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Climate change presents severe risks for the implementation and success of
environmental flows worldwide. Current environmental flow assessments tend to
assume climate stationarity, so there is an urgent need for robust environmental flow
programs that allow adaptation to changing flow regimes due to climate change.
Designing and implementing robust environmental flow programs means ensuring
environmental objectives are achieved under a range of uncertain, but plausible climate
futures. We apply stress testing concepts previously adopted in water supply
management to environmental flows at a catchment scale. We do this by exploring
vulnerabilities in different river management metrics for current environmental flow
arrangements in the Goulburn River, Australia, under non-stationary climatic
conditions. Given the limitations of current environmental flows in supporting ecological
outcomes under climate change, we tested three different adaptation options individually
and in combination. Stress testing adaptation results showed that increasing
environmental entitlements yielded the largest benefits in drier climate futures, whereas
relaxing river capacity constraints (allowing more targeted delivery of environmental water)
offered more benefits for current and wetter climates. Combining both these options led to
greater than additive improvements in allocation reliability and reductions in environmental
water shortfalls, and these improvements were achieved across a wider range of climatic
conditions than possible with either of the individual options. However, adaptation may
present additional risks to some ecological outcomes for wetter climates. Ultimately, there
was a degree of plausible climate change beyond which none of the adaptation options
considered were effective at improving ecological outcomes. This study demonstrates an
important step for environmental flow assessments: evaluating the feasibility of
environmental outcomes under climate change, and the intervention options that prove
most robust under an uncertain future.
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1 INTRODUCTION

The implementation of environmental flows to restore river
ecosystems from anthropogenic degradation is growing
globally (Arthington et al., 2018). However, climate change
presents further challenges for environmental water
management and freshwater ecosystems (Poff and Matthews,
2013; IPCC, 2014; Horne et al., 2019). Despite the high
uncertainties involved, there is a need to test environmental
water management practices and assess how they perform
under different climate regimes (Poff et al., 2016). It may be
that current environmental flows objectives cannot be sustained
under current policy settings without significant adaptations, this
issue). Interventions designed to address an existing problem,
such as river regulation, may not fulfil the desired outcomes
under a different climate future (Poff, 2018). This is a challenge
for environmental flow implementation and may jeopardize the
value of investments in environmental flows. This paper explores
these issues using the Goulburn River, Australia as a case study
through the evaluation of different environmental flow outcomes
under a range of plausible climate futures and adaptation options.

Current environmental water planning in many parts of the
world adjusts flow delivery from year to year (Rayner et al., 2009;
Poff et al., 2010; Opperman et al., 2019). High flow components
are usually delivered in wetter years and critical low flow refuge
habitats protected in dry years when availability of environmental
water is low. Environmental flow strategies generally set out
objectives based on the assumption of climate stationarity
which provides an estimate of the frequency with which
different environmental flow components can be achieved
(Horne et al., 2019). Environmental flows have been
implemented around the world under varying degrees of
sophistication in locations such as Africa (Brown and King,
2012), Canada (El-Jabi and Caissie, 2019), Europe (Mezger
et al., 2019) and Asia (Chen and Wu, 2019). In many cases
these regions are projected to experience wetter conditions under
climate change (IPCC, 2013). However, drying climates are
projected with varying levels of uncertainty for many parts of
the world with environmental water programs such as south-east
Australia, western United States and the Mediterranean (IPCC,
2013). If climate change is neglected in environmental water
planning, then strategies based on annual water availability will
fail to deliver the intended long term flow regime, and particularly
the frequency of higher flow events. If this shift is ignored there
will be a decline in environmental condition and potentially poor
targeting of environmental water outcomes.

There is a need to anticipate the kind of impact climate might
have on environmental water outcomes and to develop strategies
to address vulnerabilities. However, this can be challenging for
complex river systems given large uncertainties in climate
projections. Climate stress testing methods (Brown et al., 2012;
Brown and Wilby, 2012) have evolved to assess system
performance for varying degrees of climate change that may
not be captured by scenario-based climate projections. Generally
referred to as “bottom-up” methods, they differ from scenario
assessments by beginning with an exploration of system
performance and vulnerability to changes in inputs (such as

precipitation or temperature). To date, most riverine
applications of these methods have been limited to assessing
water supply vulnerability (e.g., Turner et al., 2014;
Steinschneider et al., 2015; Henley et al., 2019), but they offer
promising utility to assess ecological outcomes in a way that
accommodates climate uncertainty (John et al., 2020). Robust
interventions are needed if regulated rivers are to adapt to
uncertain climate futures. Stress testing methods can help
identify robust solutions by assessing which options deliver
benefits over a wider range of potential climate changes (Poff
et al., 2016), and can be used to gain insights into wider system
performance before and after intervention (Weaver et al., 2013).

In this study, we tested the effectiveness of three different
intervention options to improve environmental water outcomes
in the Goulburn River for current conditions and a range of
plausible climatic changes. The three options were: increasing the
environmental water entitlement, relaxing river capacity
constraint issues (i.e., removing barriers to environmental
water delivery), and increasing the priority of some
environmental flow components so they are delivered outside
of the normal water allocation process. We did this by using a
stress testing methodology in which the effectiveness of each
individual option (and combination of options) was assessed
under various degrees of climate changes to gauge robustness.
Although these adaptation options are primarily designed to
improve freshwater ecosystem outcomes, we compared how
they perform for several key system metrics including
reliability of water supply, shortfall in meeting environmental
water demands, and stabilizing the long-term condition of
ecological endpoints.

2 METHODS

2.1 Case Study Approach—Adaptation in
the Goulburn River, Australia
The Australian government’s Murray Darling Basin Plan
represents a multi-billion-dollar investment in water
recovery to support the delivery of environmental flows
(Hart, 2016). This has delivered substantial volumes of
water to the environment in the form of water entitlements
(property rights with the same conditions as consumptive
water rights). In the Goulburn River in northern Victoria,
Basin Plan recovery has included nearly 400 GL/year
(400 Hm3/year) of high reliability water (∼30% of storage
and tributary inflows). However, this recovery target was
established assuming stationary climate conditions with
little consideration given to climate change (Prosser et al.,
2021). Although there is large uncertainty, future projections
for the region typically predict lower water availability through
increased temperatures and decreased cool season rainfall
(Timbal and Jones, 2008; Timbal and Drosdowsky, 2013).
Reduced natural flows due to climate change will increase
the demand for environmental water but reduce available
supply through lower water allocations. In historic dry
periods, environmental water managers typically focus on
low flows to sustain key habitats, in line with expectations
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on environmental water availability and tributary inflows
(Horne et al., 2020).

There are also barriers to the effective delivery of
environmental water. In the Goulburn River, capacity issues
relating to flooding concerns means not all flow
recommendations can be met. These capacity issues currently
limit controlled regulated releases to 10,000 ML/d (116 m3/s),
which is less than half of the flow recommendations for overbank
flows. “Piggybacking” (supplementing unregulated tributary flow
pulses with regulated releases) can be used to provide higher
flows, but non-linear routing considerations and existing
management arrangements mean it is difficult in practice to
time reservoir releases to best utilize tributary inflows (Kaur
et al., 2019).

2.2 Case Study Region and Characteristics
The Goulburn River basin in northern Victoria, Australia,
supports around AUD$1.4b in irrigated agricultural
production annually. The Goulburn catchment spans 1.6 m Ha
on the lands of both the Yorta Yorta and Taungurung traditional

owner nations. The Goulburn River is notable because it provides
10% of annual flows in the wider Murray-Darling basin despite
occupying only 2% of the land area. There are two major
regulation structures on the Goulburn River, Lake Eildon
(3,300 GL storage) in the upstream reaches and Goulburn
Weir, which diverts water to an offline storage at Waranga
Basin (430 GL) further downstream.

Water is allocated to users proportionately based on water
entitlements that fit into two categories: high and low security
shares. The focus of this paper is on high security shares as this is
the bulk of consumptive water use. Seasonal allocation volumes
are set such that all high security users receive a proportionate
share of their entitlement (i.e., all users receive the same
percentage of their entitlement based on seasonal water
availability), and these are updated throughout the water year.

The Goulburn Broken Catchment Management Authority
manages water entitlements on behalf of the environment.
There are nearly 400 GL of high security environmental water
rights in the Goulburn River, which are used to meet local
environmental objectives and downstream environmental flows

FIGURE 1 | Case study catchment of the Goulburn River basin. The flow duration inset describes Kaiela flow conditions in current and “natural” (modelled without
regulation structures and diversions) conditions. Compared to more natural conditions, rarer flows are lower in magnitude, and more common flows are higher in
magnitude for the current regulated regime.
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in the Murray River. There are also passing environmental flow
requirements from Lake Eildon and Goulburn Weir ensuring
minimum flow conditions are met.

There are various ecological values along the river including
important fish species such as Murray Cod (Maccullochella
peelii) and Golden Perch (Macquaria ambigua), and
floodplain water regimes maintaining River Red Gum
(Eucalyptus camaldulensis) forests. The most targeted
reaches for environmental managers are those downstream
of Goulburn Weir. This section of the river is known as Kaiela
in the language of the Yorta Yorta traditional owners. Key
features of the river basin are shown in Figure 1.

From a water management perspective, one of the more
challenging features of the Goulburn River basin is the large
quantity of water transferred downstream as inter-valley
transfers. These transfers are used to supply irrigation
demands much further downstream (up to 500 km) along
the Murray River. The majority of this water is delivered
over summer months to align with seasonal irrigation
needs. Inter valley transfer volumes have grown
substantially from 99 GL in 2012 to a peak of 433 GL in
2018. This now presents both an opportunity and risk for
freshwater ecology. Inter valley transfers can be timed to meet
some ecological demands along the lower Goulburn River, but
these also substantially increase summer flows leading to

severe negative impacts on bank stability and bank
vegetation (Wood et al., 2021).

The main environmental flow components are summarized in
Table 1. Environmental water plans change from 1 year to the
next depending on prevailing climate conditions and ecological
priorities. For example, in dry years water managers will prioritize
low flow components to provide drought refuge habitat and delay
some flow deliveries to guarantee critical supplies for the
following year.

2.3 Modelling Approach
The overall modelling framework used in this study is
summarized in Figure 2, and individual method components
are further discussed below. Briefly, the modelling steps
comprised three main components. First, a stochastic data
generation model was used to derive stochastic climate inputs
(monthly precipitation, temperature, and potential
evapotranspiration) that are representative of plausible future
conditions. These were input into a conceptual rainfall-runoff
model to provide monthly time series of reservoir and tributary
inflows. A water resource systemmodel was then used to simulate
monthly water allocations, demands, diversions, flows along river
reaches, and environmental flow releases. Finally, ecological
models were used to project ecological condition for 12
different endpoints at the key environmental reaches. These

TABLE 1 | Key environmental flow components in Kaiela (Goulburn River). Adapted from Horne et al. (2020).

Priority Flow component Magnitude (ML/d) Duration (days) Timing Frequency

1 Year round baseflow 500-1,000 (summer and autumn). Greater than
500 (winter and spring)

Continuous Continuous Yearly

2 Overbank or high flows Up to 30,000 opportunistically 5 days at peak
(opportunistically)

Late winter/spring >10,500 every year. >20,000
7 in 10 years

3 Early spring fresh 5,000 to 10,500 7 days at peak Early spring Yearly

4 Autumn fresh >5,700 7 days at peak Growing season
(March-April)

Yearly

5 Late spring fresh >5,600 2 days at peak Nov-Dec Yearly

6 Winter-spring variable
baseflow

Mimic natural variability. >500 Continuous Winter/spring Yearly

FIGURE 2 | Modelling and assessment framework used in this study.
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models are sensitive to daily flow statistics, so a disaggregation
method (John et al., 2021b) was used to estimate daily flows at this
site. The analysis was repeated for each individual adaptation
option and for different combinations of options.

2.4 Stochastic Data Generation and Climate
Change
We used a stress-testing approach that models system
performance under various combinations of possible climatic
changes that go beyond the ranges and combinations of changes
projected by general circulation models (GCMs). The benefit of
this approach is that it allows the performance of current and
alternative adaptation options to be assessed over a wider range of
joint climate changes than is possible using more traditional
scenario-based climate projections (Brown and Wilby, 2012).
Whilst stress-testing does not require stochastically generated
data, the use of stochastic data facilitates the exploration of system
performance under plausible climatic sequences that have not
been observed in the historic records (such as multi-year
droughts), which may include hysteretic behavior that varies
with antecedent conditions (John et al., 2021a). Many
ecological processes and rates of recovery and decline are
sensitive to specific flow sequences and differing antecedent
conditions (Shenton et al., 2012; Wang et al., 2018; Wheeler
et al., 2018).

Timeseries of monthly precipitation and monthly average daily
maximum temperature were generated using the stochastic stress
testing framework developed. This framework allows for
perturbations of long-term precipitation and temperature
statistics to produce stochastic scenarios that are representative of
changes in future climate. The adopted framework includes options
for simulating changes to long-term average precipitation,
precipitation seasonality, low-frequency variability of
precipitation, long-term average temperatures and non-stationary
runoff responses [temporary or permanent changes in the
relationship between rainfall and runoff linked to long-term
drought (Saft et al., 2015)]. Here, we only simulate changes to
long-term annual precipitation and temperature. Previous work has
shown that other changes may impact on ecological outcomes, but
we have limited the analysis for the following reasons: Ecological
outcomes in the regulated reaches of the Goulburn River are more
sensitive to changes in long-term average precipitation and
temperature than other climate variables; projections of changes
in rainfall-runoff relationships, whilst potentially very significant for
ecological outcomes, are highly speculative and subject to
considerable uncertainty; current policy guidelines for assessing
the impact of climate change on water resources developed by
the state water agency focus solely on changes in long-term
annual rainfall and temperature.

The bounds on changes in long-term average precipitation
and temperature were informed by an ensemble of 37 GCM
projections from CMIP5 (Taylor et al., 2012). Climate model
outputs were bias-corrected using an annual quantile-quantile
scaling approach (Johnson and Sharma, 2011), and then change
factors were calculated by comparing the running mean of 30-
year periods centered around a given year to a baseline set at

1980–2009. For example, the change factor for 2065 represents
the mean of the period 2050–2079 relative to the mean of
1980–2009. These change factor projections for the Goulburn
River basin for each individual GCM and the multi-model mean
are shown in Figure 3. Stress testing bounds were extended a
short way beyond the total envelope of change factors from
climate projections up to 2065. We tested changes in long-
term average precipitation from −30 to 15% of the baseline,
and increases in temperature from 0 to 4°C. These range of
changes are referred to as the tested “climate space.”

Later, in presenting stress testing results, we used change
factors for centered around 2040 and 2065 for two emissions
scenarios of RCP4.5 and RCP8.5. This is done to contextualize
GCM climate projections with the modelled climate change space
as part of the stress test.

2.5 Rainfall-Runoff Modelling
The WAPABA model (Wang et al., 2011) was used to simulate
monthly rainfall-runoff responses. This model was selected as it
has been found to outperform other monthly models (and some
daily models) in simulating monthly streamflow in Australian
catchments, and in this region specifically (Wang et al., 2011).
The WAPABA model was calibrated using an approach which
explicitly accounts for model behavior over multi-year wet and
dry periods in the historic record (Fowler et al., 2016), separate
calibrations were undertaken for different sub-areas of the
Goulburn catchment (reflecting hydrological differences over
the 1.6 m Ha area) and these were recombined spatially as
required to provide the inflows for the different inflow points
of the water resource model.

2.6 Water Resource Modelling
A simplified model of the river systemwas used to predict flows at
various key areas in the regulated river network. This model was
based on the state water agency’s detailed daily planning model,
but with reduced spatial detail and operating on a monthly
timestep. The model was calibrated to ensure adequate
representation of the flow regime at key ecological flow
reaches. The simplified model was necessary to reduce the
time needed to undertake the stress tests, each of which
requires thousands of model runs. Since ecological outcomes
are sensitive to daily flow patterns, a disaggregation scheme (John
et al., 2021b) was used to produce daily outputs from monthly
flow data at specific river reaches. The disaggregation scheme
considers both antecedent catchment wetness as well as flow
magnitude, and has been shown to outperform daily rainfall-
runoff modelling for a variety of purposes, but especially for
modelling ecologically relevant flow statistics under a non-
stationary climate (John et al., 2021b). Regulated dam releases
for irrigation deliveries and bulk inter-valley water transfers (but
not for environmental water releases) were disaggregated
uniformly as typically their within-month variability is low.

2.7 Metrics to Define System Performance
The Goulburn River is managed for multiple objectives—mainly
irrigation water supply and environmental outcomes.
Environmental flows are predominantly provided through
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water entitlements, and the availability of environmental water is
thus also a function of system reliability. Accordingly, we
investigated current system performance and the effect of
adaptation options on the reliability of high security water
shares, as this is representative of the general reliability for
water users. Reliability in this instance was represented by the
proportion of years that allocations are fully provided.

We used two different metrics to assess freshwater
ecosystem outcomes. The first metric is simply the average
annual volume of environmental water shortfall. This shortfall
is calculated by subtracting the modelled river flows from the
sum of annual flow environmental components. This metric
was selected as it has formed the basis for setting
environmental water recovery targets in the basin
(Murray–Darling Basin Authority, 2010). Ideally,
environmental water demands are fully met (or exceeded)
each year, but low water allocations or constraints on
delivery mean that not all flow recommendations can be met.

The second, more complex metric is derived using sequence-
based ecological models that explicitly calculate ecological
condition through time (Bond et al., 2018; Horne et al., 2018b;
Horne et al., in prep, this issue). Thesemodels have been developed
for 12 different ecological endpoints reflecting key river values
identified in themost recent environmental flow recommendations
update (see Table 2 for short description, and Supplementary
Material for more detail). The models use conditional probability
networks which take certain flow components and other
phenological inputs (such as habitat quality and food
abundance) and project how ecological processes, and
ultimately the ecological condition of the endpoints, respond
(Horne et al., 2018b). The models are sensitive to different
hydrological sequences since their condition at a point in time
also depends on conditions in the previous time step. Somemodels
are dependent on the outputs of others, such as fish recruitment
rely on macroinvertebrate outcomes (as a source of food). All
models were structured and parameterized using a combination of
expert elicitation and data integration using observations where
possible. Projected ecological condition is updated at an annual
time step (Horne et al., 2020).

To summarize the results of twelve difference ecological model
outcomes in one metric, we report the number of models inside a
tolerability range for each climatic simulation. The tolerability range
for each ecological endpoint was set according to the range of
behavior found under a set of baseline conditions. An example of
this calculation is shown below (Figure 4), but the method follows
that of Nathan et al. (2019). The baseline was established using the
distribution of ecological outcomes simulated using 100 replicates of
stochastic streamflows. For each climatic scenario considered, the
distribution of outcomes across 100 replicates was compared to the
baseline and the proportion of the non-overlapping portion of this
distribution estimated. The tolerability limit is set at −0.5. Whilst
this does not represent ecological tolerability in absolute terms
(i.e., strict physical limits to species survival), it does represent the
point at which the influence from climate change on ecological
outcomes will exceed the influence from natural climate variability
based on current river management and operating rules. Such a
metric was chosen as it allows direct comparison across the twelve
models. It is also theoretically sound in the assumption that impacts
will be felt more acutely when the range of conditions faced under
future climate departs from the range typically experienced (Horne
et al., 2019).

For the reliability and environmental water shortfall metrics, 50
replicates of 50 years long were generated for each combination of
precipitation and temperature change. The mean of the 50
replicates was then used as the response. We used more
replicates for the ecological models (100) to better characterize
the distributions, but shorter sequences of 20 years were used as
these are more relevant for management considerations and more
closely align with the longest critical phenological period in the
ecological models (generally floodplain vegetation).

2.8 Adaptation Options
Three different adaptation options were developed in cooperation
with water management agencies to improve environmental
water outcomes in different climatic regimes. These are
summarized in Table 3 and further described below.

The first option involved increasing the environmental water
entitlement by recovering water from other users in the system.

FIGURE 3 | Climate model projections for annual precipitation and temperature for the Goulburn River basin for RCP8.5. Each colored line is a CMIP5 model
projection. The bold black line is the multi-model-mean projection.
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TABLE 2 | Models of twelve key ecological endpoints for the Goulburn River, including the flow components they rely on to support individual ecological processes.

Model Description Key flow components Other influencing
models

Non-flow factors

Opportunistic fish
Periodic fish
Equilibrium fish

Fish population is influenced by three primary
drivers, the survival, recruitment and movement of
the population. Fish species must be able to
spawn, survive through to adulthood and disperse
within the catchment. Survival is a function of how
many fish there are to begin with, and how good
conditions are for survival. Movement in all three
populations is influenced by connectivity
throughout the catchment and, for the periodic
fish, to the larger Murray-Darling basin.
Recruitment is present in all three models as
drivers of overall population health but is
significantly different among the three models

Overbank Geomorphic
complexity Macro-
invertebrates

Temperature
Bank full
Spring Fresh
Baseflow
Rise and fall during nesting

Floodplain vegetation The Lower Goulburn River Floodplain supports a
range of flood-dependent vegetation communities
including river red gum (Eucalyptus
camaldulensis) open forest woodland. Smaller
areas of grey box (E. microcarpa) open forest
woodland with associated yellow box (E.
melliodora), white box (E. albens) and black box
(E. largiflorens) occur on higher parts of the
floodplain). Floodplain condition is influenced by
inundation events but also riparian management
and control of illegal logging

Overbank flows Excess litter
Proportion of tributary inflows Logging
Rainfall Cool fire (an indigenous

approach to manage excessive
litter accumulation)

Mid bank vegetation Vegetation on the mid bank varies from species
intolerant of prolonged inundation at the boundary
between the mid and upper bank such as Poa
labillardierei (Common tussock grass), to species
tolerant of flooding but requiring flood recession
over summer, such as Pasaplidium jubiflorum and
Carex tereticaulis. Species at the lower elevations
including the littoral zone are adapted to tolerate
more frequent inundation and are less tolerant of
drying. These species include a range of sedge
and rushes (Cyperus eragrostis, Cyperus
exaltatus, Juncus spp.) and forbs including,
Persicaria hydropiper, Alternanthera denticulata
and Centipeda cunninghamii

Spring freshes, Autumn freshes
and subsequent high flows

Littoral vegetation Tributary flows, overbank flows,
summer base flows, summer
flow pulses

Turtles Forage habitat combined with macroinvertebrate
population are the key drivers that influence turtle
body condition. Body condition influences the
likelihood of breeding and egg production,
essential for population persistence

Overbank flow Macro-invertebrates Fishing Foxes
Littoral vegetation
Geomorphic
complexity
Bank stability

Bank stability Large-scale fluctuations in water level have the
potential to induce localized riverbank erosion and
slumping, particularly after rapid falls in water level.
Holding water levels constant for prolonged
periods can increase the likelihood of notching of
the riverbank

Summer rate of rise and fall
Summer flow max and variation

Instream production Instream primary production provides the basis of
the river’s food web. The amount of instream
productivity is determined by the individual
amounts of production from benthic algae,
phytoplankton and emergent plants

Overbank flow Nutrients
Base flow External light

Platypus Platypus populations are governed by the
antecedent population condition at the end of the
previous year plus the success of reproduction
during the current year. Reproductive success is a
function of the provision of burrow habitat in which

Late winter overbank flows Geomorphic
complexity

September to January high
flows relative to winter depth

Macro-invertebrates

(Continued on following page)
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This option increases the total pool of annual environmental water
by 100 GL and reduces other water entitlements proportionately.

The second option attempts to improve the effectiveness of the
environmental water delivery by relaxing river capacity issues.
Existing arrangements mean controlled releases downstream of
both Lake Eildon and Goulburn weir are limited to approximately

10,000 ML/d. This option assumes these limits can be raised to
15,000 ML/d, thereby allowing the delivery of higher flow pulses
assuming sufficient water allocations.

The third option involves a change to environmental water
management policy. There are existing minimum passing flow
requirements downstream of Goulburn Weir that are delivered

TABLE 2 | (Continued) Models of twelve key ecological endpoints for the Goulburn River, including the flow components they rely on to support individual ecological
processes.

Model Description Key flow components Other influencing
models

Non-flow factors

the young platypus are reared, and the ability for
adult platypus to find sufficient food to maintain
good body condition both prior to breeding and
after the birth of the young

Geomorphic complexity Geomorphic diversity supports ecological
diversity by providing hydraulic and physical
habitat. This includes different forms (e.g., bars,
benches, pools) and different substrates (e.g.,
gravels, sands and silts). Providing this instream
habitat complexity requires both channel forming
events (e.g., those that provide larger movement
of sediment through the system and formation of
the overall river form such as pools and bars), and
maintenance flows (e.g., to scour finer sediments
or redistribute mobile sediments such as gravels)

High flow
Fresh
Proportion of tributary inflows
Low flow fresh
Summer baseflow

Macro-invertebrates Macroinvertebrates are primarily conceived as a
means objective for this study—as a food supply
for native fish, platypus and turtles. The
macroinvertebrate biomass and diversity will be
partly affected by the antecedent population
condition—the biomass and diversity in the
previous year. Beyond this, macroinvertebrates
respond to the quality and provision of habitat
extent and diversity

Summer/autumn fresh Instream production Instream vegetation
Baseflow
Spring fresh

FIGURE 4 | Illustration of how the tolerability range is calculated, after Nathan et al. (2019). When the proportion of the non-overlapping future distribution is greater
than 0.5, the dominant influence on the distribution of outcomes shifts from existing (or natural) variability to the imposed (climate) change.
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outside of the environmental water allocation process. This option
increases seasonal passing flows to deliver a fresh event of moderate
magnitude in the winter/spring months, which is an important flow
component for multiple ecological endpoints. The precise timing of
such events depends on water availability and environmental
demands which vary year to year. It can be delivered over the
July to October period, as there is some flexibility in the timing of
spring pulses (see Table 1), and at a peak magnitude of 3,000ML/d,
not including additional tributary flows.

All options were modelled individually and in all possible
permutations, giving a total of seven adaptation scenarios and
current conditions. Options are abbreviated as follows: increased
entitlement (IE); relaxed constraints (RC) and seasonal passing
flows (PF). If a combination of options is discussed it uses the

requisite combined abbreviation (i.e., IERC for the combination
of increased entitlement and relaxed constraints).

3 RESULTS

The results of the stress test are first presented for the three
metrics of water supply reliability, environmental water
shortfalls and the ecological model outcomes under baseline
(i.e., no adaptation) conditions. Next, the results for the three
metrics are presented for each individual adaptation option,
and these are followed by the results obtained for different
combinations of the options. Only a selected set of results are
presented here in order to illustrate the main findings but

TABLE 3 | Summary of different adaptation options trialed in this study. Options are modelled individually and in all combinations.

Adaptation option (short
name)

Description Rationale

Increased environmental
entitlement (IE)

Environmental entitlements in the system increased by 100 GL, other
entitlements reduced commensurately

Increasing the environmental water entitlement will increase the
volume of water able to be delivered as environmental flow

Relaxed river
constraints (RC)

Maximum regulated releases raised from 10,000 ML/d to 15,000 ML/
d in all river reaches

Relaxing constraints will allow higher flow components to be delivered
assuming sufficient environmental water allocations

Seasonal pulse flow (PF) Increased existing passing flows to deliver a moderate fresh event in
Spring months. This occurs before other water is allocated to users

This flow component is important for many ecological endpoints.
Increasing its priority in the allocation process to match that of
passing flows means it can be delivered even in dry years with low
water allocations

FIGURE 5 | Stress testing results for current system conditions (no adaptation) according to three output metrics: (A) allocation reliability; (B) environmental water
shortfalls; and (C) ecological model responses. Note the x and y-axes are identical for all three plots. GCM outputs are plotted over failure surfaces for two time periods
and two emissions scenarios. Also highlighted is the system performance in the absence of climate change (0, 0).
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results for all combinations of options are presented in
Supplementary Material.

3.1 Current System Stress Test
System performance under current conditions (no adaptation) is
shown in Figure 5 for the three different response metrics.
Allocation reliability for the current climate is about 91% (see
highlighted value at (0, 0) in Figure 5A). System reliability is
more sensitive to changes in precipitation than temperature,
indicated by the near vertical contours in Figure 5A, and this
is generally true for all output metrics. Sensitivity of reliability to
changes in climate increases once mean annual precipitation
drops to ∼−10%, as is seen in the decrease in contour widths.
This variable sensitivity of reliability is significant because a large
number of climate model outputs for both emissions scenarios
are clustered in this region. System reliability is nearly zero for the
driest and warmest combination of tested climate changes (top
left-hand corner, Figure 5A).

There are many similarities between the stress test results for
environmental water shortfalls and reliability since available
environmental water volume depends on water allocations in
the system. Despite the large environmental water entitlement,
there is still on average 152 GL/year of shortfalls in meeting flow
recommendations in current climatic conditions (see 0, 0 in
Figure 5B). Most shortfalls occur during the wetter periods,
demonstrating river capacity issues in delivering higher flows
in wetter years alongside other irrigation transfers.

The ecological models show a clear window of favorable
conditions for different climates (vertical white band in
Figure 5C). In some cases, significantly wetter conditions are

intolerable (pink area to the right of the white band—models
affected were bank stability, littoral vegetation, platypus, and
instream production). However, the major mode of
intolerability is too little water, not too much, as evidenced by
the large darker pink area to the left of Figure 5C. Typically,
models that are stressed under wetter conditions also benefit from
drier conditions, which explains why even under extremely dry
conditions not all 12 models are outside of the tolerability range.
Changes in mean annual precipitation of ∼−10% are significant as
most models are outside tolerability limit of −0.5 for these drier
conditions. The threshold of precipitation change that causes
models to leave the tolerability range is slightly modulated by
changes in temperature, with temperature increases reducing the
threshold. Beyond ∼−20% changes in mean annual precipitation
the maximum number of models (eight) are stressed. The
ecological model outputs may be more useful for directly
assessing ecological outcomes as they offer more direct
information on the ecological significance of climate change
compared to the environmental water shortfall metric.

It is worth further investigating the extent of existing river
capacity issues. This can be done by looking at what is driving the
environmental water shortfalls, especially for wetter conditions
when water resources should be plentiful. Figure 6 shows a
similar stress test output to Figure 5 but describing
constrained water delivery (i.e., allocated environmental water
that cannot be delivered due to river capacity constraints), and
the proportion of shortfall categorized into low and high flow
components. Here a high flow component is the portion of any
flow component above 5,000 ML/d. This threshold translates to
between the 10th and 20th flow exceedance percentiles based on

FIGURE 6 | Stress testing results for current system conditions showing: (A) constraints (allocated environmental water that cannot be delivered due to river
capacity constraints); (B) and the low flow proportion of the environmental water shortfall; and (C) the high flow proportion of the environmental water shortfall.
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FIGURE 7 | Stress testing results for selected adaptation options relative to baseline performance in Figure 4. (A–C) for increased entitlement; (d–f) for relaxed
constraints; and (g–i) for both the above options. Note the x and y-axes are identical for all plots. GCM outputs are plotted over failure surfaces for two time periods and
two emissions scenarios. Also highlighted is the system performance in the absence of climate change (0, 0).
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historic records. The low flow component is any flow below
5,000 ML/d. Constraint issues are clear in baseline conditions
from the large volume of 165 GL/year of environmental water
that cannot be delivered (see (0, 0) in Figure 6A). This is roughly
equal to the total environmental water shortfall (Figure 5B) and
more than a quarter of the total environmental water entitlement.
Note that this water is not “lost,” as unused water can be carried
over and used later in the season. Rather it represents the annual
sum of water that could have been delivered for priority flow
components if not for flow constraints. There are still significant
constraints of 100 GL/year for climate projections with a decrease
in long term precipitation of 10%, but constraints decrease as the
climate gets drier as less water is allocated for environmental
water or irrigation. High flows make up approximately three
quarters of the shortfall under the existing climate. This
proportion stays remarkably constant through changes in
climate, although as conditions get hotter and drier, low flows
make up a progressively higher portion of the total shortfall.

3.2 Adaptation Responses
The adaptation response using increased seasonal baseflows (PF)
had almost no impact in reducing environmental water shortfall
or improving ecological modelling outputs, and it reduced
allocation reliability (see Supplementary Material). This was
also true when combined with any other adaptation option. It
is likely that the volume of water and scope of this option is
insufficient to affect the flow regime and deliver tangible
ecological benefits. As such, this option is no longer
considered in the following results, but full results can be
found in Supplementary Material.

The remaining options for adaptation include the increased
environmental entitlement, relaxed constraints, and their
combination. These three results are presented in Figure 7.
Figure 7, which shows the difference rather than the absolute
values (where “difference” refers to change relative to the “no
adaptation” case in Figure 5). For example, in Figure 7 below,
response surfaces show the increase in reliability, reduction in
environmental water shortfall and change in number of models
within the tolerability range. Results for each option not relative
to the baseline (i.e., the same arrangement as Figure 5) can be
found in Supplementary Material.

The increased entitlement (IE) option reduces allocation
reliability compared to the baseline for much of the tested
climate space, with slightly higher reductions around moderate
reductions in mean annual precipitation (Figure 7A). The
reasons for reliability reductions are unclear, but seasonal
water use and carryover of allocation from 1 year to the next
is different between irrigators and environmental water
managers, so it is conceivable that this has some influence on
reliability. It is worth remembering however, that in this example
the increased environmental entitlement comes from other water
users in the system. From Figure 7B, there is relatively little
benefit to addressing environmental water shortfalls in the
current climate regime, with reductions in shortfall of only
4 GL/year. Reductions in shortfall become larger for a hotter
and drier climate, presumably linked to less frequent existing
constraint issues in dry climates, and thus maximizing the

usefulness of the increased entitlement. Ecological model
outcomes show marginal improvement for conditions around
a moderate degree of drying climate (between 5 and 10%
reductions in mean annual precipitation), but worse outcomes
for wetter climates (Figure 7C). In this instance, higher
environmental entitlements increase overall river flows in
downstream reaches, which would have otherwise been
diverted for irrigation. This has negative consequences for the
models known to be sensitive to seasonally high flows (bank
stability, littoral vegetation, platypus, and instream production).

The relaxed constraints (RC) option increases allocation
reliability, from ∼2.5% in the current climate up to 5% for
moderately drier and hotter conditions (Figure 7D). This also
had the benefit of not reducing other water user entitlements
compared to option IE. The driving factor here appears to be that
RC tends to improve airspace since water can be used more
rapidly (e.g., releasing relatively larger floods for environmental
purposes), freeing up space in reservoirs and increasing the ability
of the reservoir to intercept subsequent flows. For the current
climate, overall spill volumes are 17% lower in RC compared to
the baseline, but there is no difference in mean reservoir storage
level in model simulations. Shortfall reductions were more
apparent for scenarios with relatively small changes in mean
annual precipitation (Figure 7E). Unlike IE, RC becomes less
effective at reducing shortfalls for progressively drier climates,
again, presumably because river capacity issues become less
common with reducing streamflows. Ecological model
responses are stronger than the IE case, with improvements in
moderately drier climate but poorer outcomes in wetter climates
(Figure 7F). The RC option ultimately leads to higher river flows
in wetter climates compared to the baseline as it allows the
delivery of higher flow components and larger inter valley
transfers.

The option combining both increased entitlements and
relaxed constraints (IERC) has some significant overall benefits
for reliability and ecological outcomes. Interestingly,
improvements in allocation reliability and environmental
shortfalls are greater than the sum of the benefits of each
option individually (Figure 7G). The reductions in reliability
from IE were no longer apparent when combined RC. Reliability
increased from 3.4% in the current climate up to 8% for
moderately drier and hotter conditions (although this option
still ultimately reduces entitlement for non-environmental water
users). This greater than additive response was also true for
reductions in environmental water shortfalls, which are at
their highest for moderately dry and hot climates (Figure 7H).
This blends the responses from IE, which offers higher benefits in
dry climates, and RC, which reduces shortfall more for the
current and wetter climates. Ultimately, this provides
significant improvements in a large portion of the climate
space projected by GCMs for all emissions scenarios and
future periods investigated. Ecological model outcomes are
more favorable still for drier and hotter conditions compared
to IE and RC (Figure 7I). However, this comes at the expense of
even poorer conditions in wetter climates for those models that
are sensitive to higher river flows, including reductions in
ecological outcomes in the current climate.
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A simple way of assessing the sensitivity of individual ecological
models to climate change is the sequence in which they leave the
tolerability range. Table 4 shows this sequence as conditions get
progressively drier. Hence, Table 4 generally shows descending
sensitivity to a drier climate, with more sensitive models at the
top and less sensitive at the bottom. Note that as some models leave
their tolerability range at the same magnitude of precipitation
change, their sequence is recorded as the same. Since ecological
models are more sensitive to precipitation, the temperature increase
is held steady at 2°C for the purposes of Table 4. Adaptation options
primarily improve outcomes for fish models compared to the
baseline. Adaptation increases the range of change in mean
annual precipitation these models can tolerate by up to 10%.
Models that have poorer outcomes under adaptation scenarios in
wetter climates almost all have interdependencies on bank stability
outcomes. Instream production, littoral vegetation, and platypus
models also all have seasonal requirements for flows remaining
below a certain range. It is conceivable that an adjustment in system
management, such as changes in the way IVTs are delivered in
summer, can reduce the sensitivity of these models to wetter
climates. However, bank stability outcomes are sensitive to high
flows at any time of the year. Since bank stability is still linked to
instream production, littoral vegetation, and platypus models, there
is a degree of sensitivity that likely cannot be reduced through
seasonal flow management.

4 DISCUSSION

4.1 The Role of Stress Testing for
Environmental Flows Management
There is a widely accepted challenge in how to include climate
change considerations in environmental flow recommendations
and management (Acreman et al., 2014; Horne A. C. et al., 2017;
Poff, 2018). This case study demonstrates that a stress testing
approach, commonly applied to other water resource challenges,
can inform the appropriate combination of water recovery with
other policy settings and river management practices to achieve

environmental objectives under a range of plausible futures.
Proposed environmental flow regimes can be evaluated for
their sensitivity to different climatic regimes before substantial
investments in water recovery or environmental legislation are
made. Or like in this case study, existing environmental flow
arrangements can be augmented to deliver more robust outcomes
under climate change. Our results showed important thresholds
for precipitation change that lead to non-linear reductions in
system reliability and ecological change. These manifested
around a decrease in precipitation of 10% (slightly modulated
by temperature increases). Using a more traditional climate
scenario-based assessment limits the range of uncertainty in
climate inputs that can be explored and does not offer insights
into potentially important thresholds of climate change or
ecological response.

Stress testing approaches can also be easily adapted from
assessing long-term climate change risk to shorter-term risk
such as droughts (Hall and Leng, 2019), simply by changing
the time period over which responses are evaluated. In such cases
there might be slightly different stressors considered, and the
requirements of water resource and ecological modeling may
change, but the stress testing principles of exploring vulnerability
to uncertainty in system inputs are equally applicable.

Adaptation for freshwater ecosystems under climate change
can also be supported by advances in environmental flows
optimisation (Horne et al., 2016) and machine learning
approaches for hydrological and ecological models (Sit et al.,
2020). Optimisation can assist in short-term active management
of environmental water (Horne et al., 2018) or longer-term
setting of flow recommendations (Horne A. et al., 2017).
Machine learning approaches can offer significant predictive
accuracy for ecological responses to change (McKay et al.,
2019), although risk a loss of transparency and easily
interpretable outcomes for stakeholders (Hain et al., 2018;
Kennen et al., 2018). Integrating complex models into a stress-
testing methodology can be computationally expensive, but
typically once training has been performed machine learning
models are quick to run. Approaches based on historic data must

TABLE 4 | Sensitivity of ecological models to changes in long-term annual precipitation for current conditions and each adaptation option. The sequence in which models
leave their individual tolerability range is given, as well as the precipitation change threshold when they leave their range. Note that some models leave their tolerability
range at the same precipitation change hence their sequence is recorded together.

Model Sequence in which models leave tolerability
range for drying climate

Precipitation change threshold at 2 °C of warming

No adapt IE RC IERC No adapt (%) IE (%) RC (%) IERC (%)

Geomorphic complexity 1 1 1 1 −5 −5 −10 −10
Periodic fish 1 1 1 2 −5 −5 −10 −15
Equilibrium fish 1 1 1 2 −5 −5 −10 −15
Floodplain vegetation 1 2 1 1 −5 −10 −10 −10
Opportunistic fish 1 2 1 2 −5 −10 −10 −15
Macroinvertebrates 2 2 1 2 −10 −10 −10 −15
Mid bank vegetation 2 3 2 3 −10 −20 −20 −20
Turtles 3 4 3 3 −25 −25 −25 −20
Bank stability n/a n/a n/a n/a 15 15 5 5
Littoral vegetation n/a n/a n/a n/a 15 10 5 0
Instream production n/a n/a n/a n/a n/a 15 10 10
Platypus population n/a n/a n/a n/a n/a 15 15 15
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be mindful when extrapolating to potentially novel climate or
ecological conditions, and in these cases mechanistic models may
help in providing sounder projections (Tonkin et al., 2019). This
is especially important for stress testing approaches which
typically aim to expose vulnerability under highly uncertain
future changes.

4.2 Significance of Results
There are distinct differences in the inferences made from
comparing adaptation options using the broader shortfall
metric and the outputs from ecological models. We argue
that the ecological model outputs are more useful for
assessing the effects of climate change on environmental
flow outcomes. The shortfalls metric implies that,
notwithstanding particular characteristics of individual
options, all options offer benefits through reductions in
shortfall in various regions of the tested climate change
space. The ecological models, however, demonstrate that all
adaptation options were suited for a hotter and drier future
only when combined with other existing river management
practices. For wetter futures (of which there is still a possibility
implied by the spread of GCM projections) the adaptation
options lead to poorer outcomes overall. Whilst perhaps
counter intuitive, this is due to the operation of the river to
meet consumptive water needs along with environmental
flows; the delivery of these consumptive flows has more
impact in wetter years.

This result highlights some of the challenges for devising
environmental flow recommendations. In water limited
locations such as Australia where the largest impact on
regulated rivers has historically been irrigation diversions,
most recommendations are concerned with minimum flows to
meet species needs, and most environmental flow planning
objectives have been framed around water recovery. In this
context, the concept of a “shortfall” metric makes sense.
Nonetheless, flow recommendations should always include the
full range of ecologically relevant flow components including
maximum flows. In other words, particularly when considering
climate change, they should present the envelope of acceptable
flow conditions and sequences. This concept is perhaps more
familiar in the USA or Europe, where there is a more common
precedent of implementing environmental flows to mitigate river
regulation from hydropower infrastructure (Poff et al., 2007). The
emergence in recent years of summer inter valley transfers as a
flow management issue in the Goulburn River illustrates that this
issue can also arise in drier climates. As the case study
demonstrates, not including the full range of ecologically
relevant flows in decision frameworks increases the risk of
making maladaptive decisions around effective intervention
under climate change. Using mechanistic ecological models to
project ecological condition offers a way to make more informed
decisions on the robustness of adaptation and can more clearly
highlight potentially important thresholds in ecological response
(Horne et al., 2019; Tonkin et al., 2019). The methods we use here
are equally applicable in other basins around the world. A benefit
of the stress testing approach is the flexibility to tailor the
assessment to almost any degree or type of system change,

whether climate-related or a more internal basin issue such as
land clearing. However, in all cases, output metrics and
definitions of baseline performance should carefully consider
the more local water management objectives and issues within
the basin.

High flow components are the first to be affected in drying
climates. Increases of daily rainfall intensities can offset drier
soil moisture regimes and improve natural catchment inflows,
but this typically only affects larger floods that are too rare to
provide year-to-year key ecological needs (Wasko and Nathan,
2019; Wasko et al., 2020). This work demonstrates the
importance of maintaining high flow regimes for ecological
outcomes using regulated river releases to “piggyback”
declining natural catchment inflows under drying climates.
As a general environmental watering strategy, more targeted
delivery of key flow components is an effective way to
maximize the ecological benefit of environmental flows
(Horne et al., 2018a). Options that increase flexibility for
environmental water managers can be more effective over a
wider range of climatic conditions.

The reliability metrics conveyed that dry climate futures have
significant implications for water availability in the river. Testing
of adaptation options to support environmental flows suggest
that while a degree of climate change can be accommodated
through changed operational and policy settings, larger climate
changes cannot be adapted to using any of the options tested here.
Reductions in long-term average precipitation of >20% stress the
maximum number of ecological endpoints regardless of
interventions. Although we do not go into detail on
implementation viability of any of the options presented here,
they do represent significant investments in infrastructure or
policy change. Under very dry climate futures preserving current
ecological values may become an increasingly untenable goal in
this river system, and perhaps many others. This could be
considered through an adaptation pathway planning process,
which may also include options for transformation and
considering a shift in objectives for the environmental flows
program. With regard to pathways planning, our results here
imply that relaxing constraints may be a better option for the
immediate future rather than increasing environmental
entitlements. The stress testing approach can be useful for
sequencing implementation of adaptation to highlight low-
regret pathways.

4.3 Confounding Factors
There are two major sources of uncertainty that limit analyses of
adaptation effectiveness for freshwater ecosystems. The first of these
is deep uncertainty in how the climate may respond to greenhouse
gas emissions. Stress testing methods can explore uncertainties by
testing various combinations of changes that may not be considered
using downscaled climate projections, but it is infeasible to test every
conceivable way in which the climate may change. Changes in the
seasonal distribution of precipitation is projected by GCMs in the
Goulburn River basin (Timbal and Jones, 2008). Potential changes in
low-frequency variability of precipitation that affects the frequency
or duration of multi-year dry periods will also influence reservoir
reliability and high and low tributary inflows. We originally focused
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on changes to long-term average precipitation and temperature
because they were shown to be more influential than seasonality
or low-frequency variability for ecological outcomes in the regulated
reaches of the Goulburn River. Further work could assess adaptation
to additional changes beyond long-term average precipitation and
temperature as either knowledge of future climate changes or
ecological stressors increases. There are still challenges with
communicating higher dimensional (i.e., more than two) changes
in a larger number of climatic variables in stress tests in a manner
that assists decision making for flow managers, although this is
ongoing area of research (Culley et al., 2021).

More uncertain still are changes in landscape, hydrological
and ecological properties as a result of climate change. These have
the potential to be highly influential to environmental water
outcomes. This is a diverse set of changes but broadly includes
changes in land-use patterns (Kuemmerlen et al., 2015),
vegetation cover and vegetation water use behavior (Frank
et al., 2015; Tietjen et al., 2017), non-stationary rainfall-runoff
responses (Peterson et al., 2021), and ecological dynamics
(Anderson et al., 2006; Wolkovich et al., 2014). Some of these,
such as the impacts of land-use change, can be included in current
hydrological models. However, there is limited opportunity to
include biophysical dynamics or non-stationary runoff responses
in hydrological models (Blöschl et al., 2019). Non-flow drivers of
ecological outcomes are important to include when establishing
flow-ecology relationships in ecological models (Poff and
Zimmerman, 2010; Poff, 2018). Some of these drivers are
included in the ecological models used in this study, such as
bushfires, sediment and nutrient regimes and predator-prey
relationships. But there are more fundamental problems with
making projections for these influences compared to flows, which
can be relatively more easily simulated with hydrological and
water resource models. For example, in the turtles model one of
the most influential factors in turtle population is coincident fox
population (which predate offspring). But it is extremely
challenging to project fox populations responses to climate
change. Moreover, non-flow drivers of ecological responses
may themselves be subject to intervention in order to improve
environmental flow outcomes (Nicol et al., 2021). Such
“complementary measures” are being actively explored in
Australia and other water-limited jurisdictions and will almost
certainly become part of the toolset for improving ecological
outcomes for environmental flows under a drying climate.

5 CONCLUSION

This study shows that stress testing methods are an effective way
to assess the sensitivity of environmental water outcomes and the
robustness of adaptation options to uncertain changes in climate.
The stress testing reveals shortcomings in current system
management, vulnerability of irrigation and environmental
water to a drying climate, and general limits to the tolerability
of ecological endpoints to changes in long-term climate. It also
shows the regions of the future climate space (i.e., hot or cool, dry
or wet) in which different adaption options are most effective.
Combining the increased environmental entitlement and relaxed

constraints adaptation options together provide a very robust
reduction in shortfalls across almost the entire tested climate
space. However, the ecological models suggest that while these
options are effective at increasing ecological resilience under
drying climates, they risk deteriorating outcomes for some
models under wetter climates. The apparent effectiveness of
adaptation options, and potentially the recommendations from
an impact or adaptation assessment depend on the type of
response metric used. Therefore, the use of multiple metrics
for adaptation effectiveness, particularly those incorporating
mechanistic relationships and ecological dynamics, helps
reduce maladaptation risk under climate change.

One of the starker results from this study is none the options
tested here could adapt ecological outcomes to stronger impacts
of a drying climate. Multiple GCMs project reductions in mean
annual precipitation between 10 and 20% by 2065 even under a
moderate emissions scenario of RCP4.5. This degree of climate
change causes severely low water allocations in the system, large
environmental water shortfalls and leads to worse outcomes for
most ecological endpoints in the river system regardless of
adaptation attempts. This suggests that river managers should
be prepared for potentially inevitable transitions in regulated
river ecosystems unless aggressive climate change mitigation
efforts are pursued.
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