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1. Glossary

Table S1: Glossary adapted from the Murray-Darling Basin Long Term Watering Plans (LTWPs) (DPIE, 2020).

Word/Phrase

Definition

Bankfull flow

Baseflow

Basin Plan

Cease-to-flow

Ecological function

Ecological objective
Ecological target
Ecological value

Environmental asset

Ecological theme

Environmental water
requirement (EWR)

Flow category

Flow-dependent asset

Flow regime

Freshes

Hydrograph

Indicator

Key environmental
asset

Key ecological value

Large fresh

River flows at maximum channel capacity with little overflow to adjacent floodplains. Engages the riparian zone,
anabranches and flood runners and wetlands located within the meander train. Inundates all in channel habitats
including all benches, snags and backwaters.

Reliable background flow levels within a river channel that are generally maintained by seepage from groundwater
storage, but also by surface inflows. Typically inundates pools and riffle areas.

The Basin Plan as developed by the Murray-Darling Basin Authority under the Water Act 2007.

The absence of flowing water in a river channel. Partial or total drying of the river channel. Streams contract to a
series of isolated pools.

The resources and services that sustain human, plant and animal communities and are provided by the processes
and interactions occurring within and between ecosystems.

The defined goal for a state, condition or characteristic of an ecological asset or function.

Level of measured performance that must be met to achieve the defined objective.

An object, plant, animal or process which has value based on ecological significance.

An object, area, species or ecological community that has ecological value, e.g. wetlands, species, riverine forests.

Ecological groupings that reflect high-level values and management priorities in the MDB (Native fish, Native
vegetation, Waterbirds, Other species, and Priority ecosystem functions). Depend on

The water required to support the completion of all elements of a lifecycle of an organism or group of organisms
(taxonomic or spatial), consistent with the objective/target, measured at the most appropriate gauge. Includes all
water in the system including natural inflows, held environmental water and planned environmental water.

The type of flow in a waterway defined by its magnitude, season, shape and role (e.g. bankfull).

In the context of the LTWPs, this an ecosystem, community or species that depends on periodic or sustained
inundation, waterlogging or significant inputs of surface water for part or all of its lifecycle. See also water-

dependent.

The pattern of flows in a waterway or wetland over time that will influence the response and persistence of
plants, animals and their ecosystems.

Temporary in-channel flow pulse that typically happens in response to rainfall or release from water storages.
Very important for a range of ecological values.

Graphical illustration of the occurrence of water (flows) through time.

A measurable quantity thought to indicate the achievement of a value or contributing to value achievement. Often
(but not always) hydrological, e.g. bankfull thresholds.

An asset that is identified for its special conservation significance based on selected temporal and spatial criteria.

A species or community that is identified for its special conservation significance based on selected temporal and
spatial criteria. Examples include Murray cod or river red gum woodlands.

A high-magnitude flow pulse that remains in-channel. May engage flood runners with the main channel and
inundate low-lying wetlands. Connects most in channel habitats and provides partial longitudinal connectivity, as
some low-level weirs and other in channel barriers may be drowned out. Highly important for aquatic ecosystems.



Long Term Water Plan

(LTWP)

Longitudinal
connectivity

Long-term target

Overbank flow

Planning Unit (PU)

Priority ecosystem
function

Priority environmental

asset

Sustainable diversion

limit (SDL)

Value

Very low flow

Value dimension

Water resource plan
area (WRPA)

Plans required of Basin States by the Murray-Darling Basin Plan. Long term water plans give effect to the Basin-
wide Environmental Watering Strategy relevant for each river system and will guide the management of water
over the longer term. These plans will identify the environmental assets that are dependent on water for their
persistence, and match that need to the water available to be managed for or delivered to them. The plan will set
objectives, targets and watering requirements for key plants, waterbirds, fish and ecosystem functions. DPIE is
responsible for the development of nine plans for river catchments across NSW, with objectives for five, 10 and
20-year timeframes.

The flow link along the length of a river.

5, 10 and 20 year ecological targets described in The Basin-wide Environmental Watering Strategy and LTWPs
Flows that spill over the riverbank or extend to floodplain surface flows.

A geographical division of a water resource plan area based on water requirements (in catchment areas in which
water is actively managed), or a sub-catchment boundary (all other areas).

In the context of the LTWPs, this is a water-dependent ecological function that can be influenced by
environmental water.

In the context of the LTWPs, is a place of particular ecological significance that contains values and functions that
are water-dependent and can be influenced by environmental water.

The total amount of water that can be extracted from Murray-Darling Basin rivers for human uses. Water in the
system above the SDL is protected to achieve environmental outcomes.

General term for any management target, typically assumed to be water-dependent here. Encompasses
economic, social, cultural, and ecological assets, e.g. economic performance, recreation opportunities, biodiversity

Minimum flow in a channel that prevents a cease-to-flow. Provides limited connectivity between pools and
maintains water level in refuge pools.

Alike to the spatial dimension defining the scale or aggregation in space, the value dimension defines the scales of
aggregation in values that are defined in the causal network.

Catchment-based divisions of the Murray-Darling Basin defined by a water resource plan.
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2. Component details

The HydroBOT architecture comprises three major processing components, the Controller,
Aggregator and Comparer, that receive data and information from several input sources, including
input scenarios, hydrological modeling, spatial data, causal networks and response models (Figure
S1, Table S2). Here we detail some specific details about each of these components and other
input sources.

Hydrographs
Each gauge and Causal : :
scenario K Spatlal units
I networ
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Aggregator

Response
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Models

Objectives at scale
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components
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Figure S1: Architecture of HydroBOT. Hydrographs are inputs, typically reflecting modeled scenarios or
historic flows. The flow of data during a modeling run follows the bold arrows, with the additional
components of the Causal network and Spatial units providing necessary grouping information for the
Aggregator. Dashed lines indicate that hydrographs and direct Response model output can utilize the
Comparer functionality directly. Causal networks are linked closely to each Response model and, while both
are defined externally to HydroBOT, they may require significant work to integrate into a compatible, modular
HydroBOT component, as was the case for the EWR tool example here, or may be quite simple, depending on
the detail available in the response model and their format. Spatial units are typically more general, often
polygons of management interest, and require only light changes to make compatible. Each set of boxes
represents a distinct component of HydroBOT, allowing changes to be made at any step in a modular way
without impacting the functioning of other stages.
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Table S2: Components of HydroBOT architecture. Input data is included here to discuss its properties, but is
not part of the architecture proper, which consists of three workflow components and three integrated
external components.

General HydroBOT

Type

General component

Specific components used in

components definitions our example
Hydrologic data (timeseries).
Typically representing multiple Modified historical hydrographs
scenarios, e.g. climate and to represent hypothetical
Input data Not part of HydroBOT A I & .I ; P vp I .
climate adaptations. May climate change and adaptations
include other inputs as needed (45 gauges, 15 scenarios)
by response models.
e er™  Setsplins odta and
Controller Workflow P ! parameters for EWR tool and

Response models

Aggregator

Comparer

Causal networks

Spatial data

External, integrated

Workflow

Workflow

External, integrated

External, integrated

toolkit components. Sets up
run(s).

A model of the response of
values, e.g. social, cultural,
environmental, or economic
values in response to hydrologic
drivers.

Aggregates response model
results to scales across the
dimensions of time, space, and
theme.

Compares scenarios (typically)
or other groupings. Provides
standard outputs including
comparison methods, plots, and
tables.

Describe causal relationships
between values.

Describe spatial relationships

aggregations.

EWR tool

Response model sets the base
scale for aggregation. EWR tool
assesses hydrologic indicators
(value) at gauges (space) and
year (time).

Comparison of environmental
values at various theme scales
for the example climate and
adaptation scenarios

Long Term Water Plan (LTWP)

Gauge locations, Sustainable
Diversion Limits (SDL) units,
Murray-Darling Basin

2.1 Included data

HydroBOT provides some datasets relevant for consistent spatial and value scaling in the Murray-
Darling Basin. Spatial data includes sf objects (spatial dataframes using simple features, as
implemented by the sf package, (Pebesma & Bivand, 2023) for the Murray-Darling Basin outline, all
gauges in the EWR tool, Sustainable Diversion Limit (SDL) units, Resource Plan Areas, Planning
Units in New South Wales, and catchments defined by the Commonwealth Environmental Water
Holder. These have all been prepared from relevant shapefiles from each agency. In addition, a
riverlines sf object is provided for visualization of the river network itself.

A causal network for the EWR Tool is provided, extracted from various sources including the EWR
tool itself, New South Wales water managers, and Long-Term Watering Plans. This network
includes levels for sub-EWR codes, EWR codes, environmental objective code, target groups,
species or other specific goals, management objectives, and 5-, 10-, and 20- year management
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targets (see glossary Section 1). Different levels are defined at different spatial scales; for example,
the mapping from EWR code to particular fish species typically should happen within a planning
unit or SDL unit, as that EWR code might map to a different species in another location.

2.2 Environmental Water Requirements (EWRs)

The EWR tool tests whether hydrographs meet certain requirements set out in the Long Term
Watering plans, typically regarding discharge or level, timing, and frequency of occurrence. An
example for one gauge is in Table S3.

Table S3: Environmental water requirements (EWR) for one example gauge (412002) in the Lachlan. Start
month, End month, and Min and Max flow define whether an event occurs. Days per year, consecutive days,
and events per year determine whether enough events occurred during a year. Target frequency is the
required number of years out of 10 with an event, while Max frequency is the maximum number of years out of
10 that can have an event. Max inter-event is the maximum number of years that can pass without an event.

Code Start End Min flow  Max flow Days per Consecutive Events per Target Max Max inter-
month  month  (ML/d) (ML/d) year days year freq. (%) freq. (%) event
CFl_c 7 6 0 0 1 1 1 7 0
CF1_b 7 6 0 0 18 18 1 5 0
VF_a 7 6 50 1000000 312 1 1 50 1
VF_b 7 6 50 1000000 173 1 1 100 1
BF1_a 7 6 160 1000000 246 1 1 50 1
BF1_b 7 6 160 1000000 110 1 1 100 1
BF2_a 9 3 160 1000000 147 1 1 50 100 2
BF2_b 9 3 160 1000000 48 1 1 100 100 2
SF1_S 7 6 420 1000000 10 10 1 100 1
SF1_P 10 4 420 1000000 10 10 1 100 1
SF2 10 4 420 1000000 14 14 1 75 100 2
LF1_P 7 9 5600 1000000 5 5 1 75 100 2
LF1_S 7 6 5600 1000000 5 5 1 75 100 2
LF2 10 4 5600 1000000 5 5 1 40 50 4
BK1_S 7 6 30600 47800 2 2 1 50 0
BK1_P 8 2 30600 47800 2 2 1 50 0
OB3_S 7 6 47800 1000000 2 2 1 40 50 4
OB3_P 8 2 47800 1000000 2 2 1 40 50 4
OB4_S 7 6 85500 1000000 1 1 1 25 30 5
OB4_P 9 5 85500 1000000 1 1 1 25 30 5
OB5 7 6 135000 1000000 1 1 1 10 10
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37 2.3 Causal network

38  Causal networks are available linking the EWRs to other values. Here, a limited set for a single

39  gaugeillustrates some of the value levels that can be linked (Figure S2, caption next page).
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Figure S2: HydroBOT incorporates causal networks that describe the environmental objectives for a system.
In this example, the network is derived from the New South Wales Long Term Watering plans (DPIE, 2020),
which sets environmental watering requirements (EWRs), objectives, and long-term targets for key water-
dependent plants, waterbirds, fish and ecosystem functions. From left to right, the columns represent EWR
codes (yellow), proximate environmental objectives (orange) typically capturing portions of the life cycle or
changes in abundance, species goals (blue; also including ecosystem components such as ‘Refugia’), and
target ecological groupings (green). Long term managment targets are not shown here. The network shown
here is for a single gauge (419001) and Planning Unit, which is the scale at which EWR codes and proximate
Environmental Objectives are defined. The other levels are defined at larger spatial scales, but only those
that apply to the EWRs present at this gauge are shown here.
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3. Aggregation choices

One of the key features of HydroBOT is aggregating responses in the space, time, and value
dimensions. Best available science indicates that a flexible approach to aggregation is needed.
Values are best combined in different ways, depending on their biological meaning, the
management questions, and the dimension being summarized. Thus, a standard approach would
produce misleading results and so HydroBOT provides flexibility in the aggregation sequence as
well as the aggregation functions. Some common summary functions are built-in,

e.g. ArithmeticMean, GeometricMean, LimitingFactor (equivalent to Min) and CompensatingFactor
(equivalent to Max), though users can also define custom functions to meet new needs. Most of
these provided functions are simple modifications of base functions with small changes to default
handling of missing values. More complex functions linking the nodes are also possible, such as
population dynamics models. Those should be developed by subject-matter experts; our focus
here is on simpler summary functions.

To illustrate the need for this flexible approach to aggregation, an example is useful. Consider two
different environmental objectives, ‘no species loss’ and ‘successful bird breeding’. The most
appropriate method to aggregate each is likely to be very different. To meet the ‘no species loss’
objective, all species must persistin all locations at all times (otherwise species loss will have
occurred at one or more gauges). From an aggregation perspective, this means that locations, time
steps and species cannot compensate for one another: the loss of a species at any point orin any
location should cause the overall objective to fail. Given the manner in which the EWR tool
functions, a mathematical minimum is likely to be the most appropriate method of aggregation to
represent this set of circumstances. HydroBOT provides Min and LimitingFactor functions for this
situation, which are named differently to reflect mathematical or biological interpretation but are
otherwise identical.

In contrast, the ‘successful bird breeding’ objective should be aggregated using quite a different
approach. Here, different species will have different requirements regarding a minimum interval
between breeding events. These might range from one to five years, for example. For a given
species, successfully breeding once within that interval would qualify as success, and those
breeding events need not occur at the same location within the basin. Thus, breeding is not
necessarily required in all years or locations for the objective to be met. Years and places can
biologically compensate for each other, a situation captured by the built-in functions
CompensatingFactor and Max when aggregating over time or space (again, identical but with
different names depending on whether the focus is biological or mathematical).

As with the ‘no species loss’ objective, successful breeding in one species can not compensate for
a lack of breeding in another species. Thus, no compensation is possible across species but, within
each species, success in some locations and some times can compensate for a lack of success at
other locations or times. As a result, a mathematical maximum could be an appropriate
aggregation method for the outputs of the EWR tool for the spatial extent and time frame for
breeding, with each tailored to the relevant species’ requirements. Following this spatial and
temporal aggregation, the minimum may be the preferred way to combine species into a single
aggregated ‘successful bird breeding’ objective.

Unlike aggregation functions describing full or no compensation, in many cases all constituent
values should contribute to the outcome. For example, simple arithmetic averages (provided in
HydroBOT with ArithmeticMean) might be used to summarise population sizes or condition across
time or space. The built-in GeometricMean and HarmonicMean functions similarly capture the central

9
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tendency (unlike LimingFactor or CompensatingFactor), but weight low values more than high
(unlike the equal weighting of ArithmeticMean) due to their multiplicative nature. The geometric
mean is particularly appropriate as a summary of multiplicative processes such as population
growth rates through time. The harmonic mean is most appropriate if the output data represent
ratios. Care should be taken with geometric and harmonic means, as their multiplicative nature
means a single zero in the set of values will result in an overall zero value.

To ensure robust aggregation and reduce bias, HydroBOT begins aggregation sequences with the
direct outputs of the response models, which are typically local, short-time, and small-value-scale
objectives. By scaling the responses, we avoid the large potential biases created by nonlinear
relationships between drivers and responses (Jensen’s inequality, Ruel & Ayres, 1999).
Nonlinearities in later steps are also subject to Jensen’s inequality, which is another reason for
careful consideration. For example, using arithmetic temporal means of multiplicative population
dynamics will give incorrect long-run growth rates, while use of LimitingFactor aggregations can
introduce inappropriate nonlinearities if used for outcomes that compensate for each other. The
impact of Jensen’s inequality is particularly important when using pass/fail outcomes because this
is an extreme sort of nonlinearity and so is particularly susceptible to large errors.

3.1 Choosing an aggregation function

There are no hard and fast rules for which aggregation functions should be used, as they should
reflect the characteristics of the data, the processes being modeled, and the needs of the analysis.
However, we note here some general features of different sorts of aggregation functions and when
they might be appropriate. We focus here on simple summary functions, rather than more complex
aggregation forms of which the options are essentially infinite and should be chosen based on
expert knowledge.

There are a multitude of ways to summarize data, though in general for the sorts of summaries
HydroBOT is used for, these largely fall into two groups; those that capture extreme values, and so
only a single component determines the final value, and those that include information from all
values. Examples of the former include maxima and minima, while the latter is often some
measure of central tendency (a mean). A decision tree covering some of the most common choices
is provided in Figure S3.

In the language of ‘compensation’ used above, the maxima and minima represent full
compensation and no compensation, respectively, while those summaries including information
from all values reflect partial compensation. Where full compensation allows a good outcome
(pass or high values) in one component to offset poor outcomes (fail or low values) in all other
components, only the best outcome determines the aggregated value. Partial compensation
allows good outcomes in one or multiple components to offset poor outcomes in other elements,
but not completely — all outcomes contribute to the aggregated value. These outcomes may not
contribute equally to the final value except in the case of the arithmetic mean. Nonlinearities in the
aggregation functions (e.g. logs in geometric means or reciprocals in harmonic) can alter the extent
to which high values can compensate for low, while the median also reduces the influence of
extreme values. No compensation means that a poor outcome in one component cannot be offset
by good outcomes in other components — only the worst outcome determines the aggregated
value. An illustration of how the different functions yield different aggregated values is shown in
Figure S4. In general, it is good practice to examine the implications of these choices on real data.

10
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Two related considerations are often considered when summarizing data

1. the need to adjust the distribution of the data for good visualization (e.g. taking logs to
better see data spanning a range over several orders of magnitude)

2. the need for the summary function to respect the properties of the processes or data being
summarized (e.g. taking logs because the values represent a multiplicative process)

The second should generally take precedence, though often the final choice will be the same. Note
also that some functions are nonlinear such as the geometric mean and the data themselves might
be as well, as is the case with the pass/fail outputs of the EWR tool or presence/absence data.

In context-specific instances, aggregation may require custom mathematical functions, but in
most cases we expect that one of the default aggregation methods provided by HydroBOT (or
similar base functions) will be most appropriate. We provide a decision tree to aid decision making
for some of the most common choices, while noting that much has been written about appropriate
ways to summarize data, and the usual considerations apply. Other functions are provided as well,
including the Sum, NumberOfValues, and Variance. Weighted versions of these functions are
possible, with SpatialWeightedMean provided for the common situation of weighting by area.

Compensation

(extreme values vs. all values)

None Partial Full
LimitingFactor 1
Considerations CompensatingFactor
Min Max
Transform Capture
data processes
Extent of Type of process
transformation

Additive/

ArithmeticMean Median |

Intermediate Multiplicative

GeometricMean

Ratio or rate

HarmonicMean

Figure S3: There are infinite possibilities for each aggregation step, but the reasons for choosing some
common options are shown here. The primary splits are in whether a user is interested in extreme values (full
or no compensation) or whether all values should contribute to the final outcome. If the latter, how those
values combine should then take into account desired data transformations or the underlying processes in
choosing the summary. Blue boxes are decision points, purple are the functions included with HydroBOT that
could be used. Other functions are included and not shown here, which generally address different sorts of
questions, e.g. sums, variance, or the number of values. Examples of the outcome of these different
functions are shown in Figure S4.
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Figure S4: To illustrate the influence of the choice of aggregation function, we illustrate the outcome of those
in Figure S3 for aggregating a small set of four values (top boxes). Each of the bottom boxes is the single
aggregated value according to the function labeled below. We do not include zero in the set of top values, as
a single zero forces the Geometric and Harmonic means to equal zero due to their multiplicative nature.
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4. Scenarios
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Figure S5: Hydrographs for two example gauges (represented by color) with ‘climate’ scenarios on rows and

‘adaptation’ scenarios as columns. Scenario codes as in Table 1.
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158 5. Comparing hydrographs to a baseline
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Figure S6: Flow relative to the E1 scenario as the baseline. These are flat lines because the relativization
occurs at each timepoint. The E1 scenario is the observed historical data with no climate change or
adaptation options applied, and so is a natural baseline for comparison.
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Figure S7: Difference in flow compared to the E1 scenario as the baseline. The E1 scenario is the observed
historical data with no climate change or adaptation options applied, and so is a natural baseline for
comparison.
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6. Additional comparison plots

6.1 Spatial aggregation

Maps allow large-scale visualization of ecological objectives under various scenarios. These
visualizations can be quite important for communications and quickly grasping how outcomes
aggregate spatially and spatial patterns in the data. Management targets are often defined spatially
and, in the case of EWRs, they are defined in local Planning Units (which are constituents of the
SDL units defined above), where outcomes may depend on hydrographs at one or more gauges.
Representing the outcomes as maps can provide intuitive assessment of the condition of values
across space and whether different spatial scales or spatial locations are responding differently to
scenarios. Moreover, the ecology (in this example) or other processes might themselves be large
scale, and so capturing the condition over a large area is a better descriptor of the true outcome
than assessing each specific location separately. For example, objective EF3 is “Provide
movement and dispersal opportunities for water dependent biota to complete lifecycles and
disperse into new habitats within catchments”, and so necessarily incorporates a spatial
dimension. Particularly in these situations, the aggregation method should be considered carefully
- for movement opportunities to succeed, perhaps the success of the SDL unit should be
determined by the lowest value at a gauge if it represents a loss of connectivity. In contrast, for
WBA4: Increase opportunities for colonial waterbird breeding, it might be sufficient if a single site
within the SDL unit provides those opportunities.

Here, we show results at the gauge, SDL and basin scales, and also to show how the outcomes
aggregate along the thematic dimension. To start, Figure S8 illustrates a subset of EWRs (columns)
that contribute to ecosystem function at the gauge scale. Our aggregation sequence then proceeds
to aggregate these EWRs to the environmental objectives at each gauge. Here, Figure S9 shows the
outcomes for gauges for all ecological objectives contributing the ecosystem function (left panels)
in addition to a gauge level aggregation to the Ecological value scale of the thematic dimension.
Figure S10 then shows these outcomes at the SDL scale; and Figure S11 shows these outcomes at
the basin scale.
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Figure S8: Outcomes for gauges for a subset of EWRs that contribute to Ecosystem function. Points may not
appear foreach EWR if the EWR is not defined at a gauge.
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Figure S9: Outcomes for gauges for all ecological objectives contributing to Ecosystem function. Points may
not appear for each environmental objective if it is not defined at a gauge.
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Figure S10: Outcomes for SDL units for all ecological objectives contributing to Ecosystem function.
Environmental water requirements (EWRs) are defined by hydrographs at gauges and apply to Planning Units.
The outcomes at these scales of definition can then be aggregated to larger spatial areas, such as SDL units,

which we do here with an area-weighted mean. Missing SDL units in EF7 are because EF7 is not defined in

that unit (Lachlan).
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Figure S11: Outcomes for the basin for all ecological objectives contributing to Ecosystem function.

192
193



194

195
196

197
198

6.2 Quantitative fits with multiplicative and additive scenarios

Here, we show the full set of SDL units and ecological values that are shown in partin Figure 8

panelb.
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Figure S12: Smoothed fits to assess change in performance across the ‘climate’ scenarios. Points are
individual ecological objectives, fitted lines are loess smooths. Separate fits are done for each adaptation
option, and so differences between lines of different colors represent the impact of those adaptations. Rows
are ecological values groupings, columns are SDL units. Note the different scales of the y-axis. There are no
EWRs contributing to Other species in the Namoi. We do not make the axes uniform here as we do in the text
because the impacts on outcomes are in some cases much larger than 3x.
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6.3 Heatmaps

There are a number of ways surfaces can be visualized with HydroBOT, with Figure 9 in the text
being one example. Several others are possible, including heatmaps, (e.g. Figure S13).

Lachlan Macquarie-Castlereagh Namoi
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Figure S13: Condition results visualized as a heatmap with the two scenario definitions on the axes. This
approach allows visualizing changes in outcome as the result of multiple axes on which scenarios might
differ. These axes might be different aspects of scenario creation (as here), or they might be different axes

describing the outcome of scenarios (e.g. two different hydrometrics such as mean flow and flow variance).

There are no EWRs contributing to Other species in the Namoi.
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6.4 Smal

In the text, we show an overview giving a sense of the contribution of proximate ecological

L to large detail

outcomes to the overall outcomes for each larger ecological grouping (Figure 6). Here, we illustrate
how such an analysis might be broken down to examine those smaller-scale outcomes in more

detail.
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Figure S14: Visualization of same data in Figure 6 in the text, but here accentuating the lower-level values
rather than the overall ecological groupings. Rather than stacking the bars, here they are next to each other
soitis clear how close each value is to the maximum of 1.0, and the colors are more distinct, allowing easier
identification of particular lower-level values. There are no EWRs contributing to Other species in the Namoi.

In practice, that is quite complex and hard to interpret. A better solution is probably to examine the

small scale ecological objectives within each ecological group separately, shown here for

Waterbirds.
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Figure S15: The Waterbirds-related values from Figure 6 and Figure S14. Each bar has a maximum value of 1
(all constituent EWRs met). We have included an illustrative line at 1, but in practice, it might be beneficial to
include a line at some lower threshold where achievement was deemed to be ‘acceptable’, i.e. if 95% of

constituent EWRs was good enough.
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6.5 Causal networks and scenarios

In the text, we show the causal network for a single scenario for clarity and space. Despite their
complexity, these networks can be invaluable for comparing scenarios (Figure S16), identifying
nodes that are particularly sensitive or resilient to changes among scenarios (Figure S17) and how
those effects propagate through the network.

For example, the small fresh EWR indicators SF1 and SF2 are much more sensitive to reductions in
flow than the other EWRs (darker pink), while OB4, OB5, and LF2 are sensitive to increases in flow
(darker green, Figure S17). The raw condition scores (Figure S16) show where these changes arise,
with SF1 and SF2 having condition near 1 in scenario E1 (the unchanged historical hydrograph) and
so, while they can have lower condition with lower flow, they cannot improve as conditions
increase. The opposite happens with OB4, OB5, and LF2, which have poor condition in scenario E1.
These EWRs are thus little changed with reductions in flow, while increases in flow allow their
requirements to be met. Similar outcomes occur for lower-scale ecological values in the middle
column, with those near the top tending to be poor in scenario E1, and so have little room to
decline as flows halve, but improve with doubling. Those in the bottom tend to have better
condition in the baseline E1 scenario, and so more room to decline with reductions in water than to
improve with increases. Finally, we see that Waterbirds tend to be relatively unchanged as flows
decline because they start out poor in the E1 scenario but are the group with the largest increases
as flows increase, while Native Fish show nearly the opposite pattern.
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Figure S16: Causal networks with condition values for the halving (left, A1), historical flows (middle, E1) and doubling (right, 1) ‘climate’ scenarios.
colors in each node are the mean of the conditions in each constituent node. The network here for the historical flows (E1, middle) is the same as Figure
10 in the text. Figure S17 shows the relative change between these scenarios, using the historical flows (E1) as baseline.
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Figure S17: Causal networks with relative condition values (compared to the the historical flows with no
additional ‘adaptation’ water [E1 scenario] as the baseline) for the halving (left, A1) and doubling (right, I1)
scenarios. These are calculated from the values in Figure S16 for each node, with colors showing the relative
change in condition. Note in particular that a lack of change can occur for any value of the node in the
baseline E1 scenario, but often occurs when there is little scope for conditions to improve or decline, i.e we
tend to see improvements in nodes with low condition in the E1 scenario, and declines in nodes with high
condition in the E1 scenatrio.
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