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Strategic management of Commonwealth environmental water by the Commonwealth Environmental Water Holder (CEWH) is key to achieving the environmental objectives in the Commonwealth’s (Murray–Darling) Basin Plan 2012 (the Basin Plan). The CEWH’s Science Program invests in Flow Monitoring, Evaluation and Research (Flow-MER) to demonstrate Basin-scale outcomes of Commonwealth environmental water, support adaptive management, and fulfil the CEWH’s legislative requirements under the Basin Plan.
A key objective of the Basin Plan is the ‘protection and restoration of ecosystem functions of water-dependent ecosystems’ (Basin Plan section 8.06). This includes ‘food webs that sustain water-dependent ecosystems, including by protecting energy, carbon and nutrient dynamics, primary production and respiration’ (Basin Plan subsection 8.06(7)). Furthermore, Basin Plan section 5.04 establishes objectives for maintaining adequate water quality, which underpins productive and diverse food webs. These objectives are highlighted for future consideration within the Basin-wide environmental watering strategy (the Strategy[footnoteRef:2]) and will be further explored for inclusion in the next Strategy under Ecosystem Functions as a subtheme of the Flows and Connectivity Theme. [2:  At the time of writing, the 2025 edition of the Strategy was not available. 2023–24 evaluations reference the 2019 edition (MDBA 2019).] 

The Basin-scale Food Webs and Water Quality Theme investigates how environmental water impacts water quality and stream metabolism in the Murray–Darling Basin (the Basin). The Basin Plan seeks to protect and restore biodiversity in the Basin’s aquatic ecosystems. Energy flow in food webs is one of several critical ecosystem functions that are central to sustaining biodiversity, along with hydrological connectivity and nutrient cycling. Improved understanding of the influence of flow on the production and breakdown of organic matter in food webs will complement our understanding of the influence of flow on habitat and connectivity. In combination, this knowledge will enable better management of environmental flows within the Basin. The evaluation is structured around answering 4 Basin-scale questions: 
What did Commonwealth environmental water contribute to patterns and rates of ecosystem respiration?
What did Commonwealth environmental water contribute to patterns and rates of primary productivity?
What did Commonwealth environmental water contribute to dissolved oxygen levels?
What did Commonwealth environmental water contribute to salinity regimes?
Stream metabolism[footnoteRef:3] is used to address the first 3 evaluation questions. We report on stream metabolism from the 7 Selected Areas for the 2023–24 water year (1 July 2023 to 30 June 2024) and place this in the context of longer term (2014–24) patterns. [3:  Stream metabolism comprises 2 key ecological processes, gross primary production (GPP) which generates organic matter; and ecosystem respiration (ER) which recycles organic matter. Stream metabolism measurements estimate the instream rates of GPP and ER by measuring changes in dissolved oxygen. Net ecosystem production – the difference between GPP and ER – determines whether carbon accumulates or is depleted within an ecosystem. Volumetric GPP and ER rates represent the amount of carbon being fixed or respired per litre of water, which is important for understanding food web processes and assessing potential water quality risks, such as algal blooms or hypoxia. Since GPP represents the fixing of carbon into organic matter and ER is the breakdown of this matter and remineralisation of the carbon, high rates of both GPP and ER (i.e. with a GPP:ER close to 1) indicate rapid cycling or ‘metabolic throughput’ of carbon by aquatic organisms. In contrast, low but balanced GPP and ER indicates slow cycling and low throughput.] 

In this evaluation, we extend our ‘metabolic fingerprint’ approach to interrogate dominant metabolic responses to flows that are common to all Selected Areas. The approach improves the correlation of metabolic responses to flow and provides a visual assessment of whether responses are within the ‘typical’ metabolic regime of a Selected Area. The metabolic fingerprints developed for this evaluation are based on 24,621 daily records of gross primary production (GPP) and ecosystem respiration (ER) from 2014–24. This is one of the largest riverine metabolic datasets in the world. We also performed counterfactual modelling to estimate the contribution of Commonwealth environmental water to riverine GPP across the entire 2014–24 monitoring period.
The export of salt through the Lower Murray River Selected Area and in-situ measurements of electrical conductivity at the other Selected Areas are used to evaluate salinity.
[bookmark: _Toc169543850][bookmark: _Toc202187830]2023–24 key metrics and messages
Of the 114 Commonwealth environmental watering actions in 2023–24, 38 (2,160 GL) had expected outcomes linked to water quality and ecosystem process or food webs. Of the 38 watering actions linked to water quality, 21 (1,955 GL) occurred within 6 of the 7 Selected Areas. Of the 10 watering actions linked to ecosystem process or food webs, 6 (1,492 GL) occurred within 2 of the 7 Selected Areas.
Food webs, stream metabolism, gross primary production and ecosystem respiration
6 out of 7 Selected Areas were net consumers of carbon (ratio of GPP to ER was less than 1). This highlights the importance of terrestrial organic carbon from channel and floodplain connectivity as a major energy source in these systems.
Season was the primary driver of rates of stream metabolism – the highest daily rates of GPP and ER were consistently recorded in summer.
There were significant relationships between stream metabolism and flow. Higher flows generally decreased in-channel volumetric rates of GPP and ER, likely due to disturbance and dilution effects. However, responses were variable among sites, emphasising a high level of context dependency, likely related to channel morphology and other site-specific characteristics.
Within Selected Areas, changes to rates of GPP and ER in response to flow were generally small and comparable to previous years.
Dissolved oxygen
Environmental watering actions in the Edward/Kolety–Wakool river systems maintained dissolved oxygen concentrations during warm periods, potentially preventing the development of hypoxic blackwater events.
Salinity
Commonwealth environmental water was responsible for the export of 221,272 tonnes of salt (17.8% of total salt exported) through the barrages.
[bookmark: _Toc169543851][bookmark: _Toc202187831]2014–24 key metrics and messages
Food webs, stream metabolism, gross primary production and ecosystem respiration
Rates of GPP and ER across all Selected Areas in the 2023–24 water year were broadly similar and comparable to the previous 9-year record. Over the 10 years, riverine ecosystems of the Goulburn River, Edward/Kolety–Wakool river systems, Lachlan River System, Gwydir River System and Junction of Warrego and Darling rivers were predominantly heterotrophic, consuming more carbon than they were producing.
The Murrumbidgee River System regularly alternated between heterotrophy and autotrophy over the 10 years, depending on conditions (such as season).
The Lower Murray River was mostly a net producer of carbon (autotrophic) up to 2021–22, driven by phytoplankton and relatively low turbidity in the slow-flowing channels. However, high flows in 2022–23 shifted the Lower Murray River into heterotrophy, reflecting a return to a flowing system more closely resembling metabolic patterns at other Selected Areas. For the 2023–24 water year, the Lower Murray River returned to autotrophy, reflecting reduced flows from the previous year. 
GPP was sensitive to Commonwealth environmental water. Counterfactual modelling revealed that Commonwealth environmental water most often was associated with a modest reduction in riverine GPP. This is generally a positive outcome for river condition as it potentially limits the proliferation of algae during warm and low flow periods. 
Overall, Commonwealth environmental water was estimated to have reduced annual GPP by a mean of 5.3% (range 0.3% to 17.5% among site and years). On individual days with Commonwealth environmental water contribution, daily GPP was a mean of 15% lower than the counterfactual scenario (range 6.5% to 43% among sites and years).
Commonwealth environmental water bolstered riverine GPP in rare instances where the water contributed to very high discharges (e.g. when extending a flood recession), supporting the boom–bust nature of the lowland river–floodplain systems.
Independent of Commonwealth environmental watering actions, rates of GPP are most strongly influenced by seasonal changes (i.e. light, temperature) and site-specific drivers (e.g. bioavailable nutrient concentrations, reduced light availability due to turbidity).
Dissolved oxygen
[bookmark: _Toc71298427]In 2014–24, Commonwealth environmental water decreased the likelihood of low dissolved oxygen in the Lower Murray River by maintaining flow velocities above 0.18 m/s. Flow velocities above this threshold increase water mixing and oxygen exchange at the surface. Below this velocity, surface oxygen exchange is poor.
[bookmark: _Toc169543852][bookmark: _Toc202187832]Key contributions to Basin Plan objectives
[bookmark: _Toc71298428]Water year 2023–24
Paragraphs 8.06(3)(c),(d) and section 9.09: Commonwealth environmental water was responsible for the export of 221,272 tonnes of salt (17.8% of total salt exported and around 11% of the Basin target) through the barrages.
Subsection 8.06(7): Data from the 7 Selected Areas provided evidence that Commonwealth environmental water contributed to protecting and restoring energy, carbon and nutrient dynamics, primary production and respiration – reducing the risk of blackwater events and algal blooms.
Section 9.08: Environmental watering actions in 2023–24 provided benefits in terms of increasing oxygen concentrations and reducing the potential for blackwater events
Water years 2014–24
Paragraphs 8.06(3)(c),(d): Commonwealth environmental water played an important role in meeting long-term objectives to protect and restore connectivity within and between water-dependent ecosystems. Commonwealth environmental water can support heterotrophic production if it contributes to connectivity between river channels and floodplains by increasing the supply of allochthonous organic carbon to food webs.
Subsection 8.06(7): There is evidence from all Selected Areas that Commonwealth environmental water has had a positive influence on protecting and restoring energy, carbon and nutrient dynamics, primary production and respiration over the 10 years. For example, even when changes in rates of GPP and ER were small, the increase in water volume provided by Commonwealth environmental water increased total production and consumption of carbon in riverine food webs.
[bookmark: _Hlk103606700]Section 9.08: Trends in water quality and relationships with environmental flow delivery are difficult to assess across the Basin due to the high level of spatial and temporal baseline variation and inadequate data to capture that variability. However, there is strong evidence that Commonwealth environmental water played an important role in maintaining water quality over the 10 years. For example, anoxic events in 2016 and the subsequent delivery of ameliorating flows that included Commonwealth environmental water demonstrated the utility of targeted watering actions that are designed to improve water quality (e.g. evidenced by counterfactual observations). Commonwealth environmental water also contributed to the objective of meeting salt export targets (see section 9.09 and paragraph 9.14(5)(c)).
Section 9.09: Over the 10 years, Commonwealth environmental water was responsible for exporting over 4 million tonnes of salt exported through the barrages (around 22% of the Basin Plan target) and reducing salt import by more than 28 million tonnes.
Paragraph 9.14(5)(a): When the addition of Commonwealth environmental water increased mean water velocities above ~0.18 m/s in the Lower Murray River, it helped reduce the likelihood of low dissolved oxygen concentrations by increasing gas exchange at the water surface.
Paragraph 9.14(5)(c): Commonwealth environmental water contributed to maintenance of river salinity below 800 µS/cm (electrical conductivity) at Morgan over the 10 years. Salinity was maintained within the range required for potable water in the Murray River over this period – water was about 10% fresher due to environmental flows.
[bookmark: _Toc169543853][bookmark: _Toc202187833][bookmark: _Hlk103606768]Informing adaptive management
Despite high site-specific context dependency, we identify a general response at the vast majority of locations: increased flow decreases volumetric rates of overall metabolic activity, or ‘metabolic throughput’, via disturbance and dilution. Flow disturbance can therefore be used to ‘reset’ aquatic ecosystems by moving sediments and scouring periphyton. The trajectory of recovery is likely to vary by site and by valley, governed by localised drivers such as size of the flow, substrate type, channel morphology and structural complexity. The rate of recovery is indicative of ecosystem resilience.
Commonwealth environmental water can support higher ecosystem respiration rates and heterotrophic production if flows lead to increases in terrestrial carbon subsidies to the river channel (e.g. litter). The amount of litter incorporated into the river channel is governed primarily by:
flow type, for example bankfull and overbank flows may increase lateral connectivity and mobilise large quantities of litter, while freshes may be limited to incorporating small quantities of litter from in-channel features only; and 
antecedent patterns, for example climate, time since last flow, magnitude of last flow).
Increasing flow reduces the volumetric rate of primary production but increases cross-sectional channel GPP, particularly in reaches where the channel broadens, by increasing the cross-sectional area of the photic zone (i.e. the area with enough light for photosynthesis). Although rates of GPP and ER are not direct estimates of secondary production by higher trophic levels, ecological theory and existing empirical evidence suggest that this increased ecosystem metabolism will be correlated with higher consumer productivity.
There is scope to focus future Basin-scale reporting for food webs and water quality on improving our understanding of how the food supply for food webs is influenced by Commonwealth environmental water (e.g. recovery of metabolic activity following flow disturbance, influence of disturbance on food webs).
Recommendations
To improve the utility of metabolic data collected, we recommend a formally designed and coordinated sampling approach between and beyond Selected Areas for future iterations of Flow-MER. Lack of a complete metabolic time series (e.g. no winter data) at most Selected Areas makes removal of ‘season’ as a factor to better understand the influence of flow problematic. We recommend collection of metabolic data year-round using the same sampling approach at all Selected Areas. This will improve our capacity to predict flow-metabolism responses in unmonitored areas.
We recommend estimation of average depth at all Selected Areas, which will enable conversion of volumetric metabolic rates to areal rates, in line with international literature.
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The Commonwealth Environmental Water Holder’s (CEWH) Science Program invests in monitoring, evaluation and research activities through its Flow Monitoring, Evaluation and Research (Flow-MER) Program. The Flow-MER Basin-scale evaluation assesses the contributions of Commonwealth environmental water (CEW) to meeting the environmental objectives stated in chapters 8 and 9 of the (Murray–Darling) Basin Plan 2012 and in the Basin-wide environmental watering strategy.[footnoteRef:4] Six Basin Themes (Figure 1) are evaluated using data from 7 Flow-MER Selected Areas (left-side map, Figure 2) and the 19 valleys (right-side map, Figure 2) where the CEWH holds water entitlements in the Murray–Darling Basin. The evaluation builds on work undertaken by its predecessors.[footnoteRef:5] Research informs the evaluation and the CEWH’s Science Program. [4:  At the time of writing, the 2025 edition of the Strategy was not available. 2023–24 evaluations reference the 2019 edition (MDBA 2019).]  [5:  The Long Term Intervention Monitoring and Environmental Water Knowledge and Research projects (2014–19)] 

[bookmark: _Ref183533816][bookmark: _Ref75344535][bookmark: _Toc75778192][bookmark: _Toc169184337][bookmark: _Toc193363427][bookmark: _Toc194788943][bookmark: _Toc202187876][bookmark: _Hlk75431730]Figure 1 Schematic of the components of the Basin-scale evaluation
The evaluations are informed by Basin-scale research projects, stakeholder engagement and Selected Area monitoring data.
[image: Diagram showing linkages between the 6 themes. Further details in caption]
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In the valleys map, grey shading indicates the 19 valleys where the Commonwealth holds water entitlements and which are in scope for evaluation; white identifies those valleys which are not in scope.
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[bookmark: _Toc131432394][bookmark: _Toc169543855][bookmark: _Toc202187835][bookmark: _Hlk75431740]Evaluating the contribution of Commonwealth environmental water to observed environmental outcomes
To undertake the Basin-scale evaluation, the Basin-scale evaluation team uses water delivery and outcomes data provided by the CEWH’s Science Program, along with monitoring data provided by the 7 Selected Areas. Other publicly available data may be used where relevant data are not collected by the Selected Areas.
Evaluation of the contribution of CEW to observed environmental outcomes for the 6 Basin Themes depends on the data available.
When delivered with other water, ecological outcomes cannot be apportioned with current methods and CEW is reported as contributing to, or supporting, the environmental outcomes of the watering action.
The multi-year Hydrology (instream), Fish and Vegetation Basin Themes have sufficient data to model and compare environmental outcomes both with and without CEW (counterfactual modelling[footnoteRef:6]). [6: In the counterfactual approach, CEW is removed from the observed streamflow time series, creating a hypothetical (counterfactual) daily streamflow time series with no CEW. This approach is used to infer the effects of CEW as an experimental design with controls and/or before–after comparisons is not possible.] 

Ecosystem Diversity, Species Diversity and Vegetation Basin Themes identify environmental responses in locations that received CEW (often in conjunction with other sources of environmental or non-environmental water) and, where feasible, compare them with areas that did not receive CEW.[footnoteRef:7] [7:  In these evaluations it is not possible to attribute the Commonwealth’s contribution separately to other environmental water under the current methods.] 

Hydrology (inundation) and Food Webs and Water Quality Basin Themes use flow and water quality metrics to infer likely outcomes.
Fish (annual), Vegetation (annual) and Food Webs and Water Quality Basin Themes synthesise findings across Selected Areas.
[bookmark: _Toc202187836]Partnering on watering actions
Commonwealth environmental water is often delivered in conjunction with other environmental water holdings and non-environmental water releases (such as for irrigation or during high flow events).
Commonwealth environmental watering actions for the most recent evaluation year (2023–24) and cumulative over the 10 evaluation years (2014–15 to 2023–24) are provided in Table 1.1.
[bookmark: _Ref198542306][bookmark: _Ref183533871][bookmark: _Toc169543940][bookmark: _Toc183533676][bookmark: _Toc202187932]Table 1.1 Summary statistics for most recent evaluation year and multi-year evaluation period
Dash (–) indicates statistic not available.
	
	2023–24
	2014–24

	Volume of CEW actions (GL)
	2,870
	18,310

	Number of CEW actions
	114
	1,194

	% CEW volume of total EW volume
	~70%
	–

	% CEW actions with partner or with other flows
	~50%
	–

	CEW % of total volume of partnered watering actions
	~50%
	–

	CEW % of total Basin surface water runoff
	~13%
	–


[bookmark: _Toc169543856][bookmark: _Toc202187837]Evaluation reporting
Each Basin Theme prepares a technical evaluation report for each water year from which key outcomes and lessons for adaptive management are brought together, with research highlights, into an annual synthesis report. To provide consistency over the life of Flow-MER and its predecessors, some content in these annual reports may be reused from previous years. In these cases, all efforts have been made to cite the relevant Long Term Intervention Monitoring Project, Environmental Water Knowledge and Research Project, or Flow-MER publication. All reports published by the CEWH are available from the CEWH's publications and resources webpage.
[bookmark: _Toc169543857][bookmark: _Toc202187838]Basin-scale Flow-MER partnership
Basin-scale evaluation in Flow-MER is led by CSIRO in partnership with the University of Canberra. Collaborators on the 2023–24 evaluation include Alluvium, Arthur Rylah Institute, Charles Sturt University, South Australian Research & Development Institute, NSW Department of Primary Industries, the Australian River Restoration Centre and Brooks Ecology & Technology.
2025 is the final year of this 5-year phase of Flow-MER. This is the final evaluation under this phase. The next 5-year phase commenced on 1 July 2025 and is led by CSIRO in partnership with the One Basin Cooperative Research Centre. Information on the new phase of Flow-MER can be found at the CEWH's science programs website.
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[bookmark: _Toc71298432][bookmark: _Toc169543859][bookmark: _Toc202187840]Introduction
[bookmark: _Ref75968920][bookmark: _Toc71298433][bookmark: _Ref74845423][bookmark: _Ref75361998]This chapter summarises the purpose of the Basin-scale evaluation, its objectives and coverage, and the structure of this report.
[bookmark: _Toc169543860][bookmark: _Toc202187841]Evaluation objectives
The Basin-scale Food Webs and Water Quality Theme evaluates the contribution of Commonwealth environmental water (CEW) to stream metabolism in the Murray–Darling Basin (the Basin). This report describes the most recent (one-year) and longer term (10-year) evaluations, addressing 4 Basin-scale evaluation questions (see Figure 1.1):
What did Commonwealth environmental water contribute to patterns and rates of ecosystem respiration?
What did Commonwealth environmental water contribute to patterns and rates of primary productivity?
What did Commonwealth environmental water contribute to dissolved oxygen levels?
What did Commonwealth environmental water contribute to salinity regimes?
[bookmark: _Ref165310630][bookmark: _Toc193363429][bookmark: _Toc194788945][bookmark: _Toc202187878]Figure 1.1 Schematic of key elements of stream metabolism and water quality indicators
LTIM = Long Term Intervention Monitoring Project; PAR = photosynthetically active radiation. Source: adapted from Hale et al. (2014).
[image: Diagram showing how the key elements (field measurements, analysis, evaluation, reporting) link to each other]
The Commonwealth’s (Murray–Darling) Basin Plan 2012 (the Basin Plan) lists food webs and water quality objectives in sections 8 and 9. Many of these are qualitative – that is, they refer to expected outcomes such as improved hydrological connectivity, more frequent opening of the Murray Mouth, improved water quality, and restoration of ecological community structures and food webs – rather than measurable targets. 
Three measurable targets relevant to the Basin-scale Food Webs and Water Quality Theme are:
maintenance of (instream) dissolved oxygen (DO) of at least 50% saturation
an average of 2 million tonnes of salt discharged into the Southern Ocean each water year
salinity levels at reporting sites not to exceed set targets 95% of the time (e.g. target of 830 µS/cm at Murray Bridge).
Basin Plan objectives are fully listed in Table 6.1.
[bookmark: _Toc169543861][bookmark: _Toc202187842]Evaluation coverage
This report uses the Stream Metabolism Category 1 — gross primary production (GPP), ecosystem respiration (ER) and dissolved oxygen (DO) – data collected by the Flow-MER Selected Area teams and stored in the CEWH’s Monitoring Data Management System (MDMS); and hydrological data provided by the Basin-scale Hydrology Theme to assess riverine metabolic responses to flow (Table 1.1).
For the 2023–24 evaluation, Stream Metabolism Category 1 data were collected from 26 sites from all 7 Selected Areas: Lower Murray River, 3 sites; Goulburn River, 4 sites; Edward/Kolety–Wakool river systems, 7 sites; Lachlan River System, 5 sites; Gwydir River System, 3 sites; Junction of Warrego and Darling rivers, 3 sites and Murrumbidgee River System, 1 site.
[bookmark: _Ref201937473][bookmark: _Ref166616999][bookmark: _Toc183533677][bookmark: _Toc202187933]Table 1.1 Sources of data used for analyses in this report
Note: Dissolved oxygen (DO) data are logged at the Selected Areas. The Selected Areas then run these data through the Bayesian single-station estimation model to estimate gross primary production (GPP) and ecosystem respiration (ER). The raw DO data are uploaded to the CEWH’s Monitoring Data Monitoring System. DO is reported when or if it reaches critically low values at the Selected Area.
	Selected Area
	Parameter
	Source

	Lower Murray River
	Daily estimates of GPP and ER 
	Local Selected Area team

	Goulburn River
	Daily estimates of GPP and ER 
	Local Selected Area team

	Edward/Kolety–Wakool river systems
	Daily estimates of GPP and ER 
	Local Selected Area team

	Lachlan River System 
	Daily estimates of GPP and ER 
	Local Selected Area team

	Murrumbidgee River System
	Daily estimates of GPP and ER 
	Local Selected Area team

	Gwydir River System 
	Daily estimates of GPP and ER 
	Local Selected Area team

	Junction of Warrego and Darling rivers
	Daily estimates of GPP and ER 
	Local Selected Area team

	Basin
	Hydrological data
	Hydrology Theme team

	Basin
	Rainfall data
	Hydrology Theme team

	Basin
	Commonwealth environmental watering actions
	CEWH Science section (CEWH 2024)


[bookmark: _Toc169543862][bookmark: _Toc202187843]About this report
The Basin-scale Food Webs and Water Quality Theme has been led by CSIRO in partnership with the University of Canberra. This report builds on previous reports (Grace 2019, 2020; McInerney et al. 2021, 2022, 2023) and reporting undertaken as part of the Long Term Intervention Monitoring Project (2014–19) and Flow-MER (2019–24). The approach and methods are fully described in companion methods report (O’Sullivan and Cuddy 2025).
[bookmark: _Toc105674294][bookmark: _Toc105676386][bookmark: _Toc105676450][bookmark: _Toc105688337][bookmark: _Toc71298437][bookmark: _Ref139004794][bookmark: _Toc169543863][bookmark: _Toc202187844]Overview of evaluation approach
This chapter provides an overview of the approach adopted for the evaluation and its conceptual framing. Methods are fully described in companion methods report (O’Sullivan and Cuddy 2025).
Stream metabolism comprises 2 key ecological processes – gross primary productivity (GPP) and ecosystem respiration (ER) – which generate and recycle organic matter, respectively. Stream metabolism measurements estimate the instream rates of GPP and ER by measuring changes in DO. Net ecosystem production (NEP) – the difference between GPP and ER – determines whether carbon accumulates or is depleted within an ecosystem (Bernhardt et al. 2018). Volumetric GPP and ER rates represent the amount of carbon being fixed or respired per litre of water, respectively, which is important for understanding food web processes and assessing potential water quality risks, such as algal blooms or hypoxia. Since GPP represents the fixing of carbon into organic matter and ER is the breakdown of this matter and remineralisation of the organic carbon, high rates of both GPP and ER (i.e. with a GPP:ER close to 1) indicate rapid cycling or ‘metabolic throughput’ of carbon by aquatic organisms. In contrast, low but balanced GPP and ER indicates slow cycling and low throughput.
We do not expect metabolic responses to flow to be sensitive to the purpose of the flow (e.g. environment, irrigation supply) but rather to the duration, timing and magnitude or spatial extent of watering events. Therefore, to understand the general flow–ecology relationships, we focus most of our analyses on metabolic responses to the full hydrological dataset (i.e. total flow, not just Commonwealth environmental water (CEW). However, we also present a model that uses these flow–ecology relationships to estimate the contribution of CEW to GPP by estimating a counterfactual scenario.[footnoteRef:8] [8:  The counterfactual modelling was introduced for the 2023–24 evaluation. It is fully described in O’Sullivan and Cuddy (2025).] 

Continuous water quality monitoring integrated into Flow-MER is restricted to temperature and DO, which are collected to calculate rates of stream metabolism. Other water quality parameters (e.g. pH, turbidity, electrical conductivity), and water column nutrients (e.g. total and filterable nitrogen and phosphorus) are typically measured during visits to sites. Hence, data often comprise single measurements made at intervals of a month or more. Spot measurements of water quality and nutrients provide useful information about riverine conditions at a single point in time, but values can vary widely between collection of samples and such measurements are not necessarily representative of conditions for the entire continuous logging period. Thus, we do not report these values when interpreting Basin-scale stream metabolism calculated from logged DO data. This Basin Theme aims to understand and predict how flow influences water quality (nutrients, temperature, light, salinity) which, in turn, can regulate rates of stream metabolism and productivity (energy availability).
[bookmark: _Toc169543864][bookmark: _Toc202187845]Conceptual model
Conceptually, our approach builds on work carried out in the preceding Environmental Water Knowledge and Research and Long Term Intervention Monitoring projects. The Environmental Water Knowledge and Research Project Food Web Theme explored the conceptual link between the Waterbird, Fish and Vegetation themes, linking the production of resources to provision of food for consumers in response to environmental flows. We have extended that framework to incorporate productivity responses of ecosystems to different flow components (Figure 2.1). Rates of GPP and ER can control and impose restrictions on energy supply and energy dispersal through food webs (Rüegg et al. 2021). The balance of these 2 fluxes, measured as NEP, determines whether carbon accumulates or decreases in an ecosystem.
A significant challenge when interpreting responses of stream metabolism to environmental water is determining what levels of productivity are ‘desirable’ and ‘undesirable’. For example, a large overbank flow event has the potential to liberate substantial quantities of organic carbon from floodplains, which can generate significant increases in heterotrophic in-channel productivity (measured as ER). However, such large productivity responses may be undesirable if they occur in concert with small GPP responses, potentially leading to blackwater events, where more oxygen is consumed from the water column than is produced, ultimately leading to hypoxia (acute lack of oxygen) for aquatic animals (large brown arrow in top ‘fingerprint’ plot in Figure 2.1). Equally, at the other extreme, a cease-to-flow or base flow event (depicted by the darker green arrow in top fingerprint plot in Figure 2.1) coupled with high sunlight and high nutrient concentrations has the potential to generate high rates of GPP during daylight hours and similarly high rates of ER overnight. However, if this occurs as a blue-green algal bloom, it is also an undesirable productivity response that may be harmful to aquatic animal and human health.
Conceptually, we are addressing whether metabolism at a particular place and time is inside the bounds of expected productivity conditions, by generating metabolic fingerprints for each Selected Area. 
[bookmark: _Toc169543865][bookmark: _Toc202187846]Metabolic fingerprints
Metabolic fingerprints are a visualisation tool for contrasting annual patterns of metabolism across rivers or across years for the same river (Bernhardt et al. 2018). The metabolic fingerprint depicts the dominant metabolic regime at a site, presented as a kernel-density plot of all daily estimates of GPP and ER rates (Figure 2.1). Importantly, a metabolic fingerprint displays the dispersion of both GPP and ER in a single plot, allowing an integrated examination of organic carbon generation and consumption. This plotting approach can be used to assess the degree to which a site satisfies certain metabolic conditions (e.g. target ranges or states) and can be linked to evaluation against expected outcomes – for example, under a future metabolism component in the Basin-wide environmental watering strategy (the Strategy) (MDBA 2019). The approach can also be extended beyond plotting and used to establish statistical patterns in metabolic responses to flow (see Section 4.4.2).
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[bookmark: _Ref68680429][bookmark: _Toc193363430][bookmark: _Toc194788946][bookmark: _Toc202187879]Figure 2.1 Conceptual model of the approach within the Flow-MER Basin-scale Food Webs and Water Quality Theme evaluation to measuring metabolic responses to Commonwealth environmental water
We use a metabolic fingerprinting approach (Bernhardt et al. 2018), an emerging tool for visualising and diagnosing change in stream metabolism across time or space and in response to hypothesised drivers. The method enables us to identify whether metabolic responses to a flow condition are within the typical metabolic regime of a site or represent atypical conditions at that site. Atypical metabolic conditions may indicate a desirable state (e.g. high gross primary production [GPP] and ecosystem respiration [ER], high system throughput) or an undesirable state (e.g. algal blooms, hypoxic blackwater), providing an indication of how different flow types can provide carbon and nutrients for food webs. The approach can be scaled spatially (e.g. valley responses, northern or southern Basin) and temporally (e.g. fingerprints overlaid through time with multiple flows) to improve our understanding of the relationships between environmental water and productivity. OM = organic matter.
[image: A complex visualisation of riverine productivity. For a detailed description, contact the authors]

[bookmark: _Toc71298441][bookmark: _Ref139004805][bookmark: _Toc169543866][bookmark: _Toc202187847]Basin-scale evaluation 2023–24
This chapter describes water quality and metabolic parameters recorded across all monitoring locations in water year 2023–24, analyses metabolic responses to flow, and relates outcomes to the Basin-scale evaluation questions. 
Due to the relatively small contribution of CEW to total flow volumes, outcomes are reported for the full 2023–24 hydrological dataset, i.e. not specific to Commonwealth environmental watering actions.
[bookmark: _Ref142290162][bookmark: _Toc169543867][bookmark: _Toc202187848]Key findings
In 2023–24, 6 of the 7 monitored Selected Areas were net heterotrophic (ecosystems were respiring more carbon than they were fixing via GPP).
The results highlight the importance of terrestrial organic carbon from channel and floodplain connectivity as a major energy source in these ecosystems.
In 2023–24, the Lower Murray River was strongly autotrophic, reflecting a shift to more lentic conditions at these sites than the lotic conditions seen in 2022–23.
The Murrumbidgee River System had a comparatively smaller range of metabolic throughput than all other Selected Areas, signifying low and uniform rates of both ER and GPP.
Commonwealth environmental water contributed to the export of 221,272 tonnes of salt (17.8% of total salt exported) through the barrages, and decreased salt import at the Murray Mouth by approximately 2,854,965 tonnes.
[bookmark: _Toc169543868][bookmark: _Toc202187849]Rainfall
[bookmark: _Toc196307483][bookmark: _Toc196387580]Wet conditions contracted to the central areas of the Basin in 2023–24. Parts of the southern Basin became increasingly dry, including both the headwaters and the South Australian sections of the River Murray changing from conditions that were very much above average rainfall in 2022–23 to very much below average rainfall in 2023–24. Conditions across the Basin valleys are listed in Table 3.1 and visualised in Figure 4.1.
[bookmark: _Ref168426353][bookmark: _Toc201748156][bookmark: _Toc202187934]Table 3.1 Annual rainfall conditions by valley, 2023–24
Includes the 19 valleys in scope for the Flow-MER evaluation. Condition extracted from Figure 4.1.
	Valley
	Rainfall condition

	Northern Basin
	 

	Barwon Darling
	Average to above average

	Border Rivers
	Mainly average with some areas below average and some above average

	Condamine Balonne
	Average to above average, some areas in the east below average

	Gwydir
	Mainly average with some areas in the east below average

	Macquarie
	Average to above average

	Namoi
	Average to above average

	Warrego
	Average to above average

	Southern Basin
	 

	Broken
	Average

	Campaspe
	Average

	Central Murray
	Below average to average

	Edward/Kolety–Wakool
	Average to above average

	Goulburn
	Below average to above average

	Lachlan
	Average to very much above average

	Loddon
	Very much below average to above average

	Lower Darling/Baaka
	Below average to above average

	Lower Murray
	Very much below average to average

	Murrumbidgee
	Below average to above average

	Ovens
	Average

	Wimmera
	Very much below average to average


[bookmark: _Toc202041715][bookmark: _Toc202041763][bookmark: _Toc202041811][bookmark: _Toc202041859][bookmark: _Toc202041907][bookmark: _Toc202041957][bookmark: _Toc202042005][bookmark: _Toc202089499][bookmark: _Toc169543869][bookmark: _Toc202187850]Environmental water delivery 2023–24
Of the 114 Commonwealth environmental watering actions in 2023–24, 38 (2,160 GL) had expected outcomes linked to water quality and/or ecosystem process or food webs, and 21 (1,955 GL) of these actions occurred within 6 of the 7 Selected Areas. These are listed in Table 3.2. Of the 33 watering actions linked to water quality, 19 (1,848 GL) occurred within 6 of the 7 Selected Areas. Of the 10 watering actions linked to ecosystem process or food webs, 6 (1,492 GL) occurred within 2 of the 7 Selected Areas 
[bookmark: _Ref165320040][bookmark: _Toc183533679][bookmark: _Toc202187935]Table 3.2 Commonwealth environmental watering actions with objectives linked to water quality and ecosystem process or food webs, by valley, 2023–24
* contains a Selected Area, Dash (–) indicates no watering actions in that Valley for this Theme.
	Valley
	Volume (ML)
	Number of actions

	Northern Basin
	
	

	Barwon Darling
	 –
	 –

	Border Rivers
	 –
	 –

	Condamine Balonne
	–
	–

	Gwydir*
	2,000
	1

	Macquarie
	56,046
	1

	Namoi
	9,279
	2

	Warrego*
	–
	–

	Southern Basin
	
	

	Broken
	1,637
	5

	Campaspe
	1,114
	1

	Central Murray
	19,497
	1

	Edward/Kolety–Wakool*
	148,504
	9

	Goulburn*
	216,335
	5

	Lachlan*
	1,213
	1

	Loddon
	3,762
	3

	Lower Darling/Baaka
	110,834
	2

	Lower Murray*
	1,384,021
	4

	Murrumbidgee*
	203,235
	1

	Ovens
	–
	–

	Wimmera
	2,762
	2

	Total
	2,160,239
	38


[bookmark: _Toc169543870][bookmark: _Toc202187851]Outcomes
Metabolic responses to flows at Selected Areas
Rates of data that met output acceptance criteria from the Bayesian single-station estimation routine remained very low in some Selected Areas.[footnoteRef:9] Within the metabolic rate data, 3,027 records (daily GPP and ER measured as mg/L/day) met acceptance rates: [9:  Refer to caption note to Table .1 for information on this process.] 

Lower Murray River – 59% (261 daily records included)
Goulburn River – 25% (272 daily records included)
Edward/Kolety–Wakool river systems – 52% (1,236 daily records included)
Lachlan River System – 58% (856 daily records included)
Gwydir River System – 47% (246 daily records included)
Junction of Warrego and Darling rivers – 14% (84 daily records included)
Murrumbidgee River System – 32% (72 daily records included).
Poor model fit (leading to low R2 values) and model estimation of unrealistic K (reaeration coefficient) constants arising from slow-moving water (e.g. locks of the Lower Murray River, cease-to-flow events in the northern Basin) were leading causes of low data acceptance rates. Improving flexibility in criteria for K and R2 model fits is essential to improve data acceptance, particularly for slow flow conditions. Under such conditions, the water column may not be well mixed vertically or laterally, meaning that mixing driven by wind or daily variation in temperature may be influencing the DO concentration measured by loggers, reducing certainty in estimates of metabolic processes.
Despite these limitations, seasonality was found to be the primary driver of rates of stream metabolism – the highest daily rates of GPP and ER were consistently recorded in summer (see plots in Appendix A), as expected based on the fundamental effect of temperature on biochemical reactions.
In 2023–24, all Selected Areas were net heterotrophic, except for the Lower Murray River, which was strongly autotrophic: 
Lower Murray River (mean GPP:ER 1.40)
Goulburn River (mean GPP:ER 0.40)
Edward/Kolety–Wakool river systems (mean GPP:ER 0.52)
Lachlan River System (mean GPP:ER 0.41)
Gwydir River System (mean GPP:ER 0.49)
Junction of Warrego and Darling rivers (mean GPP:ER 0.49)
Murrumbidgee River (mean GPP:ER 0.85). 
The Lower Murray River is typically net autotrophic, likely a product of the lentic character of sites within this Selected Area that support phytoplankton. Results for the remaining Selected Areas highlight the importance of terrestrial organic carbon from channel and floodplain connectivity as a major energy source in rivers.
Metabolic fingerprints for the 7 Selected Areas are presented in Figure 3.1. The 75% kernel-density regions (or area containing the top 75% of data points) for all Selected Areas reside predominantly above the 1:1 line, reflecting the net heterotrophy.
The Murrumbidgee River System was notable for its narrow range of metabolic throughput, shown by the metabolic fingerprint being constrained in a small region close to the diagonal 1:1 because of highly uniform and stable rates of both ER and GPP. In contrast, all other Selected Areas were stretched across a wide range along the 1:1 line, reflecting more variable metabolic rates. In 2023–24, the Lachlan River system was dominated by relatively high metabolic throughput – the 10% kernel-density area resided relatively high up the 1:1 line. Stream metabolism evaluation questions and answers relating to Commonwealth environmental water and Commonwealth environmental watering actions are provided in Table 3.3.
[bookmark: _Ref132487105][bookmark: _Ref132487096][bookmark: _Toc193363431][bookmark: _Toc194788947][bookmark: _Toc202187880]Figure 3.1 Variation in metabolic fingerprints across the 7 Selected Areas, 2023–24
Lower Murray River (261 daily records); Goulburn River (272 daily records); Edward/Kolety–Wakool river systems (1,226 daily records); Lachlan River System (856 daily records); Gwydir River System (246 daily records); Junction of Warrego and Darling rivers (84 daily records); Murrumbidgee River System (72 daily records). ER = ecosystem respiration, GPP = gross primary production. Note the log scale on the x-axis and y-axis.
[image: 7 fingerprint plots, for the 7 Selected Areas, with colour bands 10%, 25%, 50%, 75%, 90%]


[bookmark: _Ref71212598][bookmark: _Toc183533680][bookmark: _Toc202187936]Table 3.3 Stream metabolism evaluation questions and responses relating to 2023–24 Commonwealth environmental water, extracted from 2023–24 Selected Area reports*
*with minor edits for readability. Note that the Lower Murray River report refers to both ‘environmental water’ and ‘Commonwealth environmental water (CEW) ’.
	Selected Area report
	What did Commonwealth environmental water contribute to patterns and rates of ecosystem respiration?
	What did Commonwealth environmental water contribute to patterns and rates of primary productivity?
	What did Commonwealth environmental water contribute to dissolved oxygen levels?

	Lower Murray River
(Ye et al. 2025)
	Bacterial respiration (BCR), a measure of decomposition, was directly related to DOC concentrations. As it was assumed that daily DOC concentrations were the same with and without EW, volumetric BCR was unaffected by flow.
Evaluation was based on the average percentage change in river cross-sectional BCR due to the addition of EW/CEW and determined from the average change in cross-sectional area.
In 2023-24, sustained high water levels due to EW/CEW resulted in moderate increases.
	Increased EW delivery generally reduced the volumetric rate of primary production but increased the cross-sectional rate. This increased the overall “carrying capacity” of the river, although the implications of changes in the ratios of these two measures are unknown. 
The estimated average percentage change in cross-sectional GPP due to environmental flows over a monitoring period was used to assess primary productivity. In 2023-24, despite relatively large increases in cross-sections, small positive changes in cross-sectional GPP were predicted in response to EW/CEW delivery below Locks 6 and 1, with small negative changes below Lock 4.
	Contributions of EW and CEW can help decrease the likelihood of low DO during low flow periods by increasing water mixing and oxygen exchange at the surface. This was assessed as the extra days per year with water velocities >0.18 m/s due to eWater, and then the further increase due to CEW, and the total for all EW. In 2023-24, CEW contributed 29 days of flow that moved velocities above 0.18 m/s, while All EW supported 45 days were above 0.18 m/s.

	Goulburn River
(Treadwell et al. 2024)
	Apart from the initial dilution effect (as seen in all previous years), there was no consistent long-term (months, seasons) effect of flow increases (including those from delivery of CEW) on ER (mg O2/L/day) across the 4 sites. 
Importantly, there were significant enhancements in ER rates for several weeks (but not months) following flow events in summer and autumn, likely due to the introduction of new organic carbon. 
There was also a marked positive effect of flow increases, even those constrained within channel, on total amounts of ER expressed as mass (load) of organic carbon consumed per day. As there is no change in water source, the major effect of CEW is to augment flow.
	As with ER, all 4 sites showed a decrease in GPP (mg O2/L/day) with increases in flow (including those from CEW delivery) – this was due to dilution and was seen in all previous years. 
It was also shown that, after the hydrograph fell, GPP increased during summer and autumn in the subsequent days and weeks (but not months), most likely due to the entrainment of nutrients during the event. 
Importantly, there was a marked positive effect of flow increases, even those constrained within the channel, on total amounts of GPP expressed as mass (load) of organic carbon produced per day. As there is no change in water source (tributary flow is not a significant water source in this section of the Goulburn River), the major effect of CEW is to augment flow.
	Not specifically reported in 2023–24.

	Edward/Kolety–Wakool river systems
(Liu et al. 2024)
	ER followed a seasonal trend – pulses of respiration largely correlated with those of GPP. These pulses coincided with the start and end of high flow in October and early January, respectively, peaking in early summer, similar to previous years. 
For most of the monitoring year, each hydrological zone was strongly heterotrophic, where respiration outpaces production. The exceptions were during periods where unregulated water coincided with CEW pulses.
This year marked lower total consumption of carbon from respiration (776 tonnes) compared to the previous 2 monitoring years (1,564–829 tonnes). Although contributions from CEW to ER rates were significantly higher (679 tonnes compared to 199–188 tonnes), reflected by the proportional contribution of CEW to overall ER being much higher than the previous 2 years (87.4%, compared to 12.7% to 22.7%).
	Similar to previous years, GPP rates peaked in early summer, likely driven by longer daylight and warmer temperatures. However, seasonal effects were difficult to separate from flow impacts. 
Areal rates of GPP were lower this year (399 tonnes) compared to the 2022–23 water year (476 tonnes) but higher than 2021–22 (364 tonnes). The contributions of CEW from flows, escapes and offtakes were substantially higher this year compared to previous years (362 tonnes compared to 104–76 tonnes). This was reflected in the proportional contribution of CEW to overall GPP being substantially higher than the previous 2 years (91% in 2023–24, compared to 22% and 21% respectively).
	DO levels remained in the expected ranges in 2023–24 water year in the Edward/Kolety–Wakool River systems, except for the middle and lower reaches of the Wakool River. This was due to flooding in the upper Goulburn River in mid-January 2024, when floodwaters flowed into the mid Murray River and Koondrook–Perricoota Forest, exited the forest via Thule and Barbers creeks, and flowed into the Wakool River.
Although concentrations of DO in the upper Wakool River briefly dropped below 4 mg/L in December 2023 and January 2024, DO concentrations were within the normal range for that time of year. CEW watering actions commenced with the variable base flows in upper Wakool and maintained DO levels over the hot summer months.
DO values in the Wakool River at Gee Gee Bridge and Stoney Crossing dropped into the range of concern to fish populations (below 4 mg/L) for a short time in February 2024. No values below 2 mg/L (in the range lethal to fish populations) were recorded. CEW watering actions from the MIL offtakes and escapes (Wakool offtake, Yallakool offtake, Wakool Escape, Thule Escape) had positive outcomes, increasing DO levels above the threshold of concern for fish at sites downstream of the escapes. 
DO concentrations in Tuppal Creek were below 4 mg/L, and on occasions were below 2 mg/L, during the environmental watering action, particularly in summer months. This suggests that environmental water delivery with limited capacity had little effect on improving water quality at Tuppal Creek.

	Lachlan River System
(Higgisson et al. 2024)
	The productivity estimates during the system-scale autumn fresh (watering action 7, Component 1) suggest a slight decrease, whereas ER and K increased slightly, which is consistent with an effect of increased flow velocity and potentially DOC supply.
	There was evidence that watering event 7 generated short pulses of GPP and ER in the lower Lachlan River – GPP responses correlated with lower water temperatures and higher flows. 
The metabolism estimates suggest that the addition of environmental water at Booligal (same as last year) generated a small productivity pulse at the start of April.
	There is evidence that watering events can alter water quality parameters, particularly through increasing carbon and nutrients, although these effects appear to be relatively transient and can be highly variable in magnitude in both space (site to site) and time.
These effects are much smaller than those observed during large natural flows, but larger flow events, such as those delivered as translucent flows, appear to provide larger productivity responses that approach the magnitude of the effects of natural flows.
However, there were benefits of environmental flow provision in March 2024 (watering action 7), in terms of increasing oxygen concentrations and reducing the potential for blackwater events.

	Gwydir River System
(CEWH 2024a)
	Relationship between ER and CEW is not specifically reported.
	CEW supported flows and contributed to carbon production in the Gwydir River throughout most of the water year. 
	Relationship between DO levels and CEW is not specifically reported.

	Junction of Warrego and Darling rivers
(CEWH 2024b)
	Relationship between ER and CEW is not specifically reported.
	Relationship between GPP and CEW is not specifically reported.
	Relationship between DO levels and CEW is not specifically reported.

	Murrumbidgee River 
(Wassens et al. 2024)
	The estimated range and median values for GPP, ER and GPP: ER were all within the range and median values reported for the previous water years.
	The estimated range and median values for GPP, ER and GPP: ER were all within the range and median values reported for the previous water years.
	DO concentrations remained well above the ecological threshold level of 4 mg/L for fish, with short-term anomalies (< 4 mg/L) in late November 2023 and early March 2024. 




Salinity regimes
The Basin-scale Food Webs and Water Quality Theme is required to report on the contribution of CEW to salinity regimes. Our focus is the export of salt through the Lower Murray River Selected Area, since this is the region through which all salt must be exported to leave the Basin. Information in this section has been taken directly from Ye et al. (2025), who apply a hydrodynamic–biogeochemical model for the region below Lock 1 to the Murray Mouth to account for cumulative impacts of environmental water delivery on salt export from the Basin. In 2023–24, CEW was responsible for the export of 221,272 tonnes of salt (17.8% of total salt exported) through the barrages (Ye et al. 2025). Commonwealth environmental water decreased salt import at the Murray Mouth by approximately 2,854,965 tonnes in 2023–24 (Ye et al. 2025).
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[bookmark: _Ref139004813][bookmark: _Toc169543871][bookmark: _Toc202187852]Basin-scale evaluation 2014–24
This chapter describes water quality and metabolic parameters recorded across all monitoring locations between water years 2014–15 and 2023–24 and provides the cumulative evaluation of responses. Due to the relatively small contribution of CEW to total flow volumes, outcomes are reported for the full 2014–24 hydrological dataset and are not specific to Commonwealth environmental watering actions.
[bookmark: _Toc169543872][bookmark: _Toc202187853][bookmark: _Toc71298446]Key findings
Riverine ecosystems of the Goulburn River, Edward/Kolety–Wakool river systems, Lachlan River System, Gwydir River System and Junction of Warrego and Darling rivers were predominantly heterotrophic and thus consuming more carbon than they were producing.
The Murrumbidgee River System regularly alternated between heterotrophy and autotrophy, depending on conditions (such as season).
The Lower Murray River was mostly a net producer of carbon (autotrophic) up to 2021–22, driven by phytoplankton and relatively low turbidity in the slow-flowing channels of the Lower Murray River. However, high flows in 2022 shifted the Lower Murray River into heterotrophy, reflecting a return to a flowing system more closely resembling metabolic patterns at other Selected Areas. In 2023–24, the Lower Murray River returned to autotrophy, reflecting dominating lentic conditions.
The most common response to increased flows (including contributions from Commonwealth environmental water) was decreased overall metabolic throughput, likely caused by dilution and disturbance.
Volumetric rates of GPP and ER in response to flow were highly variable and context-dependent, both within (individual sites) and between Selected Areas.
[bookmark: _Toc169543873][bookmark: _Toc202187854]Rainfall
[bookmark: _Hlk73474927]Figure 4.1 depicts the annual rainfall conditions in the Basin for each of the 10 water years from 2014–15 to 2023–24. The first 2 years saw particularly dry conditions in the southern Basin. In 2016–17, there were wetter conditions in the southern Basin and along the headwaters of the New South Wales tributaries in the northern Basin. Conditions returned to dry over the period 2017–20 across the whole Basin. In 2020–23, conditions were again wetter – average, above average and very much above average conditions were experienced across the Basin. The conditions in 2023–24 were similar to 2020–21, when most areas experienced average rainfall, and central New South Wales and parts of the northern Basin experienced above-average rainfall. During this time, the Victorian valley headwaters and the valley headwaters in the northern Basin experienced below-average rainfall, as did the Lower Murray, where the rainfall was below average or very much below average.
[bookmark: _Ref158125401][bookmark: _Toc193363432][bookmark: _Toc194788948][bookmark: _Toc202187881]Figure 4.1 Maps of annual rainfall conditions, 2014–24
Data sourced from the Bureau of Meteorology. The decile rankings (lowest on record to highest on record) are those used by the Bureau. Refer to the Bureau – Glossary of terms for a description of how the deciles are derived.
[bookmark: _Toc169543874][image: 10 rainfall condition maps, for each year - colouring by categories lowest on record, very much below average, below average, average, above average, very much above average, highest on record]
[bookmark: _Toc202187855]Environmental water delivery 2014–24
Across the 10 water years, the number of Commonwealth watering actions with objectives linked to water quality or ecosystem processes ranged from 37 in 2018–19 to 76 in 2022–23. Over the same period, the volume of CEW delivered ranged from 729 GL in 2018–19 to 2,237 GL in 2021–22 (Figure 4.2).
[bookmark: _Ref131177701][bookmark: _Toc158126761][bookmark: _Toc193363433][bookmark: _Toc194788949][bookmark: _Toc202187882]Figure 4.2 Number of Commonwealth environmental watering actions and corresponding total volume linked to objectives for water quality and ecosystem processes or food webs for each water year, 2014–24
This figure shows the volume of Commonwealth environmental water (CEW). It does not include volumes of other sources of environmental water delivered in association with CEW.
[bookmark: _Toc169543875][image: Column plot. Column height shows volume. Above each column is an orange circle showing the number of watering actions. x-axis is year]
[bookmark: _Toc202187856]Outcomes
Comparison of 2023–24 to the previous 9 years
Rates of GPP are strongly influenced by seasonal changes (e.g. light and temperature, as evidenced by clear and consistent annual peaks in GPP in summer, irrespective of flow regime – see Appendix A.1–A.7) and site-specific drivers such as bioavailable nutrient concentrations and reduced light availability due to turbidity. Increased flows can substantially decrease rates of both ecosystem GPP and ER, likely attributable to dilution effects of increased water volume and disturbance to plankton and microbial communities. The 2014–23 metabolic fingerprints for Selected Areas overlaid with the 2023–24 metabolic data points are presented in Figure 4.3. The kernel plots represent 21,594 daily records of GPP and ER from 2014–23 plus 3,027 daily records of GPP and ER from 2023–24 presented as data points (24,621 in total).
[bookmark: _Hlk130994875]For most Selected Areas, the majority of 2023–24 data points reside within the 2014–23 kernel, indicating that metabolic patterns in 2023–24 were broadly typical. The exception was the Lachlan River System, which experienced many days where GPP was lower and ER was higher than long-term trends. The Lachlan River System also experienced many days where both GPP and ER where higher than long-term patterns, reflecting higher than usual metabolic through-put.  The 2014–23 10% kernel-density regions (the area containing the top 10% of data points) for the Goulburn River, Edward/Kolety–Wakool river systems, Lachlan River System, Gwydir River System and Junction of Warrego and Darling rivers reside above the 1:1 line, indicating that, most of the time, the riverine ecosystems in these Selected Areas were heterotrophic and consuming more carbon than they were producing. This pattern is consistent with streams globally, which are primarily heterotrophic (i.e. GPP < ER; Hall 2016).
The 2014–23 10% kernel-density region for the Murrumbidgee River System is dispersed around the 1:1 line, indicating that it regularly alternated between heterotrophy and autotrophy, depending on conditions (such as season). It is also tightly grouped and low on the 1:1 line, reflecting consistent metabolic patterns and some possible limitation to metabolic activity (e.g. due to low bioavailable nutrients). In contrast, the metabolic fingerprints of the northern Basin Selected Areas – Junction of Warrego and Darling rivers and Gwydir River System – stretch further up the ER axis, reflecting large swings towards heterotrophy when suitable conditions prevail. These may be adverse conditions, such as when sudden algal mortality following blooms or extensive channel inundation following long dry periods can lead to excessive consumption of oxygen by bacteria.
The 2014–23 10% kernel-density region for the Lower Murray River resides primarily below the 1:1 line, reflecting net carbon generation (autotrophy) most of the time, driven by phytoplankton and relatively low turbidity in the slow-flowing channels of the Lower Murray River. This is typical for large rivers, which have very little shading by riparian vegetation. promoting photosynthesis by phytoplankton across a relatively large surface area In contrast with patterns observed in 2022–23 (where the Lower Murray River fingerprint resided predominantly above the 1:1 line due to lotic conditions from high flows), in 2023–24, the fingerprint (displayed as dots overlaid in Figure 4.3) was predominantly below the 1:1 line. This reflects a return to a more typical hydrology (e.g. lentic), where the metabolic regime is predominantly autotrophic. For Selected Areas other than the Lower Murray River, the majority of 2023–24 data points reside within the 2014–23 kernels, indicating that, for this water year, metabolic patterns were broadly similar to previous years.
[bookmark: _Ref131070292][bookmark: _Toc193363434][bookmark: _Toc194788950][bookmark: _Toc202187883]Figure 4.3 Longer-term 2014–23 metabolic fingerprints (contour lines) overlaid with the 2023–24 metabolic fingerprint (dots) for Selected Areas
See plots in Appendix A for highest density region percentage of data points for 90%, 75%, 50%, 25% and 10%. ER = ecosystem respiration, GPP = gross primary production. Note log scale on x-axis and y-axis.
[bookmark: _Ref136437162][image: 7 fingerprint plots, for the 7 Selected Areas, with colour bands 10%, 25%, 50%, 75%, 90%, for the longer term]
[bookmark: _Ref183534301]Metabolic responses to flow at Selected Areas
Here, we focus on exploring metabolic responses to the full 2014–24 hydrological dataset (of which CEW is a component). This is because we do not expect metabolic responses to flow to be sensitive to the purpose of the flow (e.g. environment, irrigation supply) and this approach provides much greater statistical power. The contribution of CEW is assessed in Chapter 5.
We applied a statistical model using the envfit function in the R package VEGAN (Dixon 2003). The envfit function fits an environmental vector (j) over an ordination in 2-dimensional space using an intercept-less linear model. The size and direction of the vector provides an estimation of the response of the metabolic fingerprint to flow at each site. Model outputs from envfit and dominant metabolic responses to flow for each site are provided in Table 4.1, and the full set of plots showing metabolic responses to flow for all Selected Area sites sampled in 2014–24 is included in Appendix A.
In this section, we focus on patterns from a subset of ecosystem metabolism – flow plots from 5 of the 7 Selected Areas, chosen for their temporal and spatial coverage to enable interpretation of generalised ecosystem metabolism responses to flow. Metabolic responses to flow collected from sites (listed in Table 4.1) across 5 Selected Areas over the 10 years indicate that patterns in volumetric metabolism are highly variable and context-dependent, both within Selected Areas and between individual sites. However, the most common responses to increased flows are decreased volumetric rates of GPP and ER, likely due to dilution and disturbance (Table 4.1).
[bookmark: _Ref104533270][bookmark: _Ref104530836][bookmark: _Toc183533681][bookmark: _Toc202187937]Table 4.1 Modelled metabolic response to flow at 41 sites in 5 of the 7 Selected Areas
N/A indicates insufficient data for envfit to generate a vector. Significant values are bolded.
	Selected Area or sites
	r2
	P
	Data collection
	Increase or decrease in metabolic throughput in response to flow

	Northern Basin
	
	
	
	

	Junction of Warrego and Darling rivers
	
	
	
	

	WD_AKUNA (Figure A.1)
	0.02
	0.124
	2016–24
	Neutral

	WD_YANDA (Figure A.2)
	0.42
	0.002
	2015–19
	Decrease

	Gwydir River System
	
	
	
	

	GWY_418001 (Figure A.37)
	0.16
	0.001
	2020–24
	Decrease

	GWY_418053 (Figure A.38)
	0.52
	0.001
	2023
	Decrease

	GWY_418077 (Figure A.39)
	N/A
	N/A
	2023
	Increase

	GWY_418078 (Figure A.40)
	0.10
	0.197
	2022–24
	Decrease

	GWY_ME1 (Figure A.41)
	0.24
	0.001
	2022–24
	Decrease

	Southern Basin
	
	
	
	

	Edward/Kolety–Wakool river systems
	
	
	
	

	Cummins (Figure A.10)
	0.14
	0.001
	2016–19
	Decrease

	Hopwood (Figure A.3)
	0.14
	0.001
	2014–19
	Decrease

	Llanos Park 2 (Figure A.4)
	0.14
	0.001
	2014–24
	Decrease

	Moulamein Road Bridge (Figure A.5)
	0.03
	0.001
	2014–24
	Neutral

	Noorong 2 (Figure A.6)
	0.01
	0.003
	2014–24
	Decrease

	Old Morago Road (Figure A.7)
	0.05
	0.001
	2020–24
	Decrease

	Widgee 1 (Figure A.8)
	0.05
	0.001
	2014–24
	Decrease

	Windra Vale 2 (Figure A.9)
	0.02
	0.001
	2014–24
	Decrease

	Goulburn River
	
	
	
	

	Arcadia Downs (Figure A.11)
	0.13
	0.001
	2020–22
	Decrease

	Darcy’s Track (Figure A.12)
	0.24
	0.001
	2014–19
	Decrease

	Day Road (Figure A.13)
	0.20
	0.001
	2015–19
	Decrease

	Loch Garry Gauge (Figure A.14)
	0.15
	0.001
	2014–24
	Decrease

	McCoys Bridge (Figure A.15)
	0.19
	0.001
	2014–24
	Decrease

	Moss Road (Figure A.16)
	0.18
	0.436
	2014–15
	Increase

	Murchison (Figure A.17)
	0.11
	0.001
	2020–24
	Decrease

	Shepparton (Figure A.18)
	0.13
	0.001
	2020–24
	Decrease

	Lachlan River System
	
	
	
	

	CC (Figure A.19)
	0.04
	0.001
	2014–24
	Decrease

	EU (Figure A.20)
	0.10
	0.007
	2018–19
	Increase

	KP (Figure A.21)
	0.10
	0.004
	2018–23
	Decrease

	LB (Figure A.22)
	0.03
	0.001
	2014–24
	Increase

	MG (Figure A.23)
	0.45
	0.001
	2018–19
	Decrease

	TH (Figure A.24)
	0.11
	0.001
	2018–23
	Decrease

	WAL (Figure A.25)
	0.12
	0.001
	2015–20
	Decrease

	WB (Figure A.26)
	0.10
	0.001
	2015–24
	Decrease

	BOO (Figure A.27)
	0.17
	0.001
	2022–24
	Decrease

	CON (Figure A.28)
	0.07
	0.001
	2022–24
	Decrease

	HUN (Figure A.29)
	0.28
	0.001
	2022–24
	Decrease

	Lower Murray River
	
	
	
	

	Lock 1 (Figure A.30)
	0.09
	0.001
	2014–24
	Decrease

	Lock 4 (Figure A.31)
	0.43
	0.001
	2020–24
	Decrease

	Lock 6 (Figure A.32)
	0.41
	0.001
	2014–24
	Decrease

	Murrumbidgee River System
	
	
	
	

	Wynburn Escape upstream (Figure A.33)
	0.76
	0.001
	2014–15
	Decrease

	Wynburn Escape downstream (Figure A.34)
	0.61
	0.001
	2014–15
	Decrease

	McKennas (Figure A.35)
	0.01
	0.011
	2014–24
	Decrease

	Narrandera (Figure A.36)
	0.22
	0.001
	2014–19
	Decrease


Metabolic responses to flow in the Edward/Kolety–Wakool river systems are consistent – most locations responded to increased flows with significant increases in ER and decreases in GPP (see plots in Appendix A). Metabolic responses to flow in the Murrumbidgee River System at McKennas (location with the largest dataset in this Selected Area 2014–24) are dominated by small but significant increases in GPP (r2 = 0.01, p = 0.011, Figure A.35).
Metabolic responses to flow in the Lachlan River System are significant at all sites – overall metabolic throughput decreased at most locations (Table 4.1). Contrasting metabolic responses to flow at 2 geographically similar sites in the Goulburn River highlighted the high level of context dependency that can exist within Selected Areas (Figure 4.4 and Figure 4.5). At the Loch Garry Gauge, increased flow drives a relatively strong reduction in GPP (indicated by the size and direction of the envfit environmental vector arrow in the right-hand panel of plots (Figure 4.4) (r2 = 0.15, p = 0.001). At McCoys Bridge (Figure 4.5), increased flow reduces both rates of ER and GPP , with the arrow pointing down the diagonal line (r2 = 0.19, p = 0.001). In the Lower Murray River, the dominant metabolic response among all sites to increased flow is a decrease in GPP and slight increase in ER (Lock 1, r2 = 0.09 p = 0.001; Lock 4, r2 = 0.43 p = 0.001; Lock 6, r2 = 0.41 p = 0.001) (see Figure A.30–Figure A.32, Appendix A).
Implications
We expect that channel and floodplain morphology (both at the site and immediately upstream) will be a strong driver of context-dependent metabolic responses to flow. For example, in shallow river channels with low banks, a small increase in flow volume may lead to relatively large increases in inundated surface area. Such increases to wetted area are likely to increase metabolic throughput by creating proportionally larger surface-area-to-volume ratios, leading to a larger photic zone and potential increases in rates of GPP (noting lag times for autotrophic communities to establish). In such circumstances, there is also a greater likelihood of incorporating more terrestrial organic carbon from litter, which also drives up rates of ER. In contrast, even moderate increases in flow volume that occur in river reaches that are deeply incised are likely to lead to only small increases in wetted surface area. Here, we would expect metabolic throughput to decrease, since any increases in surface area are likely to be exceeded by dilution and disturbance influences. Conversion of metabolic data from volumetric rates to areal rates would allow for better comparison of metabolic responses between sites and valleys. For this to occur, however, accurate bathymetry is required for each location. Currently this information is not available for all sites, and we strongly encourage collection of these data in future monitoring activities.


[bookmark: _Ref169184466][bookmark: _Toc193363435][bookmark: _Toc194788951][bookmark: _Toc202187884]Figure 4.4 Relationship between stream metabolism and flow at Loch Garry gauge, Goulburn River
Left-hand panels display gross primary production (GPP), ecosystem respiration (ER) and net ecosystem production (NEP) values (green dots) in response to flow (black line) and Commonwealth environmental water (pink line). Right-hand panels depict metabolic fingerprints (without kernel-density regions displayed), and colouration of data points reflect logFlow (flow on a log scale). Length of the envfit environmental vector arrow (j) indicates the strength (r2) and direction of long-term metabolic response to flow, and significant responses are indicated at the top of the plot by p < 0.05.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP relationship GPP on x-axis, ER on y-axis)]
[bookmark: _Ref101940799][bookmark: _Toc193363436][bookmark: _Toc194788952][bookmark: _Toc202187885]Figure 4.5 Relationship between stream metabolism and flow at McCoys Bridge, Goulburn River
Left-hand panels display gross primary production (GPP), ecosystem respiration (ER) and net ecosystem production (NEP) values (green dots) in response to flow (black line) and Commonwealth environmental water (pink line). Right-hand panels depict metabolic fingerprints (without kernel-density regions displayed), and colouration of data points reflect logFlow (flow on a log scale). Length of the envfit environmental vector arrow (j) indicates the strength (r2) and direction of long-term metabolic response to flow, and significant responses are indicated at the top of the plot by p < 0.05.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP relationship GPP on x-axis, ER on y-axis)]

Salinity regimes
The addition of CEW helped to maintain river salinity below 800 µS/cm (electrical conductivity) at Morgan – a river management target of the Murray–Darling Basin Authority and SA Water – by diluting salt in the Lower Murray River channel (Ye et al. 2025). In low flow years, CEW has also become increasingly important for sustaining salt export from the Basin and for limiting salt import to the Coorong. The salt export objective in the Basin Plan aims to ensure adequate removal of salt from the Basin, and this target has been set at 2 million tonnes per year. Commonwealth environmental water has played a key role in salt export from the Basin; however, salt export remains below the Basin Plan target. Since 2014–15, CEW has been responsible for an additional 4.37 million tonnes of salt exported through the barrages and has reduced salt import by almost 29 million tonnes since 2014–15 (Table 4.2).
[bookmark: _Ref68618459][bookmark: _Toc183533682][bookmark: _Toc202187938]Table 4.2 Ten-year record of modelled additional salt export (tonnes) due to Commonwealth environmental water (CEW) through the barrages to the Coorong estuary and reduction in import of salt through the Murray Mouth into the Coorong from the Southern Ocean attributable to CEW
Salt export and salinity estimates for 2014–17 are from the large domain model previously used in the Long Term Intervention Monitoring Project reporting. Results from 2017–18 onwards are from the new high-resolution Coorong-only model, which uses a different method for barrage flow calculation and has a more accurate specification of salinity and salt flux. (Source: Ye et al. 2025).
	Year
	Barrages, additional export of salt due to CEW (tonnes)
	Murray Mouth, reduction of salt import at the Murray Mouth (tonnes)

	2014–15
	285,064
	3,044,700

	2015–16
	251,632
	4,591,269

	2016–17
	120,867
	519,292

	2017–18
	685,354
	3,773,721

	2018–19
	782,742
	5,114,634

	2019–20 
	677,122
	3,994,755

	2020–21
	601,890
	4,351,454

	2021–22
	596,979
	570,010

	2022–23
	151,252
	117,688

	2023–24
	221,272
	2,854,965

	Total
	4,374,174
	28,932,488


[bookmark: _Toc74846177][bookmark: _Ref194309684][bookmark: _Toc202187857][bookmark: _Ref139004818][bookmark: _Toc169543876][bookmark: _Toc71298450]Contribution of Commonwealth environmental water to river gross primary production 2014–24 – counterfactual analyses
Counterfactual analyses were introduced in 2025 for the 2023–24 evaluation. Further details on the method are documented in companion methods report (O’Sullivan and Cuddy 2025).
[bookmark: _Toc202187858]Key findings
GPP was sensitive to Commonwealth environmental water. Counterfactual modelling revealed that Commonwealth environmental water most often suppressed riverine GPP, potentially limiting proliferation of algae during warm and low flow periods. 
Commonwealth environmental water reduced annual GPP by a mean of 5.2% (range 0.3% to 17.1% among site and years). On individual days with Commonwealth environmental water contribution, daily GPP was a mean of 15% lower than the counterfactual scenario (range 0.5% to 43% among sites and years).
Commonwealth environmental water bolstered riverine GPP in rare instances where the water contributed to very high discharges (e.g. when extending a flood recession), supporting the boom–bust nature of the lowland river–floodplain systems.
[bookmark: _Toc202187859]Overview of approach
We performed counterfactual modelling to estimate the contribution of CEW to riverine GPP across the entire 2014–24 monitoring period. Briefly, this involved 2 steps:
First, we constructed a statistical model to describe how measured daily GPP responded to 2 known key drivers: solar radiation and flow (Giling et al. 2025). Daily solar radiation was sourced from SILO Australian climate data (Jeffrey et al. 2001) and averaged to the mean daily radiation for each calendar month. This was to reduce potential issues of model circularity because sub-daily variation in sunlight is used to model GPP in the first place. Using a mean daily value for each month helps to understand broad-scale climate drivers while limiting this circularity in the analysis (Giling et al. 2025). Daily discharge was standardised to a proportion of the maximum daily flow for each site (over the entire monitoring period). This enabled us to assess how changes in flow within a site affected GPP, rather than focusing on the effect of differences in flow magnitude among sites. 
We hypothesised that solar radiation would linearly affect log-transformed GPP (Giling et al. 2025) but that flow may have more complex non-linear effects. Therefore, we used a generalised additive model (GAM) that allowed for both a linear effect of solar radiation and potential non-linear patterns in the effect of flow on GPP, the latter fit with a smooth curve (also called a spline). We tested for the importance of an interaction between the 2 drivers and whether flow responses varied by site by fitting models of varying complexity and selecting the best supported model with Akaike information criterion (AIC; a metric to evaluate how well a model fits data that penalises models for more complexity).
Second, we used the best model to predict new timeseries of daily GPP at each site under both the observed flow scenario (with CEW) and the counterfactual scenario (without CEW). Predicted factual and predicted counterfactual rates were summarised to weekly means for visualisation.
For this analysis, we selected a subset of sites and years with high data availability (≥ 100 valid GPP estimates per year). Taking this subset resulted in a dataset that included 28 sites across 6 Selected Areas, each with between 1 and 9 years of data (totalling 99 year-site combinations and 16,629 daily GPP estimates).
[bookmark: _Toc202187860]Outcomes
Effect of solar radiation and flow on gross primary production 
The highest quality model included an additive linear effect of mean monthly solar radiation and non-linear effect of flow proportion. Adding interactions or site-specific flow relationships increased the AIC, indicating these additional variables did not improve predictive power (goodness-of-fit) enough to be favoured over a simpler (i.e. more parsimonious) model. 
The best model explained 46% of the variation in daily GPP. Solar radiation increased GPP while flow proportion had highly non-linear effects on GPP (Figure 5.1). At lower flows (< 20% of maximum site flow, flow had a strong negative effect of GPP. The flow component represented by approximately 20% of maximum flow will differ among sites, but often corresponded to between a large fresh and bankfull flows. Similar negative effects of flows have been observed in many systems globally and may be due to disturbance, shading, or dilution effects (Bernhardt et al. 2018). At higher flows, flow has a moderate but inconsistent positive effect on daily GPP. This is perhaps due to bank and floodplain inundation increasing nutrient availability or the amount of shallow well-lit wetted areas. We note that these results from higher flows are less certain, as the method for estimating GPP does not work well at high flows and data is limited. It is also important to note that most daily flows are < 20% of maximum daily flow within a site (94% of all days, 96% of days that had a CEW contribution). Therefore, increases in flow generally decrease GPP because flows are normally less than bank full.
[bookmark: _Ref202039371][bookmark: _Toc202187939]Table 5.1 Results of best supported GAM model
The best supported model did not include an interaction term or site-specific effect of flow. The specific formula was: log10GPP ~ mean daily radiation + s(Flow proportion) + s(Site, bs = "re"). Effective degrees of freedom (edf) represent the complexity of the spline, with edf = 1 a linear relationship and edf > 1 a more complex non-linear relationship. The significant p-values for the smooth terms indicate there is an association between log-transformed GPP and this variable.
	Model term
	Result
	Statistical test
	p-value

	Parametric coefficients
	
	
	

	Intercept
	estimate (mean ± SE) = 0.109 ± 0.025 
	t = 4.36
	p < 0.001

	Solar radiation
	estimate (mean ± SE) = 0.015 ± 0.000 
	t = 83.5
	p < 0.001

	Smooth terms
	
	
	

	s(Flow proportion)
	edf = 8.80
	F = 325.4
	p < 0.001

	s(Sample site)
	edf = 26.9
	F = 255.0
	p < 0.001



[bookmark: _Ref192602256][bookmark: _Toc202187886][bookmark: _Toc193363437][bookmark: _Toc194788953]Figure 5.1 Plot of generalised additive model (GAM) results
Panel A shows modelled linear effect of monthly mean daily solar radiation (x-axis) on log-transformed gross primary production (GPP) (y-axis). Panel B shows modelled non-linear effect of daily flow proportion (where 1 is the maximum flow observed at a site) (x-axis) on log-transformed GPP (y-axis).
[image: ]
Effect of Commonwealth environmental water on rates of gross primary production
We assessed the effect of CEW on riverine GPP by applying the solar radiation and flow relationships to all days under both the observed and counterfactual flow scenarios. By increasing flow, CEW reduced annual riverine GPP (i.e. the counterfactual scenario had elevated GPP) across all sites and years. Specifically, CEW reduced annual total GPP by a mean of 5.2% (range 0.3% to 17.1% among site and years). On individual days with a CEW contribution to flow, daily GPP was a mean of 15% lower than the counterfactual scenario (range 0.5% to 43% among sites and years). These patterns were observed despite the non-linear flow relationship because most daily flows (and nearly all CEW) are much lower than the flood peaks, thus occur in the region of Figure 5.1B where flows negatively impact GPP.
The high variation in CEW effect on annual GPP among sites and years was driven by variation in CEW contribution to annual flow (Figure 5.2). Years with relatively more CEW generally produced the largest predicted reductions in total annual GPP compared to the counterfactual. For instance, in some years at sites in the Lower Murray River Selected Area, CEW contributed around 40% of annual flow, which was predicted to have reduced annual GPP by > 14% (Figure 5.3). However, there was some variation in this effect, driven by the types of flows supported by CEW. In one year at Hopwood (Edward/Kolety–Wakool river systems Selected Area), a 7% contribution of CEW to annual flow was also predicted to have reduced annual GPP by > 14% (Figure 5.4). This was because CEW flows occurred at low total flows and the low CEW contribution to flow was exacerbated by large flows earlier in the water year that did not include CEW.
[bookmark: _Ref192620232][bookmark: _Toc193363438][bookmark: _Toc194788954]Much less often, CEW was predicted to have increased daily GPP rates. For example, in 2016–17, CEW was used at high total flows to prolong a flood recession in the Lachlan River – the aim was to create a more natural drawdown to maintain water quality (Figure 5.5). Over 2 weeks, this action was predicted to have increased GPP relative to the counterfactual, as the flows were above the threshold shown in Figure 5.1B, where flows started to positively affect GPP.
[bookmark: _Ref202175893][bookmark: _Toc202187887]Figure 5.2 Effect of Commonwealth environmental water contribution to flow on the predicted change in annual gross primary production compared to the counterfactual scenario
Scatter plot with each point being one year at one site. Colour indicates the Selected Area. There was a significant negative relationship between proportion of CEW contribution to annual flow (x-axis) and the percent change in effect of CEW on annual gross primary production (GPP) (y-axis) between the observed and counterfactual scenarios (t = 9.36, p < 0.001, R2 = 0.47).
[image: ]
[bookmark: _Ref192621477][bookmark: _Toc202187888][bookmark: _Toc193363439][bookmark: _Toc194788955]Figure 5.3 Counterfactual gross primary production (GPP) predictions for one site in the Lower Murray River Selected Area over 2 years
This is an example of a site with high CEW contributions that had a large effect on GPP, lowering annual totals by 17% in 2015–16 and 14% in 2017–18.
X-axis is time: left plot 1 1uly 2015 to 30 June 2016, right plot 1 July 2017 to 30 June 2018. Y-axis Large green circles show the modelled weekly mean GPP under the observed flow scenario (with CEW) and small black circles show the modelled weekly mean GPP under the counterfactual flow scenario (without CEW). The vertical black lines indicate the difference between the rates for the 2 scenarios. The shaded hydrograph shows the flow at the closest gauge, and the daily Commonwealth environmental water (CEW) contribution is shaded blue.
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[bookmark: _Ref192621659][bookmark: _Toc202187889][bookmark: _Toc193363440][bookmark: _Toc194788956]Figure 5.4 Counterfactual gross primary production (GPP) predictions for Hopwood in the Edward/Kolety–Wakool river systems Selected Area in 2016–17
This example demonstrates that a small volume of CEW (when expressed as a percent of annual discharge) can have a large impact on annual GPP.
X-axis is time, 1 July 2016 to 30 June 2017. Large green circles show the modelled weekly mean GPP under the observed flow scenario (with CEW) and small black circles show the modelled mean daily GPP under the counterfactual flow scenario (without CEW). The vertical black lines indicate the difference between the rates for the 2 scenarios. The shaded hydrograph shows the flow at the closest gauge, and the daily CEW contribution is shaded blue.
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[bookmark: _Ref192621435][bookmark: _Toc202187890][bookmark: _Toc193363441][bookmark: _Toc194788957]Figure 5.5 Counterfactual gross primary production (GPP) predictions for Lane’s Bridge in the Lachlan River System Selected Area
This example demonstrates how the modelled non-linear effect of flow on GPP can produce both positive and negative contributions of CEW to GPP under different flow contexts. 
X-axis is time: left plot 1 1uly 2016 to 30 June 2017, right plot 1 July 2017 to 30 June 2018. Large green circles show the modelled mean daily GPP under the observed flow scenario (with CEW) and small black circles show the modelled mean daily GPP under the counterfactual flow scenario (without CEW). The vertical black lines indicate the difference between the rates for the 2 scenarios. The shaded hydrograph shows the flow at the closest gauge, and the daily CEW contribution is shaded blue.
[image: ]
[bookmark: _Toc202187861]Implications
Riverine productivity regimes are sensitive to CEW.
Delivering CEW at flows lower than large freshes will generally reduce daily GPP (by a daily average of 15%), contributing to lower annual rates of productivity. This could potentially limit the proliferation of some unwanted algal groups that can occur at low flows.
Interactions between solar radiation and flow drivers were not strong, indicating flow increases will reduce GPP by similar amounts at different times of year. 
CEW bolstered riverine GPP in rare instances where CEW contributed to very high discharges (e.g. when extending a flood recession), supporting the boom–bust nature of the lowland river-floodplain systems.


[bookmark: _Toc202187862][bookmark: _Ref71271793][bookmark: _Ref142290174][bookmark: _Toc183533683]Contribution to Basin Plan objectives
The Basin Plan sets high-level objectives to ensure that the water-dependent ecosystems of the Basin are resilient to climate change and other risks and threats (Basin Plan section 8.04). Particular objectives for the protection and restoration of water-dependent ecosystems are set in section 8.05, and for the protection and restoration of ecosystem functions of water-dependent ecosystems in section 8.06. Several others relate to aspects of water quality (sections 9.08 and 9.14) and salt export (section 9.09). Table 6.1 details these objectives, expected outcomes, and measured and predicted outcomes for 2023–24 and 2014–24.
[bookmark: _Ref202187941][bookmark: _Toc202187940]Table 6.1 Commonwealth Environmental Outcomes Framework for food webs and water quality, and key findings for 2023–24 and 2014–24
Bold numbers and letters refer to specific sections of the Basin Plan objectives. CEW = Commonwealth environmental water.
	Basin Plan objectives
	Basin outcomes
	Long-term expected outcomes
	1-year expected outcomes
	Measured and predicted 1-year outcomes 2023–24
	Measured and predicted long-term outcomes 2014–24

	8.06	Protection and restoration of ecosystem functions of water-dependent ecosystems
(3)	An objective is to protect and restore connectivity within and between water-dependent ecosystems, including by ensuring that:
(c)	the Murray Mouth remains open at frequencies, for durations, and with passing flows, sufficient to enable the conveyance of salt, nutrients and sediment from the Basin to the ocean
(d)	the Murray Mouth remains open at frequencies and for durations sufficient to ensure that the tidal exchanges maintain the Coorong’s water quality (in particular salinity levels) within the tolerance of the Coorong ecosystem’s resilience
(7)	An objective is to protect and restore ecological community structure, species interactions and food webs that sustain water-dependent ecosystems, including by protecting and restoring energy, carbon and nutrient dynamics, primary production and respiration.
	Food webs and water quality
	Longer term targets from 1 July 2019
(2)	There are improvements in the following:
(a)	flow regimes which include relevant flow components set out in paragraph 8.51(1)(b)
(b)	hydrological connectivity between the river and floodplain and between hydrologically connected valleys
(c)	river, floodplain and wetland types, including the condition of priority environmental assets and priority ecosystem functions
(d)	condition of the Coorong and Lower Lakes ecosystems and Murray Mouth opening regime
(e)	condition, diversity, extent and contiguousness of native water-dependent vegetation
(f)	recruitment and populations of native water-dependent species, including vegetation, birds, fish and macroinvertebrates
(g)	the community structure of water-dependent ecosystems.
	Intermediate targets up to 30 June 2019
(1)	There is no loss of or degradation in the following:
(a)	flow regimes which include relevant flow components set out in paragraph 8.51(1)(b)
(b)	hydrological connectivity between the river and floodplain and between hydrologically connected valleys
(c)	river, floodplain and wetland types, including the condition of priority environmental assets and priority ecosystem functions
(d)	condition of the Coorong and Lower Lakes ecosystems and Murray Mouth opening regime
(e)	condition, diversity, extent and contiguousness of native water-dependent vegetation
(f)	recruitment and populations of native, water-dependent species, including vegetation, birds, fish and macroinvertebrates.
	8.06(3)(c),(d)
In 2023–24, CEW was responsible for the export of 221,272 tonnes of salt (17.8% of total salt exported) through the barrages (Ye et al. 2025). CEW decreased salt import at the Murray Mouth by approximately 2,854,965 tonnes in 2023–24 (Ye et al. 2025).
8.06(7)
Evidence from Selected Areas that CEW had a positive influence on protecting and restoring energy, carbon and nutrient dynamics, primary production and respiration in 2023–24 reducing the risk of blackwater events and algal blooms (Table 3.3).
	8.06(3)(c),(d)
CEW had an important role to play in meeting long-term objectives to protect and restore connectivity within and between water-dependent ecosystems, particularly in the Lower Murray River Selected Area. Since 2014–15, CEW has been responsible for an additional 4.3 million tonnes of salt exported through the barrages and has reduced salt import by more than 28 million tonnes (Ye et al. 2025).
8.06(7)
Evidence from Selected Areas indicates that CEW had a positive influence on protecting and restoring energy, carbon and nutrient dynamics, primary production and respiration in 2014–24.
CEW reduced annual GPP by a mean of 5.3% (range 0.3% to 17.5% among site and years). On individual days with CEW contribution, daily GPP was a mean of 15% lower than the counterfactual scenario (range 6.5% to 43% among sites and years).

	9.08	Objective to maintain good levels of water quality
	Water quality
	If the value of a water quality characteristic (e.g. salinity, nutrients, pesticides, pH, turbidity) is at a level that is better than the target value for water quality set out in Part 4, an objective is to maintain that level.
	None identified
	9.08
Environmental watering actions in 2023–24 water provided benefits in terms of increasing oxygen concentrations and reducing the potential for blackwater events (Table 3.3).
	9.08
Water quality is difficult to assess across the Basin due to the high level of spatial and temporal baseline variation. However, there is strong evidence that CEW played an important role in maintaining good levels of water quality in 2014–24. For example, anoxic events in 2016 and the subsequent delivery of ameliorating flows (including through CEW) demonstrated the utility of targeted watering actions designed to improve water quality (Grace 2020). CEW contributions to meeting salt export targets (see 9.09 and 9.14(5)(c) below) have also been significant.

	9.09	Salt export objective
	Water quality
	The salt export objective is expected to be achieved by the discharge of an average of 2 million tonnes of salt from the Murray River system into the Southern Ocean each water accounting period.
	None identified
	9.09
In 2023–24, CEW was responsible for the export of 221,272 tonnes of salt (around 11% of the Basin target) (Ye et al. 2025).
	9.09
CEW accounted for 80% to 100% of annual environmental flow releases through the barrages (the only mechanism for salt export from the Basin) during the dry years (between 2014–15 and 2020–21 except for 2016–17). Since 2014–15, CEW has been responsible for an additional 4.3 million tonnes of salt exported through the barrages (22% of the Basin target) and has reduced salt import by more than 28 million tonnes since 2014–15 (Ye et al. 2025).

	9.14	Targets for managing water flows
(5)	For the purposes of subsections (1) to (4) [not shown], the following targets apply:
(a)	to maintain dissolved oxygen at a target value of at least 50% saturation
(c)	the levels of salinity at the reporting sites set out in [column 3] should not exceed the values set out in [column 3] 95% of the time
	Water quality
	9.14(5)(a)
This equates to approximately 50% oxygen saturation at 25°C and 1 atmosphere of pressure.
9.14(5)(c)
Target values (electrical conductivity) (µS/cm):
Murray River at Murray Bridge – 830
Murray River at Morgan – 800
Murray River at Lock 6 – 580
Darling River at Burtundy – 830
Lower Lakes at Milang – 1,000
	None identified 
	9.14
CEW contributed to maintenance of electrical conductivity below 800 µS/cm at Morgan (Ye et al. 2024). 
	9.14(5)(a)
CEW can help reduce the likelihood of low dissolved oxygen concentrations in the Lower Murray River, if their contribution increases water velocities above a level of ~0.18 m/s, below which surface oxygen exchange is poor (Ye et al. 2025). Reducing the likelihood of low dissolved oxygen concentrations can be achieved by increasing water mixing in otherwise low flow (Ye et al. 2025)
9.14(5)(c)
CEW has made long-term contributions to maintenance of river salinity below 800 µS/cm at Morgan by diluting salt in the Lower Murray River channel. Salinity was maintained within the range required for potable water in the Murray River in 2014–23– water was about 10% fresher due to environmental flows (Ye et al. 2025).




[bookmark: _Toc71298451][bookmark: _Ref139004827][bookmark: _Toc169543878][bookmark: _Toc202187863]Informing adaptive management for food webs and water quality outcomes
Each annual evaluation contributes to our understanding of how the ecosystems of the Basin respond in the short term and long term to delivery of water for the environment. This chapter provides our reflections on how this increased understanding can inform the next cycle of environmental water planning and its delivery and improve our approach to Basin-scale evaluation.
[bookmark: _Toc126095290]Adaptive management includes the following steps: (a) setting clear objectives,, (b) linking knowledge (including local knowledge), management evaluation and feedback over a period of time,, (c) identifying and testing uncertainties,, (d) using management as a tool to learn about the relevant system and change its management,, (e) improving knowledge and (f) having regard to the social, economic and technical aspects of management (Extract from Basin Plan section 1.07(1)).
[bookmark: _Toc169543879][bookmark: _Toc202187864]Informing the planning and management of environmental water for food webs and water quality
In this context, improvements in ecological processes are based on more productive and diverse food webs and ecological communities that are supported by the increased movement of carbon, nutrients and salt.
Contributions by CEW to water quality and metabolic outcomes are heavily influenced by the type of flow delivered. Despite site-to-site variation, interrogation of the longer term 2014–24 data from all Selected Areas identified a common immediate response to increased flow: a decrease in metabolic throughput (i.e. lower GPP and lower ER). As described conceptually in Figure 2.1, we have predicted generalised metabolic responses from the type of CEW flow delivered. Together, the results suggest that these responses are expected from different flow components and dependent on antecedent flow patterns that drive abiotic and biotic changes:
Base flow and cease to flow – high reliance on autotrophic production due to low turbidity (high light), potentially warmer water and prolonged stable state without disturbance. Gross primary production remains relatively high, but time since last flood and size of last flood are likely to influence carbon and nutrient availability. If nutrients are highly available, there is potential for algal or cyanobacteria blooms.
Small fresh – initial small decrease in GPP and a shift towards ER from increased turbidity and inundation of channel features. An eventual small increase in GPP follows the mobilisation of nutrients.
Large fresh – reduction in GPP and a significant increase in ER due to the inundation of benches, incorporation of organic matter, and increased turbidity. The magnitude of increase in ER is influenced by organic matter load (e.g. time since last flooding). There is an eventual increase in GPP as nutrients and light increase, but increased terrestrially derived carbon remains an important energy source for food webs.
Bankfull – initial drop in GPP, significant increase in ER and, depending on litter accumulation levels and flow timing, potential for hypoxic blackwater in channels and a shift to terrestrially derived energy entering food webs.
Overbank – very large events transporting large amounts of terrestrial material into the river. High rates of ER during floodplain–channel connection drive a microbially based food web. There is the potential for hypoxic blackwater events depending on flow volume and floodplain load of organic matter. Gross primary production may be reduced by disturbance effects but could be increased due to increased nutrient availability and inundation of shallow areas, although the latter is not well captured by this dataset.
The 2014–24 dataset provides a strong foundation for the description of site-specific metabolic patterns. As more data are collected and added to the metabolic fingerprint for a given Selected Area or a combination of Selected Areas, our ability to tailor flows to deliver desired responses will increase.
Improving our understanding of how the food supply for food webs is influenced by CEW, and the relationship between stream metabolism and secondary productivity, are active areas of research. The incorporation of this information into CEW planning is an important step in adaptive management. Further exploration of the trajectory of metabolic recovery following flow disturbance may provide more information on longer-term biotic responses to CEW flow events after the immediate flow (e.g. processing of terrestrial organic matter following overbank flows).
Ensuring that energy generated at the base of the food web is available to subsequent trophic levels, and limiting significant dissipation of energy via the microbial loop, are important considerations when seeking to maximise ecosystem benefits from CEW.CEW Work carried out in Flow-MER research that explores ‘link or sink’ relationships in food webs is key to unravelling relationships between the rates of GPP and ER and secondary production by heterotrophs. Making sure that the right type of food is available at the right time is critical for generating beneficial outcomes, such as successful recruitment of larval fish.
Managing to improve patterns and rates of ecosystem respiration
Commonwealth environmental water can support ER and, potentially, secondary production rates if flows increase lateral connections between the river channel and riparian, wetland or floodplain areas (e.g. bankfull and overbank flows), thereby increasing the supply of allochthonous organic carbon to the food web. Improving our knowledge of ER responses to different flow types (e.g. keeping metabolic fingerprints within the typical region; Figure 2.1) will help prevent adverse ER outcomes, such as hypoxic blackwater events. Recognising that bankfull and overbank flows are not always possible, smaller flows (e.g. freshes) have the potential to liberate new terrestrial carbon from in-channel benches (e.g. in the Goulburn River and Edward/Kolety–Wakool river systems Selected Areas) and newly inundated slack waters. However, responses will be highly dependent on antecedent hydrological patterns (e.g. the amount of litter that has accumulated since the last fresh).
Managing to improve patterns and rates of primary productivity
Changes to volumetric rates of GPP in response to CEW are generally small, and patterns in rates of GPP are primarily driven by seasonal changes (e.g. light, temperature) and site-specific variability in bioavailable nutrients and turbidity. Our evaluation demonstrated that increased flows generally decrease overall metabolic throughput. However, at some sites, increased flows lead to increased rates of GPP (e.g. the Lanes Bridge site in the Lachlan River System Selected Area). Improving our understanding of site-specific features and drivers that lead to consistent metabolic responses will improve our ability to predict flow–metabolism responses in unmonitored areas. There is some evidence that freshes could be used to boost primary productivity during warm, low flow periods if there is a risk of high algal concentrations.
Managing to improve dissolved oxygen levels
Commonwealth environmental water is very important for decreasing the likelihood of low DO because it can increase water mixing and oxygen exchange at the surface, particularly in the Lower Murray River Selected Area, where the river is dominated by slow-flowing locks and weirs. For example, in 2022–23, CEW was used to maintain DO levels above desired thresholds during hypoxic blackwater events in the Edward/Kolety–Wakool river systems Selected Area. These flows can act to dilute hypoxic water with oxygenated water and increase oxygen exchange at the surface. Commonwealth environmental water may also be used to maintain base flows to support aquatic ecosystems during low flow periods.
Managing to maintain river salinity and salt export
Commonwealth environmental water plays a role in maintaining salinity regimes within a desired range. Commonwealth environmental water has been used to:
maintain river salinity below 800 µS/cm (electrical conductivity) at Morgan (a river management target of the Murray–Darling Basin Authority and SA Water)
maintain salt export from the Coorong in low flow years and restrict the import of salt to the Coorong
contribute to the Basin Plan’s target of exporting 2 million tonnes of salt each water accounting period from the Murray River system into the Southern Ocean.
[bookmark: _Toc126095291][bookmark: _Toc169543880][bookmark: _Toc202187865]Improving our approach to Basin-scale evaluation
The Food webs and Water Quality evaluation is not continuing in Flow-MER and the 2023-24 evaluation (this report) is the final in this series. While not continuing in this format, the following observations are made as input to future monitoring and evaluation of food webs, stream metabolism and water quality: 
To improve the utility of metabolic data collected, we recommend a formally designed and coordinated sampling approach between and beyond Selected Areas. Coordinated sampling should cover year-round sampling – or at least enough to ensure that the Bayesian single-station estimation models can evaluate gaps. We also recommend the collection of bathymetric data in all Selected Areas, which will enable conversion of volumetric metabolic rates to areal rates, in line with international literature.
We encourage aligning spatial design to Basin-scale evaluation questions. This includes planning for a larger spread of sites and also potentially a rotational sampling scheme – pioneered by the Sustainable Rivers Audit (Davies et al. 2010) and the South East Queensland Healthy Waterways assessment and evaluation scheme (Bunn et al. 2007). We acknowledge that there is a mismatch between Selected Area reporting requirements and data needs for a Basin-scale evaluation. However, without coordination with the Basin evaluation, desired outcomes at the Basin scale cannot be achieved. Currently, only a few selected sites have adequate sampling frequencies – both within and between seasons – to support time series analyses. Even if this is rectified, the spatially patchy nature of the sampling sites would make extrapolation to the Basin difficult. We strongly encourage thinking about a well-planned spatial design that satisfies the needs of the Selected Areas and facilitates Basin-wide synthesis.
There is a requirement to establish expected environmental outcomes for metabolic responses to flow. Currently, there are no expected environmental outcomes for stream metabolism within the Strategy, making evaluation relatively subjective. Targets should be established by managers, include guidance from scientists, and need to be site specific or catchment specific.
Metabolic fingerprints can also be used to compare and classify metabolic regimes across different sites and can be further extended with application of statistical models (e.g. envfit function) to assess the magnitude and direction of metabolic responses to flow. In doing so, we identify sites that share similar metabolic response patterns and respond to flow events in similar ways. This information will be incorporated in future evaluation and planning of CEW as the number of events monitored becomes adequate to confidently describe desired metabolic responses.
[bookmark: _Ref202186034]We hypothesise the most prominent effects of CEW would come from inundation of littoral and floodplain habitats and the associated releases of nutrients and dissolved organic carbon. Understanding this spatial variability will be a focus of future research. For instance, piggybacking a relatively small volume of water onto other flows may produce a disproportionate increase in floodplain inundation and thus aquatic ecosystem productivity. Emerging tools for mapping flood inundation extents at high resolution will facilitate such analyses in the future.
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[bookmark: _Ref202032192][bookmark: _Ref202036571][bookmark: _Ref202036586][bookmark: _Toc202187866][bookmark: _Toc71298454]Stream metabolic responses to flow at sites in 7 Selected Areas
[bookmark: _Toc101959362][bookmark: _Toc101959419]For all plots in this appendix, the left-hand panels display GPP, ER and NEP values in response to flow (black line) and CEW (pink line). Right-hand panels depict metabolic fingerprints (without kernel-density regions displayed), and colouration of data points reflect logFlow. Length of the envfit environmental vector arrow (j) indicates the strength (r2) and direction of the long-term metabolic response to flow, with significant responses, p < 0.05. For plots that have no vector arrow, there was insufficient data for envfit to generate a vector.
[bookmark: _Ref105689764][bookmark: _Toc169543882][bookmark: _Toc202187867]Junction of Warrego and Darling rivers stream metabolism – flow relationship plots
[bookmark: _Ref106044765][bookmark: _Toc202187891][bookmark: _Toc169543899][bookmark: _Toc194788958]Figure A.1 Junction of Warrego and Darling rivers stream metabolism – flow relationship plots: WD_AKUNA
r2 = 0.02, p = 0.141
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]

[bookmark: _Ref106044862][bookmark: _Toc202187892][bookmark: _Toc169543900][bookmark: _Toc194788959]Figure A.2 Junction of Warrego and Darling rivers stream metabolism – flow relationship plots: WD_YANDA
r2 = 0.42, p = 0.005
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[bookmark: _Ref106223164][bookmark: _Toc169543883] 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP [image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP.]
[bookmark: _Toc202187868]Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots
[bookmark: _Ref106045495][bookmark: _Toc202187893][bookmark: _Toc169543901][bookmark: _Toc194788960]Figure A.3 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Hopwood
r2 = 0.14, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPPct.]
[bookmark: _Ref106045451][bookmark: _Toc202187894][bookmark: _Toc169543902][bookmark: _Toc194788961]Figure A.4 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Llanos Park 2
r2 = 0.14, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045416][bookmark: _Toc202187895][bookmark: _Toc169543903][bookmark: _Toc194788962]Figure A.5 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Moulamein Road Bridge
r2 = 0.03, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[bookmark: _Ref106045273][image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045336][bookmark: _Toc202187896][bookmark: _Toc169543904][bookmark: _Toc194788963]Figure A.6 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Noorong 2
r2 = 0.01, p = 0.003
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045246][bookmark: _Toc202187897][bookmark: _Toc169543905][bookmark: _Toc194788964]Figure A.7 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Old Morago Road
r2 = 0.05, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045543][bookmark: _Toc202187898][bookmark: _Toc169543906][bookmark: _Toc194788965]Figure A.8 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Widgee 1
r2 = 0.03, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image:  4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045557][bookmark: _Toc202187899][bookmark: _Toc169543907][bookmark: _Toc194788966]Figure A.9 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Windra Vale 2
r2 = 0.02, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045187][bookmark: _Toc202187900][bookmark: _Toc169543908][bookmark: _Toc194788967]Figure A.10 Edward/Kolety–Wakool river systems stream metabolism – flow relationship plots: Cummins
r2 = 0.14, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[bookmark: _Toc169543884][image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Toc202187869]Goulburn River stream metabolism – flow relationship plots
[bookmark: _Ref106045795][bookmark: _Toc202187901][bookmark: _Toc169543909][bookmark: _Toc194788968]Figure A.11 Goulburn River stream metabolism – flow relationship plots: Arcadia Down
r2 = 0.13, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045886][bookmark: _Toc202187902][bookmark: _Toc169543910][bookmark: _Toc194788969]Figure A.12 Goulburn River stream metabolism – flow relationship plots: Darcy’s Track
r2 = 0.24, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045938][bookmark: _Toc202187903][bookmark: _Toc169543911][bookmark: _Toc194788970]Figure A.13 Goulburn River stream metabolism – flow relationship plots: Day Road
r2 = 0.20, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106045983][bookmark: _Toc202187904][bookmark: _Toc169543912][bookmark: _Toc194788971]Figure A.14 Goulburn River stream metabolism – flow relationship plots: Loch Garry Gauge
r2 = 0.15, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046043][bookmark: _Toc202187905][bookmark: _Toc169543913][bookmark: _Toc194788972]Figure A.15 Goulburn River stream metabolism – flow relationship plots: McCoys Bridge
r2 = 0.19, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046094][bookmark: _Toc202187906][bookmark: _Toc169543914][bookmark: _Toc194788973]Figure A.16 Goulburn River stream metabolism – flow relationship plots: Moss Road
r2 = 0.18, p = 0.446
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046146][bookmark: _Toc202187907][bookmark: _Toc169543915][bookmark: _Toc194788974]Figure A.17 Goulburn River stream metabolism – flow relationship plots: Murchison
r2 = 0.11, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046230][bookmark: _Toc202187908][bookmark: _Toc169543916][bookmark: _Toc194788975]Figure A.18 Goulburn River stream metabolism – flow relationship plots: Shepparton
r2 = 0.13, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[bookmark: _Ref106047335][bookmark: _Toc169543885][image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Toc202187870]Lachlan River System stream metabolism – flow relationship plots
[bookmark: _Ref106046300][bookmark: _Toc202187909][bookmark: _Toc169543917][bookmark: _Toc194788976]Figure A.19 Lachlan River System stream metabolism – flow relationship plot: CC
r2 = 0.04, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046343][bookmark: _Toc202187910][bookmark: _Toc169543918][bookmark: _Toc194788977]Figure A.20 Lachlan River System stream metabolism – flow relationship plots: EU
r2 = 0.10, p = 0.007
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046420][bookmark: _Toc202187911][bookmark: _Toc169543919][bookmark: _Toc194788978]Figure A.21 Lachlan River System stream metabolism – flow relationship plots: KP
r2 = 0.10, p = 0.004
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046484][bookmark: _Toc202187912][bookmark: _Toc169543920][bookmark: _Toc194788979]Figure A.22 Lachlan River System stream metabolism – flow relationship plots: LB (Lanes Bridge)
r2 = 0.03, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046577][bookmark: _Toc202187913][bookmark: _Toc169543921][bookmark: _Toc194788980]Figure A.23 Lachlan River System stream metabolism – flow relationship plots: MG
r2 = 0.45, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046665][bookmark: _Toc202187914][bookmark: _Toc169543922][bookmark: _Toc194788981]Figure A.24 Lachlan River System stream metabolism – flow relationship plots: TH
r2 = 0.11, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046738][bookmark: _Toc202187915][bookmark: _Toc169543923][bookmark: _Toc194788982]Figure A.25 Lachlan River System stream metabolism – flow relationship plots: WAL
r2 = 0.12, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046777][bookmark: _Toc202187916][bookmark: _Toc169543924][bookmark: _Toc194788983]Figure A.26 Lachlan River System stream metabolism – flow relationship plots: WB
r2 = 0.10, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref165318378][bookmark: _Toc202187917][bookmark: _Toc169543925][bookmark: _Toc194788984]Figure A.27 Lachlan River System stream metabolism – flow relationship plots: BOO
r2 = 0.17, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref165318395][bookmark: _Toc202187918][bookmark: _Toc169543926][bookmark: _Toc194788985]Figure A.28 Lachlan River System stream metabolism – flow relationship plots: CON
r2 = 0.07, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref165318403][bookmark: _Toc202187919][bookmark: _Toc169543927][bookmark: _Toc194788986]Figure A.29 Lachlan River System stream metabolism – flow relationship plots: HUN
r2 = 0.28, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
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[bookmark: _Toc202187871]Lower Murray River stream metabolism – flow relationship plots
[bookmark: _Ref106044252][bookmark: _Toc202187920][bookmark: _Toc169543928][bookmark: _Toc194788987]Figure A.30 Lower Murray River stream metabolism – flow relationship plots: LK1DS_265km (Lock 1)
r2 = 0.09, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106046949][bookmark: _Toc202187921][bookmark: _Toc169543929][bookmark: _Toc194788988]Figure A.31 Lower Murray River stream metabolism – flow relationship plots: LK4DS_501km (Lock 4)
r2 = 0.43, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106044257][bookmark: _Toc202187922][bookmark: _Toc169543930][bookmark: _Toc194788989]Figure A.32 Lower Murray River stream metabolism – flow relationship plots: LK6DS_616km (Lock 6)
r2 = 0.41, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[bookmark: _Ref106047317][bookmark: _Toc169543887][image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Toc202187872]Murrumbidgee River System stream metabolism – flow relationship plots
[bookmark: _Ref106047023][bookmark: _Toc202187923][bookmark: _Toc169543931][bookmark: _Toc194788990]Figure A.33 Murrumbidgee River System stream metabolism – flow relationship plots: 1 km upstream Wynburn Escape
r2 = 0.76, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106047120][bookmark: _Toc202187924][bookmark: _Toc169543932][bookmark: _Toc194788991]Figure A.34 Murrumbidgee River System stream metabolism – flow relationship plots: 3 km downstream Wynburn Escape 
r2 = 0.61, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106047156][bookmark: _Toc202187925][bookmark: _Toc169543933][bookmark: _Toc194788992]Figure A.35 Murrumbidgee River System stream metabolism – flow relationship plots: McKennas
r2 = 0.01, p = 0.011
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref106047185][bookmark: _Toc202187926][bookmark: _Toc169543934][bookmark: _Toc194788993]Figure A.36 Murrumbidgee River System stream metabolism – flow relationship plots: Narrandera
r2 = 0.22, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[bookmark: _Toc169543888][image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref193975124][bookmark: _Toc202187873]Gwydir River System stream metabolism – flow relationship plots
[bookmark: _Ref165318160][bookmark: _Toc202187927][bookmark: _Toc169543935][bookmark: _Toc194788994]Figure A.37 Gwydir River System stream metabolism – flow relationship plots: GWY_418001
r2 = 0.16, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref165318161][bookmark: _Toc202187928][bookmark: _Toc169543936][bookmark: _Toc194788995]Figure A.38 Gwydir River System stream metabolism – flow relationship plots: GWY_418053
r2 = 0.52, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref165318175][bookmark: _Toc202187929][bookmark: _Toc169543937][bookmark: _Toc194788996]Figure A.39 Gwydir River System stream metabolism – flow relationship plots: GWY 418077
r2 = 1, p = 1
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref165318184][bookmark: _Toc202187930][bookmark: _Toc169543938][bookmark: _Toc194788997]Figure A.40 Gwydir River System stream metabolism – flow relationship plots: GWY_418078
r2 = 0.10, p = 0.197
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
[bookmark: _Ref165318200][bookmark: _Toc202187931][bookmark: _Toc169543939][bookmark: _Toc194788998]Figure A.41 Gwydir River System stream metabolism – flow relationship plots: GWY_ME1
r2 = 0.24, p = 0.001
ER = ecosystem respiration, GPP = gross primary production, NEP = net ecosystem production.
[image: 4 plots - 3 line and scatter plots showing GPP, ER and NEP. Larger scatter plot showing ER:GPP]
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[bookmark: _Toc169543889][bookmark: _Toc202187874]Abbreviations and terms
	Abbreviation / term
	Description

	2014–24
	water years, 1 July 2014 to 30 June 2024

	2023–24
	water year, 1 July 2023 to 30 June 2024

	AIC
	Akaike information criterion (a metric to evaluate how well a model fits data and penalises models for more complexity

	autochthonous carbon
	carbon that is generated within the river (e.g. via photosynthesis by algae)

	autotrophy
	aa state where a system is producing more carbon than it consumes

	BASE
	Bayesian single-station estimation

	the Basin
	shortened term for the Murray–Darling Basin

	Basin Plan
	shortened term for the (Murray–Darling) Basin Plan 2012

	CEW
	Commonwealth environmental water

	CEWH
	Commonwealth Environmental Water Holder

	counterfactual
	In the counterfactual approach, Commonwealth environmental water is removed from the observed streamflow time series, creating a hypothetical (counterfactual) daily streamflow time series with no Commonwealth environmental water. This approach is used to infer the effects of Commonwealth environmental water, as an experimental design when controls and before–after comparisons is not possible.

	DO
	dissolved oxygen

	ER
	ecosystem respiration (which recycles organic matter)

	EW
	Environmental water

	Flow-MER
	the CEWH’s Science Program: Flow Monitoring, Evaluation and Research (2019–20 to 2023–24)

	GPP
	gross primary production (which generates organic matter)

	GPP:ER ratio
	ratio of gross primary production to ecosystem respiration 

	heterotrophy
	a state where a system is consuming more carbon that it produces

	hypoxic
	water that has a low oxygen concentration

	K
	reaeration coefficient

	metabolic fingerprint
	a visualisation tool for contrasting annual patterns of metabolism across rivers or across years for the same river

	metabolic throughput
	describes the overall rates of metabolic activity; for example, high rates of both GPP and ER (i.e. with a GPP:ER close to 1) indicate rapid cycling or ‘throughput’ of carbon by aquatic organisms. In contrast, low but balanced GPP and ER indicate slow cycling and low throughput

	NEP
	net ecosystem production

	PAR
	photosynthetically active radiation

	the Strategy
	shortened form for the Basin-wide environmental watering strategy (MDBA 2019)

	water year
	year in which Commonwealth environmental water is delivered (1 July to 30 June)
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water hypoxic events depending on flow volume and floodplain load of OM.

Bankfull - Initial drop in GPP, significant increase in ER,
and depending on litter accumulation levels and flow timing,
potential for black water in channels with a shift to
terrestrially derived energy entering food webs.

Our Predictive
Capacity for
estimating total
productivity (GPP
and ER) will improve
as our understanding
of the relationship
between flow and
Not productivity improves
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