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Executive summary  

Managed environmental flows are a key mechanism that can be used by water managers to 

maintain or improve river and floodplain condition. In Spring 2019 New South Wales, Victorian, 

and South Australian agencies, the MDBA and CEWO coordinated a system scale environmental 

flow event that mimicked some of the spatial and temporal aspects of the natural flow regime in 

the River Murray system. Commencing in September 2019, this event, also known as the Southern 

Spring Flow 2019, coordinated environmental flows in the River Murray (released from Hume 

Dam) with environmental flows from the Goulburn River. The elevated water levels from these 

flows inundated around 25% of Barmah-Millewa forest before returning to the river and 

combining with flows from the Goulburn River to create a flow pulse down the length of the river 

system to the Coorong in South Australia.  

The overall objective of this monitoring project was to evaluate the influence of the Southern 

Spring environmental flow event on whole-of-river in-stream productivity. Productivity in this case 

is defined case as energy or food resources which can support higher trophic organisms including 

large bodied fish.  

Key questions for this monitoring were: 

1. Did the delivery of water for the environment result in an increase/change to the carbon 

and nutrient loads? 

2. Did the carbon and nutrient load responses vary along the River Murray system? 

3. What is the significance of the carbon and nutrient load response for whole of river in-

stream productivity? 

To answer these questions, we measured concentrations and loads of key carbon and nutrients 

within the main river channel and inputs from main tributaries, as carbon and nutrient are a basal 

resource for food webs. Sampling occurred weekly at 21 sites across the length of the Murray over 

a 15-week period (September-December 2019) that coincided with the 2019 spring environmental 

flow that delivered flows up to 15,000 ML/d downstream of Yarrawonga from the start of 

September to mid-October 2019. Key constituents that were measured were dissolved organic 

carbon (DOC), particulate organic carbon (POC, total nitrogen (TN), particulate organic nitrogen 

(PON) total phosphorous (TP) and chlorophyll-a.  

Carbon and nutrients mobilised from the Barmah-Millewa floodplain to the river channel by the 

pulse were expected to increase basal food resources within the river channel, and subsequently, 

increase zooplankton biomass. We expected to see a smaller increase in carbon and nutrient 

concentrations in the mid Murray as it would be benches and low-lying slack waters that would be 

inundated rather than extensive floodplain. Negligible changes in carbon and nutrient 

concentrations were anticipated in the lower Murray as this section of the river is highly 

constrained and only relatively small areas of the river edges would be inundated. A 

complementary project ‘Zooplankton response to a multi-site environmental watering event 

during spring 2019 in the Murray River’, funded by CEWO focussed on the zooplankton aspects. 
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Our results found that productivity responses varied along the length of the river: 

DOC, TN, TP and chlorophyll-a concentrations increased to varying degrees downstream of the 

Barmah-Millewa forest in response to inundation of the forest. The difference between total loads 

of materials upstream and downstream of the Barmah-Millewa Forest showed peak values of 40 

Tonnes/day DOC, 2 Tonnes/day of TN, 0.3 Tonnes/day TP and 0.1 Tonnes/day of Chlorophyll-a. 

These increases in loads can be directly attributed to the 15,000 ML/day (at Yarrawonga) 2019 

spring environmental flow and represents a significant increase in available energy that can be 

incorporated into food webs in reaches immediately downstream of the Barmah-Millewa Forest. 

Increased concentrations were not detected approximately 100km downstream of the forest 

indicating that carbon and nutrients were readily metabolised by instream organisms. 

Sites in the mid-section of the Murray showed small, short-lived increased in carbon and nutrient 

concentrations as was anticipated, given that flows remained within the main channel. In channel 

flow modifications inundate low lying sections of the river such as benches, slackwaters and 

macrophyte beds. This provides resources for localised production, but given the total area that is 

inundated, increases in carbon and nutrients are at a smaller scale than floodplain inundation. 

No sites on the lower Murray showed any increase in carbon or nutrients concentration in 

response to the spring flow. Increased loads for these and other constituents occurred in response 

to the flow, however, interpreting loads on their own does require some caution. Loads are 

calculated by multiplying the concentration of materials by the volume of water, so an increase in 

load can result from the generation of new carbon and nutrient (i.e. increased concentrations) 

which can be used by biota, or by having a larger volume of water. For biological processes such as 

instream production by algae, or food resources (e.g. zooplankton) available for juvenile fish, 

increased concentrations of resources are important. For the lower Murray, increased loads 

reflected an increased volume of water passing down the river. A very short-lived increase in 

secondary production occurred in the lower Murray (Furst et al. 2020) indicating that increased 

flows still had an effect although there were no measurable increases in carbon and nutrients. It is 

likely that the small flows are limited in their capacity to inundate new areas and provide 

increased concentrations of resources for sustained periods of time. 
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Key Outcomes 

• The 2019 Southern spring environmental flow had the greatest effect on generating 

‘new’ bioavailable carbon and nutrients from the Barmah-Millewa Forest, which were 

transported to the Murray River and Edward River immediately downstream. Carbon 

and nutrients transferred from the forest will support in-channel production though 

biofilms and planktonic algae. A complementary monitoring program showed 

zooplankton density increased downstream of the forest (Furst et al. 2014), 

demonstrating that secondary production did occur as a response to primary 

production. 

• The Barmah-Millewa floodplain did not act as a source or a sink of DOC during the first 

three weeks inundation, demonstrating that this timing represents a minimum period 

of inundation required before carbon and nutrients can be expected to be exported, 

under the flow scenarios relevant to the monitoring program reported here. 

• Only small and relatively short-lived increases in carbon or nutrients concentrations 

could be detected at the mid Murray River sites. This supports the theory that in this 

section of the river, inundation of benches, low lying areas, macrophyte beds, slack 

water habitats and banks will generate carbon and nutrients that can fuel instream 

production. 

• Carbon, nutrients and chlorophyll-a concentrations in the Lower Murray did not change 

throughout the monitoring program. A complementary monitoring program showed 

zooplankton density increased at one sample time in the Lower Murray (Furst et al. 

2014), indicating secondary production did occur, albeit only for a short period of time. 

Given no net generation of DOC was detected, these data combined suggest the 

possible small amount materials that were generated were consumed at the rate they 

were produced. This supports the theory that the river is potentially carbon limited in 

these reaches. 

• While some of the tributaries had elevated dissolved organic carbon and nutrient 

concentrations the tributaries had little measurable effect on the carbon and nutrients 

at the monitoring sites downstream of the respective confluences. This can be 

attributed to the very low flows from the tributaries relative to the main channel, thus 

having very little capacity to affect concentrations, and therefore production, in the 

main channel. 
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1 Introduction 

In ecology, productivity refers to the rate of generation of biomass in an ecosystem. Productivity 

of autotrophs such as plants is called primary productivity, while that of heterotrophs such as 

bacteria and animals is called secondary productivity. Managed environmental flows are one 

mechanism by which water managers can influence rates of productivity and ultimately, maintain 

or improve river and floodplain condition. 

Several models have been developed to describe the sources, transport or storage of materials 

within rivers.  The ‘Flood Pulse Concept’ (Junk et al. 1989) conceptualised the ecological value of 

floodplain inundation and was extended to incorporate benefits to riverine biota (Bayley 1991).  

The River Wave Concept (Humphries et al. 2014) then unified and integrated these and other 

ecosystem models to incorporate temporal variation to identify the basis of organic production or 

inputs and the storage, transformation, and transport of material and energy (Figure 1). This 

model allows consideration of different responses at different sites for a given flow event  

For example, the 2019 Southern spring environmental flow equates to flows that exceed bank-full 

and inundate sections of the Barmah-Millewa Forest, thus at the crest of the wave (Figure1), 

floodplain production, chemical processing and lateral transport would see material return to the 

river, which would stimulate instream production. Flows in the mid and lower sections of the 

Murray River would inundate benches and edges and given size of the event, only generate small 

amounts of materials, indicated by the range parts of the wave in Figure 1. Flows of (1,000-20,000 

ML/day) in the mid-Murray River are known to mobilise inorganic materials (Biswas and Mosley 

2019), which also equates to the lower portions of the model response. 

There is a growing body of work within Australian systems has now developed and demonstrated 

that productivity benefits can arise from floodplain inundation and water return to the river 

channel.  

 

Figure 1. The River Wave Concept describes sources of riverine production at different parts of the hydrograph and 

at different size events. Humphries et al. (2014). 
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Inundation of floodplains can lead to the mobilisation of carbon and nutrients by a range of 

mechanisms. Freshly inundated soils release nutrients, in particular, dissolved inorganic nitrogen 

(nitrate or ammonium) and organic nitrogen (Baldwin and Mitchell 2000; Harris et al. 2018).  

Inundation of floodplain litter similarly leaches large quantities of dissolved organic carbon from 

leaf litter (O’Connell et al. 2000; Whitworth et al. 2012; McInerney et al. 2017). Indeed, the 

inundation of a range of floodplain land uses (including river red gum forests, crops, pastures and 

bare soil) during summer can be a major source of DOC and nutrients a major contributor to DO 

depletion (Liu et al. 2019). These nutrients lead to increased biological activity, which if transferred 

to the river channel, can subsidise in stream production.  

By examining riverine responses to inundation at Barmah-Millewa Forest, it was previously shown 

that inundation led to a substantial increase in dissolved organic carbon downstream to the forest, 

as well as increases in total nitrogen and total phosphorus. As a result in this case, there was an 

increase to the energy budget of the Murray River through the provision of large quantities of 

allochthonous (floodplain) carbon and that terrestrial carbon was processed within the river 

biofilms (Cook et al. 2015). The assimilation of floodplain-derived allochthonous carbon within 

biofilms, and subsequent biofilm grazing, provides a potential pathway for allochthonous carbon 

to be incorporated into the metazoan food web. 

The biogeochemical processes similar to floodplain inundation, give rise to release of carbon and 

nutrients from river channel benches, which leads to elevated instream production (albeit at much 

smaller levels compared to floodplain inundation). Increased in-channel flows, though operational 

flows and/or environmental can increase transport of carbon/nutrients and phytoplankton, which 

would likely stimulate primary and secondary productivity in downstream ecosystems (Watts et al. 

2017; Ye et al. 2018). 

1.1 Secondary production 

Critical to understanding the value of increased carbon and energy patterns in response to flow 

are subsequent responses to secondary production. Zooplankton consume algae, detritus and 

bacteria, have rapid growth rates and so have the potential to provide a detectable measure of 

secondary production in response to flow. Transition from drought to inundation conditions in the 

Ovens, Kiewa and Broken Rivers led to increases in zooplankton biomass (Ning et al. 2013). Further 

studies have shown that floodplain inundation clearly leads to an increase in zooplankton biomass 

within river channels (Furst et al. 2014; Nielsen et al. 2016; Rees et al. 2020), providing important 

food resources for larval, juvenile and small bodied fish. Thus, this process transfers allochthonous 

floodplain carbon to the riverine food web.  

1.2 Murray River 2019 Spring Environmental Flow 

Environmental monitoring, with the combined investigation on biogeochemical and secondary 

production responses (e.g. zooplankton) provides water managers with an ideal opportunity to 

evaluate the outcomes of environmental flows. 

An environmental flow for the Murray River, also known as the Southern Spring flow event, was 

delivered in spring 2019). Commencing in September 2019 releases from Hume Dam targeted 
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flows up to the 15,000 ML/day flow downstream of Yarrawonga (for around six weeks) and were 

coordinated with flows of around 7,000 ML/day from the Goulburn River to create pulse along the 

length of the Murray River (Figure 2). Flows at the South Australian border peaked at around 

15,000/ML for a week in late October 2019 and then flowed down the river to the end of the 

system (Figure 3). 

        

Figure 2. Hydrographs corresponding to the upper and mid-Murray sites where sampling occurred. Vertical bars 

show the period of the monitoring program.  

 

Figure 3. Hydrographs corresponding to the various lower-Murray sites where sampling occurred. Vertical bars 

show the period of the monitoring program. 

The regulators within Barmah-Millewa Forest were opened at start of July to provide connectivity 

between the creeks and River Murray. The channel capacity of the Murray River downstream from 
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Yarrawonga Weir is about 9,500 ML/day and Barmah-Millewa Forest regulators can also be 

progressively opened when Murray River flow exceeds 9,500 ML/day downstream from 

Yarrawonga Weir to ensure the river level at Picnic Point remains <2.6m (Figure 4). As the 

regulators were already open before the start of the Southern Spring Flow event, they remained 

open while flows targeted above channel capacity. 

 

Figure 4. Discharge downstream of Yarrawonga (orange), at Murray River at Barmah township (cyan), Edward River 

at Toonalook (purple) and the discharge that has moved across the Millewa floodplain back into the Edward River 

(green line). Upright triangle indicates commencement of flow in the Edward River and inverted triangle when the 

spring event had ceased, and all Barmah Forest regulators were closed. Millewa Forest regulators were not closed 

until early December (indicated by the star) to maintain connectivity with the forest creeks and Murray River over 

the annual 1 September to 30 November Murray cod breeding period. 

Constant flow was maintained within the Edward River at the offtake and return water from the 

Millewa floodplain entered the Edward River downstream from the offtake regulator when the 

Barmah regulators were closed at the end of October 2019. The Millewa regulators were kept 

open and an increase in discharge was detected at the Toonalook gauge (Figure 4). A sampling site 

at the 4 Post reserve on the Edward River provided insight into the role of inundation return 

waters from the Millewa floodplain on instream productivity in the Edward River. High flows to 

700 ML/day were also delivered into the Gulpa Creek, which has a capacity of 250 ML/day, during 

spring 2019. These flows would have likely contributed to primary and secondary productivity 

outcomes in the Gulpa Creek, but these effects may not have been detected in the Edward River 

at Toonalook or the Murray River at Barmah township. Overall, approximately 25% of the total 

Barmah-Millewa Forest was inundated from the 2019 spring environmental flow (Figure 5). 
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Figure 5. Map showing extent of inundation of the Barmah-Millewa Forest during the 2019 spring environmental 

flow. Map supplied by the Murray Darling Basin Authority. 

Flows returned to below 9,500 ML/d downstream of Yarrawonga in late October 2019 and Barmah 

regulators were closed on 30 October 2019. The Millewa regulators upstream from Picnic Point 

were closed in early December 2019, resulting in reduced flow at Toonalook (Figure 4) and an 

increased flow in the River Murray at Barmah township (shown in graph). 

Flows at the mid-Murray sites peaked at approximately 15,000 ML/d during the second week of 

October 2019, which coincided with trips 5 and 6 (Figure 2). The flow in the Campaspe and Loddon 

Rivers showed very little change throughout the entire monitoring program.  

Flow at the lower Murray sites peaked between 15,000 and 16,000 ML/d during the third week of 

October 2009. Flow at Lock 1 peaked at a similar time, but flow was approximately 14,000 ML/d. 

The peak in flow at the lower Murray sites coincided with trip 8 of the monitoring program. 

The elevated flows arising from the environmental water releases passed down the length of the 

river system in September and October 2019 provided an opportunity for a whole-of-river- 

examination of the impact of the environmental flow on whole-of-river in-stream productivity. 

This report describes the results of a monitoring program that examined the carbon and nutrient 

response in the Murray River to the 2019 Southern spring environmental flow event. 

The key questions for this monitoring program were: 

1. Did the delivery of water for the environment result in an increase/change to the carbon 

and nutrient loads? 

2. Did the carbon and nutrient load responses vary along the River Murray system? 

3. What is the significance of the carbon and nutrient load response for whole of river in-

stream productivity? 
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2 Methods 

2.1 Field sampling 

2.1.1 Sites 

Field sampling was carried out at the 21 sites displayed in Figure 6Error! Reference source not 

found. and Table 1 weekly from 3rd September to 13th December 2019. These sites were selected 

by the MDBA in collaboration with experts for their capacity to detect carbon and nutrients 

responses attributed to Barmah-Millewa flooding inputs, tributary inputs, main river channel 

processing and lentic weir pool lock dynamics.  

 

Figure 6. Map of study sites corresponding to Table 1 for locations for monitoring of Southern Spring Flow 2019. 

Green and purple symbols show sites on the main channel and tributaries respectively. Symbols with black outer 

circles show those sites where zooplankton were sampled as part of the complementary project referred within this 

report.  

2.1.2 Carbon and nutrient metrics (Water Quality) 

Collected metrics included dissolved organic carbon (DOC), particulate organic carbon and 

nitrogen (POC and PON), total nitrogen (TN), total phosphorus (TP), nitrates and nitrites (NOx) and 

Chlorophyll-a. (Chl-a). For each sampling site, three replicate samples for each metric were 

collected from the flowing part of the river, or within weir pools, as close to the centre of the weir 

pool as practicable.  
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Water samples collected for DOC and oxides of nitrogen (NOx) were filtered through 0.45-µm 

pore-size membrane syringe filters into sterile jars. For POC/PON and chl-a a known volume of 

river water (which varied depending on site and fine particle load) was filtered using GF/C filters 

(Whatman®) under low vacuum before being stored in plastic tubes. Chl-a samples were wrapped 

in foil to prevent light penetration. A further 100ml unfiltered sample of water was collected in pre 

rinsed jars for calculation of TP and TN. All samples were immediately placed on ice before 

transporting to the laboratory where they were frozen prior to analyses. 

Table 1 Details of sites for monitoring of Southern Spring Flow 2019 

Site Response Approximate Location 

1. Murray River @ Tocumwal Upstream Barmah-
Millewa Forest 

-35.813, 145.559 

2. Edward River @ 4 Posts Millewa Forest flooding 
input 

-35.596, 144.991 

3. Murray River @ Barmah Township Barmah and Millewa 
forests flooding 

-36.019, 144.955 

4. Goulburn River u/s confluence with the 

Murray R 
Tributary input -36.089, 144.920 

5. Murray River u/s Echuca Goulburn R. e-flow 
impacts 

-36.123, 144.807 

6. Campaspe River u/s Echuca Tributary input -36.137, 144.739 

7. Murray River @ Barham Main channel processing -35.629, 144.123 

8. Loddon River u/s Swan Hill Tributary input -35.486, 143.825 

9. Murray River @ Swan Hill Main channel processing -35.337, 143.563 

10. Edward-Wakool @ Kyalite Anabranch input -34.943, 143.477 

11. Murray R @ Boundary Bend Township Murrumbidgee input 

Main channel processing 

-34.715, 143.147 

12. Murray R u/s Euston Weir Influence of Locks -34.577, 142.767 

13. Murray R d/s Euston Weir Influence of Locks 

Main channel processing 

-34.599, 142.716 

14. Murray R d/s Lock 9 Main channel processing -34.197, 141.555 

15. Rufus River Lake Victoria inputs -34.049, 141.253 

16. Murray R d/s Lake Victoria Main channel processing -34.057, 141.137 

17. Murray R - Lock 5 to 6 weir pool1 Influence of locks -34.065, 140.780 

18. Murray R - Lock 4 to 5 weir pool1 Influence of locks -34.262, 140.700 

19. Murray R - Lock 3 to 4 weir pool1 Influence of locks -34.393, 140.583 

20. Murray R - Lock 2 to 3 weir pool1 Influence of locks -34.173, 140.263 

21. Murray R - Lock 1 to 2 weir pool1 Main channel processing -34.065, 139.839 
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2.2 Laboratory processing 

All analyses were carried out in the CSIRO analytical laboratory, Thurgoona, NSW, which operates 

under National Association Testing Authority accreditation. The methods are detailed in appendix 

A2. 

2.3 Discharge and load calculation 

Loads are calculated by multiplying the concentration of materials by the volume of water present 

at a site, so an increase in load can result from the generation of new carbon and nutrient which 

can be used by biota, or by having a larger volume of the same water being present. For biological 

processes such as instream production by algae, or food resources available for juvenile fish, 

increased concentrations of resources are important. Thus, by considering both concentration 

with the context of loads, it is possible to understand how much material is now available for 

production that was not present prior to the flow. 

Discharge (or flow) data were obtained from the Murray-Darling Basin Authority and were used to 

calculate daily loads of carbon and nutrients from daily concentrations.  

We derived the net yield/loss of DOC, TN, TP and chlorophyll-a from the Barmah-Millewa 

floodplain as described previously (Nielsen et al 2016, Rees 2020 submitted). Briefly, we calculated 

the difference between the combined loads from the sites downstream (4 Post + Barmah 

township) and upstream (Tocumwal). Values greater than zero indicate a net yield from the 

floodplain and values less than zero indicate the floodplain was a net sink for nutrients. 

2.4 Data analysis 

2.4.1 Site aggregation 

For final analysis, the results from the 21 sites were divided into three groups based on the key 

biogeochemical responses that were likely to occur as a response of the watering event. The three 

groups were: 1) those that were directly applicable to understanding the role of Barmah-Millewa 

Forest in stimulating in-stream productivity, 2), mid-Murray sites, aggregated to examine whether 

there was any instream processing of carbon and nutrients, as well as longitudinal responses from 

the upstream forest, and 3), response of the lower Murray weir pools to the watering event. Thus 

the sites were categorised as follows: 

1. Barmah-Millewa sites: Murray R @ Tocumwal, Edward River @ 4 Post, Murray R @ Barmah 

township. 

2. Mid – Murray sites :Goulburn R, Murray R @ u/s Echuca, Campaspe R at Echuca, Murray R 

@ Barham, Loddon R, Murray R @ Boundary Bend, Murray R @ u/s Euston, Murray R @ 

d/s Euston, Wakool R @ Kyalite. 

3. Lower Murray sites: Murray R @ d/s Lock 9, Rufus R, Murray R @ d/s Lake Victoria, Murray 

R @Lock 5-6, Murray R @Lock 4-5, Murray R @Lock3-4, Murray R @Lock 2-3, Murray R 

@Lock 1-2.  
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2.4.2 Statistical analysis 

We used a two-way analysis of variance (ANOVA) to examine relationships between the various 

carbon, nutrient and chlorophyll-a concentrations at sites and times. Raw data were log-

transformed to ensure homogeneity of variance. When required, we used the Holm-Sidak 

approach to examine pairwise comparisons among sites at different times.  
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3 Results 

3.1 Barmah-Millewa responses 

The DOC concentration at Tocumwal remained reasonably consistent throughout the monitoring 

program (Figure 7), ranging between 2 and 3.5 mg/L. In comparison, DOC concentration was 

greater at the downstream sites (Edward River @ 4 Post and Murray River @ Barmah township) 

and generally followed the discharge pattern. DOC concentration at the beginning of the 

monitoring period in the Edward River @ 4 Post was approximately 4 mg/L and this increased to 6 

mg/L during the flow event. DOC concentration varied between 5 and 3 mg/L once the flow event 

ceased. DOC concentration in the Murray River @ Barmah township was approximately 3mg/L 

prior the flow event and increased to approximately 5 mg/L as discharge increased, before 

returning to levels detected prior to the flow event. By late November 2019 DOC concentrations at 

Barmah township and 4 Post were not significantly different to those at Tocumwal (ANOVA 

p<0.05).  

DOC load at Tocumwal and Barmah township increased to approximately 50 Tonnes/d at their 

peak, while load at 4 Post increased to approximately 20 Tonnes/day. Once discharge declined, 

DOC loads at Barmah exceeded those of Tocumwal for approximately 15 days before remaining 

reasonably consistent once the flow delivery ended. 

Chlorophyll-a concentration decreased significantly at all sites after the first week of monitoring, 

before rising again at all sites in mid-September 2019 (Figure 7). Chlorophyll-a concentration was 

the same at all sites until early October 2019 when concentration increased downstream of the 

Barmah-Millewa Forest, remaining greater than upstream sites throughout the remainder of the 

monitoring program. Load at Tocumwal showed a marked increase in mid-September 2019, 

before it then steadily decreased until late October 2019, coinciding with the end of the spring 

flow. Loads at Barmah township roughly doubled throughout the spring flow (during the time 

when load was decreasing upstream), while load in the Edward River @ 4 Post showed a small 

increase.  

Other than one occasion, TN concentration was always lower at Tocumwal than the downstream 

sites (Figure 8). TN concentration varied between sampling times in the Edward River @ 4 Post 

and so detecting responses to flow was not as clear. TN load peaked at approximately 4.5 

Tonnes/day, then declined. Load at Barmah township and 4 Post peaked at approximately 3.5 and 

2 Tonnes/day respectively, before slowly declining over time. 

TP concentration was always lower at Tocumwal compared with the downstream sites and did not 

change markedly throughout the flow event (Figure 8). TP concentration showed a small increase 

at the downstream sites during the later stages of the flow event. Unexpectedly highly variable 

concentrations were detected well after the flow event (20-30th November 2019). TP load at 

Tocumwal and Barmah township peaked at approximately 450kg/day, whereas TP load in the 

Edward River @ 4 Post doubled from approximately 100kg/day to 200 kg/day. 
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Figure 7.Dissolved organic carbon and chlorophyll-a concentration and load at upstream (Murray R @ Tocumwal) and downstream (Murray R @ Barmah township and Edward 

R @ 4 Post) of the Barmah-Millewa Forest. The top graphs on each panel show concentrations of the respective parameter, the middle graphs show the loads at each site and 

the bottom graph shows the discharge that occurred at each site over the monitoring period.  
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Figure 8. Total nitrogen and total phosphorus concentration and load in response to flow at (Murray R @ Tocumwal) and downstream (Murray R @ Barmah township and 

Edward R @ 4 Post) of the Barmah-Millewa Forest. The top graphs on each panel show concentrations of the respective parameter, the middle graphs show the loads at each 

site and the bottom graph shows the discharge that occurred at each site over the monitoring period. 
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Figure 9. Particulate organic carbon and particulate organic nitrogen concentration and load in response to flow at (Murray R @ Tocumwal) and downstream (Murray R @ 

Barmah township and Edward R @ 4 Post) of the Barmah-Millewa Forest. The top graphs on each panel show concentrations of the respective parameter, the middle graphs 

show the loads at each site and the bottom graph shows the discharge that occurred at each site over the monitoring period. 
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POC concentration as always greater at both downstream sites as compared to Murray @ 

Tocumwal (Figure 9). The concentration at 4 Post varied little over time and showed little response 

to the flow event. POC at Barmah did show an increase at the end of the flow event, with an 

unusually high level across all sites towards the end of the monitoring programs.  

PON showed a similar pattern of response to the POC. Except that the increase at Barmah and 4 

Post towards the end of the flow event are quite marked. PON concentration showed a small 

increase upstream of the forest (Figure 9).  

Oxides of nitrogen (NOx) as presented in Appendix A1, Figure 1 were ranged between 2 and 4 g/L 

during the flow event before returning to either 2 g/L or levels below detection (2g/L)  

Ammonium concentrations prior to the flow event were at, or even below limits of detection, but 

responded to the flow event. Highest concentrations downstream were briefly 12-15 g/L, before 

returning to limits of detection. Ammonium is a key source of nitrogen for growth of bacteria and 

algae, so can be a nutrient that limits growth in river systems. While ammonium loads did 

increase, the loads represent only 120 kg/day, as compared to baseline which are at or below 20 

kg/day. Although this represent a 6-fold increase in loads, for most of the time, levels were at or 

below limits of detection. Thus, it translates into an overall very small absolute increase in 

ammonium in the river. Filterable reactive phosphorus (FRP) showed no trend over the flow event 

and were often at limits of detection. 

Floodplain yield 

The Barmah-Millewa floodplain did not act as a source or a sink of DOC during the first three 

weeks following inundation (yield values overlapping zero - Figure 10). Carbon and nutrients are 

leached from leaf litter almost immediately upon inundation and during the initial inundation of 

litter on the floodplain, any materials leached from the flood waters will likely have been 

consumed by microbial and algal processes on the floodplain and within the water as it moves 

across the floodplain. By September 23rd 2019 (approximately 3 weeks after the commencement 

of inundation), the Barmah-Millewa floodplain became a net source of DOC for the river. Yield 

continued to increase until October 18th 2019, rising to a maximum of approximately 40 Tonnes/ 

day, when discharge was declining. DOC yield decreased on completion of the spring flow and the 

floodplain returned to a state of neither a source nor sink of DOC.  

As with DOC, the Barmah-Millewa floodplain was not a source or a sink of chlorophyll-a (and by 

proxy, algae) during the first two weeks of inundation. This was followed by at least two weeks 

when the floodplain became a sink for algae. Phytoplankton loads then increased and net 

chlorophyll-a concentrations were greater downstream than upstream of the forest.  

The floodplain was also a net source of TN after three weeks flooding, and this continued to a 

maximum of approximately 2 Tonnes per day by 21st October 2019. Yield gradually declined over 

the following weeks and by mid-November 2019, TN loads downstream were similar to those 

upstream. TP yields followed a very similar pattern to that of TN, rising to a maximum of 

approximately 300 kg/day.  

We would have expected the POC to follow a similar response to the DOC, the very high variability 

in the POC loads makes inferences on the role of the floodplain difficult (Figure 10). Elevated levels 

are present at the end of the spring flow, before decreasing to base levels. However, at least one 
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high event was still recorded well after the completion of the flow event. We are not able to 

attribute clear reasons for this sudden increase. PON showed a much clearer response, with the 

floodplain showing extensive generation of materials towards the end of the flow pulse, before 

returning to base levels. 

 

 

 

 

 

 

Figure 10. Net transfer of dissolved organic carbon (top panel), chlorophyll-a (second from top), total nitrogen (third 

from top, total phosphorus (fourth from top), particulate organic carbon (second from bottom) and particulate 

organic nitrogen (bottom) from the Barmah-Millewa floodplain. The solid line shows discharge at Tocumwal. The 

dashed line indicates whether the floodplain was a net source (points above the line), or net sink (below the line). 
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3.2 Mid-Murray Responses 

For the mid-Murray sites, DOC concentration was consistently higher in the tributaries, and for the 

most part, significantly different from the Murray River (ANOVA, p<0.05) (Figure 11). However, 

there was no strong indication that these elevated DOC concentrations contributed to DOC at the 

monitoring sites within Murray River channel downstream of the respective confluences as DOC 

concentrations at sites were not significantly different from each other for given sampling trips 

(ANOVA p<0.05).  

Overall, the DOC concentrations at all of the mid-Murray sites showed a very similar trend. 

Concentrations ranged from 3.5 to 4 mg/L prior to any flow increase and peaked at between 4 and 

6 mg/L at most sites the week of 30th September 2019. Elevated DOC concentration was detected 

the following week in the Murray River at Boundary Bend and downstream of Euston but returned 

to a level that was not significantly different to those prior to the flow event. A connectivity 

throughflow event from Gunbower Creek to the Murray River via Yarran Creek was coordinated to 

coincide with the southern spring flow. Yarran Creek Regulator and Shillinglaws Regulator were 

opened on 26th September 2019 to provide connectivity flows for 23 days, before closing on 18th 

October 2019 to coincide with the receding southern spring flow. While the concentration of 

carbon and nutrient in water released from Yarran creek is not known, it is quite feasible that this 

may have had some contribution to increased concentrations detected at Barham. 

DOC concentrations increased at the Wakool site, coinciding with the early stages of the small 

increase in discharge. 

Chlorophyll-a concentration was highly variable throughout the monitoring program at all the mid-

Murray sites, and therefore it is difficult to make clear statements on the response of the 

phytoplankton to the spring flow (Figure 11). For example, while chlorophyll-a was elevated in the 

Murray River upstream and downstream of Euston, and at Boundary Bend on 14 October 14th 

2019, this was not the case at Barham and so the spring flow is unlikely to have driven the increase 

in phytoplankton in the mid-Murray. Furthermore, the following week, chlorophyll-a was the same 

at all sites (excluding the Loddon River). 

The patterns observed in TN had strong similarities to those of DOC, with the highest 

concentrations measured in the Loddon and Campaspe rivers (Figure 12). Increased concentration 

of TN in the tributaries had no discernible effect on the concentration in the main channel. There 

was no evidence for an increase in TN concentration in response to the flow event across all mid-

Murray sites. Significant but variable changes in TN were detected amongst the sites well after the 

flow event, from November through to December 2019.   

TP concentration was significantly greater in the Loddon River as compared to the Murray River 

sites (Figure 12). The TP concentrations in the Murray River sites were broadly similar throughout 

the monitoring program, and where individual differences did occur, e.g. at Boundary Bend on 

November 4th and 11th 2019, these don’t coincide with the spring flow event.   

Some increases in DOC and nutrients concentrations, as well as increased discharge described the 

increased loads of all carbon and nutrients. For example, the maximum load of carbon in the River 

Murray at Echuca was approximately 30 Tonnes /day, with a discharge of approximately 7,000 

ML/day. This contrasted with Boundary Bend where maximum DOC load was almost 120 

Tonnes/day, but discharge was approximately 17,000 ML/day. 
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Overall, dissolved nitrogen and phosphorus showed little in the way of any response to flows and 

were often at limits of detection (Appendix A1, Figure 2). NOx was elevated in the Campaspe, 

Loddon Rivers and Goulburn rivers (tributaries) during the early stages of the monitoring program, 

but then returned to limits of detection (2 g/L). The NOx in the Murray channel remained at 

limits of detection throughout the monitoring program. A small rise in NOx at the site upstream of 

Echuca did coincide with discharge. Given NOx was low in the Murray River at Barmah township, it 

is possible that the Goulburn River was the source of NOx. FRP showed no trend throughout the 

monitoring program and remained between 2 and 6 g/L (Appendix A1, Figure 2). 

The POC and PON concentrations were variable across time in the Murray River at Echuca and 

showed with no clear relationship to the Spring Flow (Figure 13). Two peaks in POC and PON 

occurred after the flow event has passed. The POC peaks occurred in the absence of any increase 

in DOC, but the PON did reflect a peak in TN on one occasion. Given there were no clear patterns 

in concentrations, some caution should be observed in interpreting some measurements made at 

the Echuca site. The section of river between Echuca and the confluence of the Goulburn River is 

very popular and an array of boats can be present. While we made all attempts to sample well 

away from such interference, it is still possible that there could be some additional and residual 

influences on the water quality parameters in the Murray River at Echuca.  

POC concentration increased from 15 mg/L to 30 mg/L at the Barham site, peaking at the 

maximum discharge of the Spring flow, before returning to levels similar to those before the flow. 

PON concentration showed a small increase from approximately 1 mg/L to 2 mg/L with the flow, 

remaining at approximately 2 mg/L throughout much of the monitoring program, before 

decreasing at the 10th December 2019 sampling trip.  
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Figure 11. Dissolved organic carbon and chlorophyll-a concentration and load in response to flow in the middle section of the Murray River and the Goulburn and Campaspe 

Rivers upstream of the confluence with the Murray. The top graphs on each panel shows concentrations of the respective parameter, the middle graphs show the loads and 

the bottom panel is the discharge at the respective sites over time. 
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Figure 12. Total nitrogen and total phosphorus concentration and load in response to flow in the middle section of the Murray River the Goulburn and Campaspe Rivers 

upstream of the confluence with the Murray. The top graphs on each panel shows concentrations of the respective parameter, the middle graphs show the loads and the 

bottom panel is the discharge at the respective sites over time. 
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Figure 13. Particulate organic carbon and particulate organic nitrogen concentration and load in response to flow in the mid-section of the Murray River. The top graphs on 

each panel shows concentrations of the respective parameter, the middle graphs show the loads and the bottom panel is the discharge at the respective sites over time 
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3.3 Lower Murray Responses 

 

At the Lower Murray sites DOC remained at approximately 3 mg/L throughout the entire 

monitoring period. Chlorophyll-a was slightly lower at the Rufus River site and increased to 

approximately 50 g/L towards the end of the monitoring period at the site downstream of Lock 9. 

Other than these two occurrences, chlorophyll-a concentration showed no response to the Spring 

flow. TN concentrations increased to 800 g/L and the end of the sampling period but did not 

display a detectable response to the spring 2019 flow event; in most instances, concentrations 

were not significantly different between sites at the different sampling times (ANOVA, p<0.05, 

Figure 14, Figure 15). TP concentration was often higher in Rufus River than sites on the Murray 

River but this did not appear to have any major effect on the TP concentration downstream. TP did 

show strong some variability over time making it difficult to demonstrate any temporal trends 

within a site (Figure 15). One exception to the trend was the site between Lock 1 to 2, where total 

P was 50 g/L at the commencement of the monitoring program and increased to approximately 

90 g/L as the event passed through the site. 

Loads at all sites strongly reflected the increased volume of water at the respective sites, rising to 

a maximum at mid-October 2019 before declining. There was no clear difference in the DOC, 

chlorophyll-a or TN loads between the sites. 

NOx concentrations (Appendix A1, Figure 3) at the Murray River sites were generally consistent 

over time and ranged between 5 and 10 g/L. Very high concentrations were detected in the 

Rufus river on three occasions and this may have been the contributing factor to slight elevations 

in NOx downstream of Lake Victoria. Three outlying high NOx concentrations were detected at the 

end of the study period. These occurred in isolation of other events and cannot be explained given 

the current data set. 

Ammonium concentrations (Appendix A1, Figure 3) were consistent across sites throughout time 

and sites as were FRP concentrations. The only factor of note is that FRP was consistently highest 

within the Rufus River. This did not appear to lead to any detectably higher concentration on the 

Murray River downstream of the confluence. 

The error bars ( standard error) demonstrate that POC concentrations were often quite variable 

within site (Figure 16), can occur if there is high variability in sizes of particulate material at a given 

site. The POC concentrations at the Lock 5-6 site showed no clear trend over time. Given the 

variability within the Lock 4-5 site, increases in POC concentration in response to flow are not 

clear. The is some evidence that POC increased at the Lock 3–4 site, although this peaked before 

the main peak in discharge. 

There is evidence that the PON concentrations at both the Lock 3-4 and 4-5 sites increased with 

discharge, remaining at the level through until December 2019. 
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Figure 14. Dissolved organic carbon and chlorophyll-a concentration and load in response to flow in the lower section of the Murray River and the Rufus River upstream of the 

confluence with the Murray. The top graphs on each panel shows concentrations of the respective parameter, the middle graphs show the loads and the bottom panel is the 

discharge at the respective sites over time. 
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Figure 15. Total nitrogen and total phosphorus concentration and load in response to flow in the lower section of the Murray River and Rufus River upstream of the confluence 

with the Murray. The top graphs on each panel shows concentrations of the respective parameter, the middle graphs show the loads and the bottom panel is the discharge at 

the respective sites over time 
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Figure 16. Particulate organic carbon and particulate organic nitrogen concentration and load in response to flow in the lower section of the Murray River. The top graphs on 

each panel shows concentrations of the respective parameter, the middle graphs show the loads and the bottom panel is the discharge at the respective sites over time 
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4 Discussion/Recommendations 

The key questions for the monitoring program were: 

1. Did the delivery of water for the environment result in an increase/change to the carbon 

and nutrient loads? 

2. Did the carbon and nutrient load responses vary along the River Murray system? 

3. What is the significance of the carbon and nutrient load response for whole of river in-

stream productivity?  

The Murray River 2019 spring environmental flow resulted in increased concentrations of carbon, 

nutrients and chlorophyll-a at 4 Post on the Edward River and at Barmah on Murray River (both 

sites immediately downstream of the Barmah-Millewa Forest). The increased concentrations of 

materials contributed to an overall increase in the loads, as a consequence of floodplain 

inundation and likely wetting of slackwaters and low-lying areas adjacent to the main channel, 

brought about by the Spring flow. Yield calculations showed that the materials generated from the 

Barmah-Millewa Forest peaked at 40 Tonnes/day DOC, 2 Tonnes/day of TN, 0.3 Tonnes/day TP 

and 0.1 Tonnes/day of chlorophyll-a.   

The conclusion from the monitoring program is that increased available carbon and nutrients from 

floodplain inundation were quickly incorporated into aquatic foodwebs downstream of Barmah-

Millewa forest and used up rapidly and that they returned to base level concentrations by the time 

the environmental flow had made its way to past Echuca. Inundating floodplains areas at multiple 

sites along the river would be one mechanism by which increased productivity could be gained 

along the length of the river channel. 

Only small and very short-lived increases in carbon and nutrient concentrations were detected 

downstream of Echuca. This observation was anticipated as this section of the river is constrained 

within the channel so any ‘new’ carbon would only be generated by inundation of benches, bank 

areas or slack water areas that are associated with the channel. Some of the carbon and that was 

generated as a consequence of the watering event would also be incorporated into food webs, 

explaining why the net generation of carbon was very small.  

The tributaries often had high levels of nutrients, reflecting carbon and nutrient dynamics 

particular to their catchments. For example, the Campaspe River monitoring site was immediately 

upstream of its confluence with the Murray River and situated within Echuca. Carbon and 

nutrients detected at this site will be a combination of drainage from the catchment and upstream 

interaction with riparian zones, but also through urban inputs from Echuca. Urban drainage is 

known to be a major source of DOC and nutrients (Harris et al. 2018). Attributing the relative 

proportions is beyond the scope of this report. While the Loddon and Goulburn Rivers had up to 

200 g/L NOx (up to 2 orders of magnitude above limits of detection), there was no consistent 

pattern of elevated concentrations in the Murray River at the downstream monitoring sites. The 

monitoring sites on the Murray were generally well downstream of the tributaries and the relative 

volume of these tributaries was too small to have a noticeable affect under low flow conditions. 



 

26  |  CSIRO Australia’s National Science Agency 

The Boundary Bend site is immediately downstream from the Wakool and Murrumbidgee 

confluences, which would have contributed to the higher flow at this site. A small, but increased 

concentration of DOC was measured in the Wakool at Kyalite, however, attributing any increase at 

Boundary Bend is confounded by potential inputs from the Murrumbidgee River, so the extent 

remains unknown.  

Carbon and nutrient concentrations had marginal changes in the mid sections of the Murray and 

did not change throughout the monitoring program in the Lower Murray; increases in loads could 

be described entirely by an increased volume of water. That no excess in newly generated DOC 

was detected in the system, which clearly is productive, would indicate that what little carbon is 

generated is used at the rate it is produced, thus no net increase in concentration is detected. This 

would suggest a carbon limited system.  

Instream productivity 

Floodplains. The role that environmental water can play in restoring carbon subsides to rivers has 

gained considerable acceptance (Baldwin et al. 2016) as the body of evidence on the responses to 

carbon and nutrient delivery from floodplains increases (Westhorpe et al. 2010; Nielsen et al. 

2016; Wallace and Furst 2016; Rees et al. 2020). DOC can stimulate secondary production though 

microbial activity and nutrients can lead to increased production of algae. These in turn can be 

consumed by zooplankton.   

From a management perspective, it is important to understand the extent to which floodplain 

watering and management of floodplain return waters can lead to ecological benefits. A 

complicating factor in deriving simple relationships between carbon delivery and discharge is that 

antecedent conditions and floodplain operational conditions contribute to the final outcome. 

Release of environmental water on the back of a natural flow resulted in a 28,000 ML/day 

watering of the Barmah-Millewa Forest that generated approximately 9 and 10 mg/L DOC at 

Barmah and 4 Post respectively (Gigney et al. 2006). Timing, duration and antecedent conditions 

will affect the extent and rate for DOC generation. During the 2005/2006 event, the floodplain was 

a sink for DOC for up to a month, before rising to a maximum yield of some 80 Tonnes/day of DOC. 

In a further example, two flow events occurred in 2010, the first approximately 15,000 ML/day 

and the second approximately 100,000 ML/day. During the first event, the floodplain was a net 

sink of DOC, whereas the second one exported a net 250, 15 and 2 Tonnes/day of DOC, TN and TP 

respectively (Nielsen et al. 2016). A further study showed a flow event in 2012 of 50,000ML/day 

yielded up to 100, 5 and 0.3 Tonnes/day DOC, TN and TP (Rees et al. 2020).  

The forest was not a sink for carbon and nutrients at any time during the 2019 Spring flow event, 

which is an important distinction between our results and previous studies at the Barmah-Millewa 

Forest. Extent and duration of prior watering may contribute to this observation. High flows (up to 

180,000 ML/day) in 2016 inundated all of the Barmah-Millewa Forest (and large areas of the 

adjoining floodplain) and likely mobilised considerable quantities of accumulated litter and debris, 

thus mobilising considerable floodplain carbon stocks. There is only limited empirical data at a 

field scale on the extent to which regular watering leads to small but constant leaching of carbon 

and nutrients from floodplain litter and soils, but our results provide insight into this phenomenon. 

Further monitoring programs that target this aspect of floodplain carbon are required to gain 



 

CSIRO Australia’s National Science Agency |  27 

better understanding on relative benefits of small, but regular watering events in supplying carbon 

and nutrients to river channels.   

A further element of floodplain watering that goes beyond carbon and nutrients is the extent to 

which new habitats on the floodplain are created through wetlands, anabranches and the many 

backwaters that are associated with flood runners. While these sites will lead to increased 

biogeochemical activity, making available and transforming carbon and nutrients, the slow flowing 

nature of the newly wet habitats also provided sites for secondary production to occur on the 

floodplain, which is then transferred to river channels in the form of algae or higher organisms. 

The 2019 spring environmental flow monitoring described in this report, and the associated 

project on zooplankton secondary production is providing insight into the role of floodplains 

transferring secondary production to rivers.   

In channel processes.  That very little in the way of changes in carbon and nutrient concentrations 

were detected at any of the mid Murray sites and no change in concentrations were detected in 

the lower Murray sites is of particular interest. The mid Murray River (between the Darling River 

junction and Torrumbarry) is an important region for the recruitment of golden perch and silver 

perch, and likely Murray cod. This can be attributed to its intact lotic habitats (including the spatial 

scale of these habitats, which occur over hundreds of kilometres) and to some extent, intact 

hydrology, that is, the regular occurrence of a spring pulse (Mallen-Cooper and Zampatti 2018; 

Zampatti et al. 2018; Tonkin et al. 2019). Recruitment of golden perch, silver perch and Murray 

cod are generally more episodic in the lower Murray and this has been attributed to the lack of 

intact habitat and less frequent requisite hydrological/hydraulic conditions (Zampatti and Leigh 

2013; Bice et al. 2017) 

Density of prey and ability for fish to seek out new habitat are important for fish recruitment and 

survival (Winemiller and Rose 1993; King et al. 2009; Humphries et al. 2020). Since slackwaters are 

important sites within a river channel for zooplankton production (Ning et al. 2010) and given that 

zooplankton (prey) density is important for fish recruitment, stimulating zooplankton production 

through inundation of edges, macrophyte beds and benches is key.  

While an increase in DOC concentration indicates greater carbon and energy would be available 

for secondary production, detecting only small increases in DOC and nutrients, or failure to detect 

any increase at all does not necessarily mean that no increase in productivity occurred. Given the 

river is productive, the failure to detect major increased carbon and nutrient concentrations as 

new areas of the river are inundated is likely to be caused by the small amounts of carbon being 

used at the same rate that it has been generated, thus net concentration does not change greatly. 

This also supports the theory that carbon is limited in the river and that management activities 

beyond those of the Spring flow may be required to generate measurable increases in DOC. Such 

activities could potentially involve higher flows to inundate greater areas of riverbanks and low-

lying areas of the channel. Determining increased productivity in response to flow in the part of 

the river requires a different type of monitoring analysis, using one where rates of processes are 

measured rather than a simple standing stock type of measurement. 

In a further supporting observation, increased zooplankton density was detected in the lower 

Murray on one occasion, demonstrating that watering did lead to increased productivity (Furst et 

al. 2020). Limited generation of suitable food resources for zooplankton (algae and bacteria) may 

have been a contributing factor. Productivity occurring within biofilms on hard surfaces is also a 
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potentially important site for production, although not monitored as part this watering program. 

Microbes within biofilms consume DOC (Romaní et al. 2003; Rees et al. 2020) and biofilm activity 

could also contribute to the overall observation that no net yield of DOC was detected. Flow can 

also have a direct effect on biofilms associated with solid surfaces (Ryder 2004; Ryder et al. 2006), 

leading to increased production of high quality food resource within the biofilm (Ylla et al. 2007). 

This provides an opportunity for increased production of macroinvertebrates that consume 

biofilms, providing a further pathway for transfer of carbon and energy to higher organisms such 

as fish. 

Concluding remarks. Our results are important, because we show that a 15,000 ML/day pulse in 

the Murray River can lead to instream benefits. There is still a lot to learn about managed 

environmental watering events. While the number of events that have been monitored is 

increasing, the number of variables associated with events is still quite large. However, when 

combined with other studies in the Murray River, the results do provide a good baseline for 

expected outcomes that can be achieved with the modest flows rates.  

The results of the monitoring program are in accord with the accumulated findings on studies of 

the Murray River, such as Rees et al. (2020), who showed that floodplain carbon can be 

incorporated into aquatic food webs and can persist within organisms for months after floodplain 

inundation has ceased.  

Recommendations 

• While the monitoring program described in this report demonstrated the ecological 

benefits that can occur with a 15,000 ML/day flow and subsequent inundation of the 

Barmah-Millewa Forest and delivering a small flow pulse along the length for the River 

Murray, several recommendations are made to improve future water management and 

monitoring programs. Current understanding on carbon and nutrient generation from 

Barmah-Millewa Forest has been based on relatively few and sporadic sampling programs. 

For example, one key knowledge gap is floodplain-scale responses to regular flooding. The 

Murray River 2019 spring environmental flow had the greatest effect on generating ‘new’ 

carbon and nutrients from the Barmah-Millewa Forest and this carbon and nitrogen drives 

biological processes in the Murray River. We recommend increasing emphasis on 

understanding the role of floodplain forests in generating ‘new’ carbon and nutrients 

within the river channel by increasing the sampling sites immediately downstream of 

Barmah-Millewa Forest, in the Edward-Wakool system immediately downstream of 

Perricoota-Koondrook and Werai forests, and in the Murrumbidgee River at Balranald 

township immediately downstream of Redbank North, Yanga and Nimmie-Caira-Gayini 

floodplains. This will increase the precision and predictive capacity to understand carbon 

cycling following managed flows. 

• Larger flow events will generate greater responses and can be achieved though combining 

environmental water with operational water, or piggyback on natural events. Co-ordinating 

successive inundation of forests along the Murray River, would be beneficial in maintaining 

productivity responses in the mid-Murray. 
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• Include this work in longer-term monitoring, evaluation and research programs, so the 

effects of flows higher than 15,000 ML/day downstream from Yarrawonga Weir can be 

monitored. While a growing body of research is providing good understanding, the very 

nature of events means they all vary in some capacity. Repeated understanding from 

multiple events will help with the development and validation of system-scale ‘productivity 

models’, which could be used as event planning and community engagement tools. These 

models could also help to inform how to use environmental water in response to natural 

flow cues more effectively which is also being investigated as part of the Enhanced 

Environmental Water delivery strategy (SDLAM) project. 

• A combination of low flow and relative contributions to overall discharge to the Murray 

River, means the tributaries examined in this monitoring program had little measurable 

effect on the carbon and nutrients at the monitoring sites downstream of the respective 

confluences. If possible, managed events in tributaries should be carried out in concert 

with events in the main channel, as this ‘piggy back’ approach would reveal the potential 

inputs and value of tributary flows, relative to main channel flows.  

• The 'one model fits all' approach to the monitoring was not likely to reveal major 

responses in the DOC and nutrients in the lower Murray and small response in the mid-

Murray, given the small flow increases and different mechanisms for productivity in this 

part of the river. Weir pools have a major effect on flows, but given their operational 

constraints, consideration for a monitoring program more directly relevant for the lower 

Murray River sites should be considered, where analyses go beyond just water chemistry. 

Process measurement, such as direct productivity would be very useful to consider for 

further monitoring. For example, deploying continuous monitoring loggers would give 

better accounts of instream productivity. Stable isotope analysis can be used to determine 

trophic interactions and fatty acid analysis is an emerging tool and a targeted approach to 

its application (e.g. at key sample sites) may also unravel trophic interactions.  
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Glossary and abbreviations 

Productivity. In ecology, productivity refers to the rate of generation of biomass in an ecosystem. 

Productivity of autotrophs such as plants and algae is called primary productivity, while that of 

heterotrophs such as bacteria and animals is called secondary productivity. 

Autochthonous. In river ecology, the term is applied to production (namely, autochthonous 

production) and is referring to production that has occurred within the river channel, such as that 

from phytoplankton, within biofilms on woody debris and hard surfaces, and bottom sediments. 

Allocthonous. The term is also applied to production and is referring to production in the river 

that has been derived from materials external to the river, such as terrestrial vegetation and 

floodplains. 

Barmah-Millewa Forest (BMF): Covering approximately 650 square kilometres between 

Tocumwal, Deniliquin and Echuca, the BMF is Australia’s largest river red gum forest. The forest is 

adjacent to the main channel of the River Murray and experiences relatively frequent flooding 

Slackwater zones. Slackwaters are those areas on the edges of main channels where bank shape 

and lying areas combine to create area of low or no flow.  

River benches: benches are defined as a bank-attached, planar and narrow, fine-grained sediment 

deposit occurring at elevations between the riverbed and the floodplain. Thus, they are exposed 

areas that are inundated with rise in river level. 

Zooplankton: Planktonic microinvertebrates including rotifers, cladocerans, copepods and 

ostracods. 

TN: total nitrogen. Total nitrogen is the sum of nitrate/nitrite, ammonium, dissolved organic 

nitrogen and particulate organic nitrogen. 

TP: total phosphorus. Total phosphorus is the sum of orthophosphate, dissolved organic 

phosphorus and particulate organic phosphorus. 

FRP: Filterable reactive phosphorus. This is often equated to phosphate (sometimes also referred 

to as orthophosphate). Since the analysis is derived from a filtered sample, the reaction to detect 

the phosphate can also detect organic phosphorus, that may have passed through the filter. Thus, 

the sample is more strictly referred to as FRP, rather than phosphate. 

DOC: dissolved organic carbon. Dissolved organic carbon is the total organic carbon in a sample 

that has passed through a membrane filter that has a pore size of 0.45 m. 

POC: (particulate organic carbon). Particulate organic carbon is the total organic carbon in a 

sample as defined by the pore sizes of filters used to collect the sample material. In the report 

presented here, it is all organic carbon that is trapped on a glass fibre filter that has a nominal pore 

size of 7 m. 

PON: (particulate organic nitrogen). Particulate organic nitrogen is the total organic nitrogen in a 

sample as defined by the pore sizes of filters used to collect the sample material. In the report 
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presented here, it is all organic nitrogen that is trapped on a glass fibre filter that has a nominal 

pore size of 7 m. 
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Appendices. 

A1 Dissolved nutrients 

Upper Murray - Dissolved nutrients 

 

Appendix figure 1. Oxides of nitrogen (top panel), ammonium (middle panel) and filterable 

reactive phosphorus (bottom panel) at the sites relevant to Barmah-Millewa Forest.  
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Mid Murray -Dissolved nutrients. 

 

Appendix figure 2. Oxides of nitrogen (top panel), ammonium (middle panel) and filterable 

reactive phosphorus (bottom panel) at the sites relevant to the middle Murray sites. 
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Lover Murray – Dissolved nutrients 

 

Appendix figure 3. Oxides of nitrogen (top panel), ammonium (middle panel) and filterable 

reactive phosphorus (bottom panel) at the sites relevant to the Lower Murray 
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A2 Detailed chemical analyses 

Particulate organic carbon (POC) and particulate organic nitrogen (PON) analyses were carried out 

at the Environmental Analytical Laboratory (EAL), Southern Cross University. All other analyses 

were carried out in the CSIRO analytical laboratory, Thurgoona, NSW. Both laboratories operate 

under National Association Testing Authority accreditation. The following standard methods were 

used to examine the relevant carbon and nitrogen analytes: 

1. NO3
– was converted to NO2

– by passing a buffered sample through a column of Cu-coated 

Cd. Total NO2
– was then converted to the diazonium salt by reacting with sulfanilamide. 

The 4- sulfanilamide benzenediazonium chloride is then coupled with N-(1-naphthyl) 

ethylenediamine dihydrochloride to form a pink dye. Its absorbance was measured 

colorimetrically at a wavelength of 520 nm. 

2. Orthophosphate present in the sample was reacted with ammonium molybdate and 

potassium antimony tartrate in an acidic medium to form molybdo-phosphoric acid. This 

was then reduced by ascorbic acid to give a molybdo-phosphoric blue complex, the 

absorbance of which was measured spectrophotometrically at 880 nm. 

3. Organic forms of N and NH3 present in the sample were digested in an alkaline solution of 

NaOH-K2S2O8 and oxidized to form NO3
–. NO3

– in the digestion sample was then reduced to 

NO2
– by passing a buffered sample through a column of Cu-coated Cd. Total NO2

– was then 

converted to the diazonium salt by reacting with sulfanilamide. The 4-sulfanilamide 

benzenediazonium chloride was then coupled with N-(1-naphthyl) ethylenediamine 

dihydrochloride to form a pink dye. Its absorbance is then measured colorimetrically at a 

wavelength of 520 nm. 

4. Organic forms of P present in the sample were digested in an alkaline solution of NaOH- 

K2S2O8 and oxidized to form PO4
3–. PO4

3– present in the sample then reacts with 

ammonium molybdate and potassium antimony tartrate in an acidic medium to form 

molybdo-phosphoric acid. This was reduced by ascorbic acid to give a molybdo-phosphoric 

blue complex, the absorbance of which was measured spectrophotometrically at 880 nm. 

5. Chlorophyll pigments were extracted in 90% filtered Ethanol (AR100) and placed in a water 

bath for 5 min at 75°C. Chlorophyll-a was measured by spectrophotometric absorption and 

concentrations calculated as µg/L. 

6. Dissolved organic C (DOC) analysis was performed by high temperature combustion (680 

C) on a catalyst bed using a TOC-L analyzer by Shimadzu (Kyoto, Japan). Total Inorganic C 

(TIC) was removed by purging an acidified sample with ultra-pure air. Dissolved organic C in 

the sample was then injected directly onto the catalyst bed and converted to CO2. The CO2 

generated was carried by ultra-pure air and detected by NDIR. The resulting mass of CO2 is 

proportional to the mass of DOC in the sample. 

7. For POC and PON analyses, a known volume of water was filtered through GF/C glass fibre 

filters that had been pre-fired at 550C for 1 hour. Filtered were frozen, subsequently dried 

and the total carbon and nitrogen content determined by LECO analysis. 
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