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ABSTRACT

Using a three-infrastructures (grey, soft, and green) framework, we examined key risks to water
availability and quality in the Murray-Darling Basin, Australia. These risks include increased
irrigation efficiency, without a quantitative knowledge of the impact on water flow pathways,
particularly return flows, growth in farm dams and floodplain harvesting, and unsustainable
management of salinity. Critical to mitigating these risks are the metering, monitoring, and
auditing of water flows, effective linkages between evidence and analysis, and accountability of
decision-makers operating in the public interest. We contend that these approaches need to be
supported by innovative risk assessments, which are fit-for-purpose under the MDB Plan,
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wherein the ‘who, what, when and where’ are assessed in relation to cumulative, systemic,

and cascading risks from human actions.

... management of the Murray-Darling has been com-

promised by ‘very, very bad administration over the
years by governments of both persuasions’.

Former Australian Prime Minister John Howard,

8 February 2021

1. Introduction

Much of the arid and semi-arid regions of the world,
including the Murray-Darling Basin (MDB) of south-
eastern Australia, are in a water crisis; extractions
exceed the volumes that would prevent further dete-
rioration of riparian environments (Haddeland et al.
2014). These excess water extractions provide private
benefits but also impose external costs on others and
inter-temporally from reduced streamflows, recharge,
and deterioration of freshwater habitats.

A typical response to the ongoing water crises has
been to build and to enlarge physical water infrastruc-
ture to store water inter-temporally, and to divert
water from within the landscape. Much of the invest-
ments have been for ‘grey’ infrastructure, with some
notable exceptions (Grafton and Wheeler 2018), to
capture, to store, and to deliver water over time and
across the landscape. Such infrastructure primarily
supports direct use values of water, such as growing
irrigated crops. Yet irrigation water extractions are
a major contributor to the decline of Australia’s inland
waters (Green and Moggridge 2021).

Here, with a focus on the MDB, we evaluated water
infrastructure risks that we define as the events or
circumstances that may cause harm when they occur,
such as excess water extractions or changes to return

flows. We developed and employed a ‘Three-
Infrastructures Framework’ (TIF) in relation to water
infrastructure that includes one, ‘grey’ infrastructure,
such as dams, groundwater wells, irrigation channels,
levees and water delivery systems; two, ‘soft’ infra-
structure (Grafton 2017), such as laws and regulations,
water education, water markets and water planning
that represents water governance; and three, ‘green’
infrastructure, such as the floodplains, stream and
river channels, aquifers, wetlands and estuaries, that
can potentially deliver multiple ecosystem services
(Davies et al. 2012).

Using the TIF, we evaluated the Murray-Darling
Basin Plan (MDBP) that was passed in the Australian
Federal Parliament in November 2012, as mandated
by the Federal Water Act (2007) (Commonwealth of
Australia 2007). As written in the Water Act (2007), in
relation to the MDBP, we evaluated:

(1) Risks to ... the condition, or continued avail-
ability, of the Basin water resources’ from

(2) “(a) the taking and use of water (including
through interception activities)’ on

(3) ‘(a) environmental outcomes; (b) water quality
and salinity; (c) long-term average sustainable
diversion limits and temporary diversion limits;
and (d) trading in water access rights’.

(Water Act (2007), Section 22 ‘Mandatory content of
Basin Plan’, Items 3 and 4)

Our evaluation examined the risks, the actual and
possible consequences posed by irrigation water
extractions, including farm dams, floodplain
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harvesting, and water delivery (both on- and off-farm)
in the MDB. These risks were examined in relation to
streamflows, return flows, and salinity.

Section 2 describes the TIF. Section 3 focuses on the
MDB and is in three parts: part one explains the
possible impacts of irrigation in relation to return
flows of water to surface and groundwater, part two
highlights the relationship between irrigation and sali-
nity, and part three reviews the extent and growth in
farm dams and floodplain harvesting. Section 4 high-
lights key knowledge gaps and possible ways to miti-
gate the risks to MDB water resources from irrigation.
In Section 5 we offer our conclusions.

2. Three-infrastructures framework (TIF) and
irrigation in the Murray-Darling Basin

Here, we describe the three infrastructures and con-
nect them to water risks in relation to irrigated agri-
culture in the MDB. The components of the TIF
include:

(1) Grey (Hard) Infrastructure: dams, channels,
weirs, fishways, roads, railways, levee banks,
culverts and bridges, and on-farm irrigation
infrastructure; all of which serve to store, redir-
ect, and change the nature and function of
water flows and their ecological functions.

(2) Soft Infrastructure: governance (including audit-
ing and compliance); regulation (including
water management plans and their implementa-
tion); water markets and water trading both
encompassing and exercising powerful influence
of what happens with water in the MDB and
how it is valued; education and awareness; and
management (including the integrated use of
both grey and green infrastructure).

(3) Green (Natural) Infrastructure: floodplains,
wetlands, river channels, lakes and estuaries,
soil, and water storage along with groundwater
aquifers including the pathways of recharge and
discharge that is critical to hydrological and
ecological functions (Williams 2017).

How these infrastructures are integrated, governed,
regulated, and managed affects the type and scale of
risk on the availability and condition of water
resources in the MDB.

2.1. Infrastructure systems in the MDB

Grey infrastructure in the MDB encompasses farm
dams and intercepting infrastructures that enable
floodplain harvesting (such as levees), as well as tech-
nologies that reduce water losses within irrigation
systems (such as lining channels, better farm layouts,
sprinkler, and drip irrigation). Soft infrastructure

includes water resource plans, legislation, water enti-
tlements and water allocations (Grafton, Horne, and
Wheeler 2016a), audits, compliance, education and
training, scientific research, and the many elements
of water management, policy, and regulation. Green
infrastructure includes the many elements of the MDB
landscape that encompasses over 1 million km?, from
Queensland to South Australia. These assets include
the billabongs, streams and rivers, estuaries, hills and
mountains, and the hundreds of both small and large
wetlands that provide a home to flora and fauna and
that convey and store water through the landscape.

Well-functioning green infrastructure provides
both private benefits (such as water supply from rivers
for agricultural and domestic use) and social benefits
(such as improved water quality for urban water ser-
vices and maintaining cultural, recreational, and ame-
nity values). While green and grey water infrastructure
can complement each other in the delivery of water
services (such as to reduce flooding events), the cost of
engineered structures to completely replace nature-
based assets is prohibitively expensive (Vorosmarty
et al. 2021). That is, healthy wetlands and rivers in
the MDB (Davies et al. 2010) provide much more to
human societies than a network of concrete channels
ever could. Further, ecosystem services from green
infrastructure and nature-based solutions to water
management are often not valued in water planning
and policy in Australia (Hatton MacDonald et al.
2011), but their role in sustaining economic activities
and human wellbeing is increasingly being recognised
by government agencies (Wyrwoll and Grafton 2021;
UNEP 2022; USACE 2022), multilateral organisations
(WWAP/UN-Water 2018; Matthews and Dela Cruz
2022), and businesses (The Coca Cola Company 2021;
Capitals Coalition 2022) around the world.

2.2. Risk management in the MDB plan

The MDBP (Australian Government 2012) defines
three specific risks to the condition of Basin water
resources:

(1) Insufficient water available for the environment
and also to maintain social, cultural, Indigenous,
and other public benefit values;

(2) Water of insufficient quality to be suitable for
consumptive and other economic uses; and

(3) Poor health of water-dependent ecosystems.

The MDBP stipulates that water resource plans
(WRPs) should respond to the following: (1) risks to
the capacity to meet environmental watering require-
ments; (2) risks associated with groundwater; (3) risks
arising from potential interception activities; and (4)
risks arising from elevated levels of salinity or other



types of water quality degradation (Australian
Government 2012, p. 116).

A key feature of the MDBP is the allocation of risks
associated with changes in future water availability
between water users and governments. Namely, para-
graphs 46-51 of the 2004 National Water Initiative
specify: water entitlement holders should bear the risk
of less reliable allocations from seasonal or long-term
changes in climate and periodic green events, such as
bushfires (Akter and Grafton 2021), but governments
bear the risk from changes in government policy.

Cumulative and interconnected risks have been
identified as complex risks (Simpson et al. 2021) that
include cascading risks that spread across interdepen-
dent systems via feedbacks, possibly at a global scale
(Helbing 2013); interconnected risks that involve inter-
actions among human-environment-technological
systems (Pescaroli and Alexander 2018); and systemic
risks that may lead to complete system failures (Renn
et al. 2019). In the context of water management,
complex risks are evident in the ‘Water-Food-Energy
Nexus’ (Grafton, Horne, and Wheeler 2016b), and
climate change (Pittock, Hussey, and Dovers 2015).
A notable danger is to treat risks as separate and
disconnected such as when the impact of upstream
extractions on town drinking water supplies during
a drought are either ignored or ineffectively mitigated
(Australian Academy of Science 2019).

Figure 1 highlights the possible interactions
between water infrastructure systems in the MDB
and the alternative pathways through which risk is
caused, allocated, and managed. Grey infrastructure
responds to the policies, regulations, and other
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incentives defined by soft infrastructure. Grey infra-
structure, in turn, affects the health and functioning of
green infrastructure via changes to streamflows, return
flows, and other hydrological processes. Soft infra-
structure can be both a risk source (e.g. subsidies for
irrigation construction or lack of floodplain harvesting
regulation) or a risk control (e.g. monitoring and
enforcement to prevent illegal grey infrastructure con-
struction or environmental policies to support the
functions of green infrastructure). Similarly, grey
infrastructure can cause risks by reducing the quantity
of water available to green infrastructure or may sup-
port the control of risks, such as salinity and flooding.
Green infrastructure provides services to grey, includ-
ing water supply, and can support the capacity of grey
infrastructure to provide benefits under risks (e.g.
droughts and floods).

Different types of infrastructure provide different
benefits to various water users and their communities.
For example, grey infrastructure in the MDB provides
mainly private benefits to a sub-set of water users,
while green infrastructure, typically, provides a mix
of public and social benefits to many water users.
Importantly, the complex interactions among water
users, communities, and decision-makers influences
both the size and distribution of the possible benefits.
Further, interactions and feedbacks between infra-
structure systems and water users change over time
depending on what values are prioritised and who has
power and influence over the ‘who, what, when and
where’ of the allocation of water (Grafton et al. 2021).
External drivers, such as climate change and market
forces, also affect the capacity of grey and green

| Climate Variability & Change || Domestic & Global Markets | |
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Figure 1. Emergence and management of complex risks and the three infrastructures of the Murray-Darling Basin. (Icons
downloaded from the Noun Project (https://thenounproject.com/) under a Noun Pro member licence.) Source: Wyrwoll and

Grafton (2022).
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infrastructure to deliver benefits and may promote
changes to both soft (e.g. water resource plans) and
grey infrastructure systems (e.g. dams) in response.
An important distinction between grey and green
infrastructure in the MDB, and more broadly, is
whether and how their respective benefits are valued
in policy and society. Many of the benefits of grey
infrastructure for agriculture, such as irrigation water
and crop production, can easily be measured through
market transactions. Access to on- and off-farm irri-
gation infrastructure increases the value of agricultural
land, thereby capitalising these assets into the value of
a tradeable factor of production (Thiene and Tsur
2013; Dent 2014). Although the MDB’s green infra-
structure is fundamental to all water users and uses,
the goods and services it provides beyond water supply
are not typically traded. For example, aquatic ecosys-
tems cannot be bought and sold at a catchment scale.
While the economic values of the MDB’s green infra-
structure can and have been estimated (e.g. Hatton
MacDonald et al. 2011; Akter, Grafton, and Merritt
2014), these values are rarely, if ever, incorporated into
decision-making. Rather than a source of economic
and social benefits, the MDB’s green infrastructure

and its health are considered constraints and costs in
a trade-off with the main priority: maintaining or
expanding the mainly private benefits provided by
grey infrastructure. The Sustainable Diversion Limit
Adjustment Mechanism (see MDBA 2022a), a policy
program to improve the ‘efficiency’ of environmental
water delivery and thereby reduce the volume of water
recovered from irrigators, illustrates how a ‘market
transactions’ perspective is implemented and which
has important consequences for how risks are per-
ceived and managed.

3. Irrigation and infrastructure risks in the
Murray-Darling Basin

Figure 2 provides a map of the major wetlands, dams,
irrigation districts and towns in the MDB. Irrigated
agriculture comprises only about 3% of the agricul-
tural land in the Basin but accounts for some 95% of
the water consumed (MDBA 2017a, p. 19), while con-
tributing more than AU$8.6 billion to the Australian
economy (ABS 2019a; Horne 2021). Most of the water
extracted is in the southern part of the Basin and in
three large catchments: the Murrumbidgee, Murray
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Figure 2. Map of the Murray-Darling Basin, showing irrigation areas, wetlands, and major regional centres.



and Goulburn Broken. In these catchments, much of
the irrigation is supported by large public-owned
water storages, such as the Dartmouth and Hume
Dams, and through thousands of kilometres of canals
that convey water to large irrigation districts with
many irrigators.

The northern and southern MDB differ hydrologi-
cally as do the type of irrigation practices (Wheeler
and Garrick 2020). The main irrigated crops in the
southern MDB are pasture, hay or silage, cereals, fruit
and nuts, rice, and grapes, while in the northern Basin
pasture and cotton dominate (ABS 2019b). In the
northern MDB, irrigation is, typically, practised
through direct pumping from rivers by each irrigator
to large farm dams, or by the capture, storage, and use
of flood waters with levees and dams.

Groundwater use for irrigation depends on surface
water availability. In 2019-20, it was about 24% of the
total irrigation water extracted (BOM 2020) but was
12% in 2014 and 7% in 2012. In some northern MDB
catchments, and in drought years, the proportion of
water extracted for irrigation provided by ground-
water may exceed 30% (MDBA 2016).

3.1. lIrrigation infrastructure affects water cycle
and risks to streams and groundwater availability

Irrigation influences the hydrological cycle in multiple
ways, including through substitution between surface
and groundwater; the conveyance of the water to
fields; the return of water via seepage, leakage, and
recharge to streams and groundwater; and through its
evapotranspiration of irrigated crops. These are shown
in Figure 3 and defined below.

from foliage, soil, storages & channels
|off-farm & on-farm)
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The approximate magnitude of these flows in the
Murray-Darling Basin were computed as follows: (1)
The water extractions under current development and
historical climate for irrigation is from CSIRO (2008)
with surface extraction of 10,075 GL/year on page 30
and groundwater extraction of 1,832 GL/year found
on page 47.

(2) The water losses from water extraction are given
in Table 4, page 10 of Williams (2003) and Rendell
et al. (2020), Figure 5, page 35. Percentage of water
extraction delivered to regional irrigation area, farm
boundary, farm field, and soil profile was approxi-
mately 75%, 60%, 50% and 36%, respectively. The
crop transpiration was set to range from 18% to 26%
of water extraction (Williams 2003, p. 10).

(3) The evaporation on-farm and off-farm were
estimated from CSIRO and NSW Government
(2005) as from 29% to 54% of total losses.

(4) A supplementary data worksheet is available
which sets out details of each estimation of water
flow shown in Figure 3.

These flows include:

(1) Non-beneficial consumption: water evapora-
tion and water transpired for purposes other
than the intended use, such as transpiration
from foliage (e.g. weeds and riparian vegeta-
tion) along with direct evaporation from water
storages, canals, and soil surfaces.

(2) Beneficial consumption: beneficial transpira-
tion by irrigated crops. For the MDB, the ben-
eficial consumption in transpiration ranges
from around 2,143 to 3,095 GL/year. The his-
torical long-term water extractions for the

Rainfall
1. Mon-beneficial evaporation & transpiration

1. Beneficial transpiration from
erops (on-farm)

Figure 3. lllustration of the pathways of water flows and the water consumed in an irrigation district using the terminology of the
International Commission on Irrigation and Drainage (Perry 2011). The approximate magnitude of these flows in the Murray-
Darling Basin are derived from data in Williams (2003), CSIRO (2008), Rendell et al. (2020) and CSIRO and NSW Government (2005).
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MDB are some 10,075 GL/year of surface water
and approximately 1,832 GL/year of ground-
water (CSIRO 2008) with non-beneficial con-
sumption in evaporative and transpiration
flows estimated to range from 2,009 to 4,115
GL/year.

(3) Non-consumed and recoverable water: water
that can be captured and later reused and,
thus, at a Basin scale these are not water ‘losses’.
This would include non-consumed water in
return flows of runoff to surface water systems,
water in the soil profile and deep drainage
beneath the root zone to groundwater systems,
which usually then discharge to streams and
wetlands. Surface runoff is usually captured in
surface drains and reused or flows back to the
river, together with escapes losses (water
ordered but not used) as return flows. Return
water flow to streams and rivers may also occur
through groundwater aquifers depending on
the water levels and degree of connectivity
between groundwater and the stream. If some
of this return flow enters a groundwater aquifer
which has little or no flow to the river, the
return flows from deep drainage must accumu-
late in the groundwater aquifers. Estimates of
total return flows for the MDB are unavailable,
but an estimate of the total seepage and runoft
which generate both the return flows and the
non-recoverable flows range from 3,505 to
5,410 GL/year.

(4) Non-consumed and not recoverable water is
water that is ‘lost’ and no longer available at
the Basin scale. It includes water flows to saline
groundwater sinks and deep aquifers that are
not economically exploitable. We are not aware
of any estimates of these losses at the scale of
the MDB.

As shown in Figure 3, the beneficial consumption of
water as crop transpiration is only one of the multi-
ple water flows. Irrigation efficiency is defined as the
ratio of beneficial water consumption to the water
extracted for irrigation or the volume of water
applied to irrigated fields. Efficiency will always be
less than 100% because of non-beneficial water flows
via evaporation to the atmosphere (losses), and non-
beneficial and recoverable water in return flows to
rivers and streams via surface drainage and seepage
to groundwater systems. When defining irrigation
efficiency, the spatial scale is important because
what may be considered a ‘loss’ at a farm level (e.g.
return flow to a stream or river or to groundwater
aquifers) may represent a gain to downstream water
users depending on the quality of the ‘lost’ water
returning to the stream or groundwater systems
(Grafton et al. 2018).

3.1.1. Water losses

Losses in irrigation systems vary across the MDB
within the framework of the broadscale magnitude of
flows, as depicted in Figure 3. As far as we are aware,
the MDB lacks a quantitative water balance where all
flow components are quantified (see Figure 3).
Nevertheless, Khan et al. (2005) and Khan et al.
(2006) have calculated quantitative water balances
for the Murrumbidgee Irrigation Area (MIA) at a sub-
Basin scale. They reported losses (in the MIA) totalling
230 GL/year, comprising off-farm losses of 130 GL/
year and 100 GL/year as on-farm losses. For the
Coleambally Irrigation Area (CIA), they reported 30
GL/year as off-farm losses and 60 GL/year as on-farm
losses. These losses have been reduced substantially
due to on-farm and off-farm improvements. Paydar,
Gaydon, and Chen (2009) used simulation modelling
for different soils, crops and watertable depth to
upscale on-farm losses in the CIA and reported 17.9
GL as deep drainage losses and 7.2 GL for runoff losses
under irrigation.

At the scale of the MDB, an imprecise estimate of
the losses in the whole irrigation delivery system
(Kirby et al. 2010) showed a possible saving of 300 to
450 GL by improving the irrigation water delivery
system through reducing seepage and leakage from
channels in years of average diversions, but less in
drier years. Measures that include engineering and
technological solutions (grey infrastructure) as well
as improvements in plant breeding, irrigation schedul-
ing and strategies to use less water on-farm (such as
soil tillage and farm layouts for less losses, deficit
irrigation, and partial root zone drying) can improve
the measurement and control of water in irrigation.

3.1.2. Irrigation efficiency

Grey infrastructure that increases irrigation efficiency
includes lining of irrigation channels or replacing
open channels with pipes that may reduce both eva-
poration and return flows and the conversion from
surface irrigation to pressurised systems (e.g. drip and
sprinkler) that reduce return flows. In the MDB, for
example, the irrigation efficiency of growing cotton
has increased with the use of irrigation scheduling
tools and furrow-irrigation system optimisation redu-
cing deep drainage losses (Roth et al. 2013). Notably,
this has not been associated with either a reduction in
water extractions or water consumption for growing
cotton within the MDB.

Irrigation alters the water balance and the water
flows by changing how water is consumed (beneficially
or not). This, in turn, has consequences for both sur-
face and groundwater flows. In the southern MDB, for
example, irrigation has changed the seasonal variation
and pattern of flow, reducing the spring peak flows,
and increasing flows in summer when water is needed
for irrigation (Khan, Ahmad, and Malano 2008). As



a result, there has been an increase in evapotranspira-
tion (crop water use) and higher watertables, which in
arid and semi-arid regions like the MDB, can result in
land salinisation and water quality degradation.

Irrigation efficiency influences both the quantity
(flow patterns and volumes) and quality of the return
flow of water to streams and rivers. For the MDB, this
is estimated to vary from as little as 1% to 20% of the
diverted water in the southern part of the Basin (van
Dijk et al. 2006). EarthTech (2003) reported an indi-
cative return flow value of 760 GL from the CIA,
Shepparton, and MIA in the southern MDB, and pro-
jected that return flows could be halved from 2003 to
2023 because of increases in irrigation efficiency,
decline in water availability, increase in waterlogging,
and from salinity control and reuse of drainage water.

More than AUS$5 billion has been spent to date in
the MDB (Grafton and Wheeler 2018) to increase
irrigation efficiency through a series of subsidies for
on- and off-farm efficiency improvements. Increases
in irrigation efficiency provide private benefits to sub-
sidy recipients but also generate external costs on
others and environmental losses from reduced stream-
flows. For example, Hughes, Donoghoe, and Whittle
(2020) studied the effect of the federal government
funded On-Farm Irrigation Efficiency Program on par-
ticipating farms. A total of 1,580 projects were studied
with a total funding of AU$499 million and an esti-
mated 150 GL of water recovered to increase stream-
flows. In this study, on-farm programs were found to
generate benefits for participating farms (higher pro-
ductivity and higher profits). Such programs also
resulted in a rebound effect such that farm water
demand increased following a grey infrastructure
upgrade. Hughes, Donoghoe, and Whittle (2020)
found not only an increase in farm water demand
and area irrigated but also an increase in net allocation
and entitlement trade post-upgrade.

Similar findings of a rebound effect in irrigated
agriculture, in relation to water extractions following
grey infrastructure upgrades, were obtained from sur-
veys of irrigation farmers in the MDB (Wheeler et al.
2020). This is also true at a global level, where in
a review of 230 cases, Pérez-Blanco et al. (2021)
found that in 70% of the cases increases in local irriga-
tion efficiency reduced water availability elsewhere.
They also found that actual savings were only achieved
in 11% of cases, either because controls on access to
water were introduced or because return flows were
not recoverable. Both sets of findings highlight the
importance of regular monitoring of changes in return
flows and robust estimates of the effects of water
infrastructure on the availability of downstream sur-
face water and future groundwater.

We highlight that there are two related but separate
processes at work in terms of the hydrological impacts
of increased irrigation efficiency. First, is the physical
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effect in which as irrigation efficiency increases, bene-
ficial water consumption rises. Second, is the economic
effect, a type of ‘rebound effect’, that occurs because, in
the Murray-Darling Basin, the constraint cap is on
water extractions, not water consumption. That is,
the demand for an input into a production process
(such as water to irrigate crops) increases as the input
becomes more productive, all else equal. In the case of
water and irrigation efficiency, this occurs because the
production per unit of water delivered to the farm
increases in parallel with irrigation efficiency.
Improved irrigation infrastructure, which often
involves piping water rather than using open channels,
has also ecological consequences associated with the
loss of open water for some water-dependent species
(Baral et al. 2014).

All these sets of findings highlight the importance
of regular monitoring of changes in return flows and
robust estimates of the effects of water infrastructure
on the availability of downstream surface water and
future groundwater for a diversity of ecological func-
tion in the landscape.

3.1.3. Return flows
At the Basin scale, the reduction of return flows asso-
ciated with government subsidies for increased irriga-
tion efficiency have been estimated at between 490 and
630 GL/year (Williams and Grafton 2019) and
between 130 and 565 GL/year (Walker et al. 2021,
Table IV). To have such a large unknown value (see
Figure 3) in the MDB poses a critical management risk
and especially in relation to public subsidies intended
to increase irrigation efficiency (Grafton 2019).
Fundamental to effective water management is to
have accurate measures of water flows and an under-
standing of what these flows do (Batchelor et al. 2017).
For example, if seepage water from irrigation enters
a groundwater aquifer, it must remain stored in the
aquifer if it does not subsequently flow to streams and
rivers or used in evapotranspiration (see Walker et al.
2020, Table I). Without an appropriate set of indepen-
dently audited water accounts (Molden 1997; Molden
and Sakthivadivel 1999; Clemmens and Molden 2007;
Karimi, Bastiaanssen, and Molden 2013) to identify
where the water is and who gets the water and when,
following changes in grey and soft infrastructure, deci-
sion-makers are ‘flying blind’ (Grafton and Williams
2019a) and cannot know whether the intended out-
comes (e.g. increased streamflows from subsidies for
irrigation efficiency) are realised or not.

3.1.4. Water accounts

The National Water Account for the MDB only
reports a point irrigation return figure of a small
amount (238 GL, compared to 4,223.7 GL of diver-
sions for irrigation in 2019-20). Notably, this return
figure is only for the CIA to the Murrumbidgee River
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and the Broken Creek and Torrumbarry Irrigation
Areas to River Murray (Figure S4 in the National
Water Account, 2019-20). Return flows from the
water used for the environment is reported to be
688.9 GL.

van Dijk et al. (2008) reported ‘unaccounted losses’
of up to 15,000 GL in a given year and that could not
be attributed to the components of water accounts.
These are very large volumes of water that occur at
high flows in the system (Paydar and van Dijk 2011).
Other factors, such as droughts, can have a material
effect on return flows associated with lower water
extractions, decreased connectivity between surface
and groundwater systems, and increased incentives
to improve on-farm irrigation efficiency.

3.1.5. Climate change

Grafton et al. (2022) show that for the northern MDB
over the period 1981-2020 there has been an increase
in average surface temperature of 0.26°C per decade
and a decline in precipitation of 11 mm per decade.
Projected changes in climate and water availability
(CSIRO 2008; Leblanc et al. 2012; Whetton 2017;
Alexandra 2021; Prosser, Chiew, and Stafford Smith
2021) suggest that there will be further hydro-
ecological responses in the MDB on both streamflows,
water availability, and return flows.

Climate model projections for the future (mid-
range climate change to 2030), in particular, show
a decrease in rainfall, particularly in the southern
half of the Basin, as global average temperatures rise
(CSIRO 2008). Under this projection, there would be
a median decline of river flows by 11% for the entire
MDB and a subsequent average decline of surface
water use by 4% with much variation in regions (up
to 50% reduction in Victorian regions). Under the dry
extreme climate, surface diversions would fall by over
70% in the Murray system and 80-90% in Victorian
regions (CSIRO 2008; Whetton 2017), while ground-
water use is projected to increase from 16% of the total
water use (in 2008) to over 25% by 2030. More recent
studies (Alexandra 2022 - this edition) confirm the
high likelihood of future drier conditions, more fre-
quent droughts, and below-average rainfall resulting
in lower streamflow and water availability for all water
users in the MDB.

3.1.6. Cropping patterns

Changes in the area of irrigated perennial crops, parti-
cularly tree crops, can generate important impacts on
both streamflows and water availability. For example,
the area of perennial tree crops has grown substantially
over the past two decades in the downstream parts of
the Murray River. Irrigated horticulture, including
almond plantings, is a significant land use in the
Lower Murray-Darling (LMD), with a continually
expanding footprint and a constantly changing profile.

From 2003 to 2018, the irrigable area increased by
52,315 hectares. From 2015 to 2017, there was an
increase in permanent plantings of 11,060 hectares, an
increase in seasonal cropping of 12,585 hectares and
a decrease in areas not irrigated by 9,405 hectares
(MDBA 2019).

Loch, Adamson, and Auricht (2019) estimate that,
as a consequence of recent almond plantings, the
additional minimum requirement to ensure the survi-
val of the trees has grown from 85 to 120 GL in 2007 to
between 176 and 244 GL by 2020. Notably, the almond
plantings have contributed to a large transfer of water
downstream with most of this water conveyed during
the summer months.

3.1.7. Water trading

Higher summer streamflows due to water trading
impose delivery challenges where, due to the green
infrastructure (such as at the Barmah Choke), stream-
flow is constrained (Davies 2019). Water trading
across regions and states is an important response to
risk, especially during droughts (Grafton, Horne, and
Wheeler 2016a). In 2019-20, water market turnover in
the Murray-Darling Basin was AUS$6.6 billion with
6,952 GL of surface water and 474 GL of groundwater
being traded (BOM 2020) and with a total value of all
water entitlements of some AU$26.3 billion (ACCC
2021).

Much of the claimed market failures around water
markets in the MDB are attributed to water govern-
ance problems rather than problems with the markets
themselves (Wheeler 2022). The overall direction of
inter-state net trades of physical volumes of water
within the MDB are shown in Figure 4. Almost 90%
of the physical water volumes traded was downstream
from Victoria and New South Wales (NSW) to South
Australia.

3.2. Irrigation infrastructure risks for salinity

Irrigation affects water quality through salt and nutri-
ent flows by altering return flows to surface drainage
and streams or the groundwater. For example, surveys
have indicated that most of the nitrate and much of
the phosphate exported from the Goulburn Broken
and Lower Murray regions are from return flows
from irrigated dairy and horticultural areas (Khan,
Ahmad, and Malano 2008; Khan et al. 2008).

When drainage beneath the root zone is sufficiently
large to keep the root zone salt levels low, salt is
transferred to groundwater aquifers where it may
accumulate, or it may move and discharge to drainage
systems or streams and rivers. These streams and
rivers either deliver the salt to the ocean or the salt
will need to be stored indefinitely in the landscape.
The work of Biggs, Silburn, and Power (2013) showed,
for the Queensland catchments of the MDB, that the
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Figure 4. Mean annual net total volume of inter-valley and inter-state allocation trades in the Murray-Darling Basin, 2018-19 to
2020-21. The volume (GL) of out-of-valley trade and the percentage this represents of the total valley trade is stated for each
major valley. (Based on data downloaded from the Bureau of Meteorology (BOM 2022) Water Information, Water Markets
Dashboard, Murray-Darling Basin.) http://www.bom.gov.au/water/dashboards/#/water-markets/national/state/at.

average annual streamflow salt export is generally
much less than salt input. This is the case even when
atmospheric inputs alone are considered and is
strongly influenced by episodic, large events. It
appears that, in general, the natural status of these
Queensland catchments is one of salt accumulation
and significant hydrologic change (Biggs, Silburn,
and Power 2013).

In many irrigation regions, the increased rates of
leakage and groundwater recharge cause the water-
tables to rise. Rising watertables, in turn, bring salts
into the plant root zone and the salt remains behind in
the soil where water is taken up by plants in evapo-
transpiration or is lost to soil evaporation. Salts in the
water are then deposited as the water evaporates, caus-
ing salts to accumulate at the soil surface. Salt
dynamics, such as the soil type, quality of irrigation
water, irrigation system, and plant type, all influence
salinity build-up in the soil (Shahrokhnia and Wu
2021).

In irrigated soils, when drainage does not meet
leaching requirements (i.e. the quantity of extra irriga-
tion water that must be applied above the amount
required by the crop to maintain an acceptable root
zone salinity), the quality and quantity of the irrigation
water will result in salt accumulation. Soil salinity may

also result from poor drainage or a shallow watertable;
physical and chemical soil conditions that reduce
leaching of salts from the soil profile; poor irrigation
quality; topography; and saltwater intrusion.

A major salinity risk for MDB water resources is
that grey infrastructure projects to increase irrigation
efficiency, such as drip irrigation, may contribute to
the build-up of salt in soils. Notably, to maintain
a sustainable salt balance in the root zone of crops,
a leaching fraction is required (Rhoades 1974), where
the depth of drainage water moving below the root
zone needs to be approximately 10-30% of the depth
of the applied water in irrigation to maintain a healthy
salt balance in the root zone (Shahrokhnia and Wu
2021, Figure 7 therein). Leaching is essential in irri-
gated croplands where natural precipitation is insuffi-
cient to control salinity build-up. It is also critical that
such leaching and movement of salt to rivers and
streams be carefully managed, such that stream and
river flow regimes dilute the salts and transport it to
the oceans. The use of green infrastructure and soft
infrastructure to manage streamflow to dilute salt
inflows from both the landscape and grey irrigation
infrastructure and to transport salts safely to the
oceans has not been given the attention it requires
under the current MDB Plan. Instead, the focus has
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Figure 5. Schematic diagram of a salt interception scheme (redrawn from Williams, Walker, and Hatton 2002).

been on grey infrastructure salt interception schemes
within irrigation districts (Hart et al. 2020).

In these salt interception schemes, depicted in
Figure 5, saline groundwater is intercepted with
energy-intensive grey infrastructure and diverted to
regional disposal basins, where it is concentrated by
evaporation and possibly stored indefinitely in the
landscape. While some of the salt is used for commer-
cial purposes, the biggest proportion remains in the
landscape and will, in the absence of remedial actions
and indefinite maintenance, pose a significant risk of
eventually being mobilised and move into regional
groundwater systems.

The water evaporated in salt interception
schemes is essentially extracted from the green
infrastructure and, thus, consumed. In a liquid
form this water could have provided a range of
other benefits if whole-of-river flow regimes, using
soft and green infrastructure, had been used to
dilute the salt and manage its safe transport to
the oceans. Importantly, Khan et al. (2008)
explored several interventions at a farm scale,
such as evaporation ponds and serial biological
concentration of salts to reduce salt soil build-up.
Khan et al. (2008) showed that, with careful man-
agement of flows in tributary streams, salt can be
effectively managed at a farm scale. While their
methods were trialled and tested in the MDB,
they have not yet been widely adopted.

3.3. Farm dams and risks of floodplain harvesting
to streamflows

3.3.1. Farm dams - status of risks in 2004 and 2021
Growth in the number of farm dams was one of the six

risks to shared water resources requiring attention, as
highlighted by van Dijk et al. (2006). These authors

make the important distinction between small dams
storing a few megalitres of water for stock and domes-
tic consumption and much larger dams used for irri-
gation of crops and pastures that intercept overland
flow and capture floodwater; commonly referred to as
floodplain harvesting.

For every 1 ML of farm dam capacity, there is an
estimated decrease in streamflow of 1-1.3 ML (Neal
et al. 2002). Nathan and Lowe (2012) estimated the
impact per ML of storage in the range of 0.3-1.1 ML
reduction in annual streamflow (mean of 0.84 ML in
Victoria), with twice as much during summer. In
a catchment such as the Gwydir, with a dam density
on the floodplain of nearly 50 ML/km?, this translates
to a potential reduction of inflows in the order of 920
GL; noting that inflows under current water resource
development and recent climate are 1,105 GL/year
(CSIRO 2008, Appendix A therein).

The density of farm dams (ML per km?) has
increased substantially since 2004, especially in the
northern Basin (Figure 6). Pre-2004, only three catch-
ments in the southern Basin had high dam densities
and only one in the northern Basin. By 2015-21, this
number had increased to six catchments each in the
southern and northern Basins (Figure 6). In the north-
ern Basin, densities of farm dams (2015-21) varies
from 11.6 ML/km?* (Macquarie) to 39.8 ML/km?
(NSW Border Rivers) to 48.7 ML/km? (Gwydir).

In 2004, there were an estimated 502,819 hillside
farm dams in the Basin, with a total storage capacity
of 2,213 GL; an increase of 37% between the Cap on
diversions in 1995 and 2004 (Agrecon 2005). In
a more detailed study in 2005 covering about half
of the MDB, 519,931 artificial water bodies were
identified in the eastern Basin catchments (covering
509,000 km?), the vast majority of which were small
farm dams (<0.1 ha); an increase of 31,206 since 1994
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2015-21

Figure 6. Estimated changes in density of farm dams (in megalitres of storage capacity per square kilometre) in the catchments of
the Murray-Darling Basin prior to 2004, and between 2015 and 2021. Based on data collated from EarthTech (2003); Agrecon
(2005); MDBC and Geosciences Australia (2008); SKM, CSIRO, and BRS (2010); Slattery & Johnson (2021) and Brown et al. (2022).
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Figure 7. Growth in storage capacity of farm dams in the Murray-Darling Basin catchments where floodplain harvesting is
practised: a) catchments in the NSW northern Basin; b) the Lachlan and Murrumbidgee catchments in the southern Basin. Black
line = percentage of total dams in the Murrumbidgee larger than 250 ML capacity.

(MDBC and Geosciences Australia 2008). The high-
est rates of increase over the decade ending 2005
were all the
Condamine-Balonne (18%), Namoi and Moonie
(13%) and Gwydir (12%).

Rates of growth in the number and size of farm
dams have varied markedly between and within catch-
ments (MDBC and Geosciences Australia 2008).
Periods of rapid growth in farm dams have occurred
during droughts (van Dijk et al. 2006) and also imme-
diately following the Cap on diversions in June 1995
(Brown et al. 2022) and, more recently, in the Lower
Murrumbidgee and Lachlan catchments due to new
plantings of nut crops (cf. Section 3.3.3. below). The
highest farm dam densities within the Basin are
located within peri-urban localities, indicating more
rapid expansion in these areas than elsewhere (SKM,
CSIRO, and BRS 2010). Malerba, Wright, and
Macreadie (2021), in a national mapping exercise
(2018-19), estimated NSW had the highest number

in northern Basin catchments:

of farm dams (655,000; 37% of the total), with
a storage capacity of 4,270 GL, and the most rapid
growth occurring between 1998 and 2000.

From 2015 to 2030, increases in farm dam volumes
of 5-10% were projected for the MDB locations in
NSW, with 10-16% in Victoria, and only 0.01-5% in
Queensland (SKM, CSIRO, and BRS 2010, Figure 10
therein). We contend these figures underestimate the
actual increases because they are based on the unjus-
tified assumption that there would be no expansion of
floodplain harvesting in the northern Basin
catchments.

3.3.2. Floodplain harvesting

A risk caused by larger farm dams is floodplain har-
vesting — the diversion and storage of rainfall runoff
and overland flows to large, custom-built dams and
temporary storages — widely practised by irrigators,
particularly (but not exclusively) in the northern Basin
(Steinfeld and Kingsford 2011). By reducing volumes
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of river flows, floodplain harvesting has negative
effects on downstream water users and the environ-
ment (Brown et al. 2022). The volume of these mostly
unlicensed diversions is not measured or accounted
for accurately under the Basin Plan, creating a major
source of uncertainty and risk over water availability
and use, as emphasised in the National Water
Initiative (NWI) Interception Position Statement:

. activities which use unaccounted water present
a risk to the security of water access entitlements and
the achievement of environmental objectives for water
systems. These activities therefore urgently need to be
accounted for in planning and regulation regimes’.
(SKM, CSIRO, and BRS 2010, p. viii). Despite this
uncertainty, the NSW Government is attempting to
licence and regulate floodplain harvesting (DPIE
2021) and these attempts are currently the subject of
an NSW Parliamentary Inquiry (NSW Parliament
Legislative Council 2021).

The estimated floodplain harvesting storages in
2008 in the northern MDB were 2,575 GL, with 950
GL in NSW and 1,625 GL in Queensland (SKM,
CSIRO, and BRS 2010). The authors of this report
claimed: ‘Floodplain harvesting is not likely to expand;
there are moratoriums in place in the relevant river
basins to restrict construction of new storages’ (p. ii).
Our analysis presented in (Figures 7 and 8) indicate
otherwise. The information we present in Figures 7
and 8 is based on data compiled from mapping loca-
tions of on-farm storages by date of construction using

Swian Hill

Echuca

the historical imagery function in Google Earth Pro
and estimating contemporary surface area of storages
greater than 0.56 ha in area. The estimated total sto-
rage volume was then derived by multiplying the sur-
face area by an estimated average depth of 2.5 m.

Brown et al. (2022) assessed floodplain harvesting
in the northern NSW catchments (Border Rivers,
Gwydir, Namoi, Macquarie, and Barwon-Darling)
and estimated that in 2019-20, there were 1,833 on-
farm storages covering a total surface area of 42,650
ha. Storage capacity had risen from 557 GL in 1993-
94; to 1,067 GL in 1999-2000; 1,225 GL in 2008-09;
and to 1,393 GL in 2019-20, a 2.5-fold increase in 26
years (Figure 7a).

Brown et al. (2022) estimated the mean annual
volume of floodplain harvesting extractions (2004-
20) in the northern NSW Basin at 778 GL (range
632-926 GL) or about twice that estimated by the
NSW Department of Planning, Infrastructure and
Environment (DPIE) (Slattery & Johnson 2021,
Table 2 therein). This volume, 778 GL, is about half
that of all the environmental water released annually
for the entire Basin between 2009-10 and 2018-19
(1,576 GL), and six times the volume of environmental
water (125 GL) used in the northern NSW Basin
(Chen et al. 2020).

In Queensland, the mean annual floodplain har-
vesting extraction from the Condamine-Balonne
catchment reported in MDBA Cap compliance reports
(2006-07 to 2018-19) was 333 GL. Given that 420 GL
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Figure 8. Increase in large farm dams (>0.6 ha, ca. 25 ML capacity) over time (pre-1985 to post-2015) in the Lachlan and
Murrumbidgee catchments, southern Murray-Darling Basin. Note: clusters (mostly pre-2015) around the irrigation areas in the
Murrumbidgee but also major recent (post-2015) off-irrigation developments on the Hay Plains, east and west of Hay.



was harvested on the Lower Balonne in a single flood
(Feb - Mar 2020; DNRME 2020), the actual figure
would appear to be much higher. For the entire north-
ern Basin, water extractions due to floodplain harvest-
ing could be 1,200 to 1,500 GL/year in periods of high
inflows. Diversions of this scale impose large costs on
downstream communities and flow-dependent eco-
systems (Reid et al. 2013; Mallen-Cooper and
Zampatti 2020; Brown et al. 2022).

Importantly, water extractions due to floodplain
harvesting are in breach of Commonwealth and State
legislation on water use and management. This is
because in most catchments in the NSW northern
Basin, floodplain harvesting considerably exceeds lim-
its on diversions under the Basin Plan and are, thus,
unlawful (Brown et al. 2022).

3.3.3. Future risks

There has been a marked increase in plantings of
perennial tree crops, particularly almonds and wal-
nuts, in the Murrumbidgee and Lachlan catchments
in the southern Basin by large corporate agribusi-
nesses (Davies 2019). Almond plantings increased
from 3,500 ha in 2000 to 45,000 ha in 2018, increasing
pressures on irrigation water demand (Gupta and
Hughes 2018; MDBA 2022b). This expansion has
been accompanied by a proliferation of farm dams,
including on the Hay Plains and Lower Lachlan
Floodplain, areas which have never been used for
irrigated cropping (Figure 8). Should this trend con-
tinue, it could add to the existing water risks and, in
particular, the risk that perennial plantings may die
from insufficient water available at an affordable mar-
ket price.

4. Next steps

Key risks to water availability exist in the MDB from
grey irrigation infrastructure intended to increase irri-
gation efficiency and to divert and store on-farm sur-
face water. These risks include reduced stream and
return flows and increased soil and water salinity.
Such risks are greatly magnified by the absence of
systematic and robust measurements and water audit-
ing (Grafton and Williams 2019a, 2019b), in relation
to both the direct effects (reduced flows and salinity)
and the indirect effects on ecosystem services
(Cresswell, Janke, and Johnston 2021, p. 48), and
include the multiple (including non-market) values
of water.

To give context to the gaps in measurements and
monitoring, in 2017, around one-third of the water
extracted for consumptive use for irrigation was not
accurately metered (MDBA 2017a, 2017b). Yet,
despite an allocation of more than half a billion dollars
of federal funds for water metering and monitoring in
the MDB committed in 2007 by the Australian Prime
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Minister (Howard 2007), subsidies are still being pro-
vided for water metering to ensure compliance with
state regulations in relation to water extractions
(Matthews 2017). For example, in November 2021
the Federal Water Minister committed AU$25 million
to ... improve water measurement and telemetry in
the Northern Basin so water users can more easily
comply with requirements’ (Pitt 2021a).

Another critical data gap is reliable and accurate
data in the northern MDB in relation to stream gau-
ging stations. Stream gauge data, supplemented with
remote sensing data, is critical to assess the risks of
non-metered extractions, especially floodplain har-
vesting in NSW and Queensland (MDBA 2017a,
2017b). Such data are also needed for fit-for-purpose
modelling of the MDB so as to accurately estimate the
effects of increased irrigation efficiency on return
flows.

Basin-scale water audits using remote sensing could
help fill key data gaps in the MDB (Grafton and
Williams 2019a, 2019b) and are already being applied
in parts of Africa, such as the Awash Basin, Ethiopia
(FAO and IHE Delft 2020). For example, the Awash
Basin water audit answers three key questions: What
are the current water resources? How much water is
being consumed by different land use classes and, in
particular, the largest water consumer, irrigation? And
what are the safe caps of water withdrawals for the
agricultural sector? (FAO and IHE Delft 2020, p. 4).

Notwithstanding the substantial progress and qual-
ity of remote sensing for water accounting in Africa,
within the MDB there still remains large uncertainty
and disputes over:

(1) the size of water diversions and consumption
from floodplain harvesting, despite plans by the
NSW Government to create tradable water
licences for such diversions; and

(2) reductions in streamflows from grey irrigation
infrastructure, despite the Federal Government
spending many billions on grey infrastructure
subsidies over more than a decade, with more
subsidies planned (Pitt 2021b).

Without adequate data, accessible to all in real time,
catchment and Basin water planning cannot be prop-
erly assessed nor can the multitude of subsidies and
grants for grey irrigation infrastructure (Horne 2021),
costing AU$ multi-billions, be properly evaluated.
While monitoring, metering, and compliance are
necessary, they are not sufficient. At a minimum,
water audits need to:

(1) support compliance;

(2) inform economic assessments of past and
planned investment programs in grey and
green infrastructure;
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(3) provide the evidence base to continuously
improve soft infrastructure through a process
of accountability of the decisions and actions
undertaken by organisations (including their
leadership) at a state and federal level;

(4) promote scenario modelling of alternative
futures under ‘business as usual’ and alterna-
tives; and

(5) risk management, and mitigation of cumula-
tive, systemic, and cascading risks from
human actions (such as increases in floodplain
harvesting and farm storages), and subsidies to
increase irrigation efficiency with risk multi-
pliers (such as climate change).

Soft infrastructure, that includes water audits, encom-
passes multiple domains and should be consistent with
the 15 key water governance principles welcomed by
Ministers at the OECD Ministerial Council Meeting
on 4 June 2015 (OECD 2015). In the MDB, soft infra-
structure must also effectively mitigate risks if key
objects of the Water Act 2007 (Commonwealth of
Australia 2007) are to be delivered. Improvements in
soft infrastructure are critically needed because Lewis,
Farrier, and Kelsall (2021, p. 14), in the Second
Independent Review of the Water for the
Environment Special Account, estimated that in
December 2021 the gap between the original (2,750
GL/year) and additional environmental water require-
ments (450 GL/year) legislated in the Basin Plan was
1,065 GL/year. Importantly, their gap estimate does
not account for reductions in return flows from on-
and off-farm grey water infrastructure developments
in the Basin that may range from 130 to 630 GL/year
(as discussed in Section 3.1.3. above).

We highlight that grey (hard) infrastructure delivers
market value and especially increases the capital value of
land (Thiene and Tsur 2013; Dent 2014). We contend
that this is a key reason why on- and off-farm subsidies
and grants for irrigated agriculture have been the pri-
mary means of delivering water ‘savings’ or to reduce
water ‘losses’ when there is published evidence from the
MDB that, in general, they deliver the opposite outcome
(Grafton et al. 2018; Wheeler et al. 2020; Pérez-Blanco al.
2021). By contrast, because green infrastructure has little
or no market value in a ‘market society’ where *... the
value of something, of some act or of someone is equated
with their monetary value, a monetary value that is
determined by the market’ (Carney 2022, p. 4) means
they become a second-order priority. This has had
important and negative consequences for the MDB,
and globally, as highlighted by Sir Partha Dasgupta
(2021, p. 2) in his Economics of Biodiversity: ‘Nature’s
worth to society — the true value of the various goods and
services it provides — is not reflected in market prices
because much of it is open to all at no monetary charge.
These pricing distortions have led us to invest relatively

more in other assets, such as produced capital, and
underinvest in our natural assets. Moreover, aspects of
Nature are mobile; some are invisible, such as in the soils;
and many are silent. These features mean that the effects
of many of our actions on ourselves and others — includ-
ing our descendants — are hard to trace and go unac-
counted for, giving rise to widespread ‘externalities’ and
making it hard for markets to function well’.

We contend that improved data collection and
availability, which is now well supported with cur-
rent technology (ATSE 2022), would enable assess-
ment of the costs and benefits of past and planned
grey infrastructure programs and comply with gov-
ernment guidelines around probity and due dili-
gence (e.g. Department of Finance and
Administration 2006; Infrastructure Australia
2021). For green infrastructure, improved data
resources would enable economic valuation of non-
market benefits and their explicit consideration in
decision-making. This shift would help to end the
lopsided status quo where benefits from grey infra-
structure are ascribed dollar values, but the degrada-
tion or restoration of environmental assets are
abstracted from economic analysis and, therefore,
not valued (e.g. NSW DI 2017).

Globally, market and non-market valuation of green
infrastructure services is set to become more prominent
as governments and industries seek finance for ‘nature-
based solutions’ to climate change mitigation and adap-
tation (e.g. UNEP/WEF/ELD 2021). The MDB’s water-
ways, aquifers, and ecosystems are critically important
natural capital stocks (Grafton et al. 2008, p. 323) for the
major economies and population centres of eastern
Australia; they require public investments with returns
that can be measured in the calculus of a market society.
Valuation of ecosystem services in the MDB can also
support landholders to be renumerated for private
green infrastructure investments under the Australian
Government’s reforms to carbon credit markets (see
DCCEEW 2022a) and planned national biodiversity
market (see DCCEEW 2022b).

Further steps required to bring the transforma-
tional change needed include (but are not limited to):

(1) effective transparency about the ‘who, what,
when and where’ of water and the diversity of
services and values it delivers for particular
policy decisions;

(2) development of institutional arrangements that
can genuinely listen, rather than simply con-
sult, and include a diverse range of voices so
that not only those who have greater access to
decision-makers get heard (as documented in
Colloff, Grafton, and Williams 2021, 2022); and

(3) real opportunities for broader values (sustainabil-
ity, justice, etc.) to flourish with use and with
support for deliberative democratic processes



noting that democracy is *... about rights, the
rights to selfhood, participation, and inclusion as
the fundamental justification for the whole range
of rights valued in societies that aspire to be called
democracies’ (Grayling 2020, p. 146).

We contend these transformational changes should be
complemented and facilitated by regional governance
improvements, such as with catchment management
bodies, with special attention given to the policy levers
that would involve local stakeholders more in the
conservation and rejuvenation of green infrastructure.
For example, in both NSW (Mitchell 2013) and
Victoria (Whittaker, Major, and Geraghty 2004), pro-
gress was made through a resilience framework in
strategic regional catchment action plans (NRC
2012) for improving the health, productivity and resi-
lience of landscapes. These processes showed that it is
possible to identify what the community and govern-
ment value about these landscapes and to explain what
needs to be done to ensure long-term sustainable
management of a region’s natural resources
(Whittaker, Major, and Geraghty 2004). These regio-
nal bodies had priorities for increasing the devolution
of decision-making, funding and control towards
catchment management (NRC 2012; Mitchell 2013).

The Murray-Darling Basin Authority’s risk assess-
ment guidelines (MDBA 2017b) and the MDB Plan
require revisions to ensure that complex interactions
between grey, soft, and green infrastructure are
addressed in water resource plans. The current approach
draws heavily on the AS/NZS ISO 31,000:2009 Standard
and is not applied in a consistent fashion across jurisdic-
tions. In practice, linear risk statements are produced
linking (1) the defined likelihood of a single risk
source/threat (or set thereof) causing (2) a specific and
categorised consequence (or set thereof) to produce (3)
a level of risk, (4) uncertainty or confidence ratings for
the risk assessment, and (5) strategies for risks assessed as
medium or high level. In each water resource plan, this
approach typically produces dozens, and sometimes
hundreds, of individual risk statements in lengthy risk
registers (e.g. DEWNR 2018; DELWP 2019; DNRME
2019; DPIE 2019).

Current risk assessment practice in the MDB is pro-
blematic. This is because compartmentalised and static
assessments of what are complex risks disregards: cumu-
lative impacts of, and interactions between, risk sources
or threats; feedback effects from consequences and risk
treatments to risk sources or threats; accumulation of
upstream risks in downstream water resource plan areas;
and other dynamic interactions within the complex
adaptive system that is the Murray-Darling Basin.
Further, while systems-based risk assessment frame-
works already exist (e.g. Clark-Ginsberg, Abolhassani,
and Rahmati 2018; IRGC 2018; Wyrwoll et al. 2018;
Simpson et al. 2021), there is currently no ‘out-of-the-
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box’ system-based risk analysis framework for water
basin planning. Thus, the MDBA and Basin state agen-
cies have an opportunity, but have so far failed to
develop, a world-leading approach to managing complex
water risks. Importantly, ‘best practice’ risk practices, that
are not currently widely used in the MDB, would support
decision-making and promote outcomes consistent with
the objectives of the MDB Plan.

5. Conclusions

To effectively respond to the ongoing water crises in arid
and semi-arid environments, there must be an appropri-
ate combination of grey, soft, and green infrastructures.
Much of the focus in Australia, and elsewhere, has been
to invest in grey infrastructure, such as building water
storages and increasing irrigation efficiency as key risk
management tools. While grey infrastructure is neces-
sary, it has frequently been at the expense or the neglect
of maintaining green infrastructure, such as streams and
wetlands, and with insufficient support or consideration
for soft infrastructure that encompasses water planning,
regulation, and governance.

Our analysis indicates that if the value and
importance of the strong interactions between soft,
green and grey infrastructure in the analysis of com-
plex risk to water had been incorporated in the
design and implementation of the Basin Plan along
the lines of the Three-Infrastructures Framework it
may have avoided (1) a misalignment of infrastruc-
ture priorities and funding; (2) a failure to deliver
key objects of the Water Act (2007); and (3) a gap
between the required environmental water recovery
in the Basin Plan and what has been delivered in
excess of 1,000 GL/year. In our view, the adoption
of a Three-Infrastructures Framework in the future
reform and revision of the Basin Plan represents
a significant opportunity for Australia to avoid past
failures. A continuation of the current responses to
water risks in the Murray-Darling Basin are akin to
an unbalanced ‘three-legged stool’ such that the
three infrastructures have not been managed to ade-
quately mitigate the multiple risks to water availabil-
ity, quality, accessibility, and security.

As pathways forward to better risk management
and outcomes in the Murray-Darling Basin, we docu-
mented grossly inadequate water metering and mea-
surements, and the lack of a Basin-scale independent
audit of water resources and flows. These data gaps
have meant that, despite multiple billions of dollars in
public expenditures, key risks to streamflows and sali-
nity remain unresolved a decade after the enactment
of the Murray-Darling Basin Plan that was intended to
deliver sustainable water extractions. In our view,
these unmitigated risks require a radical transforma-
tion to business-as-usual decision-making.
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We highlight four actions to respond to current and
future water risks in the Murray-Darling Basin. First,
improve the data collection, accessibility, and analysis
of water and salt flows, along with appropriate monitor-
ing of the Basin’s ecosystems. Second, undertake inde-
pendent water audits of the state of the Basin, supported
by remote sensing technologies, to manage critical risks,
such as salinisation of soils, water, and deterioration of
riparian environments. Third, implement robust risk
analyses to avoid and/or to facilitate mitigation of cumu-
lative, systemic, and cascading risks from human activ-
ities (such as increases in floodplain harvesting and farm
storages) and subsidies for irrigation efficiency with risk
multipliers (such as climate change). Fourth, to facilitate
these actions, senior federal and state decision-makers
must be held accountable for their decisions and whether
they contribute, or not, to the delivery of the key objects
of the Water Act 2007.
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