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Abstract: Climate change is threatening water security in water-scarce regions across the world,
challenging water management policy in terms of how best to adapt. Transformative new approaches
have been proposed, but management policies remain largely the same in many instances, and there
are claims that good current management practice is well adapted. This paper takes the case of the
Murray-Darling Basin, Australia, where management policies are highly sophisticated and have
been through a recent transformation in order to critically review how well adapted the basin’s
management is to climate change. This paper synthesizes published data, recent literature, and
water plans in order to evaluate the outcomes of water management policy. It identifies several
limitations and inequities that could emerge in the context of climate change and, through synthesis
of the broader climate adaptation literature, proposes solutions that can be implemented when basin
management is formally reviewed in 2026.
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1. Introduction

Climate change is impacting on water security in water-scarce regions across the
world, via declining precipitation, increasing potential evapotranspiration, and increased
water demands [1,2]. By 2025, up to two-thirds of the world’s population will live in
water-stressed regions [3]. This has resulted in calls to improve water management in
order to adapt to the challenges of climate change. In addition to numerous engineering
solutions to water security problems, there are proposals for transformative approaches
to water management policies [4-7]. Despite this, current management policies remain
largely unchanged in most countries [6,7]. Part of this tenacity might be due to the fact that
the unsatisfactory consequences of current water management under climate change have
not been made clear compared to the difficulties of implementing transformative change.

The Murray—Darling Basin (the Basin) in Australia is a leading example of this
dilemma. Water policies in the Basin have been of wide international interest because
they are highly sophisticated, and because they went through a major transformation
around a decade ago, returning a significant proportion of consumed water to the envi-
ronment [8,9]. Both the sophisticated management and transformation have been cited
as good adaptations to future climate change [10-12], although others claim that they
are insufficient [13-15]. However, neither claim has been properly evaluated against
the hydrology and water use of the Basin, nor against the outcomes sought from water
management policies.

The first step in any calls for new approaches to water management should be to
learn from the outcomes of the current water management policies, identifying deficiencies
and proposing solutions [6]. Part of the tension surrounding the adaptability of current
policies is probably a result of the difference between the theory of adaptive management
and its actual practice. If improvements can be made in the Murray-Darling Basin, even
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where management has been transformed and is relatively sophisticated, there may be
lessons for other basins that go beyond using the Basin as an example of good practice, as
sometimes occurs.

In this paper, we undertake a critical review of water management policies in the
Basin as adaptations to climate change. Under a drying climate, water management is
most under pressure during prolonged droughts, when supplies may not meet all water
needs. First, we examine climate change projections and climate records to show how
the frequency of future droughts might compare to recent intense droughts. We then
synthesise published data, recent literature, and published water plans in order to identify
six problems of current policies as adaptive management practices for climate change. We
use the broader literature on approaches to climate adaptation to suggest improvements
that could be made to the overarching policy framework (the Basin Plan) when it is formally
reviewed in 2026. This paper focuses on surface water management. A companion analysis
of groundwater and climate change is given in [16].

2. The Murray-Darling Basin

The Murray—Darling Basin is Australia’s largest river basin, producing 50% of Aus-
tralia’s irrigated agriculture, and spanning five state jurisdictions responsible for water
management, making it a transboundary river basin. The Commonwealth Water Act (2009)
and the Basin Plan (2012) placed a new lower limit on water use across the Basin, trans-
ferring the equivalent of over 2700 GL/y of water entitlements from irrigators (~20% of
total use) to public management in order to restore degraded water-dependent ecosystems,
including 16 Ramsar wetlands of international significance [17-19]. The limit on water use
across the basin—termed the Sustainable Diversion Limit—aims to balance water use to
support healthy water environments, irrigated agriculture, and regional communities.

In principle, water management in the Basin is fundamentally adaptive to climate
change. The Basin Plan will be reviewed every 10 years, starting in 2026, and the Diversion
Limit and policies within the Plan can potentially be altered to accommodate a changing
climate. The Basin’s states set water resource plans for each valley, compliant with and
accredited under the Basin Plan. These are also renegotiated every 10 years and reviewed
every 5 years. Risks to the plans need to be identified and managed as part of the accred-
itation process; however, a review of the published plans, given below, shows that the
principles of adaptive management to climate change are not always well implemented
in practice.

3. Climate Change and Water Availability in the Basin
3.1. Droughts and Climate Variability

The inter-annual and multiyear variability of streamflow in the Murray—Darling Basin
(Figure 1) is very high, and is higher than in rivers in regions with similar hydroclimates
elsewhere in the world [20,21]. There are frequent periods of low flow, often extending for
a few years, but within that overall pattern there has been a high frequency of low flows in
recent decades. Of the lowest 11 years of flow over the last 120 years, 6 have occurred since
1997. These include the unprecedented 1997-2009 Millennium Drought in the southern
Basin, which resulted in a significant decline in storage levels in reservoirs, several years of
severe water restrictions in regional towns, prolonged low water allocations to irrigators,
and the suspension of water-sharing arrangements in some valleys because they were
not designed for such extreme conditions [22,23]. The subsequent intense drought of
2017-2019 in the northern and central Basin significantly impacted agriculture and town
water supplies, and triggered major fish deaths in the Lower Darling [24].

Low streamflows in the Murray River in recent decades are mainly caused by low cool
season rainfall [25-27], which is amplified as a decline in streamflow [28]—particularly
in the southern Basin, where most of the streamflow occurs in winter and spring [26,27].
This decline in cool season rainfall has been partly attributed to anthropogenic climate
change, with warmer conditions shifting the mid-latitude weather systems, pushing the
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winter storm tracks further south [27,29,30]. It is difficult to statistically quantify the effects
of climate change on trends and changes in rainfall and streamflow, because of the large
natural variability in the climate system. Nevertheless, analysis of global climate model
simulations has concluded that ~20% of the decline in rainfall could be attributed to global
warming [31].
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Figure 1. Annual time series of streamflows to the Murray River (from [27]), showing the high
inter-annual and multiyear variability, with projected changes in annual average streamflow under
2 °C global average warming (RCP8.5) climate change. Projections are for the median, 10th, and 90th
percentile results from hydrological modelling of climate change from 42 CMIP GCMs (see Figure 2).

Likewise, a hundred years of instrumental historical records is limited in characterising
low return period (low frequency) and longer droughts such as the 1997-2009 Millennium
Drought (which was the worst drought in the instrumental record). Statistical analysis of
observed and modelled streamflow records quantified the Millennium Drought as having
a return period of more than 100 years [32]. Paleoclimate data—preserved in tree rings,
sediments, and coral reefs—can help explain longer term climate variability. For example,
paleo-reconstruction of streamflow in the Murray River back to the late 1700s indicates that
the return period of the Millennium Drought is more than 100 years [33]. A composite of
paleoclimate data from several sources also suggests that the Millennium Drought was an
extreme drought compared to droughts in the past 500 years, but less exceptional compared
to the frequent droughts in the 500 years before that [34].

The decline in streamflow has been further accentuated by changing hydrological
processes in long dry periods, particularly reduced connection between surface and ground-
water systems, subsurface evapotranspiration, and vegetation behaviour [35-38]. Many
catchments have not fully recovered from the Millennium Drought, despite a return to wet-
ter conditions due to higher summer rainfall [27,38]. The streamflow decline under climate
change will be further accentuated by higher temperature and evaporative demand [26,35],
transpiration from tree regrowth following more frequent and severe bushfires [39], and
landscapes intercepting proportionally more water during dry periods (mainly through
farm dams) [40]. Over the longer term, streamflow will also be affected by changes in
vegetation and surface-atmosphere feedback in a warmer and higher atmospheric CO,
environment [41,42]. Thus, the observed historical relationships between rainfall and
streamflow may not be representative of future runoff behaviour [7].

3.2. Projections of Streamflow under Climate Change

The components in developing projections of climate change’s impact on stream-
flows are as follows: (1) determining global warming from different greenhouse gas
emission scenarios, (2) evaluating the change signal from global climate models (GCMs),
(3) downscaling of GCM outputs to catchment-scale climate variables, and (4) hydrological
modelling of the impact on streamflow. Each component has its own inherent uncertainty,
which can be compounded through the modelling process.
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The projected change to the average annual streamflow in the Basin, developed by
following these steps, is shown in Figures 1 and 2. The data and precise methods used
to follow the steps are described in [43]. The future climate series was determined by
the seasonal change signal from 42 CMIP5 global climate models (models used in the
IPCC AR5-Intergovernmental Panel on Climate Change Fifth Assessment Report). The
projections compare hydrological model outputs under scaled future climates against the
historical climate. Here, we replot the data just for the Basin as a timeline in Figure 1, and
as maps in the top row of Figure 2. The median projection is for streamflow in the Basin
to reduce by ~20% under 2 °C global average warming (centred around 2060 relative to
1976-2005) [43,44]. The projected decline in streamflow largely results from the projected
decline in cool season rainfall, accentuated by higher potential evapotranspiration. The
higher temperature will also increase water demand, accentuating the gap between supply
and demand. Figure 1 shows the uncertainty range (10th to 90th percentiles) in the
projections, largely due to the range in the future rainfall projections. The inter-annual
and multiyear variability will remain high, with wet and dry years on the background of
a drying trend. However, because of the decline in average annual streamflow, droughts
will become more frequent and severe. Figure 1 illustrates that the current interannual
variability in streamflows is larger than the projected changes to mean annual flow for a
least a couple of decades. This does not mean that the changes will not impact on water
resources and their use, but that climate change is most likely to be experienced as more
severe extremes—especially of droughts.

The middle row of Figure 2 reanalyses the data from [43] to show the projected
frequency of low flows (expressed as the number of days with streamflow below the
5th percentile daily value, Qps) in order to illustrate the projected impacts on droughts. The
bottom row of Figure 2 shows the increase in the number of 3-year hydrological droughts
under a future climate (see [45] for meteorological/rainfall droughts). The plots show that
3-year hydrological droughts experienced once every 20 years under the historical climate
could occur once every 10-15 years under a future climate in the median projection, and
as often as once every 5 years in the dry end scenario. The projections in Figure 2 were
modelled by scaling the historical climate input data to reflect the climate change signal,
therefore assuming no change in the inter-annual variability [43], and reflect that a shift in
the mean annual rainfall and streamflow can greatly increase the frequency of droughts.
Climate models currently have much less skill in simulating variability compared to change
in the mean, which is why the current inter-annual variability has been retained in this
modelling example. If the annual rainfall and streamflow under a future climate is more
variable, the impact on droughts will be even more severe.

The hydrological projections shown in Figures 1 and 2 were based on IPCC AR5 pro-
jections. The IPCC ARG6 assessment has just been released, and analysis of limited archived
CMIP6 global climate models shows similar broad-scale projections [46]. There are finer
spatial-scale dynamic downscaled projections developed separately by the different states
(Queensland, New South Wales, Victoria). These can potentially add value, particularly for
local-scale assessments in high-elevation and coastal regions [47]. Nevertheless, although
dynamic downscaling is improving, there is significant bias in the downscaled rainfall that
needs to be robustly bias-corrected for hydrological application [48,49]. The availability
of multiple climate projection products or datasets, as well as the different methods that
can be used to develop hydrological projections, can add to the confusion and challenge in
interpreting the projections [50,51]. However, projections from all of the different products
and methods fall within the range of the projections presented in Figures 1 and 2, and point
to the same hotter and drier future in the Basin.
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Figure 2. Projected change in streamflow characteristics for 2046-2075 relative to 1976-2005 for the
high RCP8.5 emissions scenario (representative of projected change under a 2 °C global average
warming). Data from [43,50].

The science and modelling of hydroclimate projections have improved considerably
in the last two decades, particularly through analysis of more observed data, a better
understanding of the causes of the drying climate, improved modelling of changing
hydrology, and higher spatial resolution modelling of the local impacts [27]. The decline in
cool season rainfall over recent decades is consistent with our understanding of atmospheric
and oceanic processes in a warmer world; virtually all of the climate models project a drier
cool season under climate change, and hydrological modelling indicates a decline in future
streamflow. However, uncertainty in the projections will remain given the complexity in
understanding and modelling the processes and uncertainties over future greenhouse gas
emissions. Below, we consider how suited the current management approaches might be
in the face of these changes.

4. Evaluating Current Management as Adaptations to Climate Change

There is debate about whether current water management—as sophisticated as it is,
and despite it being the result of decades of hard-fought reform [8,17]—will be sufficient
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under a drier climate [10,12-14]. We use published data and synthesise recent scientific
literature to identify management outcomes during droughts as an analogue of how policies
will perform in the context of climate change. We also review how climate change has been
dealt with in the Basin Plan and the 11 published subsidiary water resource plans [52]. The
evaluation identifies several limitations of current policies, and proposes possible solutions
through reference to the broader climate adaptation literature.

4.1. Uneven Sharing Arrangements

A major achievement of the Basin Plan was to reset the balance between consumptive
water use and water for the environment by returning significant volumes of consumed
water to the environment. The balance is expressed in terms of the long-term average
level of use (the Sustainable Diversion Limit) calculated over the historical flow record.
The Diversion Limit was a highly contested decision requiring judgement over competing
values of water resources.

Within the overall Diversion Limit, annual allocations of water to licenced users
vary from year to year to reflect annual water availability in each river. These allocations
effectively deal with the high streamflow variability. Some argue that this will provide
good adaptation to climate change, because if water availability declines in the future then
annual water allocations will adjust accordingly so that, over time, levels of water use will
decline to match the availability of water [10-12]. We show here that under the rules of
annual allocations, water for the environment reduces by a greater proportion than water
for consumptive use if the climate dries, undermining the agreed sharing arrangements.

There are three types of water that provide benefit to the environment in the Basin:
The first is environmental water entitlements. These are water entitlements purchased
from irrigators and now managed by governments to water environmental assets and meet
environmental objectives. This is the water returned to the environment from the Basin
Plan; it retains the same entitlement conditions and the same seasonal water allocations as
the consumptive water users. This allocation of water for the environment will reduce by
the same proportion under a drier climate as that for equivalent consumptive users. The
second type of environmental water is termed planned water; this is water that is preserved
for the environment in the rules of water plans. Such rules include allowing some flood
flows to pass through dams, or rules to maintain baseflow in rivers. The third type of
water for the environment is unplanned, in that it is neither protected as entitlements nor
specifically planned for. This is particularly prevalent in wet years or floods in unregulated
sections of rivers, when significant volumes of water flow downstream. On average, the
volume of environmental water entitlements is ~12-15% of the total water available to
the environment.

The volume of planned and unplanned environmental water reduces more strongly
during drought than the amount of water used under entitlements. This is illustrated
in Figure 3, which shows river model predictions of water consumed as a result of the
allocations and rules in water resource plans. The data in Figure 3 are a scatter plot of the
data shown in [53] page 33. The figure plots modelled water use against undeveloped
flows at Wentworth—the point of maximum flow in the Basin. The river models are those
used for water planning in the Basin, and run over 111 years of historical climate. Water
use is for the current level of development, which is capped, and undeveloped flows show
how much flow there would be without dams and water use. Full details of the methods
are given in Sections 1 and 4.2 of [54]. Figure 3 shows that the proportion of river flow
that is used increases in years of low flow—partly because of high water demand, and
partly because there is less planned and unplanned environmental water. The average
proportion of surface water consumed across the Basin is 56%, but in 25% of years this
increases to > 70% of all water, and can be higher than 80%, both occurring in dry years,
leaving very little additional water for the environment. In dry years water for the environ-
ment is more strongly reduced in rivers of the southern Basin, and impacts are greater in
downstream reaches, where several of the Ramsar-listed wetlands are located [22].
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Figure 3. Predicted annual level of surface water use across the Basin versus natural river flow.
Annual flow and water use were modelled using water plan river models for 2006 (before the Basin
Plan), and run over the 1896-2006 period. Data from CSIRO [53].

The data in Figure 3 are for water resource plans before the Basin Plan, but there is
nothing in the Basin Plan arrangements or revised water resource plans that changes the
protection of water use under entitlements to reduced flows (although with the buyback
of entitlement for the environment under the Basin Plan, the level of consumptive use in
the dry years would be slightly lower than that shown in Figure 3). In fact, it is one of
the aims of water plans to ensure a continuing supply of water under dry conditions as
much as possible. The patterns of Figure 3 are a result of the entitlements and rules in
water resource plans. They will remain under any future climate, and under any changes
to irrigation commodities.

The patterns of Figure 3 are summarised in Figure 4 as indicative use of water in wet
(wettest 10%), average, and dry years (driest 10%). Total water available and consumption
are taken from Figure 3; the volume of environmental water holdings is taken from [55],
recognising that ~75% are lower security entitlements that receive little water in the driest
years, while uncertainty in volumes is set at 15%, as described in the next section. Under a
drying climate, the average condition will move toward the right-hand column, which will
be experienced more frequently. The situation in dry years has been improved relative to
before the Basin Plan as a result of now having environmental entitlements to provide water
to drought refuges. However, climate change can more than erode this improvement if dry
conditions become more frequent, as there will be less water overall for the environment
than under the historical climate.
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Figure 4. Indicative volumes of water in the Basin in wet, average, and dry years in the Basin.
Volumes are subdivided into water consumption, water allocated under environmental entitlements,
remaining water available to the environment, and uncertainties in the water balance (which may or
may not be available to the environment). Based on data from [53,55,56].

There was a very long and difficult negotiation of the Diversion Limit in the Basin
Plan as a new balance between consumption and water for the environment. That balance
will change substantially under a drying climate, threatening the condition of wetlands
and river ecosystems that were the focus for reducing water consumption. The primary
solution to this problem is to reset the Diversion Limit to reflect the drying climate and its
impacts on planned and unplanned environmental water.

4.2. Uncertainties in Water Balance

The high proportion of water consumption in dry years, with little water remaining
for other purposes, poses a second risk of unpredicted additional losses of flow, and even
complete drying out of rivers in the Basin. There are uncertainties in flow volume, which in
dry years are biased toward overprediction of the amount of water available downstream.
Diversions of water for consumptive use are measured relatively accurately compared to
other elements of the water balance, so the impacts of overestimating water availability
are disproportionately borne by the environment. In wet years, when there is ample
water available, uncertainties in the water balance are relatively small compared to the
total volume of water (Figure 4), and do not significantly impinge on water management.
However, if 70-80% of river flow is being consumed, there is less room to accommodate for
lower than anticipated water volumes.

Uncertainties in surface water balances were assessed as part of the Murray-Darling
Basin Sustainable Yields Project [53]. The analysis found good overall river model per-
formance and good gauging networks, but 10-30% of the water balance in each region
could not be attributed to components of water accounts [56]. There were considerable
unattributed losses of water within regions, and prediction of low flow volumes was poor.
Gauging errors can be significant for low flows, and tend to overestimate actual flows [57].

There are risks of higher than planned use of water through uses that are outside water
entitlements, with a prominent past example of excess water use occurring in the NSW part
of the northern Basin [58]. Flows may also be less than expected for a given rainfall. Water
plans are based on observed historical relationships between rainfall and streamflow but, as
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outlined in the drought section above, less streamflow was observed in recent droughts than
was expected from past catchment behaviour, and some catchments have not recovered to
their previous behaviour. Further downstream there are uncertainties in the maintenance of
low flows, as a result of reduced groundwater inputs arising from increased groundwater
extraction or reduced returns of excess water from irrigation areas [16,59]. The overall
volumes are probably small, but can be significant in dry years.

These behaviours all result in less water being available to the environment in ex-
tended droughts than predicted from prior history. A stark example of the impacts of
uncertainties compounding on one another was the mass fish deaths in the Darling River
during the most recent drought [24].

The solution to this problem is to include a buffer for uncertainties in calculations of
the amount of water needed for the environment. Further work can be done to reduce
uncertainties through improved measurements, modelling, and compliance actions so that
the size of the buffer can be reduced and additional volumes can be allocated.

4.3. Limitations of the Historical Record

How suitable the current management arrangements are for a future drier climate is
largely untested. Some have argued that the current arrangements dealt well with historical
droughts (e.g., [11,12]), while others have argued the opposite by pointing to particular
failures (e.g., [15,60,61]). Putting aside subjective assessment of past success or otherwise,
the use of historical droughts and outcomes to assess resilience to climate change is a quite
limited test.

The last 100 years or so of Basin climate and hydrology are used to test water plans in
the Basin. The argument is that if water management can be shown to be effective across
the last 100 years of hydrological variability, then it should be effective in the future. Using
a hundred years of record is much better than using shorter periods, but there are two
problems with using the historical record alone.

The first problem is how to deal with the recent extreme droughts and the probabilities
of future drought. As outlined in the drought section above, the Millennium Drought in
the southern Basin was unprecedented in the instrumental records. It was an improbable
event with a return period of 100 years or more, so perhaps the impacts it had on water
management were acceptable. Reflecting this view, the NSW government now removes
the recent droughts from modelling of water operations, as they believe they skew water
availability to unnecessarily low averages [62].

There is, however, an alternative explanation that poses greater risk: Recent droughts
could be part of a new drier climate where droughts are more frequent. The longer
millennial history of dry and wet periods in Flack et al. [34] contains significant patterns
of more than century-long periods of wetter conditions, and others with drier conditions.
There is structure to the extended dry periods in the last thousand years—not just random
variability. There have been periods of beyond a century in length with strengths of the
Indian Ocean Dipole and the El Nino/Southern Oscillation in the Pacific Ocean quite
different to those in the last century [63,64]. These are both known drivers of rainfall,
drought, and hydrology in eastern Australia [26,27]. Combining the broader paleoclimatic
evidence with the drought inferences of Flack et al. [34] suggests that the occurrence of
extreme droughts is quite sensitive to small changes in global climate, as well as to the
behaviour of oceanic climate drivers. This is also shown in the drought projections of
Figure 2, which predict that 2 °C of global warming could more than double the frequency
of multiyear droughts. The mean annual temperature of the Basin has already risen by
1.4 degrees [65], and further warming is locked in by lags in the climate system. Thus, for
current and future conditions, the probability of the Millennium Drought and the 2017-2019
drought is likely to be higher, and may be indicative of a new drought-dominated regime
for the foreseeable future. Such a change started in southwest Western Australia in the
1970s, and continues to this day [66].
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The second problem of using the historical record is that the precise sequencing of
flows from one year to another, or the socioeconomic circumstances—such as commodity
prices—during a drought can strongly influence outcomes, and so may not well represent
the full range of possible impacts and outcomes of future droughts [67,68].

The solution to both of these problems is to use a wider range of stochastic flow
scenarios, which can still be based upon statistics of the historical record, that incorporate
various sequences of events and various scenarios of climate change. Scenarios could
explore conditions such as the continuation of the last 23 years of drought-dominated
conditions, as NSW has done (e.g., [69]). Basin states are using scenarios of different
conditions rather than just the historical record in hydrological modelling. However, after
reviewing the published water resource plans, we found no changes to water management
arising from these scenarios. This is possibly because no clear failure points, vulnerabilities,
or measurable objectives are used to examine the implications of the different scenarios, or
because uncertainty over future projections is used as a reason to defer action. These issues
are considered in the following section.

4.4. Assessing Vulnerabilities to Climate Change

So far, we have looked at possible changes to river flows, and what these mean for
the sharing of water between consumers and the environment. What really matters is
the consequences of these changes for the environmental, economic, and social objectives
of water management plans such as the Basin Plan. These objectives may have different
vulnerabilities to a drier climate than to the historical climate. Vulnerabilities will also
be different between regions, agricultural sectors, and water environments. Historical
resilience to drought is no guarantee of future resilience, and the resilience of the objectives
of the Basin Plan to climate change remains largely unexplored. If recovery from the
impacts of drought is longer than the interval between them, or if drought intensity causes
local failures from which recovery is not possible, then impacts will get worse, could be
deemed unacceptable, and new adaptations may be called for.

Recent water reforms have strengthened water markets, and there is evidence from
the Millennium Drought that overall irrigated agriculture outcomes are relatively resilient
to drier conditions through effective operation of the water market. Water is traded to
higher value crops; higher water prices and limited water availability stimulate improved
water use efficiency, and those selling water invest in alternative farming, such as dryland
crops or purchase of feed for dairy [13,68,70]. This means that the gross value of irrigation
production decreases less than the reduction in water use, but it can mask significant
problems. There may still be water shortages during droughts for long-lived crops such as
nuts and grapes with longer term consequences of failure [71]. There are also significant
impacts on lower water security users, and sectors such as rice and dairy have diminished
significantly, with consequent community impacts in some regions [71,72]. Long-term
trade of water to downstream regions, where high-value horticulture crops predominate,
can create operational problems for water supply, with consequences for other water
users. Management reforms to date have also not improved access to water for indigenous
communities [72].

Similarly, wetlands or populations of aquatic species such as fish or water birds may
not recover from repeated droughts [73]. Under a significantly drier climate, the held
environmental water may be insufficient to protect all aquatic ecosystems. Ecosystems may
need to be prioritised based upon their conservation value [74,75] or assisted to transition
to a different state, and environmental water management adjusted accordingly.

For the Basin Plan, flow requirements of ecosystems were expressed as threshold
flows that need to be met at average frequencies [76]. These often represent specific
parts of the life cycle, such as reproduction, and necessarily greatly simplify the complex
relationships between flow and ecology. Sometimes individual extreme events, such as
the recent drought, can decimate populations or ecosystems for years despite average
requirements being met. Vulnerabilities need to be considered across all stages of the
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life cycle of populations. For these reasons and others, there are calls to use simplified
ecosystem or population-response models applied to a range of stochastic flow scenarios to
determine the vulnerability of ecosystems and populations to future climate change [68,77].
This may require additional ecosystem knowledge in some cases. Without confidence
about ecosystem or population resilience, a precautionary approach of holding more
environmental water would be prudent until we know better. Some ecosystems have a
critical reliance on large, infrequent floods, such as to flush accumulated salts from high
floodplain woodlands. These floods are largely dependent on the external climate, and are
hard to influence with either planned or held environmental water.

Because of the diversity of hydrology, ecosystems, and socioeconomic circumstances
across the Basin, there will be specific impacts of drier conditions and locally significant
impacts even if the basin-wide conditions remain strong. Assessments of vulnerabilities to
future climate should be specific to each region. Regional communities should be given the
opportunity to explore their own adaptation strategies to a range of pressures, including
climate change.

NSW assesses risks from climate change in its regional water strategies, including
analysis of vulnerabilities to water supply reliability—especially to town water supplies—
but it does not assess consequent impacts and vulnerabilities for industries, communities,
or ecosystems. Perhaps these outcomes are considered external to water planning. The
strategies do identify a list of possible options for adaptation, which will be assessed,
prioritised, and potentially acted upon in future (e.g., [69]).

4.5. Uncertainty over Climate Change

A criticism of the Basin Plan was that in making the major reforms necessary to reset
the balance of water use between consumption and the environment, a drying climate was
not included in the new limits on use [14,60,78]. Reasons given for not doing this include
that there was too much uncertainty over future impacts to incorporate it into the Plan,
and that the Basin Plan settings are subject to major review every 10 years starting in 2026,
so adaptations can be made then [10,12,78-80].

Climate projections have been available for Australia since 1987, and a drier future
in southern Australia has consistently been projected. In 2008, four years prior to the
agreement of the Basin Plan, the summary projections for streamflow in 2030 were —40% to
+20% (median of —15%) relative to the historical record [54]; today, they remain roughly the
same at —38% to +8% (median of —14%) [25]. The drivers of climate change are now better
understood, but fundamental uncertainties about predicting future streamflow will remain
for the foreseeable future. Uncertainties over climate change are unlikely to be much
different in 2026 than in 2012; however, given the projections of Figure 2, and observations
that runoff in recent droughts has been less than predicted by models [27,38], there is a
very high probability of a drier future for the basin. It would be prudent to base plans on
this, rather than the far less likely event of no drying of the Basin.

The consequences of ignoring a drying climate are likely to be far greater than those
of underestimating future water availability. There is already social and economic hardship
being felt in Basin communities [72,81], requiring assistance for the Basin Plan to be
supported into the future with long-term impacts. If more water is available in future
than is expected, it will be easier and quicker to allocate and use the additional water.
Consequently, there is asymmetry and hysteresis. This again suggests a precautionary
approach with the flexibility to adapt in the unlikely event that the drier conditions and
their consequences do not occur.

An independent review of the Basin Plan in 2019 [82] recommended action on climate
change, but the responses have largely been limited to acquiring further information
and incorporating climate change risks and scenarios into broad water strategies [83]
emphasising the uncertainties that remain. No adaptations to water management policy
were foreshadowed. At a minimum, the 2020 Basin Plan evaluation recommended that
governments prepare to adapt the Basin Plan in 2026 to possible future climates [80].
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There are several well-developed frameworks for climate change adaptation (e.g., [4,5,84,85]),
including those specific to Australia [86,87] and specific to water resources [88]. Adaptation
frameworks include ways of making decisions in the face of various sources of uncer-
tainty [84,89,90]. They note that uncertainty is often overstated as a reason for inaction, and
include ways of dealing with numerous sources of uncertainty (e.g., [91]) beyond climate
change. This review notes additional uncertainties, such as in Basin water balance, climate
variability, and vulnerabilities of ecosystems. Some of these uncertainties are managed at
present in quite sophisticated ways.

The types of adaptations that can be undertaken to reduce decision risks while ac-
knowledging uncertainty include (from [84], with Basin examples added):

e  No-regrets decisions that yield benefits regardless of the extent of climate change, such
as through improved water use efficiency in viable irrigation areas;

Reversible and flexible options, such as operational plans for environmental watering;

Buying safety margins for the future, such as water conveyance improvements to cope

with expected shifts in water use downstream;

e  Promoting self-adaptation, such as water demand reduction in irrigation crops through
selective breeding;

e Reducing decision lifetimes, such as shorter life or climate-resilient supply infras-
tructure options, rather than new dams that may fail to perform in the face of
long-term drying.

Risk assessments in water resource plans go as far as identifying climate change as a
risk to the outcomes sought from water management, and running scenarios of possible
future conditions. They should go further, by identifying unacceptable vulnerabilities and
then putting in place risk management actions of the types of adaptations listed above,
regardless of uncertainties. As Walker et al. [16] identify, one of the first impediments
to adaptive management of Basin water resources is that the objectives are not specified
enough to know when adaptation is required, or to judge whether responses meet the
objectives. The best example of evaluating progress on objectives is that for held envi-
ronmental water, where the achievements of using environmental water entitlements are
compared to the counterfactual of not having that water available [92].

Private businesses, finance markets, and governments are increasingly being required
by law to consider climate change risks in their decisions. If water management is to
continue to be designed to support business and community decisions, it too should be
managing future climate risks, and not dismissing them as uncertain.

4.6. Ten-Year Planning Horizon

In theory, revising the Basin Plan and subsidiary valley water resource plans every
10 years provides a good basis for adaptive management to climate change. In practice, so
far, it has limited the planning horizon to 10 years, ignoring longer term consequences of
change. Consistent with the Sustainable Diversion Limit, which does not include climate
change, there are no proposals thus far to adjust state water plans to climate change
(see [52]). All water plans accredited to date have included risks from climate change,
but it is either considered a low-consequence risk over the next 10 years, or one that
does not need to be addressed until later planning cycles. Various current management
approaches are invoked as mitigation. Specific adaptations where they are given are limited
to seeking a better understanding of climate change risks, sharing that understanding with
communities, and using it to develop long-term water management plans. Taking such
a short-term perspective, that conclusion could be repeated every 10 years for the next
century, resulting in small incremental changes to water plans while, at the same time, the
Basin could be transformed as a result of climate change and other drivers.

An alternative idea is to base changes to the Basin Plan and state water resource plans
on observed changes to streamflow over recent times [12]. The large year-to-year variability
in flows means that change is difficult to measure in the statistics of flow records, even
though it may have been happening for years, and may already be having consequences
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in the form of more frequent droughts. If water plans for the future are based on the past
30 years, while the climate is drying, then management will lag behind climate impacts
by decades.

A major limitation of the 10-year planning horizon is that many decisions have
much longer lifetimes. The lifetime of a decision includes the lead time it takes from
deciding to act to when the decision is implemented, the operational time over which the
implementation is active or over which benefits are reaped, and the consequence time over
which the legacy of the decision continues [84].

On-farm investments in irrigation infrastructure or permanent horticultural crops
take longer than 10 years to pay off. Similarly, decisions to return water to the environment
involve AUD billions in expenditure to provide benefits to the environment for several
decades. Significant policy changes such as the Basin Plan itself had lead times of a decade
to negotiate, and took a similar amount of time to implement through subsidiary state
water resource plans [8,17]. Water resource plans are often based on historical reliabilities
of annual water allocations. The longer water resource plans aim to maintain these, the
stronger the legacy they will have through future expectations, even if that is unrealistic
for a drier climate. Local changes to on-farm infrastructure and patterns of water use
tend to flow on to longer term legacies for local employment, demography, and social
cohesion. These are starting to be experienced now as a consequence of past reforms [72,81].
One of the aims of water reform in the Basin is to provide increased certainty over water
entitlements, recognising these as significant assets. This aim will be undermined if major
policy settings such as the Diversion Limit are changed every 10 years without such changes
being foreshadowed in earlier plans. Figure 5 shows some decision lifetimes and how they
are related to projected climate changes, requiring much longer timeframes for planning
and adaptation.

Adaptation options change from autonomous a
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Figure 5. Timeline illustrating the conceptual lifetimes of different types of decisions, compared with
the timescales for warming, and the changing types of adaptation. Adapted from [84] to show Basin
water management examples.

Significant new public and private infrastructure has been associated with the reform
of water management in the Basin, with associated risks of asset anchoring. Water enti-
tlements for the environment have been obtained in part by funding modernisation of
irrigation scheme supply infrastructure, and by subsidising farmers to install new on-farm
irrigation infrastructure that uses less water. New levees and channel-control structures
have been built to direct water to major wetlands more efficiently, and there are now plans
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to augment water supplies. This infrastructure locks in future expectations to some degree,
as there will be resistance to retreating from it, and there will be efforts to protect it, even if
they are maladaptive to the consequences of a drying climate. The concept of assets being
anchored into the future comes from research examining the similar problem of sea-level
rise [93]. Such research also shows that adaptations are more easily made for public infras-
tructure than for private infrastructure, or for more community-based solutions that do not
involve infrastructure [94].

There needs to be some projection of conditions well beyond 10 years and, at minimum,
a broad assessment of how management policies can adapt to worsening conditions.
Some precautionary and low-risk longer term decisions could be made to improve longer
term confidence.

The adaptation pathways approach provides a means of doing this; it combines the
types of decisions that can be made for an uncertain future listed in Section 4.5 with
decision lifetimes and the progressive nature of climate change [87]. This puts adaptation
steps into a sequence of decisions and options that can be taken over time as circumstances
change. They might start with incremental and short-term decisions, but evolve over
time to more transformative long-term options if climate change deepens, sometimes
involving a significant period of planning and preparation before a final decision point
is reached, as exemplified by the classic example of the Thames Estuary 2100 study [95].
A feature of the pathways approach is that it focusses on community-based solutions
to identified problems, involving locally expressed values [4,5,84,87]. The outcomes are
usually summarized graphically, as illustrated for a water resources problem in Figure 6.
These processes have been used in some Australian regions (e.g., [96]), but we are not
aware of any water management examples from within the Basin. Regionally specific
solutions and a history of regional disenfranchisement over the Basin Plan (e.g., [72,81])
suggest that governments may need to change to more polycentric, devolved structures, as
has been argued for broader natural resource management in the Basin [97].

= Operational lifetime of option
Lead time of option
® = = m = Option should be implemented with others
s Option not recommended by stakeholders
Option not currently preferred by stakeholders
(s Decision point

EEN ==  Preferred pathway

Present 50y

Figure 6. An example of a summary diagram of adaptation pathways for agricultural water use in Hawkes Bay, New
Zealand. Adapted from [98].

Given the policy structure of subsidiary state water plans complying with the overall
Basin Plan, the Basin Plan review in 2026 will need to take the lead in assessing long-term
vulnerabilities from climate change and proposing overall solutions. Then, state water
resource plans can be required to respond to the same degree. The Basin Plan review
in 2026 should examine under what future conditions the current balance of water for
consumption and water for the environment will need to change; it should consider the
useful lifetime of decisions and investments made to date, and what changes to laws,
policies, and rules can be used as adaptations to respond to the changing conditions; it
should also consider what advanced actions should be taken to prepare for those decisions.
Incentives and support can be given for regional adaptation solutions, where regional
communities can be involved in planning their own futures—especially where regional
impacts differ from the overall benefits of the Basin Plan.
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5. Conclusions

The climate of the Basin is warming and drying, as seen in recent unprecedented
droughts that have tested water management and the objectives sought from it. Projections
of climate change have been consistent for at least two decades now, and point to continuing
drying, so periods of more intense and frequent droughts can be expected in future. Small
changes to average climate conditions can result in larger changes in the frequency of
extreme droughts.

The sophisticated water management of the Basin and transformational reforms over
the past 20 years provide a good starting point, but these were not designed as adaptations
to climate change, and will be increasingly limited in suitability as the climate dries. Under
a drier climate, the currently agreed sharing of outcomes between consumptive use and
environmental health will change in favour of consumptive uses if current management
and policy settings remain.

There are already ecosystems, irrigation farming sectors, and regional communities
that are vulnerable to intense drought, and these vulnerabilities are likely to increase in the
future. It may not be possible to protect all communities and environmental assets from a
drier climate.

Ten-yearly reviews of water plans risk downplaying the significance of climate change
and overstating uncertainties if they do not take a longer term perspective to risk. A longer
term perspective is required in order to ensure that the substantial reforms and associated
major expenditure have enduring value, and to identify new management arrangements
or new investments that might require planning and preparations within the next 10 years.

The necessary elements in order for a 2026 review of the Basin Plan to adapt well to
climate change, as identified in this review, can be summarised as follows:

e  Evaluate Basin Plan outcomes to 2026, and how these compare to expectations and
assumptions made in the 2012 Plan. Have climate changes or other drivers contributed
to any mismatch between observed and expected responses between 2012 and 20267?;

e  Explicitly account for uncertainties in Basin water balance so that they are not borne
disproportionately by environmental water;

e  Use multiple stochastic climate scenarios that consider possible climate variability
and climate change for the next 50 years to provide a better test than the historical
sequence of flows;

e Combine a few scenarios of future climate with other major changes in factors such

as population, technology, and economics in an integrated system analysis. Climate
combines with hydrology, ecology, farm production, demography, markets, and
communities to influence outcomes;
Use conservation planning principles to prioritise which environmental assets to protect;
Ensure that the objectives of the Plan are specific and measurable, and evaluate
their vulnerability to future changes. Require risk management actions to mitigate
vulnerabilities;

e Devise and evaluate options for adapting to future risks, setting out potential decision
points for the future beyond the 10-year horizon;

e  Belocally specific in assessing impacts and vulnerabilities, and support local commu-
nities to express their values and priorities for adaptation;

e  Use the longer term perspective of 50 years to identify actions that should be taken
over the next 10-year iteration of the Plan to improve long-term adaptability.

These principles are applicable to basin water planning in other basins where a drying
climate threatens water security. Two additional lessons from this review are that current
best water management practice may not produce equitable outcomes under a drier climate,
and that theoretically good adaptive management is not necessarily matched by its practice.
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