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Executive summary

Rivers and their floodplains are often disconnected by flow regulation, impacting aquatic productivity and food
webs. Increasing the extent, or combination of area and time to which floodplains are inundated may thus
result in increased aquatic production through greater nutrient cycling, organic matter production, and
increased energy flow to aquatic animals. The Reconnecting River Country Program aims to increase the
connectivity of rivers with their floodplains through relaxed flow constraints (increases to maximum daily
discharge limits for water for the environment deliveries) in the River Murray and Murrumbidgee River. Relaxing
these constraints is expected to result in positive ecological outcomes through an increased extent and
duration of floodplain connectivity. However, how increased connectivity might affect the critical ecological
processes of primary productivity and energy transfer through food webs, which can constrain the population
sizes of organisms, is not well known within the Murray-Darling system. This report thus summarises the
results of an ecosystem energetics model developed to predict the production potential — the potential
maximum carrying capacity of food webs — of the River Murray (including the Edward/Kolety-Wakool system)
and its associated floodplains from Hume Dam to the junction of the Murray and Wakool rivers under different
flow options.

The ecosystem energetics modelling framework applied here first predicts floodplain inundation extent, or the
integral of area and time inundated, across the modelled areas from (i) spatial inundation threshold models and
(ii) modelled discharge time series associated with different flow options. From inundation extent, the model
then predicts annual basal production (i.e., the amount of carbon or energy supplied to the base of food webs
through primary production and terrestrial carbon subsidies) and simulates the transfer of this production
through a model food web. As an indicator of differences in carrying capacity of food webs across years, the
production potential of large native fish (i.e., large predators such as cod and perch which reflect the dynamics
of multiple, lower trophic levels) was used as a comparison measure across time series associated with
different constraints options. Model predictions were compared across two project areas: (i) the River Murray
and its floodplains from Hume Dam to Yarrawonga Weir; and (ii) the River Murray and its floodplains from
Yarrawonga Weir to the confluence of the Murray and Wakool rivers, including the Edward/Kolety-Wakool
anabranch system. The different underlying flow option timeseries considered were reflective of different flow
limits for water for the environment deliveries in each area: e.g., the base case, or Y15D25 option, representing
the current 15,000 ML/day flow limit at Yarrawonga and 25,000 ML/day at Doctors Point; and a number of
raised flow limit options (Y25D25, Y30D30, Y40D40, and Y45D40). Each was also compared to a flow option
simulating discharge without development in the system.

Estimates of production potential for large native fish for the Y30D30, Y40D40, and Y45D40 flow options were
frequently greater than in the base Y15D25 scenario, but only a small proportion (0.6 — 3.1%) of the net
potential difference compared to without development, reflecting the substantial impacts of river regulation on
overall productivity. To provide a prediction of the direct ecological benefits of each flow option, estimates of
production potential for large native fish were therefore compared across years where the largest daily flow
event was affected by potential flow limits at Doctors Point or Yarrawonga (e.g., 15,000 ML/day at Yarrawonga
and 25,000 ML/day at Doctors Point for the Y15D25 flow option); i.e., years in which differences in production
potential would be directly affected by flow limits rather than driven by unregulated flows. In these years, the
energetics model predicted that the Y30D30, Y40D40, and Y45D40 flow options would still provide greater
production potential more frequently than the Y15D25 base option, but that these increases represented a
higher proportion (8 — 20%) of the potential difference from without development scenario in these years. In
addition, the number of consecutive years where the Y30D30, Y40D40, and Y45D40 flow options exceeded the
base case option (i.e., had higher estimates for 2 or more consecutive years) increased with higher flow limits.
While the increase in production potential under different flow options may therefore be small in comparison
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with overall estimates without development, the effect of increasing flow limits may be disproportionately
greater in years where there are no unregulated flow events.
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1. Background & context

Hydrologically connected rivers and floodplains are among the most productive ecosystems on Earth
(Opperman et al., 2010). Inundation of low-lying benches, anabranches, and floodplains surrounding river
channels can result in substantial pulses of terrestrial organic matter and nutrients into the aquatic
environment, as well as large increases in aquatic plant and algal productivity, which can then potentially
support production within riverine food webs for months following flood events (e.g., Rees et al., 2020).
Consequently, the reduction of floodplain connectivity within large river systems, and the associated loss of
production, can and has resulted in a substantial decline in biodiversity, population abundance, and ecological
function across regulated systems (Fig. 1.1; Kingsford, 2000). Restoration of floodplain production into the
wider Murray-Darling Basin (MDB) river network should thus a be critical consideration in the design of flow
management strategies aimed at increasing ecosystem health and function (Baldwin et al., 2016).
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Figure 1.1 Conceptual differences in riverine food web function with respect to connections with floodplains. The size of
arrows indicates different fluxes of energy (i.e., Carbon) across different food web components and environments: illustrating
differences between (a) rarely connected rivers, where inputs from floodplains may largely be restricted to direct riparian
litterfall, and energy fluxes are driven by patterns of in-river productivity or downstream transport of dissolved organic carbon
(DOC); and (b) floodplain environments, where production of particulate organic matter (POM) on the terrestrial floodplain,
and aquatic macrophytes and algae within floodplain wetlands, can be transferred to riverine environments by (c) regular
connections of flooding which “blur” the boundaries between terrestrial and aquatic environments, allowing transport of large
amounts of POM into rivers and movement of riverine organisms into floodplain environments; thus increasing both the flux
and diversity of resources available to them (e.g., fish feeding on wetland resources as well as increased production of
zooplankton) along with an increase in potential habitat availability.

Benthic algae

The Reconnecting River Country Program (RRCP) aims to increase the ecological outcomes of environmental
water delivery by relaxing constraints (including maximum discharge limits on environmental water delivery
through the river system) in the Murray and Murrumbidgee River Valleys. Relaxing flow constraints therefore

4 La Trobe University, Centre for Freshwater Ecosystems (CFE)



has the potential to ensure a greater frequency, duration and extent of connectivity between rivers and
floodplains. Enhanced connectivity should lead to positive ecological outcomes through an increase in habitat
quality and nutrient cycling (Kahan et al., 2020). Primary production (i.e., the generation of new biomass by
autotrophs) and its role in supporting populations of aquatic biota, is another essential ecosystem function that
is expected to benefit from improved river flows under the RRCP, likely through an increased area of shallow
aquatic habitat being generated and exposed to sunlight (Mulholland et al. 2001). Yet the literature on both the
measured and predicted ecological effects of floodplain reconnection has previously given little consideration
to how the processes of primary productivity and energy flow through food-webs, which strongly constrain the
overall production of aquatic consumers (Power 1992), might result in positive ecological outcomes under flow
restoration (Bellmore et al. 2017). A critical first step in predicting outcomes of relaxed constraints is thus
incorporating these “ecosystem energetics” into the modelling frameworks which quantitatively forecast the
benefits of flow restoration programs.

Assessing the expected outcomes from different flow regimes requires a predictive modelling approach
capable of providing quantitative and spatially explicit predictions of long-term changes (i.e., over multiple
years) in both basal production and food-web structure. Ecosystem energetics modelling approaches (which
mechanistically model the total energy available to consumers, its quality, and flow through food webs) can be
used in this context to assess the potential changes in food-web dynamics that occur with changes to the
physical environment (Bellmore et al. 2017). This approach has previously been validated in the MDB by
comparison of model predictions with historical estimates of large native fish carrying capacity (Bond et al., in

prep).

The model developed by Bond et al. (in prep) predicts the production potential of river food webs — the potential
“upper ceiling” of production, broadly analogous to food web carrying capacity — by estimating the area and
duration of floodplain inundation likely under a given flow regime, scaling this estimate of inundation by annual
basal productivity rates, and modelling the transfer of energy through a simulated food web. This approach is
thus ideal for forecasting the effects of altered flow regimes (e.g., timing and magnitude of floodplain
connectivity) on the potential productivity of riverine systems. The aim of this project is to develop and adapt
this operational modelling tool to the specific needs of the RRC program.

2. Project objectives

A key challenge in modelling medium to long-term production and food-web dynamics in response to changes
in the flow regime is the variability in both (i) rates of productivity across different habitats and physico-
chemical environments, and (ii) the effects of the physical environment, food quality, and food web structure on
ecological efficiencies (i.e., what proportion of basal production is incorporated into food webs as opposed to
respired or excreted). Modelled responses can be particularly sensitive to changes in the structure of the food
web, especially when the addition of non-native species strongly modify pathways of energy (Bellmore et al.
2017).

For the purposes of this project, we have adopted an ecosystem energetics modelling framework similar to that
described by Bond et al. (in prep). Ecosystem energetic approaches aim to quantify the total energy available to
consumers and its flow through food webs. The approach uses the integral of inundated area and time as a
broad estimate of total ecosystem production and models the distribution of energy through simulated food
webs via an energetics model. Future changes in river and floodplain production and potential food web
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responses, particularly the carrying capacity of top predators, can thus be mathematically forecast from time-
series of predicted flows and inundation. An additional advantage of the approach is the ability to include (or
exclude) invasive species into food-web structures, thereby assessing the difference in carrying capacity of
native species with and without competitors (e.g. carp) and potentially informing the management of
hydrological regimes to the advantage of native species.

The outcomes of the above modelling should provide insight into crucial factors that can constrain population
sizes across time. However, it is noted that: (i) changes to the amount of food-based energy and the structure
of food webs are not the sole driver of population dynamics in ecosystems, and so model outputs will not be an
actual estimate of population size; (ii) the outcomes of the modelling approach cannot be easily measured or
validated using conventional study methods (although c.f. Bond et al. in prep), and; (iii) the modelling approach
is based on a coarse measure of productivity, and it may not be appropriate to apply the method at smaller
spatial and temporal scales.

The primary objectives of the project were to:

1. Review recent literature (both domestic and international; see Appendix 2-4) with the aim of
incorporating up-to-date information on basal production, ecological efficiencies and food web
structure, particularly with respect to the influence of additional environmental drivers (e.g.,
temperature);

2. Modify the energetics models, based on these reviews, to incorporate the influence of these
environmental drivers on rates of productivity, and;

3. Apply these revised models to modelled time-series of flow from the Murray RRC projects to evaluate
the potential productivity benefits and changes to food-web energy flows associated with proposed
flow limit options.

3. Methodology

3.1 MODEL INPUTS

Model inputs are approximately the same as described by Bond et al. (in prep). Four data inputs are required to
run the model:

1. Spatial dataset with defined inundation thresholds (daily discharge in ML estimated for inundation)
assigned to given areas (in m?)

2. Discharge timeseries (in ML day™)

3. Productivity rates (in g C produced m? yr') for seven food web basal resources: dissolved organic
carbon (DOC), particulate organic matter (POM), benthic algae, benthic bacteria, phytoplankton, pelagic
bacteria, and aquatic and emergent macrophytes (higher plants)

4. A defined food web structure, which includes nodes (taxonomic groups present), links (identification of
herbivory or predator/prey relationships), trophic transfer efficiencies (a.k.a. ecological efficiencies)
for each link (proportion of C at lower node which contributes to production at upper, linked node), and
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dominance values for each link (relative proportion of lower node available to upper node when
competing links exist for the same resource; Figure 3.1)
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Figure 3.1 Modelled food web including carp (adapted from Bond et al., in prep). Lines between different organism groups and
basal resources (a.k.a. nodes) indicate trophic connections (higher nodes consume lower nodes). Colour of lines indicates
proportion of C at lower node which contributes to production at upper, linked node (a.k.a. trophic transfer efficiency).
Relative width of lines indicates relative proportion of lower node transferred along each link where consumers compete for
the same resource (a.k.a. dominance values).

The project areas for the first phase of this project (River Murray: Hume to Wakool junction) as defined by DPE
are given in Table 3.1. Similar to Bond et al. (in prep), the spatial inundation datasets used therefore include the
River Murray Floodplain Inundation Model (RiMFIM) for the River Murray from Hume Dam to the junction of the
Murray and Wakool Rivers (Overton et al., 2006), and the RiMFIM extension for the Edward/Kolety-Wakool
anabranch system (Sims et al.,, 2014). Historical discharge timeseries were derived from flow gauge data used
to calibrate each specific RiIMFIM zones (Overton et al., 2006; Sims et al., 2014). Counter-factual discharge
timeseries associated with different potential flow options were produced by DPE through eWater Source
modelling (Carr and Podger, 2012).
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Table 3.1 Constraints projects, flow limit options and area for productivity outcomes assessment

FLOW LIMIT AREA FOR PRODUCTIVITY OUTCOMES ASSESSMENTS
CONSTRAINTS
OPTIONS TO
MEASURES BE ASSESSED
PROJECT AREA PROJECT AREA BROADER AREA
(ML/DAY)
Murray: Hume to {25,000 @ River Murray floodplain from Hume
Yarrawonga Doctors Pt Dam to Yarrawonga Weir (NSW and
30,000 VIC sides)
40,000
Southern Connected Basin
Murray: 15,000 d/s River Murray floodplain from (NSW/VIC, downstream of Hume
Yarrawonga to Yarrawonga Yarrawonga Weir to Wakool junction |, gz border)
Wakool Weir (NSW and VIC sides)
30,000
40,000
45,000

3.2 MODIFICATIONS TO THE BASE MODEL

In the model of Bond et al. (in prep), productivity rates and food web structure were held constant across all
model areas and timesteps. For this project we incorporated two major modifications over this structure with
regards to productivity, based on our literature review: first, (i) we modelled the temperature-dependence of
productivity by predicting variation in areal rates from seasonal changes in water temperature (see Appendix 1,
section A1.1); and (ii) we specified different productivity rates for different, broad habitat types (perennial river
channel, permanent floodplain wetlands, intermittent floodplain wetlands, and all other floodplain) across the
River Murray and associated floodplains (see Appendix 1, section A1.2). An input of measured water
temperature (in °C) corresponding with the discharge timeseries for at least two years is thus also required to
model the temperature dependence of productivity rates (see Appendix 1, section A1.1). The food web structure
remains that defined by Bond et al. (in prep) through a combination of literature review and expert opinion (see
Appendix 1).

Finally, in the original model the duration of an inundation event for a given area, Edays (i.e., “exceedance days”,
or duration of inundation), is set to 1 once discharge Q exceeds the inundation threshold of the area /. At each
following timestep, t, Edays: is calculated as Edays:.;+1 if I > Q. In the base model structure, Edays is reduced to 0
at the next timestep when / < Q. This structure therefore does not account for water remaining on floodplain
areas when discharge drops below the inundation threshold value. However, if these areas retain water and are

8 La Trobe University, Centre for Freshwater Ecosystems (CFE)



reconnected by subsequent, closely occurring flow pulses, they may potentially contribute strongly to
energetics directly upon reconnection rather than requiring a lag time for productivity to occur (see e.g. Pettit et
al. 2017).

To model the persistence of water on inundated floodplains, we kept the structure of increasing Edays values
when /> Q. However, when discharge next drops below the inundation threshold, the decay of Edays for a given
inundation threshold, /, is expressed as:

Edays,, = Edays,, , —

Where Edays for a given | at time t is dependent on the preceding day’s value (Edays;.;) and is reduced by a
factor related to the ratio of / to the current daily discharge (Qy), i.e. the count of “exceedance days” decreases
from the previous value rather than being reset immediately to zero, and decays more quickly when discharge
drops more rapidly in relation to the inundation threshold.

3.3 MODEL WORKFLOW

The model workflow follows that of Bond et al. (in prep). First, the spatial dataset is split into the four broad
habitat classes for which different productivity values are defined (see Appendix 1, section A1.2): perennial
waterbodies, intermittent wetlands and anabranches, permanent off-channel wetlands, and all other
floodplains. Next, the spatial dataset on inundation thresholds is combined with the discharge timeseries to
produce a timeseries of total inundation (area*days) over a given time period (Fig. 3.2). Inundation area*days
values are calculated for three distinct inundation time periods: all inundation periods (0-day lag); inundation
periods where the area concerned has already been inundated for at least 10 days (10-day lag); and inundation
periods where at least 30 days of inundation has already occurred (30-day lag). These lagged inundation
periods are integrated into the model to account for the amount of time required for different basal producers
to contribute to food web energetics (DOC and POM - 0 days; benthic algae and phytoplankton — 10 days;
macrophytes — 30 days; see: Appendix 1, Bond et al., in prep). In the case of the 10-day and 30-day lag values,
area*days values are therefore only calculated using days where the initial lag value has been exceeded.
Inundation extent is then summed to a monthly time-step, and monthly mean water temperature derived from
modelled temperature data timeseries provided by DPE (see Appendix 1). The productivity rate inputs, modified
by monthly mean water temperature (see: Appendix 1), are then multiplied by appropriate area*days values (see
Appendix 1) to provide estimates of potential C produced by these basal sources over the given time period
(Fig. 3.2). Each of these values is then passed through the given food web structure to produce estimates of
“production potential”, i.e. maximum potential C produced at each node (Fig. 3.2).
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Figure 3.2 Flow chart showing the workflow associated with generating estimates of maximum energy (in g C) available for

production at each foodweb node.
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Outputs of the model are then summed to yearly values of maximum C potentially produced across all habitat
classes, and used to compare different models, model modifications or inputs, e.g. food-web structures
including or excluding carp (Fig. 3.3).
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With carp

—
o
o
o
1

500 )

Production potential (tonnes C)

1980 1990 2000 2010
Year

Figure 3.3 Comparison of predicted production potential of large native fish (tonnes C) from a model with carp included (blue)
and excluded (green) from the food web structure. Model estimates are derived from spatial datasets on inundation from
Koondrook-Perricoota (RiMFIM zone 7) and counterfactual discharge from the Y15D25 flow option (a.k.a. “base” option) (see:
Appendix 1).
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3.4 COMPARING FLOW OPTIONS

As above, modelled areas for the flow options comparison include all the mid-River Murray from Hume Dam to
the Murray-Wakool junction, including the Edward/Kolety-Wakool (EK-W) anabranch system, including both
NSW and VIC sides of the river (Fig. 3.4).
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Figure 3.4 Extent of modelled areas, Hume to Yarrawonga (red filled area) and Yarrawonga to Wakool confluence (orange
filled area), with RiIMFIM zones outlined. Black dots show associated flow gauges. Inset map shows extent (grey area) within
the Murray-Darling Basin boundaries.

The flow options to be assessed include the following combinations of constraints limits defined earlier in
Table 3.1:

1. 25,000 ML/day at Doctors Point and 15,000 ML/day at Yarrawonga (henceforth: “Y15D25" option),
a.k.a. the current “base” case scenario;

2. 25,000 ML/day at both gauges (“Y25D25" option);

3. 30,000 ML/day at both gauges (“Y30D30" option);

4. 40,000 ML/day at both gauges (“Y40D40" option); and

5. 40,000 ML/day at Doctors Point and 45,000 ML/day at Yarrawonga (“Y45D40" option).

In addition, we also considered an additional scenario where all flow regulators are considered open
(henceforth: the “Without development” or “WOD” flow option).
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For the Murray: Hume to Yarrawonga project area (henceforth: Area 1), the model inputs were therefore:
1. Inundation thresholds from RiMFIM Zone 1 (Hume Dam to Yarrawonga Weir); and,
2. Modelled discharge series for the Corowa gauge representing all the defined flow options; and,

3. Modelled temperature timeseries (section 3.3) associated with the above gauge data.

For the Murray: Yarrawonga to Wakool project area (henceforth: Area 2), model inputs were:

1. Inundation thresholds from RiMFIM River Murray Zones 2-9 (Yarrawonga Weir to Murray/Wakool
junction) and Edward/Kolety-Wakool system (EK-W) Zones 1-7 (d/s Barmah to Murray/Wakool
junction); and,

2. Modelled discharge timeseries representing all the defined flow options for the following RiMFIM-
associated flow gauges (following Overton et al., 2006 and Sims et al., 2014):

o Zone 2 (Yarrawonga Weir to Tocumwal): Tocumwal

o Zone 3 (Tocumwal to downstream of Barmah Forest): Tocumwal

o Zone 4 (d/s of Barmah to Goulburn junction): Barmah Choke

o Zone 5 (Goulburn junction to Campaspe junction): Barmah plus Goulburn at McCoy's Bridge

o Zone 6 (Campaspe junction to Torrumbarry Weir): Barmah plus Goulburn at McCoy's Bridge
(with 1-day travel time) plus Rochester at Campaspe

o Zone 7 (Torrumbarry to downstream of Gunbower): d/s of Torrumbarry Weir
o Zone 8 (d/s of Gunbower to Swan Hill): d/s of Torrumbarry Weir
o Zone 9 (Swan Hill to Wakool junction): Swan Hill
o EK-W Zone 1 (Stevens Weir to Billabong Ck.): Edward/Kolety d/s Stevens Weir
o EK-W Zone 2 (d/s Barmah to Stevens Weir, plus Tuppal and Bullatere Cks.): Tocumwal
o EK-W Zones 3 and 3a (Billabong Ck. to Wakool junction): Edward/Kolety at Liewah
o EK-W Zones 4 and 7 (Wakool origin to Merribit Ck.): Wakool at Deniliquin
o EK-W Zone 5 (Merribit Ck. to Wakool junction): Wakool at Stoney's Crossing
o EK-W Zone 6 (Niemur R.): Niemur at Barham Rd.
and,

3. Modelled temperature timeseries (section 3.3) associated with the above gauges.
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For all project areas, the remaining inputs were held in common:

1. Basal resource productivity rates (in g C m? yr') modified for temperature and habitat-dependence
(see Appendix 1); and,

2. Common food web structure (see: Figure 3.1).

Although we also produced estimates of large native fish production potential for modelled food webs
excluding carp, these model estimates were consistently around 5% greater than those from models including
carp, regardless of the flow option being modelled: these results likely reflect the consistency of trophic
transfer estimates within our modelled food web, and our inability to parameterise these more accurately given
a dearth of empirical evidence to inform model parameters (see: Appendix 1). Given this consistency across
modelled timeseries, for this report we thus only compare results from modelled food webs including carp.

To compare flow options for each of the areas, we compared the density distributions of large native fish
production potential estimates from each option (i.e., the proportion of all yearly estimates which reached
progressively increasing values of production potential) against each other, for each water year (July to July)
from modelled years 1896 to 2018. To provide context for these results against each other, we compared the
proportion of years in which each flow option reached a nominal threshold from the WOD flow option (the 25™
percentile), i.e., the proportion of years in which estimates for each flow option might more closely resemble
unregulated conditions. We also provide a summary of the overall median (and 25 percentile) of production
potential across all years, under each different flow option.

We then calculated the difference between all pairwise comparisons of flow options in estimates of production
potential of large native fish (tonnes C) for each water year. To assess the magnitude of differences and how
often each flow option produced greater estimates of production potential, we summarised each pairwise
comparison using the following metrics:

1. The mean difference in production potential between the two flow options being compared (e.qg., the
mean value of the Y25D25 option — Y15D25 option, and vice versa);

2. The above difference in production potential expressed as a percentage of the lower estimate (e.g., the
difference between the Y25D25 and Y15D25 options as a percentage of the Y15D25 estimate); and

3. The proportion of years in which each flow option produced greater estimates than the other (e.g., the
number of years the Y25D25 option produced greater estimates than the Y15D25, as a percentage of
total years modelled).

We also calculated the following metrics to provide context on the consistency and frequency with which each
flow option provided greater estimates than the option it was being compared against:

4. The total number of years in which a given flow option estimated consecutive periods of greater
production potential (i.e., a continuous period of at least two years) than the flow option it was being
compared against; and

5.  The mean length of these consecutive periods.

Finally, we repeated these analyses on estimates of production potential for large native fish (g C) only across
water years in which the maximum recorded daily flow at Yarrawonga Weir or Doctors Point (relative to the area
being evaluated) was affected by constraints limits (e.g., 15,000 ML/day at Yarrawonga or 25,000 ML/day at
Doctors Point for the Y15D25 flow option). In practice, we filtered the dataset to years where maximum
flow/day values were less than the constraints limit + 500 ML/day in the modelled discharge timeseries to
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account for maximum values just above these limits (i.e., years in which constraints limits may have a direct
effect on the extent of floodplain inundation, rather than inundation being driven by large, unregulated flow
events). Again, we (i) compared density distributions of large native fish production potential across
constraints years (any year in which a constraint was modelled: i.e., any year in which a given flow option was
restricted to maximum daily discharge below its nominated constraints limit), and compared these to the 25"
percentile of WOD results in those years; and (ii) calculated the difference between flow options in estimates of
large native fish production potential for each constraints year (for pairwise comparisons, each year in which
the maximum daily discharge was below the constraints limit for either option being compared).
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4. Results

4.1 AREA 1: RIVER MURRAY, HUME TO YARRAWONGA

Comparisons across all modelled years

M0 5 0 10 Kilometers

Lake Mulwala
3605 e

Murray @ Corowa

Figure 4.1 Extent of modelled area, Hume to Yarrawonga (red filled area), with RiMFIM zone outlined. Black dot shows
associated flow gauge. Marked yellow circles indicate beginning and end of modelled area. Inset map shows extent (grey
area) within the Murray-Darling Basin boundaries.

Discharge timeseries from the flow options produced relatively similar patterns in cumulative yearly discharge
over time for the Hume-Yarrawonga area (Fig. 4.2). Estimates of inundation extent over each year were also
similar between the options, although the frequency of moderately-sized inundation years was noticeably
higher in the without development scenario. However, the inclusion of Lake Mulwala (i.e. a large, permanently
maintained water body) in the inundation estimates also resulted in relatively high base levels of inundation
across all years for any of the constraints options (Fig. 4.2). Production potential for all flow options were
therefore also similar across years, with large flood events consistently increasing yearly estimates to
approximately twice that of the production potential from the permanent channel network and Lake Mulwala.
There was, however, a greater frequency of moderately increased production potential years in the without
development scenario (Fig. 4.2).
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Figure 4.2 For the Hume Dam to Yarrawonga Weir area, from 1896-2018, comparisons of annual cumulative (a-f) discharge at
Doctors Point with (g-) inundation extent (in ha * days) and (m-r) production potential of large native fish (tonnes C) for each
of the modelled constraints scenario timeseries, as well as the without development timeseries (“WOD").
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For the Hume to Yarrawonga area, the proportion of years in which the five modelled flow option scenarios
produced estimates of large native fish production potential above the 25" percentile of without development
estimates was around 28-39% (Figure 4.3). There was thus a small increase (up to 11.4%) in the proportion of
years that might provide greater outcomes for production potential under the higher constraints relative to the
base option (Y15D25) (Figure 4.3).

Proportion of years >= 25th percentile of WOD results
Y15D25: 27.64 %
Y25D25: 27.64 %
Y30D30: 28.46 %
Y40D40: 32.52 %
Y45D40: 39.02 %

WOD

Y15D25
Y25D25
Y30D30
Y40D40
Y45D40

e~~~ T\ |

300 400 500 600 700
Production potential (tonnes C/yr)

Figure 4.3 Density distributions of model results for the production potential of large native fish from the six different
modelled timeseries, across all years (1986-2018), for the Hume Dam to Yarrawonga Weir area. Dashed line indicates 25"
percentile of without development (“WOD") results (i.e., value above which 75% of yearly estimates from the WOD model
occur). Statistics shown in the top right indicate the percentage of years for each of the modelled flow option scenarios
where estimates exceeded the 25" percentile of WOD results. Note the use of nonlinear scale on the x axis (pseudo-logio
transformation) to aid in discrimination between density distributions.

There was therefore only a small increase (1.5%) in the 25™ percentile of production potential estimates from
the Y15D25 base option (273 tonnes C) to the Y45D40 option (277 tonnes C), with the 25™ percentile of WOD
scenario estimates higher than any of the flow options (Figure 4.4). The median yearly production potential
across flow options also slightly increased (2.1%) from the Y15D25 base option (278 tonnes C) to the Y45D40
option (284 tonnes C), with the WOD scenario having slightly higher estimated median production potential
again (Figure 4.4).
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Figure 4.4 Median and 25" percentile (i.e., “Q1") of annual production potential estimates, across all years, for the different
flow options associated with the Hume Dam to Yarrawonga Weir area. Numbers above the Y25D25, Y30D30, Y40D40, T45D40,
and WOD statistics indicate the difference between that value and the corresponding statistic for the Y15D25 option (a.k.a.
“base” option).

Relative to the Y15D25 “base” option, the alternative flow option models produced greater estimates of
production potential more often (Figure 4.5). The model with a higher constraints limit produced greater
estimates ranging from 54% (Y25D25) to 62% (Y40D40) of all years in comparison with the Y15D25 model
(Table 4.1). However, there were also a number of years in which the Y15D25 model produced greater
production potential estimates than any of the other flow options (approx. 38 — 46% of total years), and often to
a level that was noticeably higher than the maximum differences generated in favour of the alternative option
(Figure 4.5). For example, while the mean difference between the Y15D25 and Y25D25 model estimates was
approx. 2.3 tonnes C/yr when the Y25D25 model produced higher estimates, the mean difference was 3.4
tonnes C/yr when the Y15D25 model produced higher estimates (Table 4.1). Relative to the lowest total
estimate produced by either flow option in any given year, these differences correspond to an approx. 0.8 —
2.7% mean difference in production potential for the flow option with the higher constraint limit, and 1.1 — 2.4%
mean difference in production potential for the base flow option (Table 4.1). Yet across all comparisons, the
flow option with the higher constraint produced greater estimates in consecutive years more often (55 — 61
total years) and for longer on average (mean 3.0 — 3.6 years of consecutive periods) than the base option (25 -
55 years; mean 2.2 — 3.5 year periods). Consequently, while there were a number of years in which the Y15D25
base option produced notably higher estimates than the flow options with higher constraints, the alternative
flow options maintained periods of higher production potential for longer.
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Figure 4.5 Difference between model estimates for production potential (tonnes C), for the Hume Dam to Yarrawonga Weir
area, from the Y15D25 (a.k.a. “base”) flow option and (a) the Y25D25 (i.e., Y25D25 - Y15D25 estimate), (b) Y30D30, (c) Y40D40,
and (d) Y45D40 model estimates, across all modelled years. Positive values indicate that estimates are greater for the flow
option with the higher constraints limit, and vice versa.
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Table 4.1 For the Hume to Yarrawonga area (Area 1), summary statistics for differences in pairwise comparisons of model
estimates between the Y15D25 (a.k.a. base option) and other flow options. Shown for the subset of results in which one
option produced greater differences (e.g., when the Y25D25 model produced higher estimates than the Y15D25) are the mean
differences in production potential estimates (in tonnes C/yr for both absolute values, and percentage of difference relative to
the lower model estimate), proportion of years (%) in which the given flow option produced higher estimates, the total number
of years in which the given flow option produced higher estimates across consecutive years (i.e., >= 2 years), and the mean
length of those consecutive periods. Results for comparison with the WOD model are also given.

CONSTRAINT
DIFFERENCE IN TOTAL LENGTH | MEAN LENGTH OF
WITH PROPORTION
COMPARISON PRODUCTION OF CONSECUTIVE | CONSECUTIVE
HIGHER OF YEARS
(TONNES C; %) PERIODS (YR) PERIODS (YR)
PRODUCTION
Y15D25 vs Y25D25 Y25D25 2.27 (0.78%) 53.7% 55 3.06
Y15D25 -3.43 (-1.17%) 46.3% 38 3.45
Y15D25 vs Y30D30 Y30D30 3.54 (1.26%) 59.3% 56 2.95
Y15D25 -4.73 (-1.56%) 40.7% 25 2.5
Y15D25 vs Y40D40 Y40D40 5.78 (2.08%) 61.8% 61 3.59
Y15D25 -7.54 (-2.44%) 38.2% 29 2.23
Y15D25 vs Y45D40 Y45D40 7.54 (2.73%) 59.3% 58 3.05
Y15D25 -7.08 (-2.28%) 40.7% 28 2.55
Y15D25 vs WOD WOD 23.11 (7.91%) 95.1% 17 16.71
Y15D25 -27.64 (-5.12%) 4.9% 0 0

In all other comparisons between flow options for the Hume to Yarrawonga area, the basic pattern was much
the same as for the comparisons with the base Y15D25 option. Across all years, the flow option with the higher
constraints produced greater estimates of production potential more often (56 — 65% of years) than the option
with the lower constraint (35 — 44% of years) (Table 4.2), but the flow option with the lower constraint had
higher peak differences in production potential (Table 4.2) (Figure 4.6). However, these peaks in favour of the
flow option with lower constraints likely occurred during years in which production potential estimates were
high overall: the mean differences in production potential were approximately equivalent between flow options
(2.6 — 6.0 tonnes C/yr compared with 3.2 — 6.2 tonnes C/yr), and these differences were also only 0.9 — 1.9% of
the lower absolute production potential estimate being compared (as opposed to 1.1 — 2.5% for the alternative
flow option) in those given years (Table 4.2). Again, however, the flow option with the higher constraints limit
also produced greater estimates in consecutive years more often (42 — 72 total years) and for longer on
average (mean 2.6 — 3.6 years of consecutive periods) than the alternative flow option (26 — 42 years; mean 2.3
— 3.0 year periods).
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Figure 4.6 Difference between model estimates for production potential (tonnes C) for the Hume Dam to Yarrawonga Weir
area, across all modelled years, from flow options not including the “base” model: comparisons are between the Y25D25 and
(a) Y30D30 (i.e., Y30D30 - Y25D5 estimates), (b) Y40D40, and (c) Y45D40 model estimates; between the Y30D30 and (d)
Y40D40 and (e) Y45D40 estimates; and (f) Y40D40 and Y45D45 estimates. Positive values indicate that estimates are greater
for the flow option with the higher constraints limit, and vice versa.
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Table 4.2 For the Hume to Yarrawonga area (Area 1), summary statistics for differences in pairwise comparisons of model
estimates between flow options not including the Y15D25 option (a.k.a. base option). Shown for the subset of results in
which one option produced greater differences (e.g., when the Y30D30 model produced higher estimates than the Y25D25)
are the mean differences in production potential estimates (in tonnes C/yr for both absolute values, and percentage of
difference relative to the lower model estimate), proportion of years (%) in which the given flow option produced higher
estimates, the total number of years in which the given flow option produced higher estimates across consecutive years (i.e.,
>= 2 years), and the mean length of those consecutive periods. Results for comparison with the WOD model are also given.

CONSTRAINT DIFFERENCE IN TOTAL LENGTH |MEAN LENGTH OF
WITH PROPORTION
COMPARISON PRODUCTION OF CONSECUTIVE | CONSECUTIVE
HIGHER v OF YEARS
(TONNES C; %) PERIODS (YR) PERIODS (YR)
PRODUCTION
Y25D25 vs Y30D30 Y30D30 3.18 (1.13%) 58.5% 57 3.35
Y25D25 -3.17 (-1.02%) 41.5% 34 2.43
Y25D25 vs Y40D40 Y40D40 4.87 (1.76%) 65.0% 72 3.6
Y25D25 -6.04 (-1.91%) 35.0% 26 2.6
Y25D25 vs Y45D40 Y45D40 6.84 (2.47%) 61.8% 64 3.37
Y25D25 -5.92 (-1.85%) 38.2% 29 2.42
Y25D25 vs WOD WOD 23.33 (8%) 95.9% 118 19.67
Y25D25 -33.8 (-6.13%) 41% 0 0
Y30D30 vs Y40D40 Y40D40 4.47 (1.61%) 56.1% 49 2.58
Y30D30 -4.55 (-1.51%) 43.9% 28 2.33
Y30D30 vs Y45D40 Y45D40 6.23 (2.25%) 52.0% 42 28
Y30D30 -3.8 (-1.24%) 48.0% 36 2.77
Y30D30 vs WOD WOoD 23.13 (7.9%) 94.3% 15 1917
Y30D30 -23.72 (-4.31%) 5.7% 2 2
Y40D40 vs Y45D40 Y45D40 4.31 (1.52%) 50.4% 45 2.81
Y40D40 -2.55 (-0.87%) 49.6% 42 3
Y40D40 vs WOD WOD 23.99 (8.19%) 90.2% 108 12
Y40D40 -17.46 (-3.83%) 9.8% 2 2
Y45D40 vs WOD WOD 23.41 (7.96%) 88.6% 106 9.64
Y45D40 -14.93 (-3.28%) 11.4% 2 2
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Comparisons across years with constraints operating

When limited only to years in which constraints were operating (i.e., any year where a flow option scenario had
a modelled maximum daily discharge below the designated constraints limit), the proportion of years in which
the five modelled flow scenarios produced estimates of large native fish production potential above the 25t
percentile of without development estimates was more variable than that across all years, at approximately 7-
30% (Figure 4.7). In comparison with the modelled results across all years, there were larger differences in how
often the base model (Y15D25) reached the 25™ percentile of WOD estimates (6.8%) relative to the flow options
with higher constaints limits, with progressively higher proportions of years reaching this nominal target for the
Y25D25 (8.0% of years) up to the Y45D40 option (29.6% of years; Figure 4.6).

Proportion of years >= 25th percentile of WOD results
Y15D25: 6.82 %
Y25D25: 7.95 %
Y30D30: 12.50 %
Y40D40: 19.32 %

Y45D40: 29.55 %
WOoD

Y15D25
Y25D25
Y30D30
Y40D40
Y45D40

Density

300 350 400
Production potential (tonnes C/yr)

Figure 4.7 Density distributions of model results for the production potential of large native fish from the six different
modelled timeseries, across years in which constraints were operating (i.e., any year where a flow option had a modelled
maximum daily discharge below its designated constraints limit), for the Hume Dam to Yarrawonga Weir area. Dashed line
indicates 25™ percentile of without development (“WOD”) results (i.e., value above which 75% of yearly estimates from the
WOD model occur). Statistics shown in the top right indicate the percentage of years for each of the modelled flow option
scenarios where estimates exceeded the 25™ percentile of WOD results. Note the use of nonlinear scale on the x axis
(pseudo-logio transformation) to aid in discrimination between density distributions.

However, the percentage increase in the 25" percentile of production potential estimates from the Y15D25
base option (271 tonnes C) to the Y45D40 option (276 tonnes C) was still low (2.0%) when compared in years
with constraints operating (Figure 4.8). The median yearly production potential across flow options also only
showed a slight increase (1.7%) from the Y15D25 base option (275 tonnes C) to the Y45D40 option (280 tonnes
C). In comparison, the WOD scenario had higher estimated 25™ percentile (284 tonnes C) and median values
(289 tonnes C) for production potential estimates in years with constraints operating (Figure 4.8).
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Figure 4.8 Median and 25" percentile (i.e., “Q1") of annual production potential estimates, across years in which constraints
were operating (i.e., any year where a flow option had a modelled maximum daily discharge below its designated constraints
limit), for the different flow options associated with the Hume Dam to Yarrawonga Weir area. Numbers above the Y25D25,
Y30D30, Y40D40, T45D40, and WOD statistics indicate the difference between that value and the corresponding statistic for
the Y15D25 option (a.k.a. “base” option)

When limited only to years in which constraints might operate, the alternative flow option models again
produced greater estimates of production potential more often than the Y15D25 option (Figure 4.9). The flow
option with a higher constraints limit produced greater estimates ranging from 57% (Y25D25) to 74% (Y45D40)
of regulated years in comparison with the Y15D25 model (Table 4.3). In contrast, the Y15D25 model sometimes
only produced notably greater production potential estimates than the Y25D25 flow option (Figure 4.9). Relative
to the lowest total estimate produced by either flow option in any given year, these differences correspond to
an approx. 0.8 — 2.9% mean difference in production potential for the flow option with the higher constraint
limit, and 0.8 — 1.7% mean difference in production potential for the base flow option (Table 4.3). The flow
option with the higher constraint also produced greater estimates in consecutive years more often (23 — 45
total years) and for longer on average (mean 3.1 — 3.8 years of consecutive periods) than the base option (10 —
12 years; mean 2.2 — 2.5 year periods). In contrast to the comparison across all years, therefore, the flow
options with higher constraints limits not only maintained periods of higher production potential for longer than
the Y15D25 base option but also (c.f. the Y25D25 option) largely produced consistently greater estimates of
production potential.
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Figure 4.9 Difference between model estimates for production potential (tonnes C) from the Y15D25 (a.k.a. “base”) flow
option and (a) the Y25D25 (i.e., Y25D25 - Y15D25 estimate), (b) Y30D30, (c) Y40D40, and (d) Y45D40 model estimates, across
years in which constraints were operating (i.e., any year where a flow option scenario had a modelled maximum daily
discharge below the nominal constraints limit), for the Hume Dam to Yarrawonga Weir area. Positive values indicate that
estimates are greater for the flow option model with the higher constraints limit, and vice versa. Greyed-out columns indicate
results from years where either constraints limit was exceeded during that year.
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Table 4.3 For the Hume to Yarrawonga area (Area 1), summary statistics for differences in pairwise comparisons of model
estimates between the Y15D25 (a.k.a. base option) and other flow options, in years where constraints are operating (i.e.,
either timeseries has a maximum daily discharge below the constraints limit for that year). Shown for the subset of results in
which one option produced greater differences (e.g., when the Y25D25 model produced higher estimates than the Y15D25)
are the mean differences in production potential estimates (in tonnes C/yr for both absolute values, and percentage of
difference relative to the lower model estimate), proportion of years (%) in which the given flow option produced higher
estimates, the total number of years in which the given flow option produced higher estimates across consecutive years (i.e.,
>= 2 years), and the mean length of those consecutive periods.

CONSTRAINT
DIFFERENCE IN TOTAL LENGTH |MEAN LENGTH OF
WITH PROPORTION
COMPARISON PRODUCTION OF CONSECUTIVE [ CONSECUTIVE
HIGHER (TONNES C; %) OF YEARS PERIODS (YR) PERIODS (YR)
PRODUCTION e
Y15D25 vs Y25D25 Y25D25 2.30 (0.85%) 56.9% 23 3.29
Y15D25 -2.06 (-0.75%) 43.1% 12 2.4
Y15D25 vs Y30D30 Y30D30 3.77 (1.37%) 68.7% 34 3.09
Y15D25 -3.58 (-1.32%) 31.3% 10 2.5
Y15D25 vs Y40D40 Y40D40 6.27 (2.3%) 72.9% 38 3.8
Y15D25 -3.34 (-1.22%) 27.1% 1 2.2
Y15D25 vs Y45D40 Y45D40 8.01 (2.93%) 73.6% 45 3.21
Y15D25 -4.54 (-1.65%) 26.4% 10 25
Y15D25 vs WOD WOD 15.48 (5.65%) 96.9% 77 5.13
Y15D25 -3.39 (-1.19%) 3.1% 0 0

In all other comparisons between flow options for the Hume to Yarrawonga area, the flow option with the higher
constraints limit produced greater estimates of production potential notably more often (57 — 82% of years)
than the alternative flow option (18 — 44% of years; Table 4.10; Figure 4.8). The flow option with the higher
constraint limit also produced greater estimates in consecutive years more often (24 — 58 total years) and for
longer on average (mean 2.4 — 3.5 years of consecutive periods) than the alternative option (9 — 18 years; mean
2.0 — 2.6 year periods; Table 4.4).
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Figure 4.10 Difference between model estimates for production potential (tonnes C) for the Hume Dam to Yarrawonga Weir
area, across years in which constraints were operating (i.e., any year where a flow option scenario had a modelled maximum
daily discharge below the nominal constraints limit), from flow options not including the “base” model: comparisons are
between the Y25D25 and (a) Y30D30 (i.e., Y30D30 - Y25D5 estimates), (b) Y40D40, and (c) Y45D40 model estimates; between
the Y30D30 and (d) Y40D40 and (e) Y45D40 estimates; and (f) Y40D40 and Y45D45 estimates. Positive values indicate that
estimates are greater for the flow option with the higher constraints limit, and vice versa. Greyed-out columns indicate results
from years where either constraints limit was exceeded during that year.
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Table 4.4 For the Hume to Yarrawonga area (Area 1), summary statistics for differences in pairwise comparisons of model
estimates between flow options not including the Y15D25 option (a.k.a. base option), in years where constraints are
operating (i.e., either timeseries has a maximum daily discharge below the constraints limit for that year). Shown for the
subset of results in which one option produced greater differences (e.g., when the Y30D30 model produced higher estimates
than the Y25D25) are the mean differences in production potential estimates (in tonnes C/yr for both absolute values, and
percentage of difference relative to the lower model estimate), proportion of years (%) in which the given flow option
produced higher estimates, the total number of years in which the given flow option produced higher estimates across
consecutive years (i.e., >= 2 years), and the mean length of those consecutive periods. Comparisons with the WOD model are
shown for reference.

CONSTRAINT DIFFERENCE IN TOTAL LENGTH | MEAN LENGTH OF
COMPARISON WITH PRODUCTION PROPORTION | - cONSECUTIVE | CONSECUTIVE
HIGHER (TONNES C; %) OF YEARS PERIODS (YR) PERIODS (YR)
PRODUCTION
Y25D25 vs Y30D30 Y30D30 3.19 (1.16%) 67.5% 35 3.5
Y25D25 -2.33 (-0.86%) 32.5% 14 2.33
Y25D25 vs Y40D40 Y40D40 5.13 (1.87%) 82.4% 58 3.41
Y25D25 -3.47 (-1.25%) 17.6% 9 2.25
Y25D25 vs Y45D40 Y45D40 7.2 (2.62%) 76.1% 47 3.36
Y25D25 -3.23 (-1.17%) 23.9% 11 2.2
Y25D25 vs WOD WOD 14.89 (5.43%) 98.6% 78 5.57
Y25D25 -2.86 (-1.01%) 1.4% 0 NaN
Y30D30 vs Y40D40 Y40D40 5.26 (1.91%) 62.8% 33 2.54
Y30D30 -3.04 (-1.1%) 37.2% 12 2
Y30D30 vs Y45D40 Y45D40 6.71 (2.44%) 65.9% 33 2.75
Y30D30 -2.39 (-0.86%) 36.4% 12 2
Y30D30 vs WOD WOD 16.47 (6.01%) 96.4% 77 55
Y30D30 -1.72 (-0.6%) 3.6% 2 2
Y40D40 vs Y45D40 Y45D40 4.56 (1.65%) 56.8% 24 2.4
Y40D40 -2.58 (-0.93%) 43.2% 18 2.57
Y40D40 vs WOD WOD 15.24 (5.53%) 90.6% 71 5.46
Y40D40 -6.25 (-2.21%) 9.4% 0 0
Y45D40 vs WOD WOD 16.03 (5.79%) 88.5% 70 5.38
Y45D40 -5.22 (-1.83%) 11.5% 0 0
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4.2 AREA 2: RIVER MURRAY, YARRAWONGA TO WAKOOL CONFLUENCE

Comparison across all modelled years

akool junction

E“//.' 30 15 0 30 Kilometers /
N

36°0'S

T T
144°0°E 146°0°E

Figure 4.11 Extent of modelled area, Yarrawonga to Wakool confluence (orange filled area), with RiMFIM zones outlined and
named. Black dots show associated flow gauges (see Fig. 3.3 for details). Marked yellow circles indicate beginning and end
of modelled area. Inset map shows extent (grey area) within the Murray-Darling Basin boundaries.

As with Area 1, discharge timeseries from the different flow options produced relatively similar patterns in
cumulative yearly discharge over time for the Yarrawonga-Wakool area (Figure 4.12). Estimates of inundation
extent over each year were also similar between the options, although the frequently of moderately sized
inundation years was noticeably higher in the without development scenario. Production potential for all of the
flow options were therefore again similar across years, although high discharge years increased production
potential by an order of magnitude over base levels regardless of the flow option being considered. Again, there
was also a greater frequency of moderately increased production potential years in the without development
scenario (Figure 4.12).
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Figure 4.12 For the Yarrawonga Weir to Wakool junction area, from 1896-2018, comparisons of annual cumulative (a-f)
discharge d/s Yarrawonga Weir with (g-) inundation extent (in ha * days) and (m-r) production potential of large native fish
(tonnes C) for each of the modelled flow option scenarios, as well as the without development timeseries (“WOD").
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In the Yarrawonga to Wakool area, the proportion of years in which the five modelled flow option scenarios
produced estimates of large native fish production potential above the 25" percentile of without development
estimates was around 39-46% (Figure 4.13). There was thus only a small increase (4.7%) in the proportion of
total, modelled years where the models predicted greater outcomes for production potential under the flow
options with higher constraints relative to the base option (Y15D25) (Figure 4.13).

\Proportion of years >= 25th percentile of WOD results
I Y15D25: 39.84 %
! Y25D25: 41.46 %
I Y30D30: 42.28 %
] ! Y40D40: 45.53 %
Y45D40: 45.53 % —
WOoD
Y15D25
b P—
® Y25D25
[ —
8 | | Yy3op3o
] [ | vaop4o
|| Y4sD40
5000 10000 15000

Production potential (tonnes C/yr)

Figure 4.13 Density distributions of model results for the production potential of large native fish from the six different
modelled timeseries, across all years (1986-2018), for the Yarrawonga Weir to Wakool junction area. Dashed line indicates
25" percentile of without development (“WOD") results (i.e., value below which lie the lowest 25% of yearly estimates from the
WOD model). Statistics shown in the top right indicate the percentage of years for each of the modelled flow option scenarios
where estimates exceeded the 25" percentile of WOD results. Note the use of nonlinear scale on the x axis (pseudo-logio
transformation) to aid in discrimination between density distributions.

There was therefore also a small increase (11.7%) in the 25! percentile of production potential estimates from
the Y15D25 base option (1,204 tonnes C) to the Y45D40 option (1,345 tonnes C), although the 25 percentile of
WOD scenario estimates was much higher than for estimates from any of the flow options (Figure 4.14). The
median yearly production potential across flow options increased by more (14.7%) from the Y15D25 base
option (1,498 tonnes C) to the Y45D40 option (1,717 tonnes C), although again the WOD scenario had much
higher estimated median production potential (Figure 4.14).

32 La Trobe University, Centre for Freshwater Ecosystems (CFE)



76.58%

o

[}

Q

C

c

L

£ 2000+

= 47.979

£ 12.7% 14.6% o

c 7.79%

o 3.57%

o

o 9 1.71%

5 6.46% 7.6% 9.95% °

S

g

S 1000+

[o%

©

3

j

e

<

0’ v
& & 3 g g a
wn Yo} o o (=)

2 S 2 X 3 2 s g 3 g ] a
- I N 8 I 2 N =] NI o] = o
> ) > 9 > S > S > 2 =
E > : > : > : > c NI s g
= — = — = — = — = — o
8 o g o 3 3 g 5 3 5 2 ©
= = = = =

Figure 4.14 Median and 25" percentile (i.e., “Q1") of annual production potential estimates, across all years, for the different
flow options associated with the Yarrawonga Weir to Wakool junction area. Numbers above the Y25D25, Y30D30, Y40D40,

T45D40, and WOD statistics indicate the difference between that value and the corresponding statistic for the Y15D25 option
(a.k.a. “base” option).

As in Area 1, the flow options being assessed against the Y15D25 option produced greater estimates of
production potential more often (51 — 54% of years; as opposed to 46 — 49% of years in favour of the Y15D25
model) (Table 4.5), but differences in favour of the Y15D25 flow option were often of greater peak magnitude
than differences in favour of the alternative flow option (Figure 4.15). However, the mean differences in favour
of the Y15D25 model estimates were lower in comparison with all other flow options, and, as with Area 1, likely
occurred in higher-potential years overall given that the differences were lower proportions in any given year (-
3.4 —-5.7% vs 6.7 to 14.5% of the lower estimated production potential) (Table 4.5). The flow option with the
higher constraint also produced greater estimates in consecutive years more often (41 — 49 total years),
although not necessarily longer on average (mean 2.7 — 3.3 years of consecutive periods), than the base option
(34 — 41 years; mean 2.7 — 3.2 year periods) (Table 4.5). All of the alternative flow options therefore produced
greater estimates of production potential more often than the base Y15D25 flow option.
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Figure 4.15 Difference between model estimates for production potential (tonnes C), for the Yarrawonga Weir to Wakool
junction area, from the Y15D25 (a.k.a. “base”) flow option and (a) the Y25D25 (i.e., Y25D25 - Y15D25 estimate), (b) Y30D30, (c)
Y40D40, and (d) Y45D40 model estimates, across all modelled years. Positive values indicate that model estimates are
greater for the flow option with the higher constraints limit, and vice versa.
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Table 4.5 For the Yarrawonga to Wakool area (Area 2), summary statistics for differences in pairwise comparisons of model
estimates between the Y15D25 (a.k.a. base option) and other flow options. Shown for the subset of results in which one
option produced greater differences (e.g., when the Y25D25 model produced higher estimates than the Y15D25) are the mean
differences in production potential estimates (in tonnes C/yr for both absolute values, and percentage of difference relative to
the lower model estimate), proportion of years (%) in which the given flow option produced higher estimates, the total number
of years in which the given flow option produced higher estimates across consecutive years (i.e., >= 2 years), and the mean
length of those consecutive periods. Results for comparison with the WOD model are also given.

CONSTRAINT
DIFFERENCE IN TOTAL LENGTH | MEAN LENGTH OF
WITH PROPORTION
COMPARISON PRODUCTION OF CONSECUTIVE | CONSECUTIVE
HIGHER OF YEARS
(TONNES C; %) PERIODS (YR) PERIODS (YR)
PRODUCTION
Y15D25 vs Y25D25 Y25D25 91.16 (6.68%) 52.8% 49 3.27
Y15D25 -88.92 (-3.33%) 47.2% a 3.15
Y15D25 vs Y30D30 Y30D30 140.36 (10.06%) 52.8% 43 2.87
Y15D25 -119.26 (-4.42%) 47.2% 34 2.83
Y15D25 vs YA0D40 Y40D40 190.27 (13.92%) 51.2% M 2.73
Y15D25 -150.91 (-5.22%) 48.8% 36 3
Y15D25 vs Y45D40 Y45D40 200.69 (14.54%) 53.7% 46 2.88
Y15D25 -166.2 (-5.7%) 46.3% 35 2.69
Y15D25 vs WOD WOD 1064.3 (56.44%) 95.1% 17 16.71
Y15D25 -380.02 (-4.6%) 4.9% 0 0

In all other comparisons between flow options for the Yarrawonga to Wakool area, the flow option with the
higher constraints limit produced greater estimates of production potential at approximately the same
frequency (48 — 58% of years) than the alternative flow option (42— 52% of years; Table 4.6; Figure 4.16). The
absolute mean difference in production potential was slightly greater for the flow option with the higher
constraints limit (73.5 — 142.0 tonnes C) than the alternative option (-54.6 — 121.0 tonnes C), although the
proportional difference relative to the lower production potential estimate was again greater for the flow option
with the higher constraint (4.8 — 8.0%) than the alternative flow option being compared (-3.1 —-5.0%). The flow
option with the higher constraint limit also produced greater estimates in consecutive years at a slightly higher
frequency (38 — 52 total years) than the alternative option (23 — 47 years), while the mean lengths of
consecutive periods were similar between flow options (mean 2.4 — 3.3 year vs. mean 2.3 — 2.9 year periods;
Table 4.4).
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Figure 4.16 Difference between model estimates for production potential (tonnes C) for the Yarrawonga Weir to Wakool
junction area, across all modelled years, from flow options not including the “base” model: comparisons are between the
Y25D25 and (a) Y30D30 (i.e., Y30D30 - Y25D5 estimates), (b) Y40D40, and (c) Y45D40 model estimates; between the Y30D30
and (d) Y40D40 and (e) Y45D40 estimates; and (f) Y40D40 and Y45D45 estimates. Positive values indicate that estimates are
greater for the flow option model with the higher constraints limit, and vice versa.
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Table 4.6 For the Yarrawonga to Wakool area (Area 2), summary statistics for differences in pairwise comparisons of model
estimates between flow options not including the Y15D25 option (a.k.a. base option). Shown for the subset of results in
which one option produced greater differences (e.g., when the Y30D30 model produced higher estimates than the Y25D25)
are the mean differences in production potential estimates (in tonnes C/yr for both absolute values, and percentage of
difference relative to the lower model estimate), proportion of years (%) in which the given flow option produced higher
estimates, the total number of years in which the given flow option produced higher estimates across consecutive years (i.e.,
>= 2 years), and the mean length of those consecutive periods. Results for comparison with the WOD model are also given.

CONSTRAINT DIFFERENCE IN TOTAL LENGTH |MEAN LENGTH OF
WITH PROPORTION
COMPARISON PRODUCTION OF CONSECUTIVE | CONSECUTIVE
HIGHER o OF YEARS
(TONNES C; %) PERIODS (YR) PERIODS (YR)
PRODUCTION
Y25D25 vs Y30D30 Y30D30 79.35 (4.78%) 57.7% 52 3.25
Y25D25 -80.68 (-3.79%) 42.3% 30 2.5
Y25D25 vs Y40D40 Y40D40 119.6 (7.98%) 54.5% 40 3.08
Y25D25 -104.43 (-4.22%) 45.5% 30 2.31
Y25D25 vs Y45D40 Y45D40 142 (9.44%) 55.3% 43 2.39
Y25D25 -120.95 (-5.00%) 44.7% 23 2.3
Y25D25 vs WOD WOD 1058.75 (53.25%) 95.1% 17 16.71
Y25D25 -399.95 (-6.84%) 4.9% 0 0
Y30D30 vs Y40D40 Y40D40 82.41 (5.26%) 56.9% 52 3.06
Y30D30 -95.14 (-4.23%) 43.1% 32 2.46
Y30D30 vs Y45D40 Y45D40 108.26 (7.03%) 50.4% 38 2.53
Y30D30 -84.37 (-3.64%) 49.6% 41 2.28
Y30D30 vs WOD WOoD 1045.09 (51.22%) 95.1% 17 16.71
Y30D30 -373.22 (-4.11%) 4.9% 0 0
Y40D40 vs Y45D40 Y45D40 73.46 (4.57%) 48.0% M 2.73
Y40D40 -54.61 (-3.12%) 52.0% 47 2.94
Y40D40 vs WOD WOD 1099.93 (52.88%) 90.2% 110 10
Y40D40 -231.89 (-5.35%) 9.8% 0 0
Y45D40 vs WOD WOD 1053.3 (49.94%) 93.5% 115 12.78
Y45D40 -332.3 (-6.25%) 6.5% 0 0
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Comparisons across years with constraints operating

In contrast with the density distribution of model estimates across all years, the distributions of results from
years in which constraints would be operating (i.e., any year where a flow option scenario had a modelled
maximum daily discharge below the designated constraints limit) were notably different for each flow option
being assessed (Figure 4.17). Consequently, the proportion of years where flow options with higher constraints
crossed the 25" percentile of WOD results progressively increased by approximately 20% from the Y15D25
base model (8.6%) to the Y40D40 model (29.3%), although this proportion decreased slightly with the Y45D40
flow option (27.6%) (Figure 4.17).

1 Proportjon of years >= 25th percentile of WOD results
Y15D25: 8.62 %
: Y25D25: 13.79 %
| Y30D30: 24.14 %
| ! Y40D40: 29.31 %
1 Y45D40: 27.59 % —
1 | WOD
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= I —
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Production potential (tonnes C/yr)

Figure 4.17 Density distributions of model results for the production potential of large native fish from the six different
modelled timeseries, across years in which constraints were operating (i.e., any year where a flow option scenario had a
modelled maximum daily discharge below the nominal constraints limit), for the Yarrawonga Weir to Wakool junction area.
Dashed line indicates 25™ percentile of without development (“WOD") results (i.e., value above which 75% of yearly estimates
from the WOD model occur). Statistics shown in the top right indicate the percentage of years for each of the modelled flow
option scenarios where estimates exceeded the 25" percentile of WOD results. Note the use of nonlinear scale on the x axis
(pseudo-logio transformation) to aid in discrimination between density distributions.

The increase in the 25" percentile of production potential estimates from the Y15D25 base option (1,072
tonnes C) to the Y40D40 option (1,076 tonnes C) was very low (0.3%), although the 25" percentile of WOD
scenario estimates was also lower (1,113 tonnes C) in comparison with the entire set of years (Figure 4.18). The
median yearly production potential across flow options also increased by only a small proportion (0.7%) from
the Y15D25 base option (1,075 tonnes C) to the Y40D40 option (1,083 tonnes C), while the WOD scenario had
slightly higher estimated median production potential in comparison (Figure 4.18).
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Figure 4.18 Median and 25" percentile (i.e., “Q1") of annual production potential estimates, across years in which constraints
were operating (i.e., any year where a flow option scenario had a modelled maximum daily discharge below the nominal
constraints limit), for the different flow options associated with the Yarrawonga Weir to Wakool junction area. Numbers above
the Y25D25, Y30D30, Y40D40, T45D40, and WOD statistics indicate the difference between that value and the corresponding
statistic for the Y15D25 option (a.k.a. “base” option).

In years where flow constraints might be operating, the flow options being assessed against the Y15D25 option
produced greater estimates of production potential more often (45 — 67% of years) than the base option (33 -
55% of years) (Table 4.7), and differences in favour of the Y15D25 flow option were noticeably of lower peak
magnitude than in the comparisons across all years (Figure 4.19). While there was again little difference in
whether the Y15D25 or Y25D25 model produced greater estimates, mean differences in favour of the flow
option with the higher constraint increased substantially from the Y30D30 option (105.1 tonnes C/yr) to the
Y45D40 option (195.1 tonnes C/yr), with little change in the difference in favour of the Y15D25 option (-14.0 — -
26.3 tonnes C/yr;Table 4.7). The proportional difference in favour of the flow options with higher constraints
was also notably higher (3.1 — 14.9%) than the proportional differences when the Y15D25 option produced
higher estimates (-1.3 — -2.0%) (Table 4.7). The flow option with the higher constraint also produced greater
estimates in consecutive years more often (2 — 25 total years) than the base option (2 — 12 years), although the
mean length of consecutive periods was similar for the Y15D25 option (2.0 — 2.5 years) when compared
against the alternatives (2.0 — 2.5 years) (Table 4.7).
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Figure 4.19 Difference between model estimates for production potential (tonnes C) from the Y15D25 (a.k.a. “base”) flow
option and (a) the Y25D25 (i.e., Y25D25 - Y15D25 estimate), (b) Y30D30, (c) Y40D40, and (d) Y45D40 model estimates, across
years in which constraints were operating (i.e., any year where a flow scenario had a modelled maximum daily discharge
below the nominal constraints limit), for the Yarrawonga Weir to Wakool junction area. Positive values indicate that estimates
are greater for the modelled flow option with the higher constraints limit, and vice versa.
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Table 4.7 For the Yarrawonga Weir to Wakool junction area (Area 2), summary statistics for differences in pairwise
comparisons of model estimates between the Y15D25 (a.k.a. base option) and other flow options, in years where constraints
might be operating (i.e., either timeseries has a maximum daily discharge below the constraints limit for that year). Shown for
the subset of results in which one option produced greater differences (e.g., when the Y25D25 model produced higher
estimates than the Y15D25) are the mean differences in production potential estimates (in tonnes C/yr for both absolute
values, and percentage of difference relative to the lower model estimate), proportion of years (%) in which the given flow
option produced higher estimates, the total number of years in which the given flow option produced higher estimates across
consecutive years (i.e., >= 2 years), and the mean length of those consecutive periods.

CONSTRAINT
DIFFERENCE IN TOTAL LENGTH |MEAN LENGTH OF
WITH PROPORTION
COMPARISON PRODUCTION OF CONSECUTIVE [ CONSECUTIVE
HIGHER (TONNES C; %) OF YEARS PERIODS (YR) PERIODS (YR)
PRODUCTION e
Y15D25 vs Y25D25 Y25D25 35.3 (3.12%) 45.0% 2 2
Y15D25 -22.66 (-2%) 55.0% 2 2
Y15D25 vs Y30D30 Y30D30 105.1 (8.56%) 55.2% 6 2
Y15D25 -14.02 (-1.26%) 44.8% 5 25
Y15D25 vs Y40D40 Y40D40 132.62 (10.64%) 63.2% 10 2.5
Y15D25 -18.08 (-1.6%) 36.8% 4 2
Y15D25 vs Y45D40 Y45D40 195.14 (14.9%) 67.2% 25 25
Y15D25 -26.31 (-1.83%) 32.8% 12 2.4
Y15D25 vs WOD WOD 204.74 (18.23%) 100.0% 38 3.17
Y15D25 0 (0%) 0% 0 0

In all other comparisons between flow options for the Yarrawonga to Wakool area, in years where constraints
might be operating, differences in the frequency to which the flow option with the higher constraints limit
produced greater estimates of production potential were similar (47 — 64% of years) to those in the compared
flow option (36 — 53% of years) (Table 4.8) (Figure 4.16). However, the magnitude of differences between the
flow option models was higher and varied much more across the options with higher constraints (44.1 — 141.4
tonnes C/yr) than in the options with lower constraints limits being compared (-34.8 to -58.3 tonnes C/yr), and
was also greater as a proportion of the lower estimate (3.5 — 10.1% compared with -3.0 — -4.8%;Table 4.8).
Differences between the consistency and frequency of these greater production potential years were much
closer across comparisons, however, in both the total number of consecutive years (5 — 16 years vs. 2 — 16
years) and mean length of consecutive periods (mean 2.3 — 3.5 year periods vs. 2.0 — 2.7 year periods; Table
4.38).
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Figure 4.20 Difference between model estimates for production potential (tonnes C) for the Yarrawonga Weir to Wakool
junction area, across years in which constraints were operating (i.e., any year where a flow option scenario had a modelled
maximum daily discharge below the nominal constraints limit), from flow options not including the “base” model:
comparisons are between the Y25D25 and (a) Y30D30 (i.e., Y30D30 - Y25D5 estimates), (b) Y40D40, and (c) Y45D40 model
estimates; between the Y30D30 and (d) Y40D40 and (e) Y45D40 estimates; and (f) Y40D40 and Y45D45 estimates. Positive
values indicate that estimates are greater for the modelled flow option with the higher constraints limit, and vice versa.
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Table 4.8 For the Yarrawonga to Wakool area (Area 2), summary statistics for differences in pairwise comparisons of model
estimates between flow options not including the Y15D25 option (a.k.a. base option), in years where constraints might be
operating (i.e., either timeseries has a maximum daily discharge below the constraints limit for that year). Shown for the
subset of results in which one option produced greater differences (e.g., when the Y30D30 model produced higher estimates
than the Y25D25) are the mean differences in production potential estimates (in tonnes C/yr for both absolute values, and
percentage of difference relative to the lower model estimate), proportion of years (%) in which the given flow option
produced higher estimates, the total number of years in which the given flow option produced higher estimates across
consecutive years (i.e., >= 2 years), and the mean length of those consecutive periods.

CONSTRAINT DIFFERENCE IN TOTAL LENGTH | MEAN LENGTH OF
COMPARISON WITH PRODUCTION PROPORTION | coNSECUTIVE | CONSECUTIVE
HIGHER (TONNES C; %) OF YEARS PERIODS (YR) PERIODS (YR)
PRODUCTION
Y25D25 vs Y30D30 Y30D30 44.08 (3.45%) 58.60% 5 2.5
Y25D25 -34.82 (-2.97%) 41.40% 7 2.33
Y25D25 vs Y40D40 Y40D40 84.63 (6.51%) 57.90% 7 35
Y25D25 -58.26 (-4.76%) 42.10% 4 2
Y25D25 vs Y45D40 Y45D40 141.43 (10.14%) 63.80% 18 2.25
Y25D25 -57.93 (-4.69%) 36.20% 4 2
Y25D25 vs WOD WOD 288.18 (25.49%) 85% M 3.15
Y25D25 -70.62 (-6.45%) 15% 0 0
Y30D30 vs Y40D40 Y40D40 48.65 (3.65%) 60.50% 10 2.5
Y30D30 -54.13 (-4.31%) 39.50% 2 2
Y30D30 vs Y45D40 Y45D40 106.85 (7.33%) 53.40% 16 2.29
Y30D30 -40.85 (-3.23%) 46.60% 16 2.29
Y30D30 vs WOD WOD 371.65 (30.44%) 86.20% 40 2.86
Y30D30 -15.13 (-1.37%) 13.80% 0 0
Y40D40 vs Y45D40 Y45D40 72.16 (5.41%) 46.60% 10 2.5
Y40D40 -47.86 (-3.8%) 53.40% 16 2.67
Y40D40 vs WOD WOD 521.07 (41.13%) 78.90% 34 2.83
Y40D40 -33.22 (-2.97%) 21.10% 0 0
Y45D40 vs WOD WOD 627.46 (42.63%) 91.40% 38 3.17
Y45D40 -42.48 (-3.12%) 8.60% 0 0
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5. Discussion

For both project areas, the Y30D30, YA0D40, and Y45D40 flow options provided consistent increases in
production potential estimates over the base Y15D25 option, although these differences were relatively small in
comparison to the potential production of large native fish without regulation (“WOD" option) (Figure 5.1a, c).
However, these calculations included years with unregulated high flow events, which have a disproportionate
effect on the calculation of mean annual values and are unlikely to vary across flow option scenarios (as they
exceed the highest constraint anyway). Examining the years where maximum flows fall below the designated
constraints options for each flow option may thus provide a better estimate of when differences between those
options might have a direct effect on the production potential of large native fish. In this respect, the Y30D30,
Y40D40, and Y45D40 flow option models produced greater mean estimates of production potential, relative to
the base option, in years where constraints might be operating than across all years (Figure 5.1b, d). These
differences correspond to 8 — 20% of the mean increase in potential production without development for those
years (Figure 5.1b, d). When compared to the median production potential of the base Y15D25 scenario, the net
difference in favour of the RRC flow options (from the Y25D25 to Y45D40 scenario) corresponds to 0.01 — 1.7%
for the Hume to Yarrawonga area (median of Y15D25: 275.2 tonnes C) and 4.4 — 10.1% for the Yarrawonga to
Wakool area (median of Y15D25: 1210.9 tonnes C), for years in which constraints might operate.

Years in which flows are disproportionately high or low affect the ability to assess differences between
constraints options in a number of ways. As above, unregulated high flow events have a disproportionate effect
on the calculation of mean annual values. Very high flows are also likely to provide a relatively high proportion
of the annual sum of inundation and production potential in any given year, and thus make it difficult to assess
variation between options when flows are lower for the rest of the year. Low flow years will also skew mean
values and are likely to provide equivalent estimates for different constraints options (especially where
maximum daily values are well below the lowest constraints level). It must be stressed again that the estimates
here are analogous to the maximum carrying capacity — the potential energy that could be available to fuel
production of large native fish — and are not predictions of production itself (e.g., biomass or abundance of
large fish). Yet, it is during these lower-flow years when maintenance of threshold levels of basal production
and energy flows might be critically important in maintaining populations in the real world, e.g., in sustaining
viable population sizes, buffering populations against disturbance events, and supporting an appropriate
diversity of food resources in the periods between high-flow, “boom” events.

In this context, another important result from comparisons of the different flow options is that consecutive
periods of increased production over the base Y15D25 option occur more frequently moving from the Y30D30
up to the Y45D40 options, rather than fluctuating between years where the production potential of large native
fish alternately exceeds or falls short of the current, base scenario (see section 4). Further, while the absolute
difference in production potential of large native fish may only increase to around 20% of the potential without
development in the latter flow option scenarios, the total number of years which encompassed consecutive
periods of greater differences over the base scenario were above 50% of those in the WOD option for these
same scenarios. While production potential in these flow options may thus be lower than the potential without
development, they may be able to sustain this level of production potential over the base scenario relatively
consistently. In terms of ecological dynamics, fluctuations in the carrying capacity of populations — and
consequently, the probability of populations being suddenly restricted by energy supply — might thus be
reduced under the alternative flow options, despite a relatively low carrying capacity overall.

44  La Trobe University, Centre for Freshwater Ecosystems (CFE)



(a) Hume to Yarrawonga, all years (b) Hume to Yarrawonga, years with constraints

204

Net difference to Y15D25 (tonnes Clyr)
Net difference to Y15D25 (tonnes Clyr)

oT I b o+ .
WOD Y25D25 Y30D30 Y40D40 Y45D40 WOD Y25D25 Y30D30 Y40D40 Y45D40
Flow option Flow option
(c) Yarrawonga to Wakool, all years (d) Yarrawonga to Wakool, years with constraints

1000 1

600

4001
5001

2001
250 1

Net difference to Y15D25 (tonnes Clyr)
Net difference to Y15D25 (tonnes C/yr)

ot | — J ot J
WOD Y25D25 Y30D30 Y40D40 Y45D40 WOD Y25D25 Y30D30 Y40D40 Y45D40
Flow option Flow option

Figure 5.1 Summary of results examining the mean, net difference in production potential estimates between the base
Y15D25 flow option and each other option (mean of compared option estimate — Y15D25 estimate), for both project areas, for
either all modelled years (a, c) or years in which maximum daily discharge was below the designated constraints limit for
either flow option (b, d) (or, for the WOD scenario, for any flow option).

5.1 EVALUATION OF CONSTRAINTS OPTIONS

We chose to present comparisons of estimated production potential across flow options at two levels: (i)
comparison of the distribution of responses across all years and; (ii), comparisons in years where the maximum
daily flow was affected by constraints limits. In this respect, we sought to predict both the overall effect of
changing flow options and the effect in years where river regulation might directly affect the magnitude of the
floodplain inundation. These analyses focus on mean responses, rather than cumulative responses or long-
term trends, as those alternative approaches are likely not appropriate for the underlying data structure.

First, comparisons of the cumulative differences in production potential across all years (i.e., the sum of
potential added to the sum of all previous years) are problematic given the non-stationary nature of the time
series. There is also little difference in these overall estimates (e.g., ca. 0.3-0.7% differences in cumulative
production potential from 1896-2018 for the Yarrawonga to Wakool area) due to the high proportion of years in
which the flow option with the lower constraints limit estimates greater production potential (see e.g. Figures
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4.4 and 4.11) and the overriding effect of unregulated flow events on estimate sums (see above). Comparison
of long-term trends across the time series (e.g., comparing generalised additive models using cross-validation)
would also be problematic, as the production potential data are noisy and so do not fit this modelling approach
well: e.g., additive model fits across the flow option estimates for the Yarrawonga to Wakool area only predict
ca. 5-10% of the deviance in production potential by time. Our approach is therefore also dictated to a large
extent by the nature of the underlying discharge time series. Since the flow options relax the limits on regulated
flow events rather than increasing the cumulative flow being delivered to the system, differences in production
potential between years may often be “cancelled out” by the compared flow option receiving more discharge, or
a longer duration of peak flows, in the following year.

5.2 FUTURE OPTIONS: INUNDATION MODELLING

We incorporated a single addition to the structure of inundation modelling developed by Bond et al. (in prep) by
estimating the persistence of surface water when daily discharge drops below inundation thresholds (see
section 3.2). Our approach takes a scaling relationship between the difference in discharge and inundation
threshold, as well as the preceding number of inundated days, to model broadly applicable patterns in surface
water persistence. We consider this approach appropriate here for two reasons. First, surface water is likely to
persist for longer if the area has already been inundated for a longer time, as bank storage and groundwater
levels have likely been increased and will result in longer conservation of surface water if discharge drops (Jolly
& Rassam 2009). Secondly, more rapid drops in discharge below an inundation threshold are likely to result in
drying of surface water more quickly because (i) “ungauged” discharge, or a reduction in flow measurements
without a drop in water levels that still connect rivers and floodplains, is more likely to occur when discharge is
higher overall, and; (ii) there is less likely to be sub-surface connectivity between the river channel and
inundated off-channel areas which may help maintain surface water (Jolly & Rassam 2009). In reality, surface
water persistence in off-channel habitats is likely to be a more complex factor based on local topography,
antecedent rainfall patterns, and soil moisture and groundwater dynamics (e.g., Karim et al. 2020). However,
our approach provides a relatively simple method of estimating surface water persistence that is a substantial
improvement over no consideration, in which drops in discharge below inundation thresholds unrealistically
“reset” algal and macrophyte production (see section 3). It is worth noting, however, that the contribution of
standing water on floodplains to production within the river system as a whole is both largely unknown (see:
Appendix 4) and is likely to be highly dependent on the temporal and spatial patterns of hydrological (and
biological) connectivity, which are currently out of scope for us to parameterise (see: 5.3 below).

A future alteration to the inundation modelling approach could focus on improved consideration of low flows.
At present, all flows below the lowest inundation threshold in RiM-FIM (typically 3,000 ML/day) are scaled up to
that threshold. Variability in production potential under low flows is therefore not modelled, and all areas under
the lowest threshold are assumed to be perennially inundated. Our approach therefore does not consider any
changes to productivity and food web energy flows that may occur as channels experience low flows, which
may have substantial implications for ecosystem energetics (Rolls et al. 2012). Further, we do not currently
model zero flows or drying, and so our model continues predicting production even when channels might be
dry. However, our modelling approach strongly reflects the structure of the underlying inundation models. Both
the base RiM-FIM and Edward-Wakool RiM-FIM extensions are constrained by the resolution and frequency of
imagery used to calibrate the models (Overton et al. 2006, Sims et al. 2014), which results in lower model
accuracy when surface water extent is low (and thus a “lowest” inundation threshold that does not reflect the
potential lowest discharge or no flows). In addition, neither inundation model considers hysteresis in surface
water persistence. Yet at the present time, more detailed consideration of low flows in our approach is unlikely
to affect the evaluation of constraints options here, given that unregulated flow events contribute so
disproportionately to overall, annual estimates of production potential (see above). In addition, the aggregation
of sections of the River Murray with very different geomorphological settings (e.g., Barmah-Millewa and
Koondrook-Perricoota vs. constrained sections of the river between these areas) means that local differences
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in the modelling of inundation under both low and high-flow conditions is likely averaged out at the scales we
model. We caution that any modelling approach which seeks to mechanistically estimate population
demographics, abundance, or species interactions during low flows will therefore need to provide much more
detail in this respect than we currently do.

5.3 FUTURE OPTIONS: PRODUCTIVITY AND FOOD WEBS

Here, we estimated production potential at an annual scale. This approach was taken to “average out” several
ecological processes that would have otherwise required a much more complicated model, particularly with
respect to hysteresis in productivity and trophic interactions (i.e., dependence on antecedent conditions). There
are several processes we do not currently model explicitly that might be considered most important in this
respect: (i) productivity rates, for both autotrophic and heterotrophic basal resources, are likely to be affected
by the recent history of inundation, drying, and discharge in any given area (Humphries et al. 2014); (ii) basal
productivity may not be transferred to progressively higher trophic levels within the annual timescale
(particularly where basal productivity occurs in the latest months of the year), instead potentially requiring
months for primary and secondary consumers to grow and ultimately support the largest predators; and (jii)
organisms can move between habitats, and water can flow between areas, resulting in a network of ecological
interactions which depend upon where inflows are coming from and the productivity and trophic state of the
areas from which they originated (i.e., downstream effects; Loreau et al. 2003). We could therefore consider
incorporating more detailed inundation time-productivity relationships (e.g., Burford et al. 2012), lag times for
transfer of production through the modelled food web, organism movement between areas (and barriers to this
movement), and upstream effects on downstream systems to the model structure in the future. Given the
difficulty we faced in finding appropriate studies to update model parameters for a number of food web
properties, however (see: Appendix 2-4), we suggest that further complicating the energetics model by
incorporating hysteresis would likely be restricted by a lack of information on how these processes are
regulated by their history and position in the landscape.

Food web structure and the associated dominance and efficiency values we assigned to our modelled web, are
the most complex part of our model overall. They therefore also represent the aspect which might benefit most
from more exact parameterisation. Further updates to productivity rates and environmental effects on those
rates may be a good place to start, for several reasons. First, (i) the habitat classification system we use is
relatively broad, given that the ANAE classification system we base ours on includes over 40 different classes
for freshwater and floodplain ecosystems (see: Appendix 1). In particular, the dominant vegetation type in
ephemeral wetlands and floodplains is likely to substantially affect nutrient cycling and organic matter lability,
as well as light and substrate availability, and thus productivity (e.g., Zhang et al. 2021). Light and temperature
availability are also likely to vary substantially across aquatic habitats, particularly across inundated
floodplains, and thus affect primary productivity to a potentially large degree (Mulholland et al. 2001), but our
model currently has little consideration of how these parameters might both affect primary productivity rates
and the quality (i.e., nutritional value or trophic efficiencies associated thereof) of primary production. In a
related issue, (ii) the modelling of particulate organic matter (POM) and dissolved organic carbon (DOC) in our
model treats the entire resource as a homogenous entity, with a single dominance and efficiency value
assigned to links with this resource. In reality, POM and DOC are a highly heterogenous mixture of differing
substances with varying energy and nutrient value to consumers (Baldwin 1999). A corollary to this issue is
that little is known of how accumulation and decomposition of plant litter varies under different floodplain
vegetation types, which in turn will affect its integration into food webs upon inundation. Finally, (iii) the
modelling of temperature effects on productivity could be modelled more specifically. For example, productivity
and assimilation efficiency are linked in photosynthetic algae (Garcia-Carreras et al., 2018), and the effect of the
same increase in temperature on productivity may therefore increase by different scaling factors (see:
Appendix 1) at different temperature ranges (e.g., a 10°C increase from 10-20°C may scale productivity by a
factor of 1.066, but an increase from 20-30°C may scale productivity by 1.07). Again, however, the paucity of
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studies from which we were able to obtain updated model parameters in this respect (see: Appendix 2-4) is
likely to make any attempt to further update the energetics models a difficult task.
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Appendices

APPENDIX 1: WORKING EXAMPLE OF MODEL WITH MODIFICATIONS

Here, we use the Koondrook-Perricoota Forest floodplain area (RiMFIM zone 7; River Murray system from
Torrumbarry Weir to downstream of Gunbower) and associated historical discharge regime (measured at
Torrumbarry Weir from 1975-2021) (Fig. A1.1) as a working example of model structure and the effects of
potential modifications to the underlying energetics model.
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Figure A1.1 (a) Inundation threshold data for the Koondrook-Perricoota area (RiMFIM zone 7). (b) Historical (1975-2020) daily
discharge measured at Torrumbarry Weir.
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SECTION A1.1 MODELLING THE TEMPERATURE-DEPENDENCE OF PRODUCTION

Productivity of both heterotrophic and autotrophic organisms in aquatic ecosystems varies with water
temperature (Wetzel, 2001). In addition, fundamental trophic relationships such as metabolic activity are
strongly moderated by temperature (Brown et al., 2004). The model of Bond et al. (in prep) considers these
factors constant. Consequently, we explored the potential for temperature-dependence to be credibly
incorporated into the model structure through the influence of water temperature on (i) basal productivity rates
and (ii) the efficiency of carbon transfer through food web links.

As starting model inputs, productivity rates were derived from literature values and standardised to consistent
units (g C m? yr"). POM, benthic algae, benthic bacteria, phytoplankton, pelagic bacteria, and macrophyte
productivity were derived from values measured by Gawne et al. (2006) at several sites along the River Murray
(Appendix 3). DOC productivity was estimated as per Whitworth and Baldwin (2016), where the daily release of
DOC is a first-order rate process proportionate to the mass of POM and soil per unit area. We used updated
constants for maximum release per unit biomass and rate production of DOC from Silvester et al. (2020),
assuming that the release of DOC is proportionate to POM production per day (where POM is approx. 0.4 g C
per g dry mass) plus the release of DOC from soil (assuming leachable soil carbon of 1500 g/m?) at the average
water temperature (16.6 °C) during measurements by Gawne et al. (2006). The food web structure is that
defined by Bond et al. (in prep) through a combination of literature review and expert opinion.

Modelling water temperature

Water temperature data is less consistently measured than discharge data across the MDB gauging network.
Consequently, predicted temperature timeseries were created by DPIE from a boosted regression model of (i)
historic flow measurements, (ii) historic temperature measurements, and (iii) historic climate models. We took
these model timeseries and averaged temperature (in °C) to each month of the year (to broadly account for
mean seasonal variation) and used these monthly averages as predicted values for all following temperature
conversion factors.

Temperature dependence of productivity rates

Productivity rates should theoretically increase with temperature (Brown et al., 2004), but general scaling
relationships are often complicated by co-limitation from light and nutrients (which can also vary greatly in
spatio-temporal availability across river reaches), as well as organism adaptations to specific temperature
regimes (Wetzel, 2001). However, there is also a broad correlation between microbial production and respiration
(Del Giorgio and Cole, 1998). A well-defined temperature dependence factor of 1.072 for ecosystem-level
heterotrophic respiration (Grace and Imberger, 2006) was therefore used to estimate the dependence of
heterotrophic productivity rates on variation in temperature, such that:

prOduCtivitytemperature—modified = pTOduCtivitybase * (1'072(tempi B tempm,g))

Where temp; is the mean modelled water temperate for month i, and tempay, is the mean water temperature
(16.7°C) during the base productivity rate measurements made by Gawne et al. (2007). Autotrophic productivity
rates were similarly modified, with the only exception to the equation above that of the temperature
dependence factor (1.066) (Butcher and Covington, 1995). These temperature-dependence factors essentially
assume that heterotrophic productivity doubles and autotrophic productivity increases by 90% for each 10°C
increase in temperature (Wetzel, 2001; Demars et al,. 2011). The effect of including temperature-dependent

58 La Trobe University, Centre for Freshwater Ecosystems (CFE)



productivity rates on the model is to increase modelled rates from October-April and decrease rates from May-
Sept (Fig. A1.2).
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Figure A1.2 Example comparison of modelled productivity rates across months for phytoplankton (gC m? day) in the base
model (green) and model adjusted for temperature-dependence of productivity (orange). Temperature values used to modify
productivity rates are fitted values derived (via GAM, see above) from historical water temperature measurements at
Torrumbarry Weir (1993-2021).

When temperature-dependence is modelled into productivity rates, estimates of maximum potential C produced
by large native fish followed approximately the same pattern as the base model (Fig. A1.3). However, estimates
from the temperature-dependent model are sometimes noticeably higher or lower than those from the base
model, with no consistent correlation with the magnitude of estimates. These differences reflect the timing of
inundation events, as monthly differences in estimated C production between the temperature-dependent and
base model are positive from October-April and negative from May-Sept (i.e., inundation events in summer are
estimated to produce more C in the temperature-dependent than base model, and vice versa in winter) (Fig.
A1.4). These patterns mirror general relationships between season and productivity which can be observed
across the MDB (Pollino et al., 2020). As a result, we included temperature-dependent productivity rates into the
model structure.
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Figure A1.3 Comparison of predicted maximum C able to be produced by large native fish from the base model (blue) and
model adjusted for temperature-dependence of basal productivity (orange). Model estimates are derived from spatial
datasets on inundation from Koondrook-Perricoota (RiMFIM zone 7) and historical discharge timeseries from Torrumbarry
Weir (1993-2020).

80
o
60
5
Q< o
"GO
S O
oC
o C B8 °
Q‘Q [¢) 9] [¢]
£ =20 ° 8
© o
2 % i 8 :
o2 8 E
0o 0O0t---------------me-- -t/ TTTTTTR O 6 ---------------
.305)0' g ] 8 g E o
o o)
= g 8
20 o o 8
o
o)
8

1 2 3 4 5 7

6
Month of the year

Figure A1.4 Difference in estimated maximum carbon produced by large native fish between the base model and model
adjusted for temperature-dependence of productivity rates, by month, in the Koondrook/Perricoota region from 1993 to 2020.
Dashed line indicates no difference between compared model predictions.

Temperature dependence of ecological efficiencies

The ecological efficiency of a trophic link is defined as the proportion of biomass production at the lower node
which contributes to biomass production of the consumer (Anderson et al., 2009). Numerous empirical and
theoretical approaches have shown that ecological efficiencies average approximately 5-10% across most food
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webs (Jennings et al., 2002), which suggests that a consistent scaling factor of temperature could be applied to
ecological efficiency values. However, ecological efficiencies integrate a number of potential factors on which
temperature can, and is known to, act:

1. Feeding efficiency, or the proportion of basal production that is ingested by a consumer (a.k.a.
exploitation efficiency). Feeding efficiency can be highly temperature-dependent via metabolic
constraints on movement, which further incorporates the availability of energy (for ectotherms)
counterbalanced with changes in respiration rates;

2. Assimilation efficiency, or the proportion of ingested production which is retained within consumers
i.e., not excreted. Assimilation efficiency can be temperature-dependent through the sensitivity of
enzyme-catalysed reactions; and,

3. Production efficiency, or the proportion of assimilated production which is utilised for biomass
production rather than respiration. Production efficiency can be temperature-dependent through both
respiration rates and the rate of enzyme-catalysed reactions.

The problem herein is that temperature has different effects on different efficiencies; simply, an increase in
temperature increases the activity of processes that increase production (feeding, digestion) but concurrently
increases those which consume energy (activity rates, respiration). A number of studies have investigated the
effects of temperature on these efficiency values in isolation, but individual efficiencies are complicated by
interactions with predator/prey body mass ratios (Mehner et al., 2018), resource/consumer nutrient
stoichiometry (Manzoni et al., 2012), and variation in growth rate and metabolism among different taxa at the
same trophic level (Ernest et al., 2003). With respect to this last point, very few studies have been conducted on
taxa that exist in the MDB (Appendix 2), and even the most comprehensive are limited in their scope. For
example, Spencer et al. (1998) define the temperature-dependence of feeding rates and assimilation efficiency
for a single taxa, Macquarie turtles, but not production efficiency or feeding efficiency. Consequently,
attempting to assign temperature-dependent ecological efficiencies for individual links within the model would
likely have to be based on unsupported assumptions.

As a starting point, therefore, we applied a general temperature-dependent relationship to transfer efficiencies
based on the metabolic theory of ecology (Brown et a., 2004), and particularly on the scaling rate of “overall”
organism metabolism with temperature. Taking a similar approach to the temperature-dependence of basal
productivity, therefore, we defined temperature-dependent ecological/trophic transfer efficiencies (TTE) as:

TTEtemperature—modified = TTEpase — (TTEpase * (1_087(tempi - tempmax))) + (0.2 % TTEpgse)

Where temp; is the mean modelled water temperate for month /, and tempnmax is the theoretical maximum
temperature (40°C) at which energy and respiratory demands outweigh feeding rates in ectothermic
metabolism (Paschke et al., 2018). The scaling factor assumes that metabolic rates increase by approx. 2.3 for
every 10°C increase in temperature (Dell et al.,, 2011), i.e. that metabolic activity scales allometrically with
temperature (Brown et al., 2004), and that the overall effect of increasing metabolism is to exponentially
decrease ecological efficiency towards a minimum value of ecological efficiency (20 % of max efficiency) at
maximum temperature tolerance (Vucic-Pestic et al., 2011).

When temperature-dependence is modelled into both productivity rates and ecological efficiency, estimates of
maximum potential C produced by large native fish were approximately the same as those from the base model
(Fig. A1.5). Once again, monthly differences in estimated C production between the temperature-dependent and
base model were positive from October-April and negative from May-Sept (i.e., inundation events in summer are
estimated to produce more C in the temperature-dependent than base model, and vice versa in winter) (Fig. Fig
A1.6).

La Trobe University, Centre for Freshwater Ecosystems (CFE) 61



600 o

EAN
o
o

Production potential (tonnes C)
N
o
o

1995 2000 2005 2010 2015 2020
Year

Figure A1.5 Comparison of predicted maximum C able to be produced by large native fish from the base model (blue) and
model adjusted for temperature-dependence of both basal productivity and trophic transfer efficiencies (dark orange). Model
estimates are derived from spatial datasets on inundation from Koondrook-Perricoota (RiMFIM zone 7) and historical
discharge timeseries from Torrumbarry Weir (1993-2020).

401 o
8
© o
c ]
O/-\
50 s
:$20 ©
8 e
¢ o o
8 [e]
Q._Q o °
£z 6
]
8= |8 8 ° 8 8
[ 0 Q Q 8
QR O S
5 ] o
g o S
o 38
8
1 2 3 4 5 6 7 8 9 10 1M 12

Month of the year

Figure A1.6 Difference in estimated maximum carbon produced by large native fish between base model and model adjusted
for temperature-dependence of productivity rates, by month, in the Koondrook/Perricoota region from 1993 to 2020. Dashed
line indicates no difference between compared model predictions.

Interestingly, although the seasonal aspect of the model with temperature-dependence of both productivity and
ecological efficiency was dampened over including temperature-dependence of productivity alone, the
difference between models with carp included or excluded in food-web structures is substantial (Fig. A1.7). In
the latter case, the exclusion of carp resulted in much higher estimates of potential fish production than in the
base model without temperature-dependence.
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Figure A1.7 Comparison of predicted maximum C able to be produced by large native fish from the model with temperature-
dependent productivity rates and ecological efficiencies (blue) and the same model but with carp excluded from the food web
structure (green). Model estimates are derived from spatial datasets on inundation from Koondrook-Perricoota (RiMFIM zone
7) and historical discharge timeseries from Torrumbarry Weir (1993-2020).

Although the model with temperature-dependence of both productivity rates and ecological efficiencies
emphasises a negative correlation between presence of carp and large native fish biomass, we believe that
inclusion of temperature-dependent ecological efficiencies as modelled here may not be warranted for several
reasons. First, (i) the pronounced effect of carp-exclusion on the model may match field abundance or biomass
data, but carp likely contribute to reduced native fish biomass strongly through environmental degradation
(both resilience to and creation of; Driver et al., 2005) as well as the effect on resource distribution through food
webs modelled here. The direct effect of temperature on ecological efficiency is thus likely overestimated in our
model. Second, (ii) the seasonal variation in production associated with timing of inundation events is
dampened, which does not correlate with field observations (e.g. Beesley et al., 2011); and third (iii), a general
lack of empirical data on ecological efficiencies in the MDB hampers our ability to mechanistically model
temperature-dependence. Consequently, we recommend that this modification not be incorporated until
empirical data on trophic transfer efficiencies is widely available for MDB taxa.

SECTION A1.2 MODELLING HABITAT SPECIFICITY IN PRODUCTIVITY AND FOOD WEB
STRUCTURE

In general, production in permanent floodplain wetlands can be an order of magnitude higher than that of river
channels or floodplains (Likens et al., 2009). While much of this additional production can be attributed to high
densities of aquatic macrophytes not likely to be directly utilised by aquatic food webs, macrophytes can
potentially contribute indirectly as substrate for algal production (e.g. Adame et al., 2017; Molinari et al., 2021)
and as a source of organic detritus for bacterial production (e.g. Bunn and Boon, 1993). Floodplain wetlands
may also exhibit different relative proportions and identity of links between food web nodes to river channels
(Winemiller, 2004). As with temperature, we therefore explored the potential for habitat-specific (i) productivity
rates and (ii) food web structures to be credibly incorporated into the model.
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Identifying habitat divisions

We used the Australian National Aquatic Ecosystem (ANAE) classification (AETG, 2012) as a starting point to
sub-divide inundation spatial layers into specific habitats. The ANAE includes 45 freshwater ecosystem and
floodplain classes which incorporate both lotic and lentic habitats along a range of flow permanence. However,
a lack of empirical data on MDB floodplain productivity rates in general, and particularly across different
floodplain or wetland classes, constrains our ability to assign plausible rates to all ANAE classes (Appendix 3).
Empirical data in other locations (e.g. large Australian rivers in the wet-dry tropics) is more readily available but
still too scarce to assign differences across ANAE-specific habitats. Nontheless, these studies have suggested
macrophyte presence/absence and growth form as the most important controls on productivity rates within
floodplain habitats (Adame et al., 2017; Molinari et al., 2021). In the MDB, these attributes can be broadly
ascribed to the frequency of inundation, with permanent floodplain wetlands associated with aquatic
(submerged and floating) macrophytes, temporary wetlands associated with rushes and reeds, and the more
rarely inundated areas of the floodplain generally lacking aquatic or emergent macrophytes (Rogers, 2011). The
ANAE also broadly classifies off-channel habitats into these groups through persistence of water (permanent
vs. temporary vs. other).

Consequently, we created simplified habitat maps for the river and floodplain areas included in the project. The
map took existing datasets (ANAE v3, 2021; and GeoScience Australia (GA) surface hydrology data, 2021) and
grouped them into four categories:

e Permanent streams/rivers

e Permanent off-channel waterbodies
e Temporary waterbodies

e All other floodplain

The base dataset was the ANAE data; the attribute table with descriptors was used to categorise all polygons in
ANAE into one of the above four categories. As the ANAE does not cover the whole project area, the GA
HydroPolys dataset was used to fill in gaps under a similar classification: both datasets combined provided
enough information to categorise the majority of the floodplain into the above categories; e.g. notes on whether
they are temporary or permanent waterbodies, and whether they are on the mainstream of the Murray or off-
channel. The combined dataset thus covered most of the project area. However, there were some areas on the
high floodplain (i.e., inundation values too high to be regularly inundated) that were not covered. These areas
were given a blanket classification of ‘All other floodplain’. For the HydroPolys dataset there were also some
reservoirs that had to be individually classified, as they were part of the stream or other inconsistencies (Table
A1.1).

64 La Trobe University, Centre for Freshwater Ecosystems (CFE)



Table A1.1 Waterbodies which were individually classified or re-classified from the HydroPolys dataset.

HABITAT CLASSIFICATION HYDROPOLYS CLASSIFICATION OR WATERBODY NAME

Permanent stream/river Lake Hume
Berembed weir
Gogeldrie weir
Lake Talbot
Lake Burrinjuck
Maude weir
Blowering reservoir
Torrumbarry weir
Lake Mulwala
Watercourse; perennial
Canal area
Reservoir area

Permanent off-channel waterbodies Lake Victoria
Mungabarina lagoon
Sheep Dip lagoon
Lake; perennial
Farm Dam Area
Swamp

Temporary waterbodies Croppers lagoon
Matangry lagoon
Cooks lagoon
Deep lagoon
Lake Wetherell
Tombullen storage
Browns tank
Gum Creek tank
Johnstons tank
Dip tank
Weirs tank

Finally, the spatial inundation datasets (i.e., RIMFIM) were clipped by the habitat datasets, generating separate
inundation threshold data tables for areas associated with each habitat class to be used as inputs to the model
workflow.

Assigning habitat-specific productivity rates

River channel productivity inputs were largely the same as those for the base model. However, three terms were
modified: (i) DOC productivity was adjusted to remove the term associated with soil DOC release upon
inundation; (ii) benthic algae productivity was adjusted to reflect the assumptions of Bond et al. (in prep) that
only large woody debris provides surface area for benthic algae in river channels (1.2% of total area, with only
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half available for photosynthesis); and (iii) benthic bacteria productivity rates were also adjusted to reflect a
reliance on large woody debris as a substrate (1.2% of total area).

As above, empirical data on MDB floodplain productivity is scarce. However, some values could still be derived
from MDB-specific studies (see: Appendix 3). POM productivity for wetlands and floodplain was estimated from
the average of values reviewed by Robertson et al. (1999). DOC was derived as per the base model (per unit
POM and soil release) using the updated POM rates for floodplains and intermittent wetlands, while for
permanent wetlands we removed the soil term (as for river channels). Phytoplankton, pelagic bacteria, and
macrophytes were assumed consistent with river channels (Gawne et al., 2007) for floodplain areas.
Macrophyte productivity was derived from values measured by Robertson et al. (2001) for emergent
macrophytes (intermittent wetlands) and Briggs and Maher (1985) for submerged and floating macrophytes
(permanent wetlands).

For productivity rates which could not be extracted from literature on the MDB, we used data measured in
Australian floodplain rivers from the wet-dry tropics as the closest possible analogue (see: Appendix 3). Benthic
algal productivity for wetlands was estimated using values measured by Adame et al. (2017) and Molinari et al.
(2021) for epiphytic algae inhabiting different macrophyte classes in northern Australian floodplain wetlands.
Permanent wetland rates were estimated assuming 80% areal cover of submerged and floating macrophytes,
plus 20% areal cover at base model algal productivity rates. Intermittent wetland rates were estimated
assuming 40% areal cover of emergent macrophytes and grasses, plus 60% areal cover at base model algal
productivity rates. Benthic bacteria rates were estimated assuming the scaling factor of bacterial to algal
production in Gawne et al. (2007) remains constant (0.64). Phytoplankton productivity rates for both permanent
and intermittent wetlands were averaged from the values of Burford et al. (2016) and Fagotter et al. (2012)
measured in off-channel wetlands. Pelagic bacterial productivity for wetlands was estimated from the average
of values reviewed by Robertson et al. (1999) for central Australian waterholes. We adjusted all productivity
rates derived from northern Australian field studies by a factor of 0.5, i.e. assuming that productivity halves
with the latitudinal distance from the wet-dry tropics to the MDB (Field et al., 1998). The overall result of these
modifications is to increase variability in most productivity rates across habitats (Table A1.2).

Table A1.2 Comparison of basal productivity rates (in mean g C m? yr') used for model inputs across different habitat types.

BENTHIC BENTHIC PHYTO- PELAGIC

HABITAT MACROPHYTES
ALGAE BACTERIA PLANKTON BACTERIA

River

6.8 57 0.03 0.04 101.7 166.3 39.6
channel
Floodplain 32.8 189.5 5 3.2 101.7 166.3 39.6
Intermittent

32.8 189.5 7.9 5 185.5 729.3 72.3
wetland
Permanent

22.8 189.5 39.1 25.1 185.5 729.3 121.7
wetland

Finally, we adjusted the time-lag dependence of productivity in permanent wetland habitats to account for their
pre-wetted condition. We removed the time-lag dependence of algal and macrophyte production as an
assumption that already wetted habitats do not require a “lead-up” time for productivity rates to reach their
maximum, i.e. algal and macrophyte production are now calculated from 0-day lag inundation area*days values
in permanent wetlands.
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The overall effect of incorporating habitat-specific productivity on model estimates is to amplify estimates of
large native fish production potential during larger flow events (Fig. A1.8).
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Figure A1.8 Comparison of predicted maximum C able to be produced by large native fish from the base model (blue) and
model adjusted for temperature-dependence and habitat-specificity of basal productivity (dark orange). Model estimates are
derived from spatial datasets on inundation from Koondrook-Perricoota (RiMFIM zone 7) and historical discharge timeseries
from Torrumbarry Weir (1976-2020).

However, despite higher rates of algal and bacterial productivity, the contribution of both permanent and
intermittent wetlands does not appear to be disproportionate to that of other floodplain areas (Fig. A1.9). This
likely reflects the overall dominance of “other floodplain” area in Koondrook-Perricoota, where this habitat class
makes up 92% of the RiMFIM raster as opposed to 3.9% for intermittent wetlands, 1.3% for permanent wetlands,
and 3.2% for perennial river channels, and the slightly higher productivity rates assigned to “other floodplain”
habitats over the base model (Table A1.1). When examining the range of discharges more likely to be
considered under flow constraints options (< 30,000 ML/day), the difference between habitats in contributions
to overall production potential is smaller (Fig. A1.10). However, floodplain production still contributes the
majority of production potential at this lower range of inundation thresholds.
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Figure A1.9 Comparison of maximum C able to be produced by large native fish along a gradient of discharge (i.e., inundation
threshold reached) up to the maximum discharge reached historically from Torrumbarry Weir (1976-2020). Different colours
show contribution of different habitats to overall production potential: river channel (blue), permanent wetlands (green),
intermittent wetlands (peach), and floodplain (light yellow). Model estimates are derived from spatial datasets on inundation
from Koondrook-Perricoota (RiMFIM zone 7).
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Figure A1.10 Comparison of maximum C able to be produced by large native fish along a gradient of discharge (i.e.,
inundation threshold reached) up to a proposed constraints limit of 30,000 ML/day. Different colours show contribution of
different habitats to overall production potential: river channel (blue), permanent wetlands (green), intermittent wetlands
(peach), and floodplain (light yellow). Model estimates are derived from spatial datasets on inundation from Koondrook-
Perricoota (RiIMFIM zone 7).

While the input productivity rates for permanent and intermittent wetlands are substantially higher in some
areas (particularly bacterial and algal productivity) than those for other floodplain areas, they do not appear to
disproportionately affect overall model estimates. Instead, the contributions of permanent and intermittent
wetlands to overall production potential are only emphasised in situations where they would make up a
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substantial proportion of inundated area (e.g., at lower discharges when only intermittent anabranches and low-
lying floodplain areas are inundated), which correlates well with results from field studies on the productivity of
large rivers and floodplain wetlands (Pettit et al., 2017). As a result, we included habitat-specific productivity
rates into the model structure from this point forward.

Habitat-specific food webs

In all likelihood, the structure of food webs (i.e., the identity of nodes, and identity and strength of links) differs
across in-channel and floodplain habitats (Winemiller, 2004). Yet, a lack of empirical data on MDB taxa again
limits our ability to assign credible differences to food web structures across different habitats (see: Appendix
4). The “black box” structure of food webs inherited from Bond et al. (in prep), where broad functional and
morphological groups rather than specific taxa are considered as food web nodes, also decreases our ability to
modify food web structures. For example, many freshwater fish may be attributed to the “large native fish”
category but can have very different habitat and feeding requirements, particularly in terms of their use of
floodplain habitats (Koehn et al., 2020). Yet expanding the food web structure to include more nodes would,
while increasing our ability to conceptualise differences between habitats in terms of the presence/absence of
food web links, also significantly increase the errors associated with (i) ecological efficiencies (see above) and
(ii) dominance structures for which little empirical data is available. Specific taxa may derive benefits from
floodplain inundation periodically, seasonally, or at particular flow thresholds, but when (and for which taxa)
these relationships apply is also still unclear (Graham and Harris, 2005; Koehn et al., 2020). Applying data from
other large floodplain systems as an analogue (as for productivity rates) is problematic, as (i) the feeding habits
of freshwater organisms from other regions can be very different to those of MDB taxa, and (ii) different taxa in
general may be adapted to very different flooding regimes (Graham and Harris, 2005). As with the temperature-
dependence of ecological efficiencies (see above), modifications to food web structures across different
habitats may potentially have large effects which cannot be validated against empirical data. Consequently, we
retained the base model food web structure with a single modification: the addition of a single, low dominance
value link between benthic algae and reptiles (see: Appendix 4) based on the characterisation of this link within
recent literature (Petrov et al. 2018, 2020).
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APPENDIX 2: TROPHIC TRANSFER EFFICIENCIES REVIEW

We conducted literature searches to identify studies quantifying any aspect of trophic efficiencies (feeding,
assimilation, and/or production efficiencies) between all nodes included in the modelled food web across all
included habitat types (in-channel, wetland, and floodplain) in (i) the Murray-Darling Basin (MDB), and (ii) all
other areas of Australia. For both (i) and (ii), we also included studies from in-channel waterholes and
billabongs (typically, dry-season in the northern MDB or northern and central Australia), which may be
considered equivalent to perennial and intermittent wetlands.

We chose to restrict our results to studies which were either conducted under field conditions or in mesocosms
reproducing those same conditions, even though expanding our review to aquaculture studies would have
resulted in a wider knowledge base to draw from (see e.g., Irvin et al. 2018). In particular, the assimilation and
production efficiencies of decapods (both shrimp and crayfish) (e.g., Villareal 1991, Marchant 1978, Jones and
De Silva 1997, 1998, Jones et al. 2002) and silver perch (see review in Rowland 2009) have been relatively well
documented under differing diets and living conditions. However, animals raised in captivity and/or on a diet of
commercial feed will likely have different trophic efficiencies to those living under natural conditions (Duffy et
al. 2013). While these studies therefore provide a reference to the potential trophic efficiencies we might
expect, they are likely not analogous to field conditions and are very specific to certain taxa popular in
aquaculture (crayfish and silver perch in particular).

Our review therefore identified very few studies where trophic efficiencies were defined for Australian taxa
under natural conditions (Table A2.1). Spencer et al. (1998) measured the assimilation efficiencies of short-
necked turtles from the River Murray which were utilising different food sources (filamentous algae and
carrion), while Kobayashi et al. (1996) estimated the feeding efficiency of zooplankton using measures of
community biomass in the Hawkesbury-Nepean River. Consequently, there is very little Australian-specific
information available to evaluate our model assumptions, particularly for the indicator taxa we use (large native
fish). For example, no measured data on trophic efficiencies exists for Murray cod (Whiterod et al. 2018),
despite its status as one of the most widely-studied native fish in the MDB (Koehn et al. 2020). Further, even
studies which measure the overall metabolic demand of large native fish require the use of theoretical trophic
efficiency values in their energetics models (e.g. Whiterod et al. 2018), and there are no whole-community
estimates of trophic efficiencies available from comprehensive studies of multiple trophic levels (e.g., Mehner
et al. 2018). We therefore conclude that there is no evidential basis for modification of our modelled trophic
efficiencies at present.

Table A2.1 Australian studies quantifying trophic efficiencies (feeding, assimilation, and/or production efficiencies) for
trophic links within the initially defined food web model structure here. Only studies conducted under natural or mesocosm
(i.e., simulated natural) conditions are included (i.e., no aquaculture studies).

TAXA ASSESSED EFFICIENCIES MEASURED m

Reptiles Assimilation Spencer et al. (1998)

Zooplankton Feeding Kobayashi et al. (1996)
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APPENDIX 3: PRODUCTIVITY RATES REVIEW

We conducted literature searches to identify studies quantifying productivity rates (g C produced per unit area
per unit time) for all basal resources included in the model (DOC, POM, benthic algae, benthic bacteria,
phytoplankton, planktonic bacteria, macrophytes, and synonyms for all) across all included habitat types (in-
channel, wetland, and floodplain) in (i) the Murray-Darling Basin, and (ii) all other areas of Australia. For (ii), we
also included studies from in-channel waterholes and billabongs, which may be considered equivalent to
perennial and intermittent wetlands. Studies only quantifying biomass, chlorophyll content, or abundance of
organisms were not included, as translating these measurements into rate values requires conversion
constants that are often not empirically validated or universal (e.g. Anderson and Tang, 2011). Finally, we
searched for literature in all other parts of the world that quantified productivity rates for the floodplains of
large river systems.

In the Murray-Darling Basin (MDB), direct measurements of productivity (via oxygen consumption/production or
assimilation of tracers) have largely been conducted in in-channel habitats (Table A3.1). Of these studies,
Gawne et al. (2007) provides the most comprehensive suite of measurements, where a number of different
basal components were sampled seasonally (for 15 months) at multiple sites along the River Murray. Oliver &
Merrick (2006) sampled similar sites for phytoplankton and benthic biofilm productivity, while Ryder (2004)
conducted an experimental study of biofilm metabolism at different water levels in the Murrumbidgee River.

Many of the studies conducted in wetland or floodplain habitats of the MDB quantified productivity through
changes in biomass (Table A3.1). The exceptions include Kobayashi et al. (2013, 2015) and Rana et al. (2021),
but these studies were conducted in the Macquarie Marshes and may thus not be wholly transferable to the
southern MDB rivers modelled here. Of the remaining studies, the review of Robertson et al. (1999) is the most
widely applicable, combining (most frequently) biomass data from a number of studies across the MDB and
Australia to estimate floodplain and floodplain wetland productivity rates for a number of basal components.
However, these estimates are therefore also not specific to the southern MDB rivers and not generally direct
measures of productivity per se. Macrophyte productivity rates are likely the most accurate of those derived
from biomass measures, for which Briggs & Maher (1985) also separated out the contributions of floating and
submerged macrophytes to overall macrophyte productivity.

Overall, Gawne et al. (2007) and Robertson et al. (1999) likely provide the most accurate estimates for model
productivity rate parameters, as also concluded by Bond et al. (in prep). However, these studies also prove most
applicable for in-channel and bulk floodplain areas rather than specifically for floodplain wetlands.

Table A3.1 Studies quantifying productivity rates for specific basal resources in the Murray-Darling Basin. Abbreviations: EM
= ecosystem metabolism, POM = particulate organic matter, DOC = dissolved organic carbon.

HABITAT TARGET AND APPROACH m

In-channel Phytoplankton (light/dark bottles) Gawne et al. (2007)
Phytoplankton (light/dark bottles, EM) Oliver & Merrick (2006)
Phytoplankton (light/dark bottles) Kobayashi et al. (2015)
Bacterioplankton (thymidine) Gawne et al. (2007)
Benthic biofilms (chambers) Gawne et al. (2007)
Benthic biofilms (chambers) Oliver & Merrick (2006)
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HABITAT TARGET AND APPROACH

Emergent macrophytes (biomass)
POM (litter traps)

Biofilms (chambers)

Gawne et al. (2007)
Gawne et al. (2007)

Ryder (2004)

Wetland Benthic algae (biomass) Robertson et al. (2001)
Benthic bacteria (biomass) Robertson et al. (2001)
Phytoplankton (light/dark bottles) Kobayashi et al. (2013)
Floating macrophytes (biomass) Briggs & Maher (1985)
Submerged macrophytes (biomass) Briggs & Maher (1985)
Floodplain Benthic biofilms (biomass) Robertson et al. (1999)

Phytoplankton (light/dark bottles)
Phytoplankton (light/dark bottles)
Phytoplankton (light/dark bottles)
DOC (mass)

Macrophytes (biomass)
Macrophytes (biomass)

POM (biomass)

Kobayashi et al. (2013)
Kobayashi et al. (2015)
Rana et al. (2021)

Robertson et al. (1999)
Robertson et al. (1999)
Robertson et al. (2001)

Robertson et al. (1999)

Less productivity studies have been conducted in other areas of Australia than in the MDB specifically,
although with a greater frequency of direct rate measurements than estimates from biomass changes (Table
A3.2). In-channel measurements during flow have received lower attention, with only Burford et al. (2011)
providing direct estimates of a specific basal component with their measurement of phytoplankton productivity
in a tidal estuary of northern Australia. However, Fagotter et al. (2013) provide estimates of phytoplankton
productivity from both in and off-channel waterholes during non-flowing phases. Studies from off-channel
billabongs and wetlands of the northern wet/dry tropics are the most comprehensive when compared with
those from the MDB. Adame et al. (2016) and Molinari et al. (2021) provide direct field measurements of
productivity for epiphytic algae on different aquatic macrophytes of floodplain wetlands, building on earlier
studies which estimated productivity hotspots from satellite imagery and algal biomass (see Pettit et al., 2017).
Both studies use the highly accurate '*C-bicarbonate method to complement more conventional dissolved
oxygen-based approaches.

Bulk floodplain areas have been less specifically studied across Australia. Robertson et al. (1999) again
provides generally applicable productivity rates, although with the prior caveat of the estimates generally being
derived from biomass measurements. Burford et al. (2012, 2016) measured phytoplankton and benthic algal
productivity with the '3C-bicarbonate method, but again in tidal or estuarine environments which are likely not
analogous enough to the southern MDB rivers for comparison. Given that (i) the major gaps in MDB-based
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studies are found in estimates of benthic algae productivity for wetlands and floodplains, and for all
components in wetlands more generally, and that (ii) more accurate methods have generally been used in these
studies than in the MDB, the studies of northern Australian wetland and floodplains by Fagotter et al. (2013),
Adame et al. (2016), Burford et al. (2016), and Molinari et al. (2021) are likely the most useful for transferring
rate parameters across to the southern MDB.

Table A3.2 Studies quantifying productivity rates for specific basal resources in non-MDB areas of Australia. Abbreviations:
EM = ecosystem metabolism, POM = particulate organic matter, DOC = dissolved organic carbon.

HABITAT TARGET AND APPROACH REFERENCE

In-channel Phytoplankton (bicarbonate uptake) Burford et al. (2011)
Planktonic bacteria (biomass) Robertson et al. (1999)
Waterhole/billabong Phytoplankton (bicarbonate uptake) Fagotter et al. (2013)
Littoral algae (biomass, EM) Robertson et al. (1999)
Epipelic algae (biomass, EM) Robertson et al. (1999)
Wetland Epiphytic algae (bicarbonate uptake) Adame et al. (2016)
Epiphytic algae (bicarbonate uptake) Molinari et al. (2021)
Macrophytes (biomass, EM) Molinari et al. (2021)
Floodplain Phytoplankton (bicarbonate uptake) Burford et al. (2012)
Planktonic bacteria (biomass) Robertson et al. (1999)
POM (biomass) Robertson et al. (1999)
Benthic algae (bicarbonate uptake) Burford et al. (2016)
Biofilms (biomass) Robertson et al. (1999)
DOC (mass) Robertson et al. (1999)
Macrophytes (biomass) Robertson et al. (1999)

Studies of floodplains overseas are biased towards ecological restoration efforts in temperate regions of North
America and Europe, and almost overwhelmingly rely on estimates of primary productivity derived from
macrophyte biomass (Gordon et al., 2020). Even where studies are conducted outside of these areas, for
example on the Amazonian tropical floodplain (Silva et al., 2013), macrophyte biomass remains the estimation
measure of choice. Bacterial production is largely limited to estimations of terrestrial POM decomposition

La Trobe University, Centre for Freshwater Ecosystems (CFE) 73



(Tockner et al., 2010). A notable exception to these studies is that of Lindholm et al. (2007), who measured
phytoplankton productivity (via. '*C-bicarbonate uptake) and anaerobic bacterial metabolism in floodplains of
the semi-arid Okavango Delta, Botswana. However, Australian studies of phytoplankton productivity are both
more numerous and indicate relatively similar rates (see Burford et al., 2016). In-channel measures of
productivity are much more common than those for floodplains but are likely too site and climate-specific to
directly utilise as parameters in MDB models (Mulholland et al., 2011). Overseas studies were therefore
excluded from our model parameter estimates, especially considering the scarcity of studies overall (Table
A3.3).

Table A3.3 Studies quantifying productivity rates for specific basal resources outside of Australia (floodplain-only).

HABITAT TARGET AND APPROACH REFERENCE

Floodplain Phytoplankton (bicarbonate) Lindholm et al. (2007)
POM (decomposition constant) Tockner et al. (2010)
Macrophytes (biomass) Silva et al. (2013)
Macrophytes (biomass) Gordon et al. (2013)
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APPENDIX 4: REVIEW OF FOOD WEB STRUCTURE

We conducted literature searches to identify studies quantifying food web linkages (resources identified as
contributing to the diets of consumers) between all nodes included in the modelled food web across all
included habitat types (in-channel, wetland, and floodplain) in (i) the Murray-Darling Basin (MDB), and (ii) all
other areas of Australia. For both (i) and (ii), we also included studies from in-channel waterholes and
billabongs (typically, dry-season in the northern MDB or northern and central Australia), which may be
considered equivalent to perennial and intermittent wetlands.

Most of the studies we identified in our literature review (65%) supported the structure of our initial modelled
food web. Of these studies, the diets of small native fish, macroinvertebrates, and large native fish were the
most frequently evaluated (table A4.1). Consumers in river channel and wetland habitats (both permanent and
ephemeral) were evaluated to largely the same extent, although wetlands were studied slightly more often
(likely reflecting our characterisation of waterholes and billabongs as “wetlands”). The diets of zooplankton,
decapods, and carp are also relatively well characterised in river and wetland habitats across the MDB (table
A4.1). Because of the large number of studies available in the MDB, we do not consider it necessary to
catalogue the wider Australian literature for support of our initial food web structure (although we do discuss
potential variations in this literature below).

Table A4.1 Studies quantifying food web linkages in the Murray-Darling Basin where trophic links (resources identified as
contributing to the diets of consumers) supported the initially defined food web model structure here.

HABITAT CONSUMER TAXA INVOLVED REFERENCES
In-channel Zooplankton Westhorpe et al. (2010), Mitrovic et al. (2014)
Macroinvertebrates Schulze & Walker (1997), Sheldon & Walker (1997),

Chester & Norris (2006), Reid et al. (2008), Hadwen
et al. (2010), Hladyz et al. (2012), Mclnerney et al.
(2020), Rees et al. (2020)

Decapods Giling et al. (2009), Mazumder et al. (2017),
Saintilan et al. (2021)

Small fish Cadwallader et al. (1980), King (2005), Hardy et al.
(2010), Hladyz et al. (2012), Mazumder et al. (2017),
Moy et al. (2018), Mclnerney et al. (2020), Saintilan

et al. (2021)
Carp Mazumder et al. (2017), Saintilan et al. (2021)
Large native fish Cadwallader & Eden (1979), King (2005), Ebner

(2006), Baumgartner (2007), Mazumder et al.
(2017), Wedderburn et al. (2014)

Wetland Zooplankton Medeiros & Arthington (2011), Watkins et al. (2011),
Reid et al. (2012), Kattel et al. (2015)
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HABITAT CONSUMER TAXA INVOLVED REFERENCES

Macroinvertebrates Bunn & Boon (1993), Reid et al. (2012), Kattel et al.
(2015), Mclnerney et al. (2020)

Decapods Bunn & Boon (1993), Burns & Walker (2000),
Kelleway et al. (2010)

Wetland Small fish Sternberg et al. (2008), Medeiros & Arthington
(2008), Kelleway et al. (2010), Mazumder et al.
(2012), Medeiros & Arthington (2011), Reid et al.
(2012), Growns et al. (2020a), Kattel et al. (2020),
Mclnerney et al. (2020)

Carp Kelleway et al. (2010), Mazumder et al. (2012), Reid
et al. (2012)
Large native fish Sternberg et al. (2008), Growns et al. (2020a)

Several imbalances in the literature constrain our ability to evaluate our assumptions about food web structure,
however. The bias towards fish is reflected in the underrepresentation of mussels, benthic microinvertebrates,
mammals, and birds in dietary studies of the MDB. Reptile diets have been studied more frequently, although
these do not fully support our initial food web model (see discussion below). Studies of trophic dynamics in
wetlands were also largely conducted in dryland river waterholes, reflecting one of the earliest and most
productive research environments in the Australian food web literature (see e.g., Bunn et al. 2006), while
waterholes or billabongs in the southern basin are less highly represented. The results of these studies may
thus not be wholly applicable to the areas modelled here. Conversely, we did not include studies of estuarine
environments of the River Murray, the trophic dynamics of which have been widely studied (e.g., Deegan et al.
2008), because we considered these environments to be too dissimilar to the freshwater southern basin rivers
and wetlands. These studies may provide clues to variation in food web trophic links across different
environments if evaluated further. Finally, we could not find studies that specifically examined food web
structure or trophic links on inundated floodplains, as opposed to floodplain wetlands. Floodplain food webs
therefore represent a largely unexplored area of research and one in which we cannot find information to
challenge many of our assumptions.

Our literature review also identified several studies (19) which we considered might challenge the structure of
our initially modelled food web (table A4.2). These exceptions to the food web structure defined by Bond et al.
(in prep) are discussed below:

i Ocock et al. (2019) analysed the dietary composition of tadpoles in floodplain wetlands of the
Murrumbidgee River, and found that benthic biofilms, algae, macrophytes, and benthic
microcrustaceans were all consumed. Tadpoles may also represent a food resource for fish. The initial
food web model of Bond et al. (in prep) did not list amphibians as a node, likely because they largely do
not feed in the aquatic environment as adults and all of the other nodes are assumed to be adults (see
also (vi), below). Yet tadpoles may be a limited resource in both space (probably only found in
wetlands, rather than riverine habitat) and time (pulsed recruitment events, with adults emerging from
the aquatic environment). We concluded that there is currently not enough evidence to assign other
food web properties (especially dominance values) to these potential links, notwithstanding the
current limitation of the modelled food web to adult consumer stages.
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Vi.

vii.

Taylor and Schultz (2008), in a study of the breeding season diets of Eastern great egrets, found that
the diet of these birds consisted largely of carp with a small occurrence of amphibians (adult frogs).
However, the carp were all juvenile (< 1 year old) and therefore do not conform to the assumption of
our modelled web that all consumers and sources are adult. Similarly, the amphibians consumed were
likely not fully aquatic in their feeding habits (see (i) above) and thus do not integrate fully into an
“aquatic” food web.

A striking example is that of predatory Dystiscid diving beetles, which may often include fish in their
diets. Although this usually occurs through consumption of carrion, there is evidence that diving
beetles may actively predate on vertebrates. For example, Ebner et al. (2021) provide anecdotal
evidence of packs of diving beetles attacking and consuming relatively large fish in fyke nets within
waterholes of northern Queensland (Table A4.2. Although there is no published evidence of this
behaviour in wetlands of the southern MDB, the possibility that this feeding behaviour can occur might
potentially be high given that Dytiscidae have been found across all MDB river systems. However,
adding a link for macroinvertebrates feeding on fish to the modelled foodweb is likely unjustified at
this stage: besides the aforementioned lack of evidence of this behaviour occurring in the southern
MDB, (i) Dystiscidae only represent a very small proportion of macroinvertebrate taxa overall; (ii)
Dytiscidae are specialised to certain habitats (backwaters and permanent wetlands with abundant
floating macrophyte cover) that are not widespread in the southern MDB; and (jii) other pathways by
which higher trophic levels may provide energy to lower levels, particularly through the consumption or
decomposition of dead animals or excreta (see also e.g. Burford et al. 2008), are currently assumed
within the food web structure through the use of ecological efficiency values derived from mass
balance rather than measured energetics (as above; see also: Appendix 2).

Petrov et al. (2018, 2020) found that Murray River short-necked turtles in oxbow lakes of northern
Victoria can obtain a large proportion of their diets from filamentous algae (Table A4.2). However,
these diets were highly taxon-specific, with other turtles (Chelodina spp.) being almost entirely
carnivorous. The strength of the link (i.e., dominance values) is thus likely low overall. These results
are also backed up by the study of freshwater turtle diets by Tucker et al. (2012) in south-eastern
Queensland, which provides further documentation of the algae — turtles link in riverine habitats, as
do Spencer et al. (2014) in waterholes of the northern MDB and Armstrong and Booth (2005) in the
Burnett River, QLD. Tucker et al. (2012) and Amrstrong and Booth (2005) also document feeding by
turtles on terrestrial POM (fruits) and aquatic macrophytes, as do Kennett & Tory (1996) in the wet-dry
tropics, although these behaviours are species-specific and may also shift in time as turtles exhibit
facultative omnivory (e.g. Welsh et al., 2017). We suggest that more evidence from Murray-Darling
species is required to back up inclusion of all of these links in a modelled food web.

Chessman (1984) documented high abundance of decapods in the diet of snake-necked turtles within
the River Murray, and specifically within river channels. Turtles within wetlands appeared to feed on
macroinvertebrates instead, which is the only documented case we could find of differing food web
links between habitats in the MDB. Decapods made up a small proportion of stomach contents by
volume, however, and we could not find evidence of other turtle species exhibiting these feeding
behaviours. Turtles also exhibited a high proportion of carrion in their diets, which contradicts the
assumption that dead organic matter links are not included in our modelled food web (see (iii) above).
King (2005) documented a high abundance of zooplankton in the stomach contents of larval to
juvenile Murray cod. A number of subsequent studies have also emphasised the role of zooplankton in
the development of large native fish (see Koehn et al. 2020). However, zooplankton likely do not
contribute greatly (if at all) to the diet of large adult fish. Given the assumption implicit in the current
food web of adult stages at each consumer link (see (i), above), addition of this link may not be
justified.

Tonkin et al. (2006) documented a link between zooplankton and juvenile carp in experimental
mesocosms. However, this finding comes under the same consideration as (vi) above where we
cannot confirm that this behaviour is exhibited in adults.
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viii. Balcombe and Humphries (2006) documented the gut contents of Carp gudgeon in a billabong along
the River Murray and found that shrimp were occasionally consumed by the fish. However, (i) this
occurred in only three of the 24 subjects examined; (ii) shrimp were only consumed by the largest
specimens; and (ii) shrimp did not make up a large proportion of the stomach contents when they were
found. A link between decapods and small fish may thus not be justified based on this single study.

iX. Pusey et al. (2020) comprehensively surveyed studies of the diets of Bony bream across Australia
(including Medeiros & Arthington 2014) and consistently identified detritus (particularly terrestrial
plant detritus) as the major component of stomach contents. However, while there is no direct POM to
small fish link in our modelled food web, Pusey et al. (2020) acknowledge that fungi and bacteria on
POM likely contribute more to the assimilated diets of Bony bream. As fungi to small fish is already
included as a link in our modelled food web, we therefore see no reason to add a link to POM as well.

X. Piola et al. (2008) documented a link between cyanobacterial accumulations and shrimp diets using
stable isotope analysis of food webs in Myall Lake, NSW. This link may also occur in the MDB, and
River Murray in particular, due to the occurrence of cyanobacterial blooms in the weir pools and lakes
of the system. However, it is yet to be documented in the Basin, and may only be restricted to those
times of year when blooms occur.

Xi. Deegan and Ganf (2008) conducted a stable isotope study of macroinvertebrate shredders and their
food sources along the Finniss River in South Australia. Their results indicated that
macroinvertebrates in unregulated reaches consumed semi-emergent aquatic macrophytes as a
regular part of their diet. However, these results directly contrast with macroinvertebrates from
regulated reaches, where terrestrial POM and filamentous algae formed the base of macroinvertebrate
diets. These results are therefore not likely to be generally transferable to the River Murray, although
they do point to potential shifts in food web dynamics with greater deregulation of the system or
expansion of the permanent anabranch and floodplain wetland network.

Table A4.2 Studies quantifying food web linkages in the Murray-Darling Basin, and across Australia in general, which
documented either (i) food web linkages not initially included in the model structure here or (ii) food web linkages which were
habitat-specific (i.e., occurring in one type of aquatic habitat but not another). The specific case (either linkage not defined or
habitat-specificity) is highlighted with red text. Linkages are denoted by resource — consumer.

INCLUDED
HABITAT-

HABITAT LINKAGE DEFINED IN INITIAL REFERENCES

SPECIFIC?
WEB

In-channel Zooplankton — Large fish No No King (2005), others cited in
Koehn et al. (2020)
Macrophytes — Macroinvertebrates No No Deegan & Ganf (2008)
Benthic algae — Reptiles No No Tucker et al. (2012)
Macrophytes — Reptiles No No Tucker et al. (2012)
No No Armstrong & Booth (2005)
POM — Reptiles No No Kennett & Tory (1996)
No No Tucker et al. (2012)
No No Armstrong & Booth (2005)
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HABITAT

Wetland

Wetland

LINKAGE DEFINED

Decapods — Reptiles
Pelagic bacteria — Decapods

Zooplankton — Carp

Benthic algae — Reptiles

Large fish — Macroinvertebrates
Benthic bacteria — Amphibians
Benthic algae — Amphibians
Macrophytes — Amphibians

Benthic microinvertebrates —
Amphibians

Decapods — Small fish

POM — Small fish

Carp — Birds
Amphibians — Birds

POM — Reptiles

INCLUDED
IN INITIAL
WEB

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

HABITAT-

SPECIFIC?

Yes

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

REFERENCES

Chessman (1984)
Piola et al. (2008)

Tonkin et al. (2006)

Petrov et al. (2018)
Petrov et al. (2020)
Spencer et al. (2014)
Ebner et al. (2021)
Ocock et al. (2019)
Ocock et al. (2019)

Ocock et al. (2019)

Ocock et al. (2019)

Balcombe & Humphries
(2006)

Medeiros & Arthington
(2014), Pusey et al. (2020)

Taylor & Schultz (2008)
Taylor & Schultz (2008)

Welsh et al. (2017)

Overall, therefore, food web studies in the MDB and across Australia emphasise a single fully justifiable change
to the food web model of Bond et al. (in prep): (i) benthic algae to reptiles, with a low dominance value (1)
indicating taxon-specificity. This change was thus incorporated into the model structure for this project.
Changes to the dietary links of fish and amphibians are likely not justified given the broad scope and limits on
the current modelled food web (particularly the assumption that all nodes are adult populations). However, we
suggest that future model revisions should consider whether ontogenic shifts in diet should be taken into
account, although this would likely require substantial expansion of the number of modelled nodes and links —
particularly with respect to cross-ecosystem energy subsidies (i.e., from terrestrial to aquatic systems and vice
versa). Another notable gap is that many of the studies documenting potential variations in food web structure
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occurred in floodplain wetlands or billabongs: this points to potential differences in the diets of certain species
between river and wetland habitats (Winemiller, 2004). However, none of the studies referenced here directly
compared taxa across river channels and wetlands in the MDB (although c.f. Pusey et al., 2020, who do
compare diets of Bony bream across habitats in northern Australia), and there is therefore no data to inform
model assumptions in this respect.
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