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The Murray-Darling Basin (the Basin) is the largest river system in Australia, supplying
about 40% of the country’s irrigated agricultural output. Associated water resource
development has come with a heavy price for the Basin’s freshwater ecosystems
degrading them over decades. Australian governments are attempting to achieve
environmental sustainability by returning water to the environment through buy-back of
irrigation licences and improved water efficiencies. To determine effectiveness, basin-wide
management objectives were established for key indicators, including waterbird
populations and life histories which can effectively indicate ecosystem function and
condition, driven by flow and flooding regimes. Ongoing monitoring of waterbird
numbers indicates continued declines. We evaluated the feasibility of meeting
established waterbird objectives under existing and predicted climates. We modelled
long-term waterbird numbers using one of the world’s largest ongoing waterbird surveys
(1983–2020), covering about 13.5% of the area of the entire Basin. Our findings suggest
that under near future climate change projections, waterbird numbers will likely continue to
decline, and remain below restoration targets set for the Basin. We discuss the current
policy settings for using environmental water to support waterbird populations,
recommending adjustments to restore the Basin’s waterbird populations and their
wetlands in order to meet Australia’s conservation targets in relation to the ongoing
global crisis of biodiversity loss.
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INTRODUCTION

Fresh water is a fundamental resource for life on Earth (Carpenter et al., 2011) including
humanity’s dramatic development but also contributed to its demise when scarce (Diamond,
2011). Increased reliance on fresh water for food and other commodities has led to extensive
modifications of the world’s freshwater ecosystems, transforming their physical, chemical, and
biological character, often leading to loss of function and services (Junk et al., 2012), such as
grazing, filtration, flood mitigation, and carbon storage (Keddy et al., 2009; Everard et al., 2019).
Freshwater ecosystems are now among the most altered ecosystems on the planet (Nilsson et al.,
2005; Grill et al., 2019), in many areas nearing their natural limits for human use and effectively
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exceeding their renewable supply (Millennium Ecosystem
Assessment 2005). Climate change is already disrupting
global water cycles (Jiménez Cisneros et al., 2014), further
threatening regional water availability and global water
security (Dai 2013; Masson-Delmotte et al., 2018). Current
projections of climate change are predicted to increase the risk
of wetland loss and continued biodiversity degradation
(Kingsford, 2011; Xi et al., 2021). Understanding these
effects on biodiversity and developing robust conservation
strategies to mitigate the impacts of both water resource
development and climate change are urgently required.

To address degradation of freshwater biodiversity and loss of
ecosystem services, initiatives and policy frameworks are often
multi scaled, developed and implemented from local, grass roots
initiatives (Casagrande, 1997; Zaldívar-Jiménez et al., 2017), to
regional (Giakoumi et al., 2013; Kark et al., 2015), and global such
as the Convention on Biological Diversity (CBD) and the UN’s
Sustainable Development Goals (SDGs; e.g., SDG 6 https://unric.
org/en/sdg-6/). Regardless of the scale, conservation efforts are
reliant on accurately assessing the condition of biodiversity (Keith
et al., 2015), tracking changes over time (Mace and Baillie 2007;
Matthews et al., 2009; Romañach et al., 2021), predicting future
states (White et al., 2021), and progression towards restoration
targets (Kentula, 2000; Ferraro and Pattanayak, 2006; Hobbs,
2007; Zogaris et al., 2017). These require a good understanding of
the ecosystems in question, hinged on accurate conceptualization
of their inherent processes and dynamics, as well as threats
(Zedler, 2000; Kingsford and Biggs, 2012). Consequently,
appropriate indicators able to represent critical components of
ecosystem are monitored, and inform evaluation frameworks
that, ideally, form part of an adaptive management framework
(O’Donnell and Galat, 2008;Williams, 2011; Navarro et al., 2017).
If indicators deviate from desired conditions or trajectories,
corrective actions are required, either in the form of
management actions or possibly, re-evaluating achievability of
defined targets.

The Murray-Darling Basin is one of Australia’s larger river
basins, spanning five states and the Australian Capital Territory,
predominantly characterized ecologically by expansive inland,
semi-arid floodplain wetlands (Sims et al., 2011; Brooks 2017). It
is also one of Australia’s most important food bowls, providing
annual agricultural produce valued at $24 billion (https://www.
agriculture.gov.au/water/mdb), supported by extensive water
resource infrastructure and dams that divert almost half of
the Basin’s annual surface water for irrigated agriculture and
other uses (Leblanc et al., 2012; Gawne et al., 2019). Water
resource development has come at the expense of altering the
natural flow regimes of the Basin’s rivers, in turn impacting its
ecological integrity (Kingsford, 2000; Arthington and Pusey,
2003; Pittock and Finlayson, 2011; Sims et al., 2011; Gawne et al.
, 2019). Of the Basin’s 16 Ramsar-listed wetlands of
international importance, three have been formally
acknowledged by the Australian Government to fail in
maintain their ecological character since listing, primarily a
consequence of water resource development (Kirsch et al.,
2021). In response to ongoing degradation, the Australian
government enacted national legislation (Water Act 2007) to

protect and restore the Basin’s freshwater ecosystems through
water buy-backs and infrastructure at a cost exceeding $A13
billion (Swirepik et al., 2016; Wheeler et al., 2020). Most of these
funds were focused on returning a target of 2,750 GL per year
back to the rivers by buying back water from willing irrigators
and improving efficiency of irrigation system to allow for more
environmental water (Wheeler et al., 2020). The legislation
established the Murray–Darling Basin Authority (MDBA)
and development and implementation of a “Basin Plan”,
aimed at sustainability for the Basin (Swirepik et al., 2016),
establishing environmental objectives and an environmental
watering strategy (2014). The Basin Plan established
Sustainable Development Limits for each of the rivers but
failed to consider possible policy and management responses
to climate change (Pittock and Finlayson, 2011; Pittock and
Hartmann, 2011). The Basin Plan also guides environmental
water delivery to support key ecological indicators while
monitoring and evaluating progress towards desired
environmental objectives (floodplain vegetation, fish, and
waterbirds). The Basin’s waterbird objectives focus on
maintaining species’ diversity, improving breeding success,
and achieving waterbird numbers, comparable to those
recorded in the early 1990s (Bino et al., 2014a; MDBA,
2020). Waterbirds respond strongly to the condition of
freshwater ecosystems (Bino et al., 2015; Kingsford et al.,
2017), influenced by availability and accessibility of habitat,
resources, and breeding sites (Green and Robins, 1993; Clausen,
2000; Guillemain et al., 2000; Kingsford et al., 2010) which
determine community composition, abundances, and breeding
(Kingsford and Auld, 2005; Brandis et al., 2011; Arthur et al.,
2012).

In this paper, we evaluated waterbird responses across the
Basin, examining total abundances, abundances of five functional
response groups (ducks, herbivores, large wading birds,
piscivores, and shorebirds), and the number of breeding
waterbirds. We utilize the longest running annual aerial survey
of waterbirds in Australia (1983–2020) and assess historic
numbers while also considering the dynamics of hydrological
condition. We modelled annual waterbirds in relation to water
availability and predicted responses under varying flow
management and climate change scenarios to evaluate the
likelihood of meeting the Basin’s waterbird restoration targets
under current and projected future climates.

METHODS

Study Areas
We studied waterbird responses in theMurray-Darling Basin (the
Basin), one of Australia’s larger river basins, spanning five states
and the Australian Capital Territories, covering approximate one
million km2, Figure 1). The Basin encompasses a wide range of
climatic conditions, receiving between 2,100 mm of annual
rainfall in the highland areas in the southeast to 300 mm in
the semi-arid areas in the west (https://www.mdba.gov.au). The
Basin has a mapped wetland area of approximately 55,000 km2,
predominantly palustrine (Bino et al., 2016).
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Waterbird Surveys
We used waterbird counts collected as part of the Aerial Survey of
Waterbirds in Eastern Australia (1983–2020) (Kingsford et al.,
2020). Surveys were done annually (October) across ten
systematic survey bands spanning eastern Australia, each
separated by about 200 km. For most surveys, the high-winged
aircraft (e.g., Cessna 206 or 208) was flown at a height of 30–46 m
and a speed of 167–204 km/h (90–110 knots), within 150 m of the
shoreline, where waterbirds usually congregate and two observers
counted on either side to provide a total or proportion count
(Kingsford and Porter, 1994; Kingsford, 1999; Kingsford et al.,
2020). For some wetlands transects were used and a 200 m wide
strip (100 m each side of the aircraft) delineated across the
wetland, as the high–winged aircraft. Each wetland surveyed
was given a unique code so that survey records could be
matched between the two observers in each aircraft. The two
counts of observers were then added together to form a combined
count for a particular wetland. Each wetland was surveyed for the
full complement of waterbirds, including cormorants, grebes,
herons, egrets, ibis, waterfowls, and wading birds. More than
50 taxa have been identified over the years, mostly to species level
although grebes, egrets, and waders have been grouped because of
difficulties in differentiation (Kingsford et al., 2020). Waterbirds
and nesting activity were identified, and their numbers estimated
and immediately recorded. In this study, we included the seven
surveys bands which cover the Murray–Darling Basin, about

13.5% of its land surface area (1,061,469 km2, Bino et al.,
2016). We evaluated seven waterbird metrics: 1) total annual
abundance; 2–6) total annual abundance for each of the five
functional response groups (ducks, waders, shorebirds,
piscivores, herbivores) and; 7) total annual abundance of
breeding waterbirds.

We classified water availability in years, corresponding with
the waterbird surveys (1983–2020) into five Surface Water
Conditions (SWC): Very Dry, Dry, Moderate, Wet, and Very
Wet. To do this, we identified 18 flow gauges across the Basin’s
main rivers, and collated daily flow volume data from state data
servers (Supplementary Appendix S2) between 1980 and 2020.
We then calculated the annual (water year: October–September)
cumulative flow volumes. For a Basin wide SWC index, we
calculated the standardized average annual flow volume across
all 18 gauges and classified each year into five quantiles. Using the
annual percentile each year and the those in the previous year, we
designated the SWC (Supplementary Appendix S3). Following a
similar process, we also classified SWCs for each of the Basin’s
Water Resource Planning Areas (WRPAs) using the
corresponding river gauges (Supplementary Appendix S2).

Modelling Waterbird Responses
To predict waterbird responses under a range of flow
management and climate change scenarios (1900–2008, see
details below), we modelled annual waterbird responses to

FIGURE 1 | The Murray–Darling Basin, Water Resource Planning Areas (outlines, Supplementary Appendix S1 for labels), six of ten survey bands of the Aerial
Survey of Waterbirds in Eastern Australia intersecting with the Basin (hatched and shaded summary of totals 1983–2020 as 30 × 50 km grid cells), and labelled wetland
complexes supporting high waterbird abundance (1983–2020) which intersected with the survey bands.
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water availability. We calculated the 3, 6, 12, 24-months total
discharge recorded in the months prior to aerial surveys
(October) across the Basin (Supplementary Appendix S2 for
details on gauges). Likewise, we calculated the 3, 6, 12, 24-months
total rainfall recorded in the months prior to aerial surveys
(October) across the Basin, as well as annual rainfall across
northern, southern, and eastern Australia (Supplementary
Appendix S2 for details on gauges). We also considered the
annual (water year) monthly average Southern Oscillation
Indices, given El Nino and La Nina cycles associate with
major periods of flooding and drying in Australia (Puckridge
et al., 2000). We modelled seven waterbird responses: 1) total
annual abundance, 2–6) total annual abundance for each of the
five functional response groups (ducks, waders, shorebirds,
piscivores, herbivores), and 7) total annual abundance of
breeding waterbirds. We log-transformed all response variables
prior to analysis to meet Gaussian model requirements
(Supplementary Appendix S2).

We used two distinct approaches to modelling waterbird
responses. The first was Generalized Linear Models (GLMs)
using a Bayesian Model Averaging (BMA), which enabled
combining predictions from several candidate models, while
accounting for model uncertainty. BMA combines the
predictions of a large sample of possible models using a
weighted averaging algorithm based on Bayes’ theorem, with
weights proportional to the posterior probability representing the
relative strength of evidence in favour of each model (Raftery,
1995; Wintle et al., 2003). The BMA process assumes that all
considered models partially explain the data, but only a subset
chosen on the basis of the Bayes information criterion (BIC), are
combined to improve the overall predictive power of the final
model (Hoeting et al., 1999). The final model incorporated the
covariates and their averaged coefficients weighted according to
the BIC scores. We implemented this using the BAS package
(Clyde et al., 2011) within the R statistical software. The second
approach was Random Forests (Cutler et al., 2007), which
employs a classification algorithm to identify binary
partitioning in the response data, which minimises variance
using the best predictor variable. The partitioning continues
until further subdivision no longer improve model
performance (using the Gini index). The Random Forest
algorithm uses bootstrapping to sample the data (∼63% of the
data) and fits multiple trees on each subset. Accuracy and error
rates are calculated for each tree using the reminder data (∼37),
out-of-bag observations and predictor variable importance
determined. We implemented this using the randomForest
package (Liaw and Wiener 2002) within the R statistical
software (R Core Team 2018).

We used predicted flow scenarios to assess the benefits and
impacts to waterbirds under varying management and climate
scenarios (MDBA, 2011b). We used flow scenarios developed by
CSIRO which have provided a modelling framework for
developing the Basin’s Sustainable Yields project (CSIRO,
2008; Podger et al., 2010; MDBA, 2011a). Flow scenarios
provided predicted flow discharge rages for 1902–2008
(MDBA, 2010). We considered two foundation model
scenarios which provide historical and contemporary estimates

of the Basin’s water resources: without water resource
development (R844) and baseline (pre-Basin Plan) with
historical climate (R871). The without-development scenario
(R844) represents the Basin as a natural system with no
development or associated consumptive use while the baseline
scenario (R871) includes water use in 2009, prior to establishing
the Basin Plan. Differences between the two provided an estimate
on the effects of development on the natural flow regime. We also
considered flows scenarios developed for identifying
environmentally sustainable level of consumptive use which
included reduced annual diversions of 2,750 GL (R971) and
3,200 GL (R862). We also examined the impacts of climate
change (1°C increase) on the baseline models under a dry
(R893), medium (R892) and wet (R894) near future climate
for the year 2030 (Chiew et al., 2010). We then predicted
waterbird abundances under each flow scenario between 1900
and 2008 and summarized results by SWC. Flow scenarios
considering higher global warming were not available. In
addition, a flow scenario which incorporated both reduced
diversions and climate change does not exist. Given the highly
regulated rivers in the Basin, water available for waterbirds
cannot be effectively predicted using rainfall alone (Kingsford
et al., 2017).

RESULTS

Total waterbird numbers have declined at an annual rate of 4.8%
across the Basin since the Eastern Australia Waterbird Surveys
(EAWS) began in 1983, (Figure 2). During this time, Surface
Water Conditions (SWC) have steadily declined across the Basin,
with very low water availability since 2002, apart for 2010–2013
(Figure 2). Since 1983, the Basin has experienced similar
frequencies of annual SWC, with most of the “very dry” and
“dry” years occurring since 2000, corresponding with the
Millennium (1997–2009) and the 2017–2019 droughts (http://
www.bom.gov.au/climate/drought/knowledge-centre/previous-
droughts.shtml). Annual waterbird abundances corresponded
with SWC (Table 1; Figure 3), with low numbers observed
during dry conditions. During “very dry” conditions, total
waterbird abundances across the Basin averaged 63,546 ±
30,441SD, compared to an average of 138,115 ± 74,606SD
under “moderate” conditions, and an average of 298,240 ±
208,494SD under “very wet” conditions (Table 1; Figure 3;
Supplementary Appendix S3). Four of the five waterbird
functional response groups were responsive to SWC, most
notable for ducks, herbivores, and piscivores (Table 1;
Figure 3). Large waders and total breeding (mostly consistent
of large wading birds) also responded in “dry” and “moderate”
SWCs, reflective of strong responses in 2010 following a break in
a decade long drought (Millennium Drought) as well as in 2016.
Shorebird abundance did not fluctuate significantly by SWC.

Four Water Resource Planning Areas (WRPAs) (Figure 1)
represented the largest proportions of surveyed waterbird
abundances: the Murrumbidgee (annual average proportion
0.33 ± 0.22SD), Intersecting Streams (p � 0.17 ± 0.17SD),
NSW Murray and Lower Darling (0.11 ± 0.11SD), Northern
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Victoria (0.11 ± 0.11SD), as well as the Macquarie-Castlereagh
(0.06 ± 0.04SD) and South Australian Murray Region (0.06 ±
0.09SD) (Figure 4). Under “very dry” and “dry” SWCs, the
Murrumbidgee and Intersecting Streams supported the largest
number of waterbirds, while under “moderate” SWC the
Murrumbidgee, NSW Murray and Lower Darling, Macquarie-
Castlereagh, and Intersecting Streams supported the larger
proportion of waterbirds. Under “wet” and “very wet” SWCs
the largest proportion of total waterbirds were surveyed in the
Murrumbidgee, Intersecting Streams, and NSW Murray and
Lower Darling (Figure 4).

Models of total annual waterbird abundances, when using
GLMs, were principally driven by cumulative annual (water year)
flow volumes (Marginal Posterior Inclusion Probability of p �
0.88) and annual rainfall in south-eastern Australia (p � 0.13)
(Supplementary Appendix S4). Model fit for total waterbirds
was moderate with pseudo-R2 of 0.5. When using Random
Forests, annual rainfall in south-eastern Australia and
cumulative annual and 3-months flow volumes were the chief
predictors (Supplementary Appendix S4), with an improved
model fit of pseudo-R2 of 0.88. Although modelled waterbird
responses, using a classification tree approach offered better fit to
observed data, they are known to fail predicting responses which
are outside the range of observed values (1983–2020), thus likely
underestimated waterbird numbers under the unregulated flow
scenario which would have supported greater numbers compared
to those observed since surveys began in 1983.

Models predicted a current average total abundance between
163,798 (GLM: 90% CI: 81,712–274,403) and 152,836 (RF 90%
CI: 76,236–241,265) under the post–Basin Plan scenario with
2,750 GL reduction in water abstraction (R971, Figure 5). This
represented a decline between 26% (GLM) and 16% (RF) over the
without development scenario (R844) which predicted an annual
average between 220,051 (GLM 90% CI 113,636–340,651) and
180,958 (RF 90% CI 104,493–256,095). The post–Basin Plan flow
scenario (R971) predicted an increase between 12% (GLM) to 9%

(RF) over the pre-Basin Plan (R871), predicted to support an
annual average between 145,618 (GLM 90% CI 71,137–252,559)
and 139,778 (RF 90% CI 66,345–232,648). Under a projected dry
climate change scenario (R893), waterbird abundances were
significantly lower, predicting a decline between 32% (GLM)
and 21% (RF) compared to pre-Basin Plan with historical
climate (R871, Figure 5). Under a median climate change
scenario (R892), declines were predicted to be between 12%
(GLM) and 6% (RF), while under a wet climate change
scenario (R894), annual average waterbird abundances were
predicted to increase between 13% (GLM) to 7% (RF)
(Figure 5). Detailed predicted responses are summarized in
Supplementary Appendix S5.

DISCUSSION

The world’s freshwater biodiversity is in decline, predominantly
from the impacts of water resource developments, including
dams, diversions of water and development of floodplains and
wetlands (Junk et al., 2012; Kingsford et al., 2016). The
increasing effects of climate change, particularly reductions
in rainfall and run-off and increased evaporation, are further
decreasing flow and flooding regimes and contributing to
biodiversity loss (Dai, 2013; Xi et al., 2021). Since last
evaluated (1983–2014) (Kingsford et al., 2017), long-term
declines in waterbirds have continued, mainly from river
regulation effects but also exacerbated by dry conditions,
likely associated with a changing climate. In this paper we
expand on (Kingsford et al., 2017) and evaluated the
continued impacts of river regulation and climate change on
waterbirds in Australia’s most developed river basin, the
Murray-Darling Basin. We also improved utility for setting
restoration targets which are tailored to water availability
conditions (Surface Water Conditions) at multiple scales
(Basin, Water Resource Planning Areas, wetlands).

FIGURE 2 | Annual (1983–2020) waterbird abundance (columns, coloured by SWC) and average flow volume (blue line and points) and rainfall (green line and
points) across the Murray–Darling Basin (Supplementary Appendix S2 for gauge information).
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The restoration plan for the Murray-Darling Basin (MDBA,
2012), aims to restore the ecological integrity and function of its
many degrading freshwater ecosystems. The chief tool for
restoring the system was setting sustainable diversion limits to
restrict water use and securing water for the environment. Setting
diversion thresholds are reliant on data, particularly useful if it
extends prior to degradation (Jackson et al., 2001), rarely the case
prior to regulation of the Basin’s freshwater ecosystems
(Kingsford et al., 2015). In their absence, models able to
predict responses under varying conditions can provide useful
tools for setting management targets. In the Basin, environmental
objectives have been identified for four key components: river
flows and connectivity, native vegetation, waterbirds, and fish
(MDBA, 2020). In the case of waterbirds, models (Bino et al.,
2014a; MDBA, 2020) were used to set restoration targets to be
achieved from 2024: 1. Increase abundance by 20–25%; 2.
Increase frequency of breeding events by 50% and breeding

abundances by 30–40%; and 3. maintain species’ diversity
across the Basin and those of migratory species in the
Coorong (MDBA, 2020). Waterbird numbers have already
declined by more than 70% since 1983 (Kingsford et al.,
2017). Using available flow scenarios, we predicted that the
Basin would support 25% less waterbirds compared to pre-
regulation flows with the current extent of regulation, though
this analysis is limited by waterbird responses since 1983, long
after extensive water resource development (e.g., dams),
(Kingsford et al., 2011), occurred in the Basin. This limit
predicting waterbird responses, particularly when using
classification trees, which have likely been significantly larger
than those recorded in the early 1980’s.

The high dependency of waterbirds on river flows and flooding
regimes and projected drying under climate change will continue to
impact river flows and dependent waterbirds. Climate change in the
next decade (2030) were projected to further decrease the flows and

FIGURE 3 | Box plots of annual (1983–2020) waterbird abundance (total, five functional response groups, and total breeding) from the Eastern Australia Waterbird
Surveys across the Murray-Darling Basin by five Surface Water Conditions (SWC).
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FIGURE 4 | Average annual (1983–2020) waterbird abundance from the Eastern Australia Waterbird Survey in each of the Water Resource Planning Area across
the Murray-Darling Basin (Supplementary Appendix S1 for map with labels), stratified by five Surface Water Conditions (SWC).

FIGURE 5 | Predicted annual waterbird abundances based on GLMs (see Random Forest predictions in Supplementary Appendix S5) under the seven
management/flow Scenarios in the Murray-Darling Basin 1900–2008 (MDBA, 2011b): without water resource development (R844), pre-Basin Plan with historical climate
(R871), without-development scenario (R844), reduced annual diversions of 2,750 GL (R971) and 3,200 GL (R862), and climate change 1°C increase on the R871 under
a dry (R893), medium (R892) and wet (R894) near future climate for the year 2030 (Chiew et al., 2010).
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consequently waterbird populations by ∼30–20%, compared to the
pre-Basin Plan period. Current restoration efforts, primarily by
allocating water for the environment, are predicted to support an
increase of ∼12% in waterbirds numbers over the pre-Basin Plan
but will only halve the projected impacts due to climate
change. This translates to a net loss of ∼20–10% in
waterbird numbers over the pre-Basin Plan period. Under a
less likely median climatic near future (2030), environmental
flow restoration may offset projected declines, but will still be
lower than intended restoration targets for the waterbirds of
the Murray-Darling Basin. Only under an unlikely wet climatic
near future could restoration objectives for waterbird be
attained. The lack of available flow scenarios which
combine climate change as well as reduced diversions are in
development, but their absence increases uncertainty in
predicted waterbird responses in the next decade. Such
uncertainty stalls developing better predictions and
appropriate and timely management and policy actions.

Climate change models used in these analyses were based on a
1°C warming. Already, mean annual temperatures in the Basin have
risen by 1.4°C and are expected to continue to rise (Commonwealth
of Australia 2020). Unfortunately, flow scenarios considering higher
global warming were not available. Current climate change
median projections predict a reduction of ∼20% in stream
flows in the Basin under a likely 2°C warming, increasing the
frequency of severe droughts (Chiew et al., 2009; Zheng et al.,
2019). The realized impacts of climate change on stream flows
will likely be exacerbated because of increased demand for
fresh water, increased capture of water during extreme
droughts in farm dams, outside of existing entitlements
(Bond et al., 2008; Fowler et al., 2015; Matthews 2017).
Already signs of lower-than-expected recovery of the Basin’s
southern watersheds from past drought are indicative of failing
resilience (Peterson et al., 2021). The impacts of climate
change to the environment are predicted to be even greater
under the current water sharing rules, as allocations of water to
licenced users are adjusted annually based on water availability
leading to water for the environment being reduced by a
greater proportion than water for consumptive use during
dry conditions (Prosser et al., 2021).

Climate change projections do not bode well for humanity as
for the freshwater ecosystems of the Murray-Darling Basin.
Degradation, already apparent on account of water resource
development (Thoms and Sheldon, 2000; Leigh and Sheldon,
2008; Shaeri Karimi et al., 2021), has undermined the resilience
of freshwater ecosystems to cope with extreme droughts (Colloff

and Baldwin 2010; Sandi et al., 2020). Improving the likelihood
of meeting environmental restoration targets, under a likely
drying future requires substantial and urgent transformative
strategies (Smith et al., 2011) for the upcoming review of the
Basin Plan in 2026 (Gawne et al., 2021). The Basin’s waterbirds
are indicators of the freshwater ecosystems and leave two
options to consider in order to meet restoration and avoid
possible collapse: 1) Increase water allocations for the
environment and improve management effectiveness tailored
to waterbird life histories such as opportunities for breeding and
improved habitat quality or 2) reduce restoration targets for
waterbirds for the Basin-wide environmental watering strategy
set to be reviewed in 2022 while observing ongoing declines. For
the former, significant social-economic barriers exist impeding
future increases in water allocations for the environment (Bark
et al., 2014; Colloff and Pittock, 2019). Improving awareness of
the critical links between ecological integrity and societal well-
being for the Basin’s communities and fostering a shared vision
of a sustainable future are important. Alternative management
strategies that may improve waterbird outcomes also exist. For
example, changing water management rules by allowing
increased storage of environmental flows in dams for
supporting larger flooding could improve waterbird breeding
outcomes (Kingsford and Auld, 2005; Bino et al., 2014b; Chen
et al., 2020). Should the latter be preferred, quantifying
waterbird numbers under different water availability
conditions such as presented here (i.e., Surface Water
Conditions) at multiple scales (Basin, Water Resource
Planning Areas, wetlands) provides a framework of setting
more plausible waterbird targets according to conditions.
Uncertainty still exists in response models. In this study we
used two very different modelling approaches. Exploring
alternative modelling approaches is useful to evaluating
uncertainties originating from model assumptions (Araújo
and New, 2007). Although the decision tree approach offered
better fit to observed data, such models can fail when attempting
to predict beyond the range of available data. As such, predicted
response prior to water resource development in the Basin using
decision tree models are likely an underestimation. Decision
trees predicted somewhat lower impacts of climate change
compared to GLMs, offering perhaps some hope that
declines might be less severe, but nonetheless still foreshadow
a degradation of waterbirds populations. Developing models
based on biological processes (Tonkin et al., 2019) of specific
waterbird species can also improve quantifying requirements
for viability and restoration (Brandis et al., 2021), but require

TABLE 1 | Average annual water bird abundance (Nos +/− SD) from the Eastern Australia Waterbird Survey (EAWS) across the Murray-Darling Basin (1983–2020), stratified
by five SurfaceWater Conditions (SWC) and separated into total numbers, the five functional response groups (Du-ducks; He-herbivores, La-large waders, Pi-piscivores,
Sh-shorebirds) and total waterbird breeding.

SWC Total Du He La Pi Sh Breeding

Very dry 60,976 ± 31,722 32,319 ± 18,646 13,487 ± 10,215 3,987 ± 1,926 5,893 ± 3,653 5,290 ± 3,554 117 ± 155
Dry 114,436 ± 74,659 43,063 ± 27,392 23,946 ± 204,09 24,869 ± 27,196 13,106 ± 10,499 9,452 ± 7,187 11,706 ± 20,074
Moderate 223,632 ± 189,998 11,3308 ± 114,787 48,808 ± 33,637 26,903 ± 24,477 21,118 ± 11,644 13,495 ± 14,162 2,652 ± 3,754
Wet 162,455 ± 139,920 84,974 ± 85,204 32,693 ± 31,142 13,489 ± 7,782 20,319 ± 13,462 10,979 ± 11,357 2,333 ± 2,969
Very wet 328,559 ± 210,813 162,115 ± 98,034 68,261 ± 43,913 45,686 ± 25,318 33,954 ± 29,433 18,544 ± 23,331 5,950 ± 5,271
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good knowledge of life histories of waterbird species, including
regional and continental interactions of waterbirds across
wetlands (Bino et al., 2020). There is also urgent need to
expand flow scenarios under a wider range of probable climate
change projections and longer foresight (Prosser et al., 2021),
improved interlinks between rivers with floodplains (Whipple
and Viers 2019), and integrate future demand for freshwater
(Loch et al., 2020). Regardless, developing more realistic and
sustainable socio-ecological adaptations for the future of the
Murray-Darling Basin are sorely needed if we are to avoid
collapse of ecosystems.
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