 7-6 Assessment of change in flow metrics for assets at assessed location 81700200 in the Adelaide catchment
Refer to caption note in Figure 7-4 for figure explanation.

Figure 7-7 Assessment of change in flow metrics for assets at assessed location 81700050 in the Adelaide catchment
Refer to caption note in Figure 7-4 for figure explanation.
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Figure 7-8 Assessment of change in flow metrics for assets at assessed location 81700020 in the Adelaide catchment
Refer to caption note in Figure 7-4 for figure explanation.
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Figure 7-9 Assessment of change in flow metrics for assets at assessed location 81800001 in the Mary catchment
Refer to caption note in Figure 7-4 for figure explanation. This node represents the end-of-system.
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Figure 7-10 Assessment of change in flow metrics for assets at assessed location 81800351 in the Mary catchment
Refer to caption note in Figure 7-4 for figure explanation.

Figure 7-11 Assessment of change in flow metrics for assets at assessed location 81800354 in the Mary catchment
Refer to caption note in Figure 7-4 for figure explanation.
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7.2.3

CHANGE IN MARINE ASSETS

Marine fish
Under Scenario B-WH, changes to grunter and mullet range from no change to minor, with the
exception of the Finniss River. In the Finniss catchment, for the low pump-take threshold (LT),
moderate impacts occur for extractions greater than 350 GL for grunter and greater than 550 GL
for mullet (Figure 7-4). Flow metrics range from no change to minor impacts under the high pumptake threshold (HT). Impacts are also moderate for the potential Mount Bennett dam under
Scenario B-D. Minor changes to both species occur in the Mary catchment with the potential Mary
River dam, increasing to moderate with the addition of the McKinlay dam (Figure 7-9). In the
Adelaide and Mary catchments, changes to marine fish range from no change to minor under
Scenario B-WH, and range from no change to minor under Scenario B-D in the Adelaide catchment
(Figure 7-5).
Marine fish, the grunter and mullet, were assessed at end-of-system nodes (81500001 in the
Finniss catchment, 81700001 in the Adelaide catchment, 81800001 in the Mary catchment). This
part of the Adelaide and Mary catchments represents estuarine habitats, which have high primary
productivity and dynamic food webs, supporting abundant and diverse fish and crustacean species
(Halliday et al., 2012). The estuaries and freshwater reaches of the Darwin catchments are critical
habitats for juvenile and early-adult marine fish. The annual monsoon season is a critical time
period for many fish species, including estuarine-dwelling species. The late dry season to early wet
season is a critical period for recruitment and survival, with catchment flows reducing salinity in
the estuary, allowing for optimal growth and feeding of adults and juveniles (Humphries et al.,
1999). This section contains an overview of changes to grunter and mullet in the Finniss, Adelaide
and Mary catchments.
Adult grunter spawn in the estuary. They prefer brackish habitats, which are sustained by late dryseason flows. Grunter reproduce in the late dry and wet season, and the estuary habitat becomes
abundant with juvenile fish. Grunter are an important predator in estuary habitats, and structure
fish populations in estuaries as a result. Changes in the volume of wet-season flows to the estuary
would restrict grunter breeding and feeding habitat. Changes in early wet-season and wet-season
flows could potentially affect the population of grunter in the estuary if changes occurred on an
annual basis.
Mullet use both estuary and freshwater environments. Adult mullet spawn in estuaries and
juvenile mullet migrate to the river during the late dry-season flows; flows are needed to
reconnect the estuary and river channel for migration to occur (Grant and Spain, 1975; Halliday
and Robins, 2005). Given the reduction in early wet-season flows, it is possible that the timing of
connection is delayed, reducing the opportunities for mullet to migrate when flows are not at a
high velocity. This could strand juveniles in the estuary in less optimal habitats for growth.
Under water harvest scenarios, changes to streamflow are most noticeable during the early wetseason flows. Under dam scenarios, changes to streamflow occurs throughout the year, with
changes in the late dry season being highest. These changes are based on modelled flows and
could vary depending upon the specific details of a development.

386 | Water resource assessment for the Darwin catchments

Snubfin dolphin
Changes to important components of flow for snubfin dolphins range from no change to moderate
change. Moderate changes occur in the Finniss catchment under Scenario B-WH-LT when
extraction volumes equal or exceed 550 GL (Figure 7-4). Flow metrics range from no change to
minor impacts under the HT. Under Scenario B-D, the potential Mount Bennett dam, changes to
snubfin are moderate at the end-of-system in the Finniss catchment. In the Mary catchment,
under Scenario B-D, the potential Mary River dam results in minor changes in relevant flow
metrics, increasing to moderate change with the addition of the McKinlay dam (Figure 7-9).
Changes are minor in the Adelaide catchment with the potential Upper Adelaide River dam and
with the addition of AROWS (Figure 7-5).
Snubfin dolphin were assessed at the end-of-system nodes (81500001 in the Finniss catchment,
81700001 in the Adelaide catchment, 81800001 in the Mary catchment). The snubfin dolphin is an
estuarine- and embayment-dwelling species. They occupy near-shore marine habitats almost
exclusively, and while they are found in upper estuary freshwaters, they do not venture into
riverine habitats. The dependence of snubfin dolphin on river flows is via the dynamics of the
annual monsoon driving a complex food web. The use of habitats in the Darwin catchments by
snubfin dolphin is dependent on the seasonally dynamic annual monsoon. There is limited
information available on snubfin dolphins.
Changes occur during both dry-season and wet-season flows under both water harvest and new
dam scenarios. The cumulative impacts of habitat loss across seasons and over consecutive years
is likely to reduce habitat availability in the estuary for snubfin dolphin. These changes are based
on modelled flows and could vary depending upon the specific details of a development.
Crocodiles
In the Finniss catchment under Scenario B-WH, minor change occurs to flow metrics of importance
to crocodiles, except under LT thresholds and extraction volumes of 550 GL or greater where
moderate changes occur (Figure 7-4). Under Scenario B-D, changes to crocodiles in the Finniss
catchment are moderate with the potential Mount Bennett dam. In the Mary catchment, changes
are moderate with the potential Mary dam and the cumulative Mary and McKinlay dams
(Figure 7-9). Under Scenario B-WH, changes to flow metrics important to crocodiles in the
Adelaide catchment (LT 150 GL and above; HT 550 GL and above) and the Mary catchment (LT 150
GL and above; HT 550 GL and above) are minor. Changes are minor in the Adelaide catchment
with the potential Upper Adelaide River dam and with the addition of AROWS (Figure 7-5).
Crocodiles were assessed at the end-of-system nodes (81500001 in the Finniss catchment,
81700001 in the Adelaide catchment, 81800001 in the Mary catchment). Flows are critical to
support breeding behaviour and nesting of crocodiles, which span the wet season. Inundated
areas provide suitable habitat for crocodiles. If the size or number of inundated areas increases, it
could provide an opportunity for juveniles to access broader habitats. Access to a greater food
supply could also boost the growth rate of crocodiles, and enable them to outcompete predators.
If inundated areas decrease in size or number, it may limit the growth rate of juveniles.
Flow changes occur in wet-season flows, which have the potential to affect the survival rate of
eggs and reduce the number of nesting sites available to crocodiles. These changes are based on
modelled flows and could vary depending upon the specific details of a development.
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White banana prawns
Past assessments have shown a relationship between flows at the end of a river system and the
catch of white banana prawns (Bayliss et al., 2014). White banana prawn data from the Darwin
catchments show that catches are likely to be affected under water harvest and dam scenarios,
with flow volumes being strongly related to prawn catch. Under water harvest scenarios (Scenario
B-WH), little to no change in catch is observed under the low extraction volumes. The highest
water harvest scenarios (950 GL) reduce prawn catch by up to 15% on average across years. With
the addition of the Mary and McKinlay dams, the reduction in prawn catch is up to 30% on average
across years. The other potential dams result in changes of less than 10% on average across years.
These changes are based on modelled flows and could vary depending upon the specific details of
a development. For more information on this analysis see the companion technical report on
ecology (Pollino et al., 2018b).
Salt flats
In the Mary and Adelaide catchments, under Scenario B-WH the change in flow metrics important
to salt flats generally range from no change to minor change (Figure 7-5) and (Figure 7-9). Under
Scenario B-D, changes are minor for the two potential dams in the Mary catchment individually
and in combination. Moderate changes occur to salt flats with the Mount Bennett dam in the
Finniss catchment (Figure 7-4). Under Scenario B-D, the dams predominantly affected the
duration of high flows, which in turn can affect the inundation extent of salt flats.
Salt flats were assessed at the end-of-system nodes (81500001 in the Finniss catchment,
81700001 in the Adelaide catchment, 81800001 in the Mary catchment). Overbank floods extend
into the estuary and they become inundated. These are colonised by a range of fish and
crustacean species. A spike in primary production occurs on the inundated salt flats, which
contribute to the overall dynamic production in estuaries during the monsoon season (Burford et
al., 2016).

7.2.4

CHANGE IN INLAND AND FRESHWATER ASSETS: HABITATS

Floodplain wetlands
For the wetlands analysis, the Adelaide, Mary, and Wildman catchments and the Finniss
catchment are considered as two separate zones. The inputs to this analysis are from inundation
modelling within the Darwin catchments, see companion technical report on flood mapping and
modelling Karim et al. (2018) for more information.
The floodplains of the Adelaide and Mary catchments, together with the neighbouring Alligator
rivers, form a vast, interconnected, continuous wetland system (Environment Australia, 2001) that
is seasonally inundated (Close et al., 2012). These freshwater coastal floodplains form a mosaic of
diverse wetland habitats, including tidal flats, swamps, billabongs and mangroves that are highly
productive. Floods extend over a large area, persist for an extended time and support a rich
diversity of fauna and flora. The floodplain complex is a major breeding ground for magpie geese
and migratory waterbirds (Close et al., 2012; Environment Australia, 2001).
The Finniss catchment supports a modified but relatively intact floodplain with seasonal and near
permanent wetlands with extensive paperbark swamps. The floodplain supports floating mat
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vegetation and the permanent billabongs in the north-east are a major breeding ground for
saltwater and freshwater crocodiles, and also provide important breeding habitat for magpie
geese and migratory waterbirds (Close et al., 2012; Environment Australia, 2001).
An analysis of the impact of projected climate and potential dams on the connectivity of 100
wetlands in the Adelaide, Mary and Wildman catchments and 17 wetlands in the Finniss
catchment was undertaken. This analysis considered (i) wetlands with no connection to the main
river channel; (ii) wetlands that have one or more periods of connection to the main river channel,
with a mean connection period of less than 21 days; and (iii) wetlands that had a single connection
event to the main river channel that generally persisted for more than 21 days. Connectivity was
analysed for flood events of a range of annual exceedance probabilities (AEP), where AEP indicates
the probability of exceeding a flood of a certain magnitude in a given year .
Adelaide, Mary and Wildman catchments

In the Adelaide, Mary and Wildman catchments under Scenario Cwet, little to no change in
connectivity of wetlands occurs for flood events of AEP 1 in 3 or AEP 1 in 13. Losses of connectivity
occurs under Scenario Cdry, with 18% of wetlands losing connectivity. The addition of the
potential Upper Adelaide River dam (i.e. Scenario Ddry) did not cause any reductions in
connectivity.
Under Scenario A, for flood events that occur on average once every 3 years (AEP 1 in 3), 11% of
wetlands remained unconnected, 33% of wetlands had connections for less than 21 days and 56%
had connections for more than 21 days (Table 7-1, Table 7-2). This does not change under the
potential Upper Adelaide River dam (Scenario B-D) scenario, under current (Scenario B) and future
(Scenario D) climates (Table 7-1). Under Scenario Cdry, more wetlands have no connection to the
main river channel than under Scenario A.
Table 7-1 Percentage of wetlands connected to the main river channel in the Adelaide, Mary and Wildman
catchments for a flood event of AEP 1 in 3
SCENARIO

% WETLANDS WITH NO
CONNECTION

% WETLANDS
CONNECTED <21 DAYS

% WETLANDS
CONNECTED >21 DAYS

Scenario A

11

33

56

Scenario B-D

11

33

56

Scenario Cwet

11

33

56

Scenario Cdry

18

29

53

Scenario Dwet

11

33

56

Scenario Ddry

18

29

53

AEP = annual exceedance probability

For flood events that occur on average once every 14 years (AEP 1 in 14), under Scenario A all
wetlands are connected to the main river channel, with the majority being connected for more
than 21 days (Table 7-2). The potential Upper Adelaide River dam results in a small increase in the
percentage of wetlands being inundated for more than 21 days, though the differences are small
(Table 7-2). Under Scenario Cdry, 10% of wetlands had no connectivity. The addition of dams (i.e.
Scenario Ddry) makes little difference to the percentage of wetlands with no connection
(Table 7-2).
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Table 7-2 Percentage of wetlands connected to the main river channel in the Adelaide, Mary and Wildman
catchments for a flood event of AEP 1 in 14
SCENARIO

% WETLANDS WITH NO
CONNECTION

% WETLANDS
CONNECTED <21 DAYS

% WETLANDS
CONNECTED >21 DAYS

Scenario A

0

24

76

Scenario B-D

0

18

82

Scenario Cwet

0

19

81

Scenario Cdry

10

14

76

Scenario Dwet

0

20

80

Scenario Ddry

11

13

76

AEP = annual exceedance probability

Finniss catchment

In the Finniss catchment, under Scenario Cdry there is a reduction in wetland connectivity,
particularly those connected to the main river channel during moderate events (AEP 1 in 10). The
potential McKinlay dam and dry climate scenarios result in a reduction in wetland connectivity.
This reduction in connectivity is likely to result in diminished habitat quality and a corresponding
reduction in recruitment and survival of wetlands species, including the magpie goose (Warfe et
al., 2011). There is also a small increase in the proportion of wetlands inundated for increased
durations. These changes are localised. A scenario of a combined potential McKinlay dam and a
dry future climate (Scenario Ddry) further exaggerated changes in wetland connectivity. This
would be likely to change the breeding success of magpie geese (Whitehead and Saalfeld, 2000).
Increased duration of connectivity of wetlands could lead to a loss of biodiversity (Barrett et al.,
2010; Kingsford et al., 1995).
Under Scenario A, for floods that occur on average once every 2 years (AEP 1 in 2), 24% of
wetlands have no connection to the river during these flood events. Of the remaining wetlands, all
are intermittently connected for periods of less than 21 days and no wetlands are connected for
extended periods of more than 21 days (Table 7-3). Under a wetter climate scenario, more
wetlands are connected, but not for more than 21 days.
The potential McKinlay dam (Scenario B-D) results in wetlands having a small reduction in
connectivity under Scenario B and Scenario Dwet. The number of wetlands that are disconnected
increased under Scenario Ddry, with the potential McKinlay dam (Table 7-3).
Table 7-3 Percentage of wetlands connected in the Finniss catchment under AEP 1 in 3
SCENARIO

% WETLANDS WITH NO
CONNECTION

% WETLANDS
CONNECTED <21 DAYS

% WETLANDS
CONNECTED >21 DAYS

Scenario A

24

76

0

Scenario B-D

29

71

0

Scenario Cwet

18

82

0

Scenario Cdry

29

71

0

Scenario Dwet

29

71

0

Scenario Ddry

35

65

0

AEP = annual exceedance probability
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Under Scenario A, for floods that occur on average once every 10 years (AEP 1 in 10), all wetlands
are connected. This is also the case under Scenario Cwet. Under Scenario Cdry, wetlands that are
connected for less than 21 days lost connection, but the proportion of wetlands connected for
more than 21 days remain the same (Table 7-4). The potential Mount Bennett dam (Scenario B-D)
increases the proportion of wetlands with no connectivity, but there are small increases in the
proportion of wetlands connected for more than 21 days (Table 7-4). Under Scenario Dwet, there
is a small reduction in wetland connectivity; however, there are small increases in the number of
wetlands connected for more than 21 days (Table 7-4). Under Scenario Ddry, there is a decrease in
wetland connectivity, with none being connected for more than 21 days (Table 7-4).
Table 7-4 Percentage of wetlands connected in the Finniss catchment under AEP 1 in 10
SCENARIO

% WETLANDS WITH NO
CONNECTION

Scenario A

% WETLANDS
CONNECTED <21 DAYS

% WETLANDS CONNECTED
>21 DAYS

0

71

29

24

41

35

Scenario Cwet

0

71

29

Scenario Cdry

12

59

29

Scenario Dwet

6

59

35

Scenario Ddry

24

76

0

Scenario B-D

AEP = annual exceedance probability

Monsoon vine forest
The monsoon vine forests of the Darwin catchments are highly groundwater dependent. While
monsoon vine forests occur in areas with permanent soil water, they also occur in drier sandstone
escarpment and coastal thickets where deciduous species are able to cope with periods without
soil water (Russell-Smith, 2001). They are distinctive stands of tall, evergreen trees that occur in
small patches across the savanna, providing crucial habitat for a range of birds and animals.
Monsoon vine forests are currently confined to specific areas where water is readily available. This
is the reason this ancient rainforest habitat has persisted in the otherwise vast, dry, fire-prone
savanna landscape (Bowman, 1992). In the Wildman catchment, a number of important forest
patches exist in the lower areas of the landscape where reliable, year-round groundwater
discharge occurs in the form of springs and seepages (Tickell and Zaar, 2017). This is the result of
underlying geomorphology and an annual recharge of the aquifer from reliable rainfall (Turnadge
et al., 2018).
Due to their high reliance on soil water throughout the year, monsoon vine forests are highly
susceptible to changes in water regimes, especially soil water and groundwater. Slight reductions
in available water from the current continually available state can lead to changes, especially at
the drier boundary with the surrounding savanna. This results in drying out of fuel layers and the
consequent impacts of fire (including the frequent burning of the adjacent savanna) on firesensitive monsoon forest species. Further declines in water availability, such as springs drying up
during all or part of the dry season, would exacerbate the impacts and result in the death of some
individual trees, opening up the canopy and allowing for the invasion of grasses and weedy species
able to carry fire into the monsoon forest patches, resulting in significant changes to the
functioning of this system. A drop in the level of the watertable below the mature tree rooting
depth for even part of the year could result in extreme changes, with the death of the critical
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mature canopy species and the system likely replaced by fire- and drought-tolerant savanna
species with a grassy understorey.
In the Mary–Wildman rivers area, available groundwater measurements during 2016–17 indicated
that groundwater levels below monsoon rainforest patches typically vary by less than 5 m below
ground surface all year. In comparison, groundwater levels below areas of eucalypt savanna
(which represent the majority of vegetation present in the Mary–Wildman rivers area) vary by up
to 10 m (Turnadge et al., 2018). Monsoon rainforest patches are likely to be affected by water
resource and agricultural developments located within a few kilometres distance.
Numerical soil–vegetation–atmosphere modelling indicates that an increase in the depth to
groundwater of 2 m beneath these rainforest patches results in a 2% and 10% reduction in leaf
area index and transpiration, respectively. Modelled reductions in leaf area index of about 7% and
14% and reductions in stand transpiration of 22% and 36% occur when groundwater levels fall
over the long-term by 5 and 10 m, respectively (Turnadge et al., 2018). Based on these results it is
thought likely that reductions in groundwater levels of between 5 and 10 m beneath a monsoon
vine forest patch would result in a moderate to major change to its composition and function over
the long-term.
(a)

(b)
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Figure 7-12 Modelled change in monsoon vine forest patch transpiration rate and leaf area index with change in
groundwater elevation (relative to no drawdown scenario)

7.2.5

CHANGE IN INLAND AND FRESHWATER ASSETS: FISH

Stable flow spawners
Stable flow spawners are a functional group of fish that spawn in the dry season, in association
with stable flows (low flow, baseflow and cease-to-flow). The species in the group include the
freshwater longtom (Strongylura krefftii); mouth almighty (Glossamia aprion); bony herring
(Nematalosa erebi); barred grunter (Amniataba percoides); flyspecked (Craterocephalus
stercusmuscarum stercusmuscarum) and freckleheaded (Craterocephalus lentiginosus) hardyhead;
and the eastern (Melanotaenia splendida splendida), chequered (Melanotaenia splendida
inornata) and western (Melanotaenia australis) rainbowfish. Stable flow spawners were assessed
at four nodes in the Adelaide and Mary catchments (nodes 81700020 and 81700050 in the
Adelaide catchment; 81800351 and 81800354 in the Mary catchment). Stable flow spawners are
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typically small and sedentary, and are prey for a range of larger species, such as barramundi.
Despite stable flow spawners not requiring high flows to initiate spawning, recruits do benefit
from exploiting the nutrient-rich floodplains during the wet season and they require flows for
habitat maintenance and condition.
A reduction in the extent of inundation would increase competition between species because of
the decrease of available resources and space. Overbank floods in the wet season provide
dispersal routes for fish species to migrate to exploit the nutrient-rich inundated floodplains
(Karim et al., 2012). Wet-season floods also inundate important offchannel habitats that function
as refugia habitat in the dry season (Karim et al., 2012; King et al., 2015; Pusey et al., 2004).
Changes in ‘condition’ are described as changes in the area, quality and persistence of habitat for
species. Changes in habitat condition can affect recruitment rates, dispersal and range, body
condition and persistence of stable flow spawners.
Tier 1 screening analysis indicates that under Scenario B-WH, no or minor changes to the habitat
of stable flow spawners occur. Under Scenario B-D, the potential Upper Adelaide River dam, minor
changes to habitat in the Adelaide catchment result. The potential Mary River dam results in
moderate changes at node 81800354 (immediately below the dam) and minor changes at node
81800351 (downstream of the dam at the confluence of the Mary and McKinlay rivers).
Further analysis (Tier 2) was undertaken at nodes 81700050, 81700200, 81800351 and 81800354
for water harvest scenarios and 81700001, 81700020, 81700050, 81700200, 81800001, 81800351
and 81800354 (Figure 7-3) for dam scenarios. The results of the Tier 2 analysis are consistent with
those of the Tier 1 analysis.
Minimal changes in the condition score of all stable flow spawners are found in the Adelaide
catchment in response to the addition of two potential dams (the Upper Adelaide River and
AROWS dams). The addition of the potential Mary River dam in the Mary catchment results in a
more dramatic change in condition of stable flow spawners immediately below the dam. Dams
affect the connectivity of a river system. Although stable flow spawners do not migrate to the
extent of some other fish species such as barramundi, a single dam is likely to alter flows, which
affects habitat maintenance and persistence, which in turn affects the overall condition of stable
flow spawners, as evidenced by node 81800354. The potential dams could alter the connection
and disconnection periods of offchannel and main channel habitat. A reduced connection period
(through reduced inundation and flows) could hinder the ability of stable flow spawners to
migrate to suitable dry-season refugia habitat and inundated floodplains in the wet season. This
could have detrimental effects on stable flow spawners as they would be forced to remain in main
channel habitats where competition and predation effects would be greater. In contrast, an
increased connection period (through river regulation and introducing permanency of water in a
previously ephemeral reach) could facilitate the dispersal of species that would normally not
occupy offchannel habitats. This could alter fish assemblage structures and increase competition
and predation of stable flow spawners.
Migratory fish
A fish group vulnerable to inchannel barriers and changes to flows is freshwater migratory fishes.
Migratory fish are distributed throughout the Darwin catchments. While there are many species in
this group, barramundi (Lates calcarifer), bull shark (Carcharhinus leucas), black catfish (Neosilurus
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ater) and Hyrtl's tandan (Neosilurus hyrtlii), sooty grunter (Hephaestus fugilinosus, H. jenkinsi),
freshwater longtom (Strongylura kreffti) and spangled perch (Leiopotherapon unicolor) are used
here for analysis.
Migratory fish were assessed at five nodes in the Adelaide and Mary catchments (nodes
81700020, 81700050 and 81700200 in the Adelaide catchment; 81800351 and 81800354 in the
Mary catchment) (Figure 7-3). Tier 1 screening analysis found that under Scenario B-WH in the
Adelaide catchment there are minor changes under the lowest extraction scenarios, but moderate
changes under the higher (550 GL and above) scenarios for the LT. Changes are minor under
Scenario B-WH HT. With the potential Upper Adelaide River dam, changes are minor at node
81700200 (just below the junction of the Adelaide and Margaret rivers), and moderate at node
81700050 (on the Adelaide River above the junction of the Adelaide and Margaret rivers). Changes
are major at node 81700020 (immediately downstream of the potential dam). Major changes
would have substantial impacts on the habitat for migratory fish.
In the Mary catchment, the changes in the flow regime under Scenario B-WH LT are minor, from
150 GL onwards at node 81800351 and 350 GL onwards at node 81800354. Under Scenario B-WH
HT changes are minor, from 550 GL onwards at node 81800351 and 750 GL onwards at node
81800354. Under Scenario B-D, the potential Mary River dam, changes are major at node
81800351 and extreme at node 81800354. With extreme changes, habitat for migratory fish would
no longer be suitable.
Detailed flow analysis

Further analysis (Tier 2) was undertaken at nodes 81700050, 81700200, 81800351 and 81800354
under Scenario B-WH and 81700001, 81700020, 81700050, 81700200, 81800001, 81800351 and
81800354 under Scenario B-D (Figure 7-13 and Figure 7-14). Analysis shows minimal change in the
condition of migratory fish under Scenario B-WH, with the exception of barramundi, which had
moderate changes.
Under Scenario B-D, there is no change or minimal changes in condition within the Adelaide
catchment, with the exception of node 81700020, which is located at the node with the potential
Upper Adelaide dam. Small to more moderate changes are found for all migratory fish at this
node. In the Mary catchment, a dramatic change in the condition score for all migratory fish is
found at node 81800354, located at the potential Mary River dam site (Figure 7-14).This change
extends down to node 81800351, where the change is minor to moderate.
Changes in flows as a consequence of water harvesting results in reduced dry-season flows, which
replenish waterhole habitats utilised by migratory fish. Reduced late dry-season flows would
compromise water quality and the persistence of habitats. The movement of migratory fish into
high primary-productivity estuarine habitats would also be limited. These habitats support
productive food webs and high growth rates (King et al., 2015). Other flow changes in the early
wet season would affect spawning and movement.
Dams compromise the movement of fishes, preventing access to distant or adjacent habitats
(Roscoe and Hinch, 2010). The potential dams in the Darwin catchments are likely to have
localised impacts on migratory fishes by limiting movement within the river channel. Impacts
could extend to fish populations, particularly as migratory species are top predatory species,
which structure fish communities. Dams also have the potential to reduce available habitat,
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increasing competition between and within species and reducing the carrying capacity of a river
system.

Figure 7-13 Maximum condition scores of sooty grunter and black catfish, considering dam scenarios at nodes
81700001, 81700200, 81700050 and 81700020 in the Adelaide catchment
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Figure 7-14 Maximum condition scores of sooty grunter and black catfish, considering dam scenarios at nodes
81800001, 81800351 and 81800354 in the Mary catchment

Barramundi
The barramundi is a large fish that occurs throughout northern Australia in rivers, lagoons,
swamps and estuaries and is arguably the most important fish species to cultural, recreational and
commercial fisheries. Barramundi is found extensively throughout the Darwin catchments.
Barramundi has the potential to be affected by barriers to movement and changes in the flow
regime. Spawning occurs in estuaries, juveniles migrate up rivers and the first few years of a
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barramundi’s life are spent in freshwater habitats. In the dry season, barramundi use permanent
waterholes as a refuge.
Barramundi were assessed at seven nodes in the Adelaide and Mary catchments (nodes 81700001,
81700020, 81700050 and 81700200 in the Adelaide catchment; 81800001, 81800351 and
81800354 in the Mary catchment) (Figure 7-3). Tier 1 screening analysis in the Adelaide catchment
indicates that Scenario B-WH LT results in minor changes to flow metrics important to barramundi,
with moderate changes occurring at extraction volumes equal to or greater than 550 GL at node
81700200 and 750 GL at node 81700050. Changes are minor under Scenario B-WH HT, other than
for extraction volumes equal to or greater than 950 GL at node 81700050. Under Scenario B-D, the
potential Upper Adelaide River dam, changes to flow metrics important to barramundi are
moderate at node 81700050, and are minor at node 81700020.
In the Mary catchment, under Scenario B-WH LT, changes are minor for extraction volumes
greater than 150 GL at node 81800351 and greater than 350 GL at node 81800354. Under Scenario
B-WH HT, changes are minor, for extractions greater than 550 GL at node 81800351 and greater
than 750 GL at node 81800354. Under Scenario B-D, the potential Mary River dam, changes in flow
metrics important to barramundi are major at node 81800351 and extreme at node 81800354.
Major changes would have substantial impacts on the habitat for barramundi. With extreme
changes, the habitat for barramundi would no longer be suitable.
Detailed flow analysis

Further analysis (Tier 2) was undertaken at nodes 81700050, 81700200, 81800351 and 81800354
under Scenario B-WH and 81700001, 81700020, 81700050, 81700200, 81800001, 81800351 and
81800354 under Scenario B-D.
The potential Upper Adelaide River dam results in a dramatic decline in habitat at node 81700020,
which is located immediately below the potential dam site (Figure 7-15). The potential Mary River
dam results in an extreme decline in habitat at node 81800354, also immediately below the
potential dam, with the change decreasing with distance downstream to node 81800351 and to
the end-of-system node 81800001 (Figure 7-16). Extreme changes would result in the habitat for
barramundi no longer being suitable.
Water harvest scenarios have the potential to reduce dry-season flows and the duration of wetseason flows. Dam scenarios can increase the duration of low-flow periods in the dry season. In
the dry season, adult barramundi in near-shore marine habitats spawn and the juveniles migrate
to estuaries and freshwater river reaches where they forage and grow for several years.
Barramundi spawned during the late dry season move upstream to inchannel waterhole habitats
as juveniles. Connectivity via river flows is required to access these habitats. Late dry-season flows
are important to reconnect the estuary to the river channel and allow juvenile barramundi to
move to riverine habitats. For inland juvenile barramundi, the loss of freshwater habitats may
represent a critical bottleneck for barramundi populations in the catchment. Decreases in the
extent, depth and productivity of waterholes would reduce the extent of dry-season habitat and
food abundance. In addition to changes in habitat, cues and productivity, dams are also a physical
barrier. Flow changes as a consequence of the potential dams are likely to have an impact on
barramundi, with changes throughout the year negatively affecting habitat. This is more evident in
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nodes close to potential dams. Dams will compromise the movement of barramundi, preventing
access to distant or adjacent habitats (Roscoe and Hinch, 2010).

Figure 7-15 Maximum condition scores of barramundi, considering dam scenarios at nodes 81700001, 81700020,
81700050 and 81700200 in the Adelaide catchment
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Figure 7-16 Maximum condition scores of barramundi, considering dam scenarios at nodes 81800001, 81800351 and
81800354 in the Mary catchment

Sawfish
The freshwater sawfish (Pristis pristis) is distributed throughout the Darwin catchments. There are
few observation records for sawfish in the Darwin catchments, with observations only in the
Adelaide catchment, reflecting a data gap. Inchannel barriers along migration routes of the Darwin
catchments pose a threat to the freshwater sawfish. The freshwater sawfish has a marine adult
phase while the juvenile phase is in estuaries and rivers, and juveniles and adults occupy large
pools and waterholes of large rivers.
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Sawfish were assessed at four nodes in the Adelaide catchment (nodes 81700001, 81700200,
81700050 and 81700020). Sawfish are a subset of the migratory fish and a species of conservation
significance. Tier 1 screening analysis in the Adelaide catchment under Scenario B-WH results in
changes in flow metrics that range from minor to moderate under the lowest volume water
harvest scenarios. Under Scenario B-WH LT, moderate changes are evident at extraction volumes
equal to or greater than 550 GL. Changes are minor under Scenario B-WH HT. Under Scenario B-D,
the potential Upper Adelaide dam, changes to flow metrics relevant to sawfish are minor at nodes
81700001 and 81700200. Changes are moderate at node 81700050 and major at node 81700020.
Major changes have substantial impacts on the habitat for sawfish.

7.2.6

CHANGE IN INLAND AND FRESHWATER ASSETS: MAGPIE GOOSE

Magpie goose
The Darwin catchments contain highly significant populations of the magpie goose (Anseranas
semipalmata). The magpie goose breeding and foraging habitat consists of sub-coastal wetlands
where, during the wet season, magpie geese make nests from emergent vegetation. Years with
high wet-season rainfall and flooding are associated with increases in both nesting success and
dry-season survival of magpie geese. The inputs to this analysis are from inundation modelling
within the Darwin catchments as per the companion report on flood mapping and modelling
(Karim et al., 2018).
Under Scenario A in the Adelaide, Mary and Wildman catchments, 28% of sites where magpie
geese had been observed are inundated during a small flood event (Figure 7-17a) and 36% are
inundated during a moderate to large flood event (Figure 7-18a). With the potential Upper
Adelaide River dam, the percentage of sites inundated where magpie geese had been historically
observed reduced by 28% and 33% for small and large flood events, respectively (Table 7-5).
Under Scenario Ddry a further decrease was observed, with 14% and 29% of historical observation
sites inundated during small and large flood events, respectively. These changes suggest minor
impacts would occur to magpie geese populations under Scenario B-D (i.e. Adelaide River dam).
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(a) Scenario A

(b) Scenario B-D

Figure 7-17 Flood extent and percentage of sites inundated where magpie geese had historically been observed for
a small annual flood event (AEP 1 in 3) under (a) Scenario A and (b) Scenario B-D

Chapter 7 Ecological, biosecurity, off-site and irrigation-induced salinity risks | 401

(a) Scenario A

(b) Scenario B-D

Figure 7-18 Flood extent and percentage of sites inundated where magpie geese had historically been observed for
a moderate to large annual flood event (AEP 1 in 14) under (a) Scenario A and (b) Scenario B-D
Table 7-5 Maximum percentage of sites with magpie goose observations that are inundated under different
scenarios
SCENARIO

MAXIMUM PERCENTAGE OF
MAGPIE GOOSE
OBSERVATIONS INUNDATED
FOR ZONE 1

MAXIMUM PERCENTAGE OF MAGPIE
GOOSE
OBSERVATIONS INUNDATED
FOR ZONE 2

(%)

(%)

AEP 1 in 3

AEP 1 in 14

AEP 1 in 2

AEP 1 in 10

(2001)

(2006)

(2006)

(2014)

Scenario A

28.24

36.44

40.16

59.84

Scenario B-D

27.90

33.40

31.97

56.56

Scenario Cwet

28.72

39.74

41.80

63.11

Scenario Cdry

16.43

29.74

34.43

56.56

Scenario Dwet

17.87

37.46

33.61

57.38

Scenario Ddry

14.49

29.43

27.87

52.46

AEP = annual exceedance probability
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7.3

Biosecurity considerations

7.3.1

INTRODUCTION

Diseases and pests, due either to pathogens endemic to farming regions or introduced through
translocations of animals from other regions, have had, and continue to have, major impacts on
global agriculture and aquaculture production. For example, the resultant economic loss to global
aquaculture industries alone was estimated to be US$6 billion/year (World Bank, 2014).
Compared with many other countries, Australia has many advantages in terms of the opportunity
to mitigate risks from pests and disease through sound regulatory processes controlling
translocation, technological knowledge and capability, and the greater geographic spread between
farming operations in many regions. However, the recent discovery of the highly pathogenic white
spot syndrome virus (WSSV) in south-east Queensland prawn farms has had a devastating effect
on parts of the industry. There have also been serious outbreaks of diseases in agricultural crops in
recent years across northern Australia, including green cucumber mottle mosaic virus on melons
in the Katherine region in the NT; the fungal rice blast affecting rice production in the Ord, WA;
Panama disease tropical race 4 affecting bananas in northern Queensland and the NT; and banana
freckle in the NT. These serve as contemporary reminders of the impact that a pathogen can have
at the point of infection as well as on an entire industry.
From a biosecurity point of view, risk is defined as the product of the likelihood of an invasion by a
pest or pathogen and the impact that species will have. With both likelihood and impact there is a
great deal of uncertainty and difficulty in making clear predictions.
This section examines biosecurity risk from an agriculture and aquaculture perspective, with the
discussion structured around:
• the biosecurity risk to new farming enterprises in the Darwin catchments
• the biosecurity risk that new farming enterprises in the Darwin catchments may present to the
broader industry across Australia.
Agriculture and aquaculture production systems can be threatened by generalist or specialised
pests. The relative isolation of small areas of agriculture and aquaculture may, under some
circumstances, provide some protection from certain pests and diseases but the opposite may also
be the case; extensive areas of natural or less intensively managed vegetation may provide refuge
for pests and diseases as well as beneficial organisms. For example, the Darwin catchments are far
removed from the WSSV outbreaks in prawn production systems in south-east Queensland but
such isolation does not preclude the very real prospect of a biosecurity risk should such
production systems be established there.
Generally, both dryland and irrigated cropping systems have relatively well-developed pest
management protocols and the economics of such systems is such that they can bear the cost of
controlling the pests that are of concern to them. This is especially the case for high-value crops.
Less-intensive agricultural industries and environmental interests are likely to be in a lessfavourable economic position when it comes to pest management. Irrigation and other intensive
agricultural industries can thus increase the risks from pests faced by less-intensive industries and
the natural environment.
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Unless stated otherwise, material in the agriculture biosecurity (Section 7.3.2) and aquaculture
biosecurity (Section 7.3.3) sections have been summarised from the companion technical reports
on agricultural viability (Ash et al., 2018) and aquaculture viability (Irvin et al., 2018), respectively.

7.3.2

AGRICULTURAL BIOSECURITY

Irrigated agriculture in the Darwin catchments will be exposed to existing and new pests and
diseases. Although a tropical environment is conducive to a wide range of pests and diseases, the
long dry season and the loss of green vegetation that characterises the Darwin catchments provide
an unfavourable environment for many pests and diseases and act as a natural break to their yearround persistence. However, areas of irrigation with year-round green foliage may increase the
risk of insect pests and diseases persisting throughout the year. Further, new incursions are more
likely because of increased human activity and the transport of new vectors on equipment, people
or through seeds.
In the short to medium term, biosecurity risks to the Darwin catchments are most likely to come
from within the country and, in particular, from adjacent or climatically similar parts of Australia.
The catchments already experience impacts from introduced plants and the Darwin catchments
have probably been subject to a broader array of introduced pests than many other parts of
northern Australia. This is due partly to climate factors, such as relatively high and reliable rainfall,
and partly because the catchments include Darwin, one of northern Australia’s largest cities, and
the relatively intensive agricultural and peri-urban areas around it. One of Australia’s Weeds of
National Significance, mimosa (Mimosa pigra), was first introduced into the botanical gardens of
Darwin, from whence it spread to become a serious pest of Top End wetlands. Not all parts of the
catchment are equally vulnerable to invasive species. In northern Australia, riparian zones are
vulnerable to invasion by many different non-native plants because these zones are relatively
moist, have generally higher nutrient levels and experience naturally high levels of disturbance.
New risks will mostly be associated with insect pests and diseases. Understanding and managing
this increased risk will be important. For these catchments, the types of pests and diseases that
provide a risk to the various agricultural industries that could be established are many and varied.
Annual weeds are a risk to crop production but they can generally be controlled through
herbicides, use of cover crops and stubbles, and cultivation. They tend to not be an acute problem
like pests and diseases and thus represent an ongoing management challenge rather than a threat
to viability. For example, ongoing weed management in sugarcane costs around $338/ha.
Identifying potential pest and disease problems that can occur in greenfield agricultural areas can
be problematic. The warmer, north Australian environment provides a more favourable
environment in which insects and pathogens can multiply with the introduction of a new food
source (i.e. a crop). However, the environment also favours beneficial organisms that prey on pest
species. Production systems that recognise the ecological realities of the natural environment are
recommended; the collapse of the cotton industry in the Ord in WA during the 1970s is one
example of a failure to do this. Irrigating a number of crops each year in rotation can provide a
year-round food source for pests and carry-over of pathogens between crops.
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Biosecurity risks to new agricultural enterprises and the risks from these enterprises to the
broader environment
This discussion examines pathways of entry to the Darwin catchments and then specifically
discusses disease, pests and weeds in turn.
Pathways of entry

Pathogens, pests and weeds can enter a catchment via man-made pathways or natural pathways.
Man-made pathways include road transport, ships and planes, and the ‘carriers’ (e.g. humans,
animals, plants, machinery) that facilitate the movement and incursion of new pests, diseases and
weeds. Published work has shown that the most likely human-facilitated pathway for bringing
invasive species is either general trade, or live plant or animal trades. While it is not currently
possible to determine the actual or relative risk to the Darwin catchments from these forms of
human-facilitated trade, it is possible to look at the historical rate of invasions (also referred to as
incursions) in Australia. Studies have shown that the incursion rate in Australia for four orders of
insects (beetles, bugs, flies, and moths and butterflies) has been about 15 species per year. Given
the low human population in the Darwin catchments it is not likely that they will be exposed to
regular incursions facilitated by humans. However, they do occur and can be very damaging, for
example the green cucumber mottle mosaic virus in the NT.
The risk of arrival of fungal pathogens and insect pests directly from South-East Asia into the
Darwin catchments is small and only during a relatively narrow period. Wind dispersal modelling
work undertaken in this Assessment shows that there is no risk from a fungal pathogen or insect
pest landing in the Darwin catchments from Sumatra or the middle and northern coast of Papua
(Table 7-6). The greatest risk of a fungal pathogen arriving to this region is from the southern
coasts of Papua New Guinea and Timor-Leste. For insect pests, the only threat is from Indonesia
and Timor-Leste. Where risks exist they are only present for part of the year. From late April to
late September, the prevailing winds are generally southerlies through to easterlies, i.e. blowing
offshore. As a result, there are no arrivals from any points in South-East Asia to the Darwin
catchments during this period.
Table 7-6 Proportion of simulations (1 per week = 52), in which a fungal pathogen or insect pest could have been
transported from a location in South-East Asia to the Darwin catchments
LOCATION

FUNGAL PATHOGEN

INSECT PEST

PNG (south coast)

0.19

0.00

PNG (mid and north coast)

0.06

0.00

Indonesia (Papua – south coast)

0.12

0.00

Indonesia (Papua – mid and north coast)

0.00

0.00

Indonesia (Java and Bali)

0.00

0.02

Indonesia (Sumatra)

0.00

0.00

Timor-Leste

0.15

0.12

PNG = Papua New Guinea

Threats to agriculture in the Darwin catchments are not just from new arrivals from overseas but
also from human-mediated dispersal from other areas within Australia. There are many different
human-mediated vectors within Australia that have been shown to spread invasive species. These
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include tourists, livestock, vehicles, machinery, trains and transport containers. For example, the
movement of cattle has been shown to spread the prickly acacia weed (Acacia nilotica) in western
Queensland and parthenium weed (Parthenium hysterophorus) is spread by the movement of
vehicles, machinery, livestock and stock feed. Those two examples are woody, perennial weeds
that negatively affect extensive, pastoral operations as there is limited documentation of weed
spread into irrigated cropping areas in northern Australia.
Pests

Pests are not limited to insects and pathogens, with macro-pests such as birds (cockatoo; galah,
Eolophus roseicapilla; brolga, Grus rubicunda; and magpie geese, Anseranas semipalmata) and
macropods (kangaroos and wallabies) considered a risk to introduced irrigated crops, particularly
during the drier winter months when native food sources may be scarce. Locally developed and
adaptive integrated pest and pesticide resistance management plans are an essential component
of best practice and must be implemented pre-emptively.
Pigs can be a significant problem for agriculture in the Top End. Pigs can cause indirect damage,
for example by carrying weed seed from watercourses to open country, and can cause direct and
major physical damage to a wide range of crops and even to cultivated ground. Pigs have a daily
water requirement, which means that during the dry season their range is generally restricted to
watercourses and man-made water supplies so as the dry season progresses areas of irrigated
crops become increasingly attractive. Apart from direct damage to crops and being agents of weed
dispersal, pigs can carry a range of exotic diseases. Of particular concern to the northern cattle
industry is foot-and-mouth disease. Pig control is expensive and so selection of crops not
attractive to pigs (e.g. cotton) is desirable where their numbers are high.
Weeds

The Darwin catchments, along with other parts of northern Australia, are subject to invasion by a
wide variety of weeds, many of them deliberately introduced (Cook and Dias, 2006). Neither
annual crops (cereals, pulses, cotton, melons, Asian vegetables etc.) nor tree fruits (mango,
banana etc.) pose a weed risk. However, some of the weeds that can establish in these crops can
spread and pose some risk to the environment or domestic livestock. Some are more generally
problematic while others are problematic for specific industries, sectors or land users. Riparian
zones and other more mesic parts of the landscape are prone to a greater variety of weeds than
elsewhere but even drier parts of the landscape provide niches for some invasive species. Greater
levels of disturbance, such as those that occur in association with any cropping system, provide
opportunity for particular types of weeds.
Some plants which are now weeds, were deliberately introduced to support agricultural industries.
For example, Gamba grass (Andropogon gayanus), a Weed of National Significance, was imported
for use as a cattle forage but is now problematic in Darwin’s peri-urban areas because its high
levels of biomass present a fire risk, and it also threatens environmental assets such as Litchfield
National Park.
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7.3.3

AQUACULTURE BIOSECURITY

Aquatic diseases are the main biosecurity risk to aquaculture and are caused by a range of
pathogenic agents such as viruses, bacteria, fungi and parasites that have varying impacts across
species, geographies, rearing systems and life stages.
Biosecurity risk to new aquaculture farming enterprises in the Darwin catchments
This section briefly examines pathways by which pathogens could enter an operation in the
Darwin catchments. It then discusses disease and other biosecurity issues relating to the two main
tropical farmed species, black tiger prawns (Penaeus monodon) and barramundi (Lates calcarifer).
However, it should be noted that there are significant, and often different, experiences and issues
posed by pathogens and disease for all Australian aquaculture industries.
Pathways of entry

The introduction of pathogens into aquatic farming systems comes from two main routes, the first
being vertical transmission from parent to progeny, and the second being horizontal transmission
from an infected environment, equipment, worker, or animal coming into contact with an
uninfected animal during the rearing process. Horizontal transmission can occur through many
vectors that harbour the pathogen such as the rearing water, other animals, dead tissues that are
consumed, or animal faeces which are consumed or touched. Understanding the primary mode of
transmission for each pathogen is critical to understanding how to mitigate disease risks. Applying
preventative biosecurity measures that mitigate risks of all routes of transmission for all likely
problematic pathogens is key to managing disease. Importantly, the existence of pathogens in the
farming system does not necessarily equate to disease, and so disease management in
aquaculture needs to both exclude those pathogens that can be excluded, and manage those
pathogens that cannot be excluded.
Pathogens

As with all agricultural industries, there are a range of pathogens that pose risks to and may
impact aquaculture. Fortunately, Australia is free of many of the aquatic pathogens that affect
other aquaculture farming regions of the world.
For prawns, the disease agents that have most affected farming have been viruses. There are a
large number of different viruses that can infect prawns, which vary significantly in their ability to
cause disease and affect production. Fortunately, most of the highly pathogenic viruses are exotic
to Australia. However, the recent discovery of the highly pathogenic WSSV in south-east
Queensland farms has led to investigations to determine whether WSSV is in fact endemic, or the
result of an aberrant localised introduction (QDAF, 2017). Several endemic viruses can also have
an effect on Australian prawn production, particularly when detrimental pond conditions, such as
poor water quality, inflict environmental stress on the prawns and trigger disease episodes
(QDPIF, 2006).
Bacteria pathogens can also reduce production, but are also often believed secondary to other
stressors (QDPIF, 2006). Recently, syndromes caused by toxicity associated with bacteria have had
significant impacts on prawn production both in Australia (Penaeus monodon mortality syndrome
(QDAF, 2016)) and even more so overseas (acute hepatopancreatic necrosis disease (NACA,
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2016)). Fungi and a range of other microbial and parasitic agents can also cause disease at various
life stages and have a negative effect on the appearance of harvested prawn products, but have
rarely affected Australian farming in recent decades due to better health and pond management
practices.
For barramundi, a range of viral, bacterial, fungal and parasitic pathogens can also affect
hatcheries and grow-out. The predominant viral pathogens of concern for barramundi farming in
Australia are the nodaviruses, which can cause major mortalities in larval and juvenile barramundi.
Bacterial diseases, such as streptococcosis, can also cause high mortalities in both fresh and
marine farming systems. Vibriosis and other bacterial pathogens, which infect the gut (causing
‘bloat’) and the gills, also reduce production in fresh and marine waters but are typically secondary
to other environmental and dietary stresses. Fungal diseases causing ulceration also periodically
affect production in the freshwater and estuarine phases, and typically cause fish to become
lethargic and prone to cannibalism. Parasitic protozoans residing in the skin and gills can increase
in numbers at times and cause disease, and a blood protozoan has also been associated with
major mortalities in sea-caged barramundi. In addition to these non-infectious diseases, particular
deformities can reduce production, typically due to nutritional inadequacies in the diet.
A comprehensive knowledge of pathogen agents is essential for developing and implementing
risk-based biosecurity measures to mitigate against disease impacts in aquaculture. Understanding
of the diseases and disease agents that are likely present in various jurisdictions, or through the
process of acquiring animal stocks, and which may have adverse effects, is also important in
developing a biosecurity plan. Government departments have important roles in the ongoing
surveillance of pathogens, in controlling translocation of stocks based on pathogen risks, and in
undertaking investigations where potential disease episodes have been identified (Department of
Agriculture and Fisheries Queensland, 2013).
Due to increasing awareness of pathogen risks and the need for biosecurity, and the increasing
professionalism of farming operations, it is becoming more common for individual farms to
undertake their own pathogen monitoring to minimise the disease risks to their operations. The
key elements to effective biosecurity and disease management at the farm level are to access
clean and healthy stock; to provide a clean and healthy rearing environment (e.g. good quality
water); to provide an adequate quality and quantity of diet; and to control access to water,
equipment and people that may introduce pathogens into the farming system.
Treatment actions once diseases are present typically provide few options, particularly for viral
pathogens, and are also costly to implement and rarely as effective as prevention. Consequently,
for aquaculture, the most important component of disease management is prevention. Important
components of prevention are hygiene and biosecurity in the earliest hatchery stages of
production, as well as decontamination processes between crops to ensure the environment is
clean before the next crop is commenced. Another very important aspect of disease management
is to maintain a quality rearing environment, as both the introduction of pathogens, and more
importantly the increase of pathogens in the environment and their manifestation to a disease
episode, is typically triggered by increased stress on the animals caused by a poor rearing
environment.
Due to the rudimentary immune system of crustaceans, there is limited ability to manage the most
serious diseases once established, and so pathogen management has typically focused on
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exclusion through pathogen screening of broodstock and postlarvae prior to stocking ponds. Some
treatments for external bacterial and fungal pathogens are employed, particularly for broodstock,
eggs and larvae within the hatchery (FAO, 2007). During the rearing of larvae, control of bacterial
pathogens is typically focused on maintaining a good environment and through pre- and
probiotics, with antibiotics used only in exceptional circumstances.
Biosecurity risks that new aquaculture farming enterprises in the Darwin catchments may
present to the broader catchment or industry
Risk to other aquaculture enterprises

A major risk pathway with the development of new and established marine aquaculture
enterprises is associated with sharing of a water source (usually a river). The risk of contamination
between enterprises is highest when there is limited distance (<2 km) between the location of the
discharge point from one farm and the supply point of another farm.
Risk to wild populations

There is potential for disease transfer between aquaculture species (e.g. prawns and barramundi)
and their respective wild populations. The main transfer routes are discharge waters containing
disease or from infected animals (escapees) in discharge water or transferred by predatory vectors
(e.g. seabirds). The potential impact of disease on wild populations will depend on pathogen
volume, ability of the pathogen to survive without a host, proximity of a significant susceptible
host population and the health and tolerance of the host to the disease. In general, susceptible
animals in the wild occur only in low-density populations adjacent to land-based aquaculture
operations.
The effect that exotic or endemic disease outbreaks from aquaculture have on wild stocks is
difficult to evaluate. In Australia, impacts of disease transferred from aquaculture to wild
populations have not been widely reported and are difficult to detect. In overseas countries where
WSSV is endemic there is little evidence that the disease has any effect on wild prawn populations.
In Australia, the response to a suspected outbreak of exotic disease (e.g. WSSV) involves the farm
notifying the relevant authorities, isolation of affected ponds and preventing water flow from the
ponds to the surrounding environment. The authority (e.g. Biosecurity Queensland) provides
advice, which depending on the diagnosis may include destruction and disposal of stock and
decontamination of the site. In the case of the recent WSSV discovery in south-east Queensland, a
surveillance program commenced (post decontamination) that requires 24 months of no detection
of infection in the wild before farming can recommence (DAF, 2018). Since the introduction of the
surveillance program in Queensland only very small numbers of infected wild crustaceans have
been detected, the vast majority sampled in the vicinity of the original discovery.
The discovery of exotic disease may have a larger impact on the fisher than the wild fishery. For
example, in the case of WSSV in Queensland, local commercial and recreation prawn fishers have
been constrained by a ban on the movement of uncooked prawns within a restriction zone, which
stretches from Caloundra to the NSW border (DAF, 2018). If an exotic disease (e.g. WSSV) was to
be identified in aquaculture enterprises located in the Darwin catchments, commercial fishers
operating in waters adjacent to the catchment would likely face similar restrictions in the
movement of prawns.
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Biosecurity regulatory impacts on development
The aquaculture industry is managed by numerous agencies at the local, state and federal levels of
government. To date, significant development of marine aquaculture in northern Australia has in
part been constrained by complex legislation and the absence of aquaculture-specific policy,
particularly relating to biosecurity issues. A parliamentary inquiry into the development of
northern Australia identified the regulatory environment as a serious impediment to major
expansion of the prawn farming industry (Parliament of Australia, 2014).
In general, large areas of low-value land located away from populated coastal areas are likely to be
suitable for freshwater ponds. In contrast, marine ponds require higher value coastal land, often
located in close proximity to towns or regional centres. Compared to marine pond aquaculture,
freshwater pond aquaculture is ranked as a low environmental risk option for development. There
is no difference in the probability of marine or fresh pond water escaping containment and
seeping into the groundwater or surrounding environment. However, marine water discharged
into groundwater or freshwater bodies has greater potential to cause negative environmental and
ecological impacts.
The approval process for an aquaculture licence is simple for freshwater pond-based farming. This
is reflected in the number of licence approvals. For example, in Queensland in 2014–15 there were
158 development approvals for freshwater red claw production compared to 58 approvals for
marine prawn production. The disconnection between the number of licence approvals and value
of the respective industries ($1 million for red claw and $86 million for prawns) is due to the
greater difficulty in obtaining an aquaculture licence for marine pond-based farming (Savage,
2016). The approval process will vary depending on the state or territory and jurisdiction of water
source. Specific details on the approvals required for a land-based aquaculture operation can be
found at the website of the relevant authority. Two reviews undertaken in 2013 and 2014 by the
Centre for International Economics (CIE) provide a good overview of the regulatory framework for
aquaculture in Queensland (CIE, 2013, 2014). The 2014 CIE review provides a comparative
assessment of Queensland with three southern jurisdictions, highlighting the degree of difference
in regulatory approaches across jurisdictions (CIE, 2014).

7.4

Sediment, nutrients and agropollutant loads to receiving waters

7.4.1

INTRODUCTION

Agriculture can affect the water quality of downstream freshwater, estuarine, and marine
ecosystems. The principal pollutants from agriculture are nitrogen, phosphorus, total suspended
solids, herbicides and pesticides (Lewis et al., 2009; Kroon et al., 2016; Davis et al., 2017). Losses
via runoff or deep drainage are the main pathways by which agricultural pollutants enter water
bodies. The climate, location (e.g. soils and topography), land use (e.g. cropping system) and
management (e.g. conservation and irrigation practices) influence the type and quantity of
pollutants lost from an agricultural system.
The development of agriculture in northern Australia has been associated with declining water
quality (Lewis et al., 2009; Mitchell et al., 2009; De’ath et al., 2012; Waterhouse et al., 2012;
Thorburn et al., 2013; Kroon et al., 2016). Since the 1850s it has been estimated that pollutant
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loads in north-eastern Australian rivers (typically those in which agriculture as a land use
dominates) have increased considerably for nitrogen (2 to 9 times baseline levels), phosphorus
(3 to 9 times), suspended sediment (3 to 6 times) and pesticides (~17,000 kg) (Kroon et al., 2016).
Degraded water quality can cause a loss of aquatic habitat, biodiversity, productivity and
ecosystem services. Increased nitrogen and phosphorus can cause plankton blooms and weed
infestation, increased hypoxia, and result in fish deaths. Suspended sediment can smother habitat
and aquatic organisms, reduce light penetration and reduce dissolved oxygen levels. Pesticides
may be toxic to aquatic organisms (Pearson and Stork, 2009; Brodie et al., 2013; Davis et al., 2017).
Northern Australian river systems are distinctive as they have highly variable flow regimes, unique
species composition, low human population densities and, in some cases, naturally high turbidity
(Brodie and Mitchell, 2005). Primary influences on water quality include increased sediment loads
associated with land clearing, grazing, agriculture and late dry-season fires, and nutrient pollution
from agricultural and pastoral land use (Dixon et al., 2011).
Unless specified otherwise, material in sections 7.4.2 and 7.4.3 are summarised from the
companion technical report on agriculture viability (Ash et al., 2018) and sections 7.4.4 and 7.4.5
are summarised from the companion technical report on aquaculture viability (Irvin et al., 2018).

7.4.2

AGRICULTURE POLLUTANT LOSSES AT THE PADDOCK SCALE

Two approaches were used to quantify the likely losses of key pollutants (nitrogen, phosphorus,
total suspended solids, and chemicals such as herbicides, pesticides and fungicides) from potential
agricultural development in the Darwin catchments:
1. The first approach was a relative-risk assessment of the crops using potential nutrient surpluses
arising from recommended tillage management and herbicide, pesticide and fungicide
application rates in these cropping systems as indicators of risk of losses of the key pollutants.
2. The second approach involved a more detailed estimate of pollutant losses for some specific
crops for agricultural development based on Agricultural Production Systems sIMulator (APSIM)
simulations of the cropping systems for those crops.
Relative-risk assessment of pollutant losses
To estimate the risk of losses of nitrogen, phosphorus, total suspended solids and chemicals from
a range of crops and cropping systems, information on a wide range of factors was collated or
calculated including information on nutrient surpluses, number of tillage operations, and
application rates of herbicides, pesticides and fungicides (Ash et al., 2018).
Central to the relative-risk assessment is nutrient surpluses, which occur when a greater amount
of nutrient (e.g. nitrogen, phosphorous) is applied to the crop than is removed from the field in
the harvested product. Nutrient surpluses are an indicator of potential nutrient losses from fields
and have been used to assess the risk of nutrient discharges from agricultural areas in other parts
of northern Australia (Thorburn and Wilkinson, 2013). The risk of herbicide, pesticide, fungicide
and sediment losses was assessed from the amount of chemical applied and the number of tillage
operations, respectively.
Nitrogen use varied considerably for crops grown in the Darwin catchments (Table 7-7). The
nitrogen surplus was very high for crops such as bananas or okra that have high nitrogen inputs
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and a low quantity of nitrogen in the harvestable product. Conversely, the nitrogen surplus was
low, or even negative, for crops such as rice, maize and peanuts. A negative nitrogen surplus
indicates that nitrogen inputs are less than the nitrogen in the harvestable product. In these
instances, nitrogen from mineralisation of soil nitrogen would be required to meet crop nitrogen
demands (Angus, 2001).
Table 7-7 Nitrogen (N) surplus for multiple crops grown in the Darwin catchments based on risk assessment
Data calculated using APSIM output and values from literature (see the companion technical report on agricultural
viability (Ash et al., 2018)).
CROP

N APPLIED TO
CROP
(kg/ha)

N FERT GREEN
MANURE CROP
(kg/ha)

Banana

500

0

0

500

71

429

Rockmelon

125

89

0

214

12

202

Honeydew melon

125

89

0

214

14

200

Watermelon

125

89

0

214

31

183

Okra

350

89

0

439

76

363

Cucumber

250

89

0

339

109

230

Sweet corn

195

0

0

195

42

153

Snake bean

205

89

0

294

164

130

18

0

180

198

150

48

Rice

160

0

0

160

122

38

Maize

155

0

0

155

159

–4

Peanut

14

0

124

138

105

33

Soybean

N FIXED

TOTAL N
INPUTS
(kg/ha)

(kg/ha)

N IN HARVESTABLE
PRODUCT
(kg/ha)

N SURPLUS
(kg/ha)

Phosphorus surplus varied substantially for crops grown in the Darwin catchments (Table 7-8). The
phosphorus surplus was very high for crops such as melons and okra that have high phosphorus
inputs and a low quantity of phosphorus in the harvestable product. Conversely, the phosphorus
surplus was low or even negative for crops such as soybean, maize and sweet corn. A negative
phosphorus surplus indicates that phosphorus inputs are less than the phosphorus in the
harvestable product. In these instances, phosphorus from mineralisation of organic phosphorus
would be required to meet crop phosphorus demands (Stewart and Tiessen, 1987).
Table 7-8 Phosphorus (P) surplus for multiple crops grown in the Darwin catchments based on risk assessment
Data calculated using APSIM output and values from literature (see the companion technical report on agricultural
viability (Ash et al., 2018)).
CROP

P FERT CROP
(kg/ha)

P FERT GREEN
MANURE CROP
(kg/ha)

TOTAL P INPUTS
(kg/ha)

P IN HARVESTABLE
PRODUCT
(kg/ha)

P SURPLUS
(kg/ha)

Honeydew melon

68

22

90

3

87

Rockmelon

68

22

90

3

87

Watermelon

68

22

90

3

87

Okra

131

22

153

15

138

Cucumber

192

22

214

23

191

Snake bean

131

22

153

21

132
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CROP

P FERT CROP

P FERT GREEN
MANURE CROP
(kg/ha)

TOTAL P INPUTS

101

0

101

9

92

Rice

53

0

53

25

28

Peanut

31

0

31

15

16

Soybean

18

0

18

15

3

Maize

30

0

30

30

0

Sweet corn

44

0

44

70

–26

(kg/ha)

Banana

(kg/ha)

P IN HARVESTABLE
PRODUCT
(kg/ha)

P SURPLUS
(kg/ha)

The total herbicide, pesticide and fungicide application rates per crop varied substantially for crops
grown in the Darwin catchments (Table 7-9). Some crops, such as bananas, have high pesticide,
herbicide and fungicide application rates while other crops, such as mangoes, have much lower
application rates. It should be noted that this analysis is quite limited as it is simply reporting total
amounts applied rather than the impact of the active ingredients. Many newer herbicides and
pesticides have much lower application rates but their active ingredients are relatively more
potent than older chemicals. For example, the pesticide chlorantraniliprole (Alatacor, Dupont
Chemicals) is a recent pesticide that is highly effective against caterpillars in pulse crops and is
applied at a rate of just 70 g/ha.
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Table 7-9 Herbicide, pesticide and fungicide application rates for multiple crops grown in the Darwin catchments
CROP

TOTAL HERBICIDE APPLICATION
(L/ha/CROP)

TOTAL PESTICIDE APPLICATION
(L/ha/CROP)

TOTAL FUNGICIDE APPLICATION
(L/ha/CROP)

Okra

5.0

8.6

3.4

Snake bean

5.0

8.6

3.4

Bitter melon

5.0

8.6

3.4

Hairy melon

5.0

8.6

3.4

Long melon

5.0

8.6

3.4

Luffa

5.0

8.6

3.4

Cucumber

4.0

5.5

4.0

Watermelon

1.5

1.5

2.4

Rockmelon

1.5

1.5

2.4

Honeydew melon

1.5

1.5

2.4

Banana (ratoon)

25.3

78.0

3.7

Cashew

2.0

10.0

0.0

Mango Calypso

3.0

0.1

1.8

Mango KP

3.0

0.1

1.8

12.4

0.0

15.0

5.5

0.2

0.0

10.7

0.9

0.9

Rice (aerobic dryland)

7.2

1.2

0.0

Rice (aerobic wet)

7.2

1.4

0.0

Rice (anaerobic)

7.2

1.2

0.0

Rice (aromatic, aerobic, wet)

7.2

1.2

0.0

Rice (aromatic, anaerobic)

7.2

1.2

0.0

Rice (aromatic, aerobic, dry)

7.2

1.2

0.0

13.1

1.0

0.0

Sweet corn

1.5

4.0

0.0

Forage (Cavalcade)

0.3

2.4

0.0

Forage (Jarra grass)

6.0

0.0

0.0

Forage sorghum

3.0

0.0

0.0

Tahitian lime
Maize
Peanuts

Soybean

The number of tillage operations varied substantially for crops grown in the Darwin catchments.
The greater the number of tillage operations, the greater the risk of loss of soil to the
environment, which has the potential to end up as suspended sediment in waterways. Intensive
tillage operations pose a greater risk than minimal tillage operations. Thus, crops such as melons
and bananas that have a high number of both total and intensive tillage operations pose the
greatest risk. Crops such as rice and sweet corn that have a low number of both total and intensive
tillage operations pose the least risk.
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Simulated pollutant losses
Simulated annual loss of nitrogen via runoff varied depending on crop but simulated annual totals
were low (Figure 7-19a). Mean annual simulated loss of nitrogen was 0.1 kg/ha and the maximum
annual loss was 0.9 kg/ha from a soybean crop.
Simulated annual losses of leached nitrogen tended to be higher than losses via runoff and varied
depending on crop (Figure 7-19b). Mean annual simulated nitrogen loss was 14 kg/ha and the
maximum annual loss was 84 kg/ha from a forage sorghum crop. In general, losses of leached
nitrogen were higher in forage sorghum than in other crops.
Simulated annual soil losses varied depending on crop (Figure 7-19c). Mean simulated annual loss
was 4 t/ha and the maximum annual loss was 23 t/ha from a mungbean crop. In general, soil loss
from mungbean and soybean was higher than for forage sorghum and rice.
Pollutant losses varied considerably based on rainfall as nitrogen loss via runoff and soil erosion
are driven by frequency and intensity of rainfall, while nitrogen leaching is driven by water
drainage. For example, for a forage sorghum crop simulated under an Adelaide River climate and
on a Vertosol in 2001 and 2002 with 1866 mm and 995 mm of annual rainfall, respectively,
simulated annual nitrogen losses via runoff were 0.3 kg/ha and 0.1 kg/ha, respectively. Nitrogen
losses via leaching were 57 kg/ha and 31 kg/ha, respectively, and soil losses were 4.1 t/ha and
1.2 t/ha, respectively. These results are based on a single annual crop and do not include a cover
crop or other form of rotational cropping system.
Climate is also a driver of pollutant losses. Comparison of years with considerably different annual
rainfall found nitrogen losses via runoff or leaching were greater in years with high rainfall than
with low rainfall. Soil texture also plays a role in driving pollutant losses, with sandy soils more
prone to nitrogen losses via leaching than clay soils (Gaines and Gaines, 1994). Future agricultural
development could minimise pollutant losses by prioritising development on soils with lower
potential for pollutant losses.
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Figure 7-19 Simulated annual nitrogen N losses via runoff or leaching and soil loss from Adelaide River climate
station and a Vertosol for four crops (forage sorghum, mungbean, rice and soybean) for the Darwin catchments
Simulation duration was 125 years (1890 to 2015).

Reducing pollutant losses
There is a large body of literature that has investigated approaches to minimising pollutant losses
from farming systems in Australia. Refining application rates of fertiliser to better match crop
requirements and improving irrigation management are effective ways to minimise nitrogen losses
(Brodie et al., 2008; Thorburn et al., 2008, 2011a, 2011b; Webster et al., 2012; Biggs et al., 2013;
Thorburn and Wilkinson, 2013). Lower fertiliser application rates has reduced losses of nitrogen
via leaching from banana crops (Armour et al., 2013). The use of ‘best management practices’
including controlled traffic and banded application of herbicides can substantially reduce the loss
of herbicides (Masters et al., 2013; Silburn et al., 2013). Furthermore, crop rotation, particularly
the use of a cover crop, can minimise soil loss (Carroll et al., 1997; Dabney et al., 2001). In a
simulated example of a cropping rotation that includes a summer cover crop, simulated annual
nitrogen loss via leaching was reduced from 6.3 kg/ha for a single rice crop, to between 0.4 and
1.1 kg/ha for a rice–soybean or rice–sorghum rotation (Figure 7-20).
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Figure 7-20 Simulated annual nitrogen N losses via runoff or leaching and soil loss from Adelaide River climate
station and a Vertosol for rice, rice–sorghum, and rice–soybean crop rotations
Simulation duration was 125 years (1890 to 2015).

7.4.3

MANAGING IRRIGATION DRAINAGE

Surface drainage water is water that runs off irrigation developments as a result of over-irrigation
or rainfall. This excess water can potentially affect the surrounding environment by modifying flow
regimes and changing water quality. Hence, management of irrigation or agricultural drainage
waters is a key consideration when evaluating and developing new irrigation systems and should
be given careful consideration during the planning and design process. Regulatory constraints on
the disposal of agricultural drainage water from irrigated lands are being made more stringent as
this disposal can potentially have significant off-site environmental effects (Tanji and Kielen, 2002).
Hence, minimising drainage water through the use of best-practice irrigation design and
management should be a priority in any new irrigation development in northern Australia. This
involves integrating sound irrigation systems, drainage networks and disposal options so as to
minimise off-site impacts.
Surface drainage networks need to be designed to cope with the runoff associated with irrigation,
and also the runoff induced by rainfall events on irrigated lands. Drainage must be adequate to
remove excess water from irrigated fields in a timely manner, and hence reduce waterlogging and
salinisation, which can seriously limit crop yields. In best-practice design, surface drainage water is
generally reused through a surface drainage recycling system where runoff tailwater is returned to
an on-farm storage or used to irrigate subsequent fields within an irrigation cycle.
The quality of drainage water will vary depending upon a range of factors including water
management and method of application, soil properties, method and timing of fertiliser and
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pesticide application, hydrogeology, climate and drainage system (Tanji and Kielen, 2002). These
factors need to be taken into consideration when implementing drainage system water recycling
and also when disposing of drainage water to natural environments.
A major concern with tailwater drainage is the agropollutants derived from pesticides and
fertilisers that are generally associated with intensive cropping and are found in the tailwater from
irrigated fields. Crop chemicals can enter surface drainage water if poor water application
practices or significant rainfall events occur, after pesticide or fertiliser application (Tanji and
Kielen, 2002). Tailwater runoff from pesticides and fertilisers can contain phosphate, organic
nitrogen and pesticides that have the potential to adversely affect flora and fauna and ecosystem
health, on land waterways, estuaries or marine environments. Tailwater runoff may also contain
elevated levels of salts, particularly if the runoff has been generated on saline surface soils.
Training of irrigators in responsible application of both water and agrochemicals is therefore an
essential component of sustainable management of irrigation.
As tailwater runoff is either discharged from the catchment or captured and recycled it can result
in a build-up of agropollutants that may ultimately require disposal from the irrigation fields. In
externally draining basins, the highly seasonal nature of flows in northern Australia does offer
possibilities to dispose of poor-quality tailwater during high-flow events. However, downstream
consequences are possible and no scientific evidence is available to recommend such disposal as
good practice. Hence, consideration should be given to providing an adequate understanding of
downstream consequences of disposing of drainage effluent and options must be provided for
managing disposal that minimise impacts on natural systems.

7.4.4

CHEMICAL CONTAMINANT RISK TO AQUACULTURE AND THE ENVIRONMENT

Hundreds of different chemicals, including oils, metals, pharmaceuticals, fertilisers and pesticides
(e.g. insecticides, herbicides, fungicides) are used in different agricultural, horticultural and mining
sectors, and in industrial and domestic settings, throughout Australia. The release of these
chemical contaminants beyond the area of target application can lead to the contamination of
soils, sediments and waters in nearby environments. In aquatic environments, including
aquaculture environments, fertilisers have the potential to cause nonpoint source pollution. This
eutrophication is caused by nutrients that trigger excessive growth of plant and algal species,
which then form hypoxic (low oxygen) ‘dead zones’ and potentially elevated levels of toxic unionised ammonia (Kremser and Schnug, 2002). This can have a significant impact on the health and
growth of animals in aquaculture operations, as well as in the broader environment. For example,
health indicators are lower in barramundi collected from agriculturally affected rivers in
Queensland relative to those collected at more pristine sites.
Of concern to aquaculture in northern Australia are the risks posed to crustaceans (e.g. prawns
and crabs) by some of the insecticides in current use. These insecticides can be classified based on
their specific chemical properties and modes of action. The different classes of insecticides have
broad and overlapping applications across these different settings.
The first class is organophosphate insecticides of which toxicity is not specific to target insects,
raising concerns about the impacts on non-target organisms, such as crustaceans and fish. Despite
concerns about human health impacts and potential carcinogenic risks, organophosphates are still
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one of the most broadly used insecticides globally and are still used in Australia for domestic pest
control (Weston and Lydy, 2014; Zhao and Chen, 2016). Pyrethroid insecticides have low toxicity
to birds and mammals, but higher toxicity to fish and arthropods. Phenylpyrazole insecticides are
another class that also pose risks to non-target crustaceans (Stevens et al., 2011). Neonicotinoid
insecticides are a class being used in increasing amounts because they are very effective at
eliminating insect pests, yet pose low risks to mammals and fish (Sánchez-Bayo and Hyne, 2014).
Monitoring data from the Great Barrier Reef catchments indicate that concentration of
neonicotinoid insecticides in marine water samples is rapidly increasing with widespread use. One
significant concern for aquaculture is the risk that different insecticides, when exposed to nontarget organisms, may interact to cause additive or greater than additive toxicity.
An awareness and knowledge of the potential exposures, risks, and impacts that chemical
contaminants may pose in a location is valuable when establishing and operating a commercial
aquaculture enterprise, to ensure exposures are best mitigated. For the most vulnerable life cycle
stages of production, such as the larval stages of rearing within the controlled hatchery
environment, water treatment systems can be employed to mitigate risks of exposure to
contaminants. However, for broadacre pond systems, the best approach is to understand the risks
of exposure in an area, and ideally to establish farms in areas of lower exposure.

7.4.5

AQUACULTURE DISCHARGE WATER AND OFF-SITE IMPACTS

Discharge water is effluent from land-based aquaculture production. Discharge water is water that
has been used (culture water) and is no longer required in a production system. In most
operations (particularly marine), bioremediation is used to ensure that water discharged off-farm
into the environment contains low amounts of nutrients and other contaminants. The aim is for
discharge waters to have similar physiochemical parameters to the source water.
Discharge water from freshwater aquaculture can be easily managed and provides a water
resource suitable for general or agriculture-specific irrigation. Marine discharge water is
comparatively difficult to manage, with limited reuse applications. The key difference in discharge
management is that marine (salty) water must be discharged at the source, whereas location for
freshwater discharge is less restrictive and potential applications numerous (e.g. irrigation).
Specific water discharge guidelines vary with species and jurisdiction. For example in Queensland,
water discharge policy minimum standards for prawn farming include minimum standards for
physiochemical indicators (e.g. oxygen and pH) and nutrients (e.g. nitrogen, phosphorus and
suspended solids) and total volume (EHP, 2013).
A large multidisciplinary study on intensive Australian prawn farming, which assessed the impact
of effluent on downstream environments (CSIRO, 2013), found that Australian farms operate
under world best practice in regards to the management of discharge water. The study found that
discharge water had no adverse ecological impact on receiving water and that nutrients could not
be detected 2 km downstream from the discharge point.
While Australian prawn farms are reported as being among the most environmentally sustainable
in the world (CSIRO, 2013), location of the industry adjacent to the listed Great Barrier Reef and
related strict policy on discharge has been a major constraint to expansion of the industry. Strict
discharge regulation, which requires zero net addition of nutrients in waters adjacent to the Great
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Barrier Reef, has all but halted expansion in the last decade. An example of the regulatory
complexity in this region is the 14-year period taken to obtain approval to develop a site in the
Burdekin shire in north Queensland (APFA, 2016). Over the last decade, increases in production
have been due to improvements in production efficiency rather than any expansion of the industry
footprint.
In a report to the Queensland Government (Department of Agriculture and Fisheries Queensland,
2013) it was suggested that less-populated areas in northern Australia, which have less conflict for
the marine resource, may have potential as areas for aquaculture development. The complex
regulatory environment in Queensland was a factor in the decision by Project Sea Dragon to
investigate greenfield development in WA and NT as an alternative location for what would be
Australia’s largest prawn farm (Seafarms, 2016).
Today most farms (particularly marine) use bioremediation ponds to ensure that water discharged
off-farm into the environment contains low amounts of nutrients and other contaminants. The
prawn farming industry in Queensland has adopted a code of practice to ensure that discharge
waters do not result in irreversible or long-term impacts to the receiving environment (Donovan,
2011).
Pump stations are used to distribute water around the farm (Figure 7-21). Marine water is
pumped from a primary pump station located near the water source (usually a river) to a raised
supply channel engineered to gravity-deliver water to the ponds. During production and at final
harvest water is discharged from production ponds via gravity into a waste water channel. A
secondary pump station is then used to pump the water from the waste water channel to the
bioremediation pond. The role of the bioremediation process is to reduce suspended solids and
nutrients (nitrogen and phosphorus) in the water to meet discharge water quality standards set by
regulators. Water treated in the bioremediation pond is either recirculated to the production pond
via a third pump station and the supply channel or discharged by gravity to the river. The
specifications of each pump station are in keeping with the volume of water required to fill the
ponds and to service water exchange requirements. Farm layout should be designed to minimise
the chance of reintroducing discharged water to the ponds via the primary pump station. The
location of the primary pump station and the discharge channel should be separated by as large a
physical distance as practical. In general, best practice involves access of source water at high tide
and discharge of water at low tide.
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Figure 7-21 Cross-section of a marine aquaculture farm detailing optimal land elevation, water flow and discharge

The volume of water required to be discharged or possibly diverted to a secondary application
(e.g. agriculture) is equivalent to the total pond water use for the season, minus total evaporative
losses and the volume of recycled water used during production.

7.5

Irrigation-induced salinity

7.5.1

INTRODUCTION

Prior to European settlement, Australia was dotted with naturally occurring brackish creeks,
saltpans and salt marshes. In these areas of ‘primary salinity’, ecosystems evolved that were
adapted to the high concentrations of salt in the water and soil. Areas where the effects of salinity
are now evident as a consequence of European settlement, are referred to as ‘secondary salinity’.
Secondary salinity manifests itself in two main forms: that which occurs in irrigation regions and
salinity occurring in dryland regions.
There are three basic requirements for salt to become an environmental problem: (i) a source of
salt, (ii) a source of water in which to mobilise the salt, and (iii) mechanisms by which the salt is
redistributed to locations in the landscape where it causes damage.
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Salts can be concentrated by in situ weathering of rock and minerals in the soil, and in some
instances, salt can originate from low quality irrigation water. However, in many places in Australia
salt in the soil originates from rainfall.
Rainfall contains small quantities of salt. Over many hundreds of years, salts from rainfall can
become concentrated in the soil, through evaporation. Areas most susceptible typically have
relatively low annual rainfall (i.e. less than 800 mm/year) and low soil permeability. Areas with
higher rainfall (i.e. more than 1200 mm/year), such as the Darwin catchments, and/or highly
permeable soils, tend to have lower concentrations of salts in the soil profile because the salts are
leached down to the watertable and flushed out of the groundwater system. In a dryland salinity
hazard mapping of the NT, Tickell (1994) determined that the dryland salinity hazard over most of
the NT is low, predominantly due to relatively low salt storages occurring in areas where deeprooted vegetation is present, and that the low salt storages in the landscape were mainly due to
small salt inputs from rainfall.
Due to the absence of a source of salt in the landscape and that water sources are typically fresh,
the risk of irrigation-induced salinisation in the Darwin catchments was deemed to be low and
consequently no further assessment of salinity risk was undertaken.

7.6

References

Angus JF (2001) Nitrogen supply and demand in Australian agriculture. Australian Journal of
Experimental Agriculture 41(3), 277–288.
APFA (2016) Productivity Commission inquiry into the regulation of Australian marine fisheries and
aquaculture sectors. Viewed 5 March 2018,
https://www.pc.gov.au/__data/assets/pdf_file/0008/197522/sub023-fisheriesaquaculture.pdf.
Armour JD, Nelson PN, Daniells JW, Rasiah V and Inman-Bamber NG (2013) Nitrogen leaching from
the root zone of sugarcane and bananas in the humid tropics of Australia. Agriculture,
Ecosystems and Environment, 180, 68–78.
Arthington A, Bunn S, Poff N and Naiman R (2006) The challenge of providing environmental flow
rules to sustain river ecosystems. Ecological Applications 16(4), 1311–1318. DOI:
10.1890/1051-0761(2006)016[1311:TCOPEF]2.0.CO;2.
Ash A, Bristow M, Laing A, MacLeod N, Niscioli A, Paini D, Palmer J, Prestwidge D, Stokes C,
Watson I, Webster T and Yeates S (2018) Agricultural viability: Darwin catchments. A
technical report to the Australian Government from the CSIRO Northern Australia Water
Resource Assessment, part of the National Water Infrastructure Development Fund: Water
Resource Assessments. CSIRO, Australia.
Barrett R, Nielsen DL and Croome R (2010) Associations between the plant communities of
floodplain wetlands, water regime and wetland type. River Research and Applications 26(7),
866–876.
Bayliss P, Buckworth R and Dichmont C (2014) Assessing the water needs of fisheries and
ecological values in the Gulf of Carpentaria. Final report prepared for the Queensland
Department of Natural Resources and Mines. CSIRO, Australia.
422 | Water resource assessment for the Darwin catchments

Biggs JS, Thorburn PJ, Crimp S, Masters B and Attard SJ (2013) Interactions between climate
change and sugarcane management systems for improving water quality leaving farms in the
Mackay Whitsunday region, Australia. Agriculture, Ecosystems and Environment 180, 79–89.
DOI: 10.1016/j.agee.2011.11.005.
Bowman DMJS (1992) Monsoon forests in north-western Australia. 2. Forest-savanna transitions.
Australian Journal of Botany 40(1), 89–102. DOI: 10.1071/bt9920089.
Brodie JE and Mitchell AW (2005) Nutrients in Australian tropical rivers: changes with agricultural
development and implications for receiving environments. Marine and Freshwater Research
56(3), 279–302.
Brodie J, Binney J, Fabricius K, Gordon I, Hoegh O, Hunter H, Reagain PO, Pearson R, Quirk M,
Waterhouse J, Webster I and Wilkinson S (2008) Synthesis of evidence to support the
Scientific Consensus Statement on Water Quality in the Great Barrier Reef. Reef Water
Quality Protection Plan Secretariat, Brisbane.
Brodie J, Waterhouse J, Maynard J, Bennett J, Furnas M, Devlin M, Lewis S, Collier C, Schaffelke B,
Fabricius K, Petus C, Zeh D, Randall L, Brando V, Mckenzie L, Brien DO, Smith R, Warne M,
Brinkman R, Tonin H, Bartley R, Negri A, Turner R, Davis A, Mueller J, Alvarez-romero J,
Henry N, Waters D and Tracey D (2013) Assessment of the relative risk of degraded water
quality to ecosystems of the Great Barrier Reef. Centre for Tropical Water & Aquatic
Ecosystem Research (TropWATER), James Cook University, Townsville.
Burdekin Project Committee (1977) Resources and potential of the Burdekin River Basin,
Queensland. Main report and 5 volumes of appendices. Australian Government Publishing
Service, Canberra.
Burford M, Valdez D, Curwen G, Faggotter SJ, Ward DP and O’Brien KR (2016) Inundation of saline
supratidal mudflats provides an important source of carbon and nutrients in an aquatic
system. Marine Ecology Progress Series 545, 21–33.
Burrows DW and Butler B (2007) Determining end-point goals and effective strategies for
rehabilitation of coastal wetlands: examples from the Burdekin River, north Queensland. In:
Wilson AL, Dehaan RL, Watts RJ, Page KJ, Bowmer KH and Curtis A (eds) Proceedings of the
5th Australian Stream Management Conference. Charles Sturt University, Thurgoona, New
South Wales, 49–54.
Carroll C, Halpin M, Burger P, Bell K, Sallaway MM and Yule DF (1997) The effect of crop type, crop
rotation, and tillage practice on runoff and soil loss on a Vertisol in central Queensland.
Australian Journal of Soil Research 35, 925–939. DOI: 10.1071/SR99114.
CIE (2013) Aquaculture in Queensland, Prioritising regulatory form. The Centre for International
Economics, Canberra.
CIE (2014) Comparative review of aquaculture regulation. The Centre for International Economics,
Canberra.
Close P, Wallace J, Bayliss P, Bartolo R, Burrows D, Pusey B, Robinson C, McJannet D, Karim F,
Byrne G, Marvanek S, Turnadge C, Harrington G, Petheram C, Dutra LXC, Dobbs R, Pettit N,
Jankowski A, Wallington T, Kroon F, Schmidt D, Buttler B, Stock M, Veld A, Speldewinde P,
Cook BA, Cook B, Douglas M, Setterfield S, Kennard M, Davies P, Hughes J, Cossart R, Conolly
Chapter 7 Ecological, biosecurity, off-site and irrigation-induced salinity risks | 423

N and Townsend S (2012) Assessment of the likely impacts of development and climate
change on aquatic ecological assets in Northern Australia. A report for the National Water
Commission, Australia. Tropical Rivers and Coastal Knowledge (TRaCK) Commonwealth
Environmental Research Facility, Charles Darwin University, Darwin.
Cook GD and Dias L (2006) It was no accident: deliberate plant introductions by Australian
government agencies during the 20th century. Australian Journal of Botany 54, 601–625.
CSIRO (2013) The environmental management of prawn farming in Queensland – worlds best
practice. Viewed 6 June 2018, http://apfa.com.au/wp-content/uploads/2015/01/CSIROResearch-summary.pdf.Dabney SM, Delgado JA and Reeves DW (2001) Using winter cover
crops to improve soil and water quality. Communications in Soil Science and Plant Analysis
32, 1221–1250. DOI: 10.1081/CSS-100104110.
DAF (2018) White spot information guide. Viewed 18 April 2018,
https://www.daf.qld.gov.au/__data/assets/pdf_file/0011/1255637/white-spot-guide.pdf.
Davis AM, Pearson RG, Brodie JE and Butler B (2017) Review and conceptual models of agricultural
impacts and water quality in waterways of the Great Barrier Reef catchment area. Marine
and Freshwater Research 68, 1–19. DOI: 10.1071/MF15301.
De’ath G, Fabricius KE, Sweatman H and Puotinen M (2012) The 27-year decline of coral cover on
the Great Barrier Reef and its causes. Proceedings of the National Academy of Sciences of
the United States of America 109, 17995–17999. DOI: 10.1073/pnas.1208909109.
Department of Agriculture and Fisheries Queensland (2013) About biosecurity. Department of
Agriculture and Fisheries. Viewed 20 September 2017,
https://www.daf.qld.gov.au/biosecurity/about-biosecurity.
Dixon I, Dobbs R, Townsend S, Close P, Ligtermoet E, Dostine P, Duncan R, Kennard M and
Tunbridge D (2011) Trial of the Framework for the Assessment of River and Wetland Health
(FARWH) in the wet–dry tropics for the Daly and Fitzroy Rivers, Tropical Rivers and Coastal
Knowledge (TRaCK) research consortium. Charles Darwin University, Darwin.
Donovan D (2011) Environmental code of practice for Australian prawn farmers. Viewed 30 March
2018, https://ntepa.nt.gov.au/__data/assets/pdf_file/0019/290080/appendix3.pdf.
EHP (2013) Operation policy marine prawn aquaculture. Department of Environment and Heritage
Protection, Queensland Government. Viewed 10 March 2018,
https://www.ehp.qld.gov.au/assets/documents/regulation/pr-op-wastewater-prawnfarm.pdf.
Environment Australia (2001) A directory of important wetlands in Australia. Third edition.
Environment Australia, Canberra. Viewed 5 June 2018,
http://www.environment.gov.au/system/files/resources/18f0bb21-b67c-4e99-a155cb5255398568/files/directory.pdf.
FAO (2007) Improving Penaeus monodon hatchery practices: manual based on experience in India.
FAO fisheries technical paper 446. Food and Agriculture Organization of the United Nations,
Rome.

424 | Water resource assessment for the Darwin catchments

Fleming PM, Gunn RH, Reece AM, and McAlpine JR (eds) (1981) Burdekin project ecological study.
CSIRO and Department of National Development and Energy, Canberra.
Gaines TP and Gaines ST (1994) Soil texture effect on nitrate leaching in soil percolates.
Communications in Soil Science and Plant Analysis 25, 2561–2570. DOI:
10.1080/00103629409369207.
Grant CJ and Spain AV (1975) Reproduction, growth and size allometry of Valamugil seheli
(Forskal) (Pisces Mugilidae) from north Queensland inshore waters. Australian Journal of
Zoology 23, 463–474.
Halliday I and Robins J (2005) Freshwater flow requirements of estuarine fisheries: data review
and research needs. Final report LWA Tropical Rivers Program. The State of Queensland,
Department of Primary Industries and Fisheries, Land and Water Australia, Brisbane.
Halliday I, Saunders T, Sellin M, Allsop Q, Robins J, McLennan M and Kurnoth P (2012) Flow
impacts on estuarine finfish fisheries of the Gulf of Carpentaria. The Department of
Agriculture, Fisheries and Forestry, Queensland, Brisbane.
Hughes J, Yang A, Wang B, Marvanek S, Carlin L, Seo L, Petheram C and Vaze J (2018) Calibration of
river system and landscape models for the Fitzroy, Darwin and Mitchell catchments. A
technical report from the CSIRO Northern Australia Water Resource Assessment to the
Government of Australia. CSIRO, Australia.
Humphries P, King AJ and Koehn JD (1999) Fish, flows and flood plains: links between freshwater
fishes and their environment in the Murray-Darling River system, Australia. Environmental
Biology of Fishes 56(1999), 129–151.
Irvin S, Coman G, Musson D and Doshi A (2018) Aquaculture viability. A technical report to the
Australian Government from the CSIRO Northern Australia Water Resource Assessment, part
of the National Water Infrastructure Development Fund: Water Resource Assessments.
CSIRO, Australia.
Karim F, Kinsey‐Henderson A, Wallace J, Arthington AH and Pearson RG (2012) Modelling wetland
connectivity during overbank flooding in a tropical floodplain in north Queensland, Australia.
Hydrological Processes 26(18), 2710–2723.
Karim F, Peña-Arancibia J, Ticehurst C, Marvanek S, Gallant J, Hughes J, Dutta D, Vaze J,
Petheram C, Seo L and Kitson S (2018) Floodplain inundation mapping and modelling for the
Fitzroy, Darwin and Mitchell catchments. A technical report to the Australian Government
from the CSIRO Northern Australia Water Resource Assessment, part of the National Water
Infrastructure Development Fund: Water Resource Assessments. CSIRO, Australia.
King AJ, Townsend SA, Douglas MM and Kennard MJ (2015) Implications of water extraction on
the low-flow hydrology and ecology of tropical savannah rivers: an appraisal for northern
Australia. Freshwater Science 34(2), 741–758. DOI: 10.1086/681302.
Kingsford RT, Bradstock RA, Auld TD, Kinsford RT, Lunney D and Sivertson DP (1995) Ecological
effects of river management in New South Wales. Conserving biodiversity: threats and
solutions. Surrey Beatty and Sons, Sydney.

Chapter 7 Ecological, biosecurity, off-site and irrigation-induced salinity risks | 425

Kremser U and Schnug E (2002) Impact of fertilizers on aquatic ecosystems and protection of
water bodies from mineral nutrients. Landbauforsch Völkenrode 52(2), 81–90.
Kroon FJ, Thorburn P, Schaffelke B and Whitten S (2016) Towards protecting the Great Barrier Reef
from land-based pollution. Global Change Biology 22, 1985–2002. DOI: 10.1111/gcb.13262.
Lewis SE, Brodie JE, Bainbridge ZT, Rohde KW, Davis AM, Masters BL, Maughan M, Devlin MJ,
Mueller JF and Schaffelke B (2009) Herbicides: a new threat to the Great Barrier Reef.
Environmental Pollution 157, 2470–2484. DOI: 10.1016/j.envpol.2009.03.006.
Masters B, Rohde K, Gurner N and Reid D (2013) Reducing the risk of herbicide runoff in sugarcane
farming through controlled traffic and early-banded application. Agriculture, Ecosystems and
Environment 180, 29–39. DOI: 10.1016/j.agee.2012.02.001.
Mitchell A, Reghenzani J, Faithful J, Furnas M and Brodie J (2009) Relationships between land use
and nutrient concentrations in streams draining a wet-tropics catchment in northern
Australia. Marine and Freshwater Research 60, 1097–1108. DOI: 10.1071/MF08330.
NACA (2016) Diseases of crustaceans – acute hepatopancreatitis necrosis disease (AHPND).
Viewed 22 September 2017, https://www.enaca.org/publications/health/diseasecards/ahpnd-disease-card-2014.pdf.
Parliament of Australia (2014) Inquiry into the development of northern Australia – final report.
Viewed 14 September 2017,
http://www.aph.gov.au/Parliamentary_Business/Committees/Joint/Former_Committees/No
rthern_Australia/Inquiry_into_the_Development_of_Northern_Australia/Tabled_Reports.
Pearson R and Stork NE (2009) Catchment to reef: water quality and ecosystem health in tropical
streams. In: Stork N and Turton S (eds) Living in a dynamic tropical forest landscape.
Blackwell Publishing, Carlton, 557–576. DOI: 10.1002/9781444300321.ch45.
Perna C (2003) Fish habitat assessment and rehabilitation in the Burdekin Delta distributary
streams. Report 03/22. Australian Centre for Tropical Freshwater Research, James Cook
University, Townsville.
Perna C (2004) Impacts of agriculture and restoration of the habitat values, water quality and fish
assemblages of a tropical floodplain. MSc Thesis, James Cook University, Townsville.
Petheram C, Rogers L, Read A, Gallant J, Moon A, Yang A, Gonzalez D, Seo L, Marvanek S, Hughes J,
Ponce Reyes R, Wilson P, Wang B, Ticehurst C and Barber M (2017) Assessment of surface
water storage options in the Fitzroy, Darwin and Mitchell catchments. A technical report to
the Australian Government from the CSIRO Northern Australia Water Resource Assessment,
part of the National Water Infrastructure Development Fund: Water Resource Assessments.
CSIRO, Australia.
Poff LN, Richter BD, Arthington AH, Bunn SE, Naiman RJ, Kendy E, Acreman M, Apse C, Bledsoe BP,
Freeman MC, Henriksen J, Jacobson RB, Kennen JG, Merritt DM, O'Keeffee JH, Olden JD,
Rogers K, Tharme RE and Warner A (2010) The ecological limits of hydrologic alteration
(ELOHA): a new framework for developing regional environmental flow standards.
Freshwater Biology 55, 147–170.

426 | Water resource assessment for the Darwin catchments

Pollino CA, Barber E, Buckworth R, Deng A, Ebner B, Kenyon R, Liedloff A, Merrin LE,
Moeseneder C, Nielsen DL, O'Sullivan J, Ponce Reyes R, Robson BJ, Stratford DS, StewartKoster B and Turschwell M (2018a) Synthesis of knowledge to support the assessment of
impacts of water resource development to ecological assets in northern Australia: asset
descriptions. A technical report to the Australian Government from the CSIRO Northern
Australia Water Resource Assessment, part of the National Water Infrastructure
Development Fund: Water Resource Assessments. CSIRO, Australia.
Pollino CA, Barber E, Buckworth R, Deng A, Ebner B, Kenyon R, Liedloff A, Merrin LE,
Moeseneder C, Nielsen DL, O'Sullivan J, Ponce Reyes R, Robson BJ, Stratford DS, StewartKoster B and Turschwell M (2018b) Synthesis of knowledge to support the assessment of
impacts of water resource development to ecological assets in northern Australia: asset
analysis. A technical report to the Australian Government from the CSIRO. Northern
Australia Water Resource Assessment, part of the National Water Infrastructure
Development Fund: Water Resource Assessments. CSIRO, Australia.
Pusey B, Kennard M and Arthington A (2004) Freshwater fishes of north-eastern Australia. CSIRO
publishing, Collingwood.
QDAF (2016) Prawn hepatopancreatitis. Queensland Department of Agriculture and Fisheries,
Brisbane. Viewed 10 August 2017, https://www.daf.qld.gov.au/animal-industries/animalhealth-and-diseases/industry-alerts.
QDAF (2017) Aquaculture and white spot. Queensland Department of Agriculture and Fisheries,
Brisbane. Viewed 17 September 2017, https://www.daf.qld.gov.au/animalindustries/animal-health-and-diseases/a-z-list/white-spot-disease/prawn-farmers.
QDPIF (2006) Australian prawn farming manual: health management for profit. Queensland
Department of Primary Industries and Fisheries, Brisbane.
Roscoe DW and Hinch SG (2010) Effectiveness monitoring of fish passage facilities: historical
trends, geographic patterns and future directions. Fish and Fisheries 11(1), 12–33. DOI:
10.1111/j.1467-2979.2009.00333.x.
Russell-Smith J (2001) Monsoon forest. In: Brock J (ed.) Native plants of northern Australia. Reed
New Holland, Sydney.
Sánchez-Bayo F and Hyne RV (2014) Detection and analysis of neonicotinoids in river waters –
development of a passive sampler for three commonly used insecticides. Chemosphere 99,
143–151. DOI: 10.1016/j.chemosphere.2013.10.051.
Savage J (2016) Australian fisheries and aquaculture statistics 2015. Australian Bureau of
Agricultural and Resource Economics and Sciences, Canberra. Viewed 5 June 2018,
http://data.daff.gov.au/data/warehouse/9aam/afstad9aamd003/2015/AustFishAquacStats_
2015_v1.0.0.pdf.
Seafarms (2016) Seafarms group – project sea dragon. Viewed 6 June 2018,
https://seafarms.com.au/project-sea-dragon/.Silburn DM, Foley JL and de Voil RC (2013)
Managing runoff of herbicides under rainfall and furrow irrigation with wheel traffic and
banded spraying. Agriculture, Ecosystems and Environment 180, 40–53. DOI:
10.1016/j.agee.2011.08.018.
Chapter 7 Ecological, biosecurity, off-site and irrigation-induced salinity risks | 427

Stevens MM, Burdett AS, Mudford EM, Helliwell S and Doran G (2011) The acute toxicity of fipronil
to two non-target invertebrates associated with mosquito breeding sites in Australia. Acta
Tropica 117(2), 125–130. DOI: 10.1016/j.actatropica.2010.11.002.
Stewart JWB and Tiessen H (1987) Dynamics of soil organic phosphorus. Biogeochemistry 4(1), 41–
60.
Tait J and Perna C (2000) Fish habitat management challenges on an intensively developed tropical
floodplain: Burdekin River north Queensland. RipRap 19, 14–21.
Tanji KK and Kielen NC (2002) Agricultural water management in arid and semi-arid areas.
Irrigation and drainage paper 61. Food and Agriculture Organization of the United Nations,
Rome.
Thorburn PJ and Wilkinson SN (2013) Conceptual frameworks for estimating the water quality
benefits of improved agricultural management practices in large catchments. Agriculture,
Ecosystems and Environment 180, 192–209. DOI: 10.1016/j.agee.2011.12.021.
Thorburn PJ, Park SE, Bloesch P, Webster AJ, Horan HL, Biggs IM and Biggs JS (2008) Potential
impacts of mill mud on nitrogen fertiliser requirements for sugarcane production.
Proceedings of the Australian Society of Sugar Cane Technologists 30, 367–368.
Thorburn PJ, Biggs JS, Attard SJ and Kemei J (2011a) Environmental impacts of irrigated sugarcane
production: nitrogen lost through runoff and leaching. Agriculture, Ecosystems and
Environment 144, 1–12. DOI: 10.1016/j.agee.2011.08.003.
Thorburn PJ, Jakku E, Webster AJ and Everingham YL (2011b) Agricultural decision support systems
facilitating co-learning: a case study on environmental impacts of sugarcane production.
International Journal of Agricultural Sustainability 9, 322–333. DOI:
10.1080/14735903.2011.582359.
Thorburn PJ, Wilkinson SN and Silburn DM (2013) Water quality in agricultural lands draining to
the Great Barrier Reef: a review of causes, management and priorities. Agriculture,
Ecosystems and Environment 180, 4–20. DOI: 10.1016/j.agee.2013.07.006.
Tickell SJ (1994) Dryland salinity hazard mapping Northern Territory [online]. In: Water Down
Under 94: Groundwater Papers. Preprints of papers. National conference publication
(Institution of Engineers, Australia), no. 94/14. Institution of Engineers, Australia, Barton,
ACT, 745–748.
Tickell S and Zaar U (2017) Water resources of the Wildman River area. Northern Territory
Department of Environment and Natural Resources, Water Resources Division, Palmerston.
Turnadge C, Crosbie RS, Tickell SJ, Zaar U, Smith SD, Dawes WR, Davies, PJ, Harrington GA and
Taylor AR (2018) Hydrogeological characterisation of the Mary–Wildman rivers area,
Northern Territory. A technical report to the Australian Government from the CSIRO
Northern Australia Water Resource Assessment, part of the National Water Infrastructure
Development Fund: Water Resource Assessments. CSIRO, Australia.
Warfe DM, Pettit NE, Davies PM, Pusey BJ, Hamilton SK, Kennard MJ, Townsend SA, Bayliss P,
Ward DP, Douglas MM, Burford MA, Finn M, Bunn SE and Halliday IA (2011) The 'wet–dry' in

428 | Water resource assessment for the Darwin catchments

the wet–dry tropics drives river ecosystem structure and processes in northern Australia.
Freshwater Biology 56(11), 2169–2195. DOI: 10.1111/j.1365-2427.2011.02660.x.
Waterhouse J, Brodie J, Lewis S and Mitchell A (2012) Quantifying the sources of pollutants in the
Great Barrier Reef catchments and the relative risk to reef ecosystems. Marine Pollution
Bulletin 65, 394–406. DOI: 10.1016/j.marpolbul.2011.09.031.
Webster AJ, Bartley R, Armour JD, Brodie JE and Thorburn PJ (2012) Reducing dissolved inorganic
nitrogen in surface runoff water from sugarcane production systems. Marine Pollution
Bulletin 65, 128–135. DOI: 10.1016/j.marpolbul.2012.02.023.
Weston DP and Lydy MJ (2014) Toxicity of the insecticide fipronil and its degradates to benthic
macroinvertebrates of urban streams. Environmental Science & Technology 48(2), 1290.
DOI: 10.1021/es4045874.
Whitehead PJ and Saalfeld K (2000) Nesting phenology of magpie geese (Anseranas semipalmata)
in monsoonal northern Australia: responses to antecedent rainfall. Journal of Zoology 251,
495–508. DOI: 10.1111/j.1469-7998.2000.tb00805.x.
World Bank (2014) Reducing disease risk in aquaculture. Agriculture and environmental services
discussion paper; no. 9. World Bank Group, Washington, DC.
Zhao J and Chen B (2016) Species sensitivity distribution for chlorpyrifos to aquatic organisms:
Model choice and sample size. Ecotoxicology and Environmental Safety 125, 161–169. DOI:
10.1016/j.ecoenv.2015.11.039.

Chapter 7 Ecological, biosecurity, off-site and irrigation-induced salinity risks | 429

