Project Report

Effects of Weirs
in the Mallee Tract
of the River Murray
Bernard McCarthy1a
Ben Gawne1b
Shaun Meredith1a
Jane Roberts2,3
David Williams2,4

1Murray-Darling

Freshwater Research Centre
Box 3428, Mildura 3502
bP.O. Box 921, Albury 2640
2Applied Ecology Research Group
University of Canberra ACT 2601
3P.O. Box 6191, O’Connor, Canberra ACT 2602
4CRC for Freshwater Ecology
University of Canberra ACT 2601
aP.O.

Final Report to the
Murray-Darling Basin Commission

August 2004

Acknowledgements
The authors thank MDFRC staff Sylvia Zukowski, Nicole McCasker, Nick Whiterod, Sally Muston,
Clayton Sharpe, Anthony Conallin and Iain Ellis for assistance in the field. The authors also
acknowledge Zeb Tonkin (MDFRC, Albury) for macroinvertebrate identification, Robert Walsh
(MDFRC, Mildura) for zooplankton identification, John Pengelly (MDFRC, Albury) for the nutrient
analyses and Gosia Przybylska (WSL Consultants, Richmond) for phytoplankton and periphyton
species identification. The MDBC is acknowledged for the provision of hydrologic and water
quality data and the Bureau of Meteorology for weather data.
The authors acknowledge the contributions of Paula D’Santos (NSW Murray Wetlands Working
Group) to the early consultation phase of the project, and Glenn Wilson for his involvement in the
first phase of this project.
Thanks also to John and Bernadette Woodhead for allowing access to the Euston Lakes through
their property.
The authors acknowledge the MDBC contact staff including Vincent Kelly, Lance Lloyd, Tony
McLeod, Michelle Cowan as well as members of the Project Steering Committee. These people
are also thanked for commenting on drafts of the report. The authors thank Rob Cook, Dr Rod
Oliver, Dr Oliver Scholz, Dr Darren Baldwin and Dr Simon Treadwell for reviewing different
sections of the report.

Report Citation
McCarthy, B., Gawne, B., Meredith, S., Roberts, J. and Williams, D. (2004). Effects of weirs in the Mallee
Tract of the River Murray. Murray-Darling Freshwater Research Centre, Mildura. Report to the MurrayDarling Basin Commission, Canberra.

Disclaimer
This report (Effects of weirs in the Mallee Tract of the River Murray) was produced for the Murray-Darling
Basin Commission as part of the Strategic Investigation Program - Rivers - Project R2131.
© Copyright Murray-Darling Basin Commission 2004
This work is copyright. Graphical and textual information in the work may be stored, retrieved and
reproduced in whole or in part, provided the information is not sold or used for commercial benefit and its
source (Murray-Darling Basin Commission, Rivers Program) is acknowledged. Such reproduction includes
fair dealing for the purpose of private study, research, criticism or review as permitted under the Copyright
Act 1968. Reproduction for other purposes is prohibited without prior permission of the Murray-Darling Basin
Commission.
The contents of this publication do not purport to represent the position of the Murray-Darling Basin
Commission. They are presented to inform discussion for improvement of the Basin's natural resources.

Table of Contents
Executive Summary ......................................................................................................... i
Introduction ..................................................................................................................... 1
Report Structure ............................................................................................................ 1
Background and Context for Study ................................................................................ 1
Original Objectives......................................................................................................... 1
Project History and Changes ......................................................................................... 2
Importance of this Study ................................................................................................ 2
Revised Objective .......................................................................................................... 2
Weirs and their Effects................................................................................................... 2
Weir Manipulations ........................................................................................................ 3
Methods ........................................................................................................................... 5
Study Sites..................................................................................................................... 5
Conceptual Design ........................................................................................................ 6
Experimental Design...................................................................................................... 6
Sampling Methods ......................................................................................................... 7
Sampling Times ............................................................................................................. 8
Data Sources and Statistical Methods ........................................................................... 8
Results ........................................................................................................................... 11
Hydrology and Hydraulics ............................................................................................ 11
Flow .......................................................................................................................... 11
Stage ........................................................................................................................ 11
Flow Velocity ............................................................................................................ 12
Physical Attributes ....................................................................................................... 13
Weir Effects on Stage............................................................................................... 13
River Width ............................................................................................................... 13
Water Physico-Chemistry ............................................................................................ 14
Temporal Variability.................................................................................................. 14
Spatial Variability ...................................................................................................... 16
Reach Changes........................................................................................................ 18
Water Physico-Chemistry Relationships .................................................................. 20
Loads........................................................................................................................ 21
Riverbed Sediments ................................................................................................. 23
Thermal Stratification................................................................................................ 24
Dissolved Oxygen Stratification................................................................................ 27
pH Stratification ........................................................................................................ 28
Phytoplankton .............................................................................................................. 29
Biomass.................................................................................................................... 29
Phytoplankton Taxa and Abundance........................................................................ 31
Phytoplankton Abundance........................................................................................ 31
Temporal Patterns .................................................................................................... 31
Spatial Patterns ........................................................................................................ 32
Biofilm .......................................................................................................................... 34
Periphyton Taxa and Abundance ............................................................................. 36
Macroinvertebrates ...................................................................................................... 38
Temporal Trends ...................................................................................................... 38
Spatial Trends .......................................................................................................... 38
Littoral Vegetation ........................................................................................................ 41
Species Assemblages .............................................................................................. 42
Species Environment Relationships ......................................................................... 45
Discussion ..................................................................................................................... 47
Effects of weirs in the Mallee Tract .............................................................................. 47
Flow velocity v Water level variation ............................................................................ 48
Seasonal Patterns and Consistency ............................................................................ 49
Influence of Findings on Riverine Models .................................................................... 49
Drawdown of the Mildura Weir..................................................................................... 50
Effects of Weirs in the Mallee Tract of the River Murray

Applicability of Findings to other Weir Pools................................................................ 50
Ecological Responses to Weir Pool Drawdown ........................................................... 50
Experimental and Monitoring Principles....................................................................... 50
Weir Pool Drawdown Scenarios .................................................................................. 51
Staged Drawdown (Original Euston Drawdown Proposal) ....................................... 52
Saw Tooth Option..................................................................................................... 53
Drawdowns of Small Amplitude and Short Duration................................................. 53
Variation Manipulations ............................................................................................ 54
Surcharge Manipulations.......................................................................................... 54
Combination Manipulations ...................................................................................... 54
Frequency of Manipulations ..................................................................................... 55
Optimal Drawdown Scenario ....................................................................................... 55
Conclusions and Recommendations .......................................................................... 59
Project Outputs ............................................................................................................. 60
Future Project Ideas...................................................................................................... 61
References..................................................................................................................... 65

Effects of Weirs in the Mallee Tract of the River Murray

Executive Summary
The physical and biotic effects of weirs in the Mallee Tract of the River Murray were quantified
from August 2001 – June 2003 by comparing weir pool and free-flowing sites. Effects of weirs on
hydrology and hydraulics, water physico-chemistry, benthic sediments, phytoplankton, biofilm,
macroinvertebrates and littoral vegetation were examined. The three weirs within the Mallee Tract
have altered the hydraulics of flow and consequently the water physico-chemistry and biota within
these reaches.
The Euston (Lock and Weir No.15), Mildura (11) and Wentworth (10) weirs elevate the water level
4.75, 3.55 and 3.21 m, respectively, at a designated flow of 4,000 ML.d-1. The weir pools that
these weirs create extend ca. 50-60 river km upstream. The weir pool reaches are characterised
by greater depths, lower flow velocities and stable water levels relative to the free-flowing
reaches. Complete short-term drawdowns of the Mildura weir pool in each year of the study
period for weir maintenance were exceptions to this pattern. Flows throughout the study reach
were low and remained less than 13,000 ML.d-1 at all times, and provide a backdrop against
which some of the results of this study can be interpreted.
Diurnal thermal stratification was a year-round phenomenon in the weir pools, with greater (and
occasionally persistent) thermal stratification of the water column in the warmer months. The
water column at the free-flowing sites remained well mixed throughout the year. Stratification of
pH and dissolved oxygen was also a feature of the water column in weir pools but not the freeflowing sites. The low flow velocities in the weir pools resulted in a sequential deposition of
suspended solids from the water column into the Euston (ca. 78 t.d-1), Mildura (46 t.d-1) and
Wentworth (8 t.d-1) weir pools. As a consequence, turbidity levels and nitrogen and phosphorus
concentrations in the water column progressively decreased in the weir pools of the Mallee Tract.
The sediments on the riverbed of weir pools were correspondingly fine, nutrient rich and
contained a high organic matter content compared with the typically sand-dominated sediments
of the free-flowing sites.
A total of 142 phytoplankton taxa were identified with Bacillariophyceae (diatoms), Cyanophyta
(cyanobacteria) and Chlorophyta (green algae) being the dominant phytoplankton groups,
together comprising over 99.4% of the phytoplankton abundance. Phytoplankton richness ranged
from 31-62 taxa (mean 46.2 taxa) per sample. The phytoplankton communities along the Mallee
Tract followed a seasonal pattern but underwent spatial shifts in community composition.
Phytoplankton community composition remained similar along the 175 km of free-flowing reach
examined, but changed within the ca. 50 km weir pool reaches where diatom abundance
decreased and cyanobacteria abundance increased. These changes indicate that weir pools are
providing favourable conditions for cyanobacteria (buoyancy regulators) whilst the diatoms
(reliant on turbulent flows to maintain their position in the water column) are settling from the
water column. These changes were also reflected in the chlorophyll measurements, where the
total load of phytoplankton decreased in the weir pools and increased in the free-flowing reaches.
Biofilm in the photic zone of the weir pools had a greater total biomass and periphyton biomass
relative to the free-flowing sites, with both environments supporting greater biofilm development
in the warmer months. The autotrophic index indicated that the biofilms from the weir pools were
autotroph dominated and those from free-flowing sites heterotroph dominated. A total of 106
periphyton taxa were identified with Bacillariophyceae, Cyanophyta and Chlorophyta being the
dominant phytoplankton groups. Each group was more abundant in the weir pools than freeflowing sites for a given time, with greater abundances during the summer period. Multivariate
analysis showed that periphyton communities differed mostly between the summer and winter
periods but also differed between weir pool and free-flowing sites. Diatoms were consistently the
most abundant periphyton group at all sites, with Aulacoseira granulata comprising over 55% of
the total periphyton cell count.
Thirty-four snag-dwelling macroinvertebrate taxa were identified, with abundances on River Red
Gum substrates 3½ times greater in the weir pools compared with the free-flowing reaches. The
weir pool environment also supported a significantly greater number of macroinvertebrate taxa
than the free-flowing sites. Chironomidae (midges) was the most abundant taxon, followed by
Oligochaeta (segmented worms). Multivariate analysis of the macroinvertebrate communities
revealed distinct seasonal differences in community structure, with different communities between
weir pools and free-flowing sites. It is likely that the greater density of macroinvertebrates at the
weir pool sites is due to the greater biofilm biomass providing increased food resources and
habitat.
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A total of 29 macrophyte species were recorded in the littoral zone of the Mallee Tract. All 29
species were present in the weir pools compared with 10 in the free-flowing reaches. Species
richness ranged from 1.4-5.4 species.quadrat-1 at weir pool sites to 0.1-3.5 species.quadrat-1 at
the free-flowing sites. Percentage vegetation cover was also greater in the weir pools (12-76%)
compared with the free-flowing sites (0.5-37%).
Weirs have significant effects on hydraulic conditions, water physico-chemistry, benthic
sediments, phytoplankton, biofilms, macroinvertebrates and vegetation in the Mallee Tract. For
some species the free-flowing river is naturally a difficult environment in which to persist given the
relatively high flow velocities and fluctuating water levels. The creation of weir pools has provided
hydraulic conditions more akin to lentic systems, resulting in many species typical of wetlands
becoming well established in the littoral zone. However, weirs have also altered riverine
processes such as patterns of sediment and nutrient transport and phytoplankton dynamics.
The ecological changes brought by weirs in the Mallee Tract further highlight the need to restore
parts of the natural flow regime, and weir manipulation trials may partly achieve this. An
examination of the ecological responses to weir manipulations is required to ascertain whether
these types of trials generate positive changes to the riverine and floodplain environments.
Several weir manipulation options are presented with consideration given to the potential costs
and benefits of each. The data collected from this study would form important “before” data for
any future weir manipulation within the Mallee Tract.
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Introduction
Report Structure
This Project Report provides an overview of the main findings of the study and the implications of
these findings for management. It has been compiled from individual Research Reports (prepared
as separate documents following the Project Report) that provide detailed and specific
information relating to each subject of investigation. The individual Research Reports include:
Research Report 1: Hydrology, Hydraulics and Physical Effects of Weirs
Research Report 2: Water Physico-Chemistry and Sediments
Research Report 3: Phytoplankton
Research Report 4: Biofilm
Research Report 5: Macroinvertebrates
Research Report 6: Littoral Vegetation
Research Report 7: The Euston Lakes
Research Report 8: Euston Lakes: River Red Gum Investigations.
This Project Report focuses on an examination of the effects of weirs on the main river channel,
and does not include results from our investigations of the Euston Lakes system (Research
Reports 7 and 8). However, aspects of these studies are incorporated into this Project Report
where appropriate.

Background and Context for Study
In 1996 a Scientific Panel was established at the direction of the Murray-Darling Basin Ministerial
Council Water Policy Committee to conduct a rapid appraisal of the environmental condition and
environmental flow requirements for the River Murray (Thoms et al., 2000). The major objective of
the project brief was to: “Identify changes in river operations for the River Murray and lower
Darling River that should result in general improvements in the environmental condition of these
river reaches whilst considering the current needs of existing water users”.
The Scientific Panel identified numerous flow management activities that threatened key
components of river-floodplain health, and made specific recommendations including: “Z4.4 In the
immediate future, weir pools be drawn down to the lowest possible level for two months in late
winter-early spring to provide the opportunity for drying of adjacent floodplain wetlands and main
channel” (Thoms et al., 2000).
Other weir manipulation recommendations were highlighted by the Riverine Issues Working
Group and previous projects within the Strategic Investigations and Education (SI&E) program,
and collectively led the Murray-Darling Basin Commission (MDBC) to instigate this current project
to conduct a trial weir pool drawdown. This project addresses directly the key management issue
Integrated River Rehabilitation of the Riverine Environment Strategic Plan, as well as all other
priorities of the SI&E program. During the study period the project moved to The Living Murray
Environmental Works and Measures Program of the MDBC.

Original Objectives
The broad objective of the project is to improve the environmental management of the regulated
reaches of rivers within the Murray-Darling Basin. The project also aims to provide a broader
understanding of the issues associated with weir manipulations and to highlight the benefits of
these to the wider community and river operators (MDBC, 2000).
The specific objectives of the project (MDBC, 2000) are to:
(1) Scope the types of beneficial weir manipulations, potential locations, the experimental design
of a drawdown trial, and the potential environmental, social and economic issues associated with
a trial;
(2) Select a location to conduct a trial weir drawdown exercise and design a program to assess
ecological, social and economic implications;
(3) Perform the trial drawdown, and examine the responses, the benefits and impacts (social,
economic and ecological) of these manipulations; and
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(4) Develop guidelines for future weir pool manipulations.

Project History and Changes
An Issues Paper was generated to address Objective 1 (McCarthy et al., 2001) and the MDBC
selected the Euston Weir as the most suitable location at which to conduct a trial weir pool
drawdown (Objective 2). A community consultation process was instigated by the Project Team in
August-November 2001 and led to the identification of a significant number of landholders along
the weir pool and Euston Lakes system that would likely experience water access difficulties at
various drawdown levels. The MDBC responded to these findings by postponing the proposed
2002 drawdown and funding two separate studies aimed at (1) assessing in more detail the
impacts of water level lowering on licensed diverters and recreational users (SKM, in prep.), and
(2) completing a Communication Strategy for the project (Firestarter, 2002). The outcomes of the
first of these studies are expected to guide if, when and how a drawdown occurs at the Euston
weir pool.
In response to these changes, in June 2003 the MDBC ceased the pre-drawdown environmental
monitoring that had been ongoing since August 2001. The project team was directed to collate
the pre-drawdown data, which forms the subject of this report. Whilst these changed
circumstances have resulted in a drawdown manipulation not occurring (Objectives 3 & 4), the
design of the project has allowed the Project Team to compare the weir pool sites with the freeflowing sites to answer the first question of the project: What are the effects of weirs in the Mallee
Tract of the River Murray?

Importance of this Study
Quantifying the effects of weirs is a necessary first step to help predict the ecological changes
that may occur from a drawdown manipulation. The study is novel in its own right because most
of the River Murray literature examining weir effects has been conducted on the Lower Murray
Tract where the influence of the Darling River (high turbidity and altered hydrology) has made this
section of river ecologically distinct (e.g. Walker, 1996a). The Mallee Tract also provides a unique
opportunity for examining weir effects because in addition to weirs it contains significant reaches
of free-flowing river absent from the Lower Murray Tract. These free-flowing reaches are outside
the influence of the weir pools, and thereby provide insight as to what the weir pool reaches might
resemble in the absence of weirs.

Revised Objective
To examine the effects of weirs in the Mallee Tract of the River Murray through a comparison of
weir pools and free-flowing reaches.

Weirs and their Effects
The construction of weirs on rivers and streams has been widespread throughout Australia and
the world. In NSW alone there are 3,328 licensed weirs or barriers (Copeland, 2001). There is a
growing awareness of the long term social, economic and ecological costs involved in maintaining
many of these structures, and river managers are looking for ways to operate many of these
weirs in ways that may enhance environmental values. To achieve this, a sound knowledge of the
effects of weirs is required.
Much of the literature examining the effects of weirs in Australia has focused on the Lower Murray
Tract of the River Murray through the work of Keith Walker and colleagues (for reviews see
Walker, 1985; 1996a; 2001; Walker and Thoms, 1993). These weirs are functionally similar to
those of the Mallee Tract and their known effects are briefly discussed here.
Weirs raise the water level immediately upstream of the weir structure by several metres and the
lockmaster maintains this level at the designated full supply level by inserting or removing boards
in response to changing flows. The weirs create weir pools that remain at a stable level for most
of the year and which extend varying distances upstream depending on the gradient of the bed
slope (typically 50-60 km in the Mallee Tract). During flooding, when flows exceed a critical
threshold (water levels downstream of the weir reach the full supply level upstream of the weir),
the trestles of the weir are removed to allow flood flows to pass (Jacobs, 1990).
The weirs of the Mallee Tract are not diversionary and hence do not alter discharge along the
river. However, the increased depth and cross-sectional area of the river channel creates
hydraulic conditions that differ markedly to the free-flowing condition. The increasing crosssectional area of the river channel (when progressing toward a weir from upstream) means that
Effects of Weirs in the Mallee Tract of the River Murray
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the flow velocity progressively decreases. This hydraulic gradient of change reduces the
turbulence of the water and creates an environment that has been described as being more lentic
than lotic (Walker, 1996a; 2001). Weirs increase the retention time of water along the river and
provide an environment that favours thermal and chemical (e.g. dissolved oxygen) stratification.
These changes, and the reduced flows reaching the Lower Murray (Maheshwari et al., 1993),
have been linked to the loss of riverine biota such as the Murray Crayfish Euastacus armatus
(Geddes, 1990), the river mussel Alathyria jacksoni (Walker, 1990) and gastropods such as the
river snail Notopala hanleyi (Walker, 1996b). The stable water levels and low flow velocities also
promote littoral vegetation growth in the Lower Murray (Walker et al., 1994; Blanch et al., 2000),
alter the composition of the biofilms (Burns and Walker, 2000), and alter phytoplankton dynamics
by favouring the development of cyanobacterial blooms (e.g. Bormans et al., 1997; Scholz et al.,
2003; Whiterod and Meredith, 2003). Weirs are a physical barrier to fish and other biota. Their
weir pools appear to favour some introduced species such as carp (e.g. Koehn, 2001; Harris,
2001) as well as larval fish (Meredith et al., 2002). The low flow velocity of weir pools facilitates
sedimentation and thereby alters patterns of sediment and nutrient transport (Thoms and Walker,
1993; Brizga, 2001; Stanley et al., 2002). Weirs have permanently inundated many floodplain
wetlands resulting in the localised death of River Red Gums (e.g. Dry Lake in the Euston Lakes
system) and a loss of the characteristic pulse of productivity typically observed with wetting and
drying cycles. Weirs have also elevated groundwater levels in the floodplain that have contributed
to the salinisation and acidification of wetlands (e.g. McCarthy et al., 2003) and other floodplain
regions, and potentially contributed to increased stress levels in River Red Gum communities
(MDBC, 2003).

Weir Manipulations
Recognition of the effects of weirs on biota has led river managers to investigate whether weirs
can be operated in a manner that may improve the ecological condition of the riverine
environment. Drawdown (lowering) and surcharge (raising) manipulations may each differ in
regard to amplitude, rate of water level change, duration, timing and frequency (McCarthy et al.,
2001). Manipulations may be designed to target particular environmental objectives (e.g.
surcharge to increase floodplain inundation) or to mimic a particular element of the natural flow
regime. Blanch et al. (1996) conducted a drawdown and surcharge manipulation at Lock 8 (River
Murray Lock and Weir No. 8) in 1995 but the experiment required modification due to flooding in
July-September 1995. DWLBC (2002) conducted a surcharge manipulation of 0.5 m at Lock 5 to
coincide with an environmental flow release from Lake Victoria (9,700 ML.d-1) to augment the
peak flow in the River Murray of 32,000 ML.d-1. This surcharge had the benefit of increasing
floodplain inundation upstream of the weir and the community greeted the flow enhancement trial
positively. DWLBC also monitored a drawdown of the Lower Lakes in 2003 (due to drought
conditions), and is currently considering a further manipulation at Lock 5. McCarthy et al. (2004)
monitored water quality changes during a series of large magnitude (ca. 3.5 m) but short duration
drawdowns of the Mildura weir pool over three consecutive years (2001-2003). Together, these
studies are improving our knowledge of the social, economic and ecological costs and benefits of
conducting weir manipulations.
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Methods
Study Sites
Thoms et al. (2000) have classified the River Murray into four tracts; Headwater, Riverine, Mallee
and Lower Murray. The Mallee Tract extends 450 km from the junction of the River Murray and
the Wakool River to the junction of the River Murray and the Darling River near Wentworth, and
encompasses the sites investigated as part of this study (Figure 1). It comprises a single, low
gradient (<5 cm.km-1) channel that is inset within a large trench cut into ancient lake and marine
sediments (Thoms et al., 2000).

Darling River
Apex Park
Mildura
Wentworth
Iraak
Euston

Murrumbidgee
River
Yungera Island

Hattah

The River Murray
Boundary Bend
Figure 1. Study sites along the Mallee Tract of the River Murray. Weir pool and free-flowing
study reaches are highlighted in red and green, respectively. The eight sampling sites (blue) and weirs
(yellow) are highlighted. Sites for vegetation investigation are within each study reach but are not
shown.

The experimental reach comprised 400 km of the Mallee Tract of the River Murray between the
tributary inputs of the Murrumbidgee and Darling Rivers (Figure 1). This reach contains three weir
pools (WP) and two free-flowing (FF) stretches of river upstream and downstream of the Euston
weir pool. The three weir pools created by the Euston (No.15), Mildura (No.11) and Wentworth
(No.10) weirs (each ca. 60 km long) and two ca. 50 km free-flowing sections of river were
selected as the study reaches. Sampling sites were located at the upstream and downstream
points in these reaches (sites upstream of weir pool were in free-flowing areas except for Apex
Park) resulting in eight riverine sites being examined. The eight sites selected are Boundary
Bend, Yungera Island, Euston, Hattah, Iraak, Mildura, Apex Park and Wentworth (Figure 1), and
are detailed in Table 1. For the study of littoral vegetation, two sampling sites were selected
within each of the five study reaches (in upstream and downstream thirds), giving a total of ten
study sites; location details are in Appendix G in Research Report 6.

Effects of Weirs in the Mallee Tract of the River Murray

5

Table 1. Details of the eight riverine study sites (not for vegetation)
Study Site

River km from sea

Easting

Northing

Character

Boundary Bend

1234

699033

6156081

Free-flowing

Yungera Island

1185

681163

6159589

Free-flowing

Euston WP

1118

661688

6170492

Lower Weir Pool

Hattah

994

629586

6173927

Free-flowing

Iraak

943

625879

6196672

Free-flowing

Mildura WP

887

607604

6216966

Lower Weir Pool

Apex Park

883

607393

6219543

Upper Weir Pool

Wentworth WP

834

585299

6224431

Lower Weir Pool

Conceptual Design
As a body of water travels along the river, the surrounding physical and chemical environment
influences its plankton and water physico-chemistry. The examination of phytoplankton and water
physico-chemistry at the upstream and downstream points of the weir pool and free-flowing
reaches allows a comparison of the effects of weir pool reaches and free-flowing reaches on
water quality and phytoplankton (Figure 2).

FF
WP
W
E
I
R

Figure 2. Schematic long section of a weir pool (WP) and free-flowing (FF) reach. Arrows show
direction of flow and their lengths reflect the change in flow velocity as river depth increases. The
sampling sites (stars) were located so as to allow changes in water quality/phytoplankton to be
assessed as water passes through the free-flowing and weir pool reaches.

For macroinvertebrates and biofilm, a single site was examined in each of the defined weir pool
and free-flowing reaches. For littoral in-channel vegetation, two sites were selected within each
defined reach (upper and lower thirds). For weir pools, this included one meander site near the
weir pool crest and one near the weir pool tail. This builds upon the disturbance gradient
identified and previously described by Walker et al. (1994).

Experimental Design
The original experimental design was to follow a BACI (Before-After Control-Impact) design that
included one treatment weir pool (Euston Lock and Weir 15) and two control weir pools (Mildura
Lock and Weir 11 and Wentworth Lock and Weir 10). This design allowed for an examination of
the ecological effects of a partial weir pool drawdown. In addition to the weir pools, two freeflowing reaches (each ca. 50 km) were included as Reference reaches. The inclusion of
Reference reaches allowed an examination of the effects of weirs in the Mallee Tract region
through a comparison with the weir pools. It was also hypothesised that a drawdown manipulation
will shift the weir pools to more closely resemble the free-flowing environment, and the
information gleaned from the Reference reaches may therefore assist in the interpretation of the
direction of any observed change. The modified objective considers the three weir pools as
treatments and the two free-flowing sites as controls.
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Sampling Methods
An overview of the sampling methods is provided here and further details can be obtained from
the individual Research Reports.
At each site a relatively straight section of river was selected and three replicate points were
established at approximately 25, 50 and 75% channel width along a transect spanning the river.
At each replicate point physico-chemical parameters were measured at 1 m depth intervals of the
water column with a Horiba U-10 Water Quality Checker (Australian Scientific Ltd.). The
parameters included temperature (oC), pH, turbidity (NTU), electrical conductivity (µS.cm-1 @
25oC), and dissolved oxygen (mg.L-1). Flow velocity was also measured at the 50% replicate point
on occasion at 0.5 m depth intervals to a maximum of 4.5 m with a Marsh-McBirney Inc. Flow
Mate Portable Flowmeter.
A vertically integrated water sample was collected at each riverine replicate point by lowering and
raising a 12 V bilge pump at a constant rate through the water column and collecting the pumped
water in a 25 L container. The bilge pump was positioned inside a shallow bucket to prevent
riverbed sediment contaminating the sample when the riverbed was contacted. Sub-samples
were taken from each water sample for determinations of concentrations of oxides of nitrogen
and filterable reactive phosphorus (0.01 L water sample filtered through a 0.45 µm filter), total
nitrogen and total phosphorus (0.2 L), total suspended solids (0.5 L), phytoplankton chlorophyll
(0.5 L), and phytoplankton species composition (0.6 L). Sediment samples were also collected at
each replicate point with an Eckman grab. All samples were kept cool in the field.
Temperature loggers (TidbiT StowAway; Hastings Data Loggers) were deployed from 18/4/02 –
12/4/03 and logged temperature at 1 h intervals at the surface (ca. 0.3 m depth) and bottom (0.2
m from riverbed) of the water column at Boundary Bend (FF), Euston (WP), Iraak (FF), Mildura
(WP) and Wentworth (WP).
Biofilms were examined at Boundary Bend (FF), Euston (WP), Iraak (FF), Mildura (WP) and
Wentworth (WP). Biofilm sampling was achieved by suspending weighted string lines in the water
column that maintained small River Red Gum (Eucalyptus camaldulensis) blocks (10 x 10 x 75
mm) at depths of 0.05, 0.5, 1.0, 2.0 and 3.0 m beneath the surface for 6-9 weeks to allow
extensive biofilm establishment. Samplers were deployed 0.5-1.0 km upstream of the Euston weir
and 2-3 km upstream of the Mildura and Wentworth weirs. Samplers were deployed over a 0.5
km reach of the free-flowing sites at Iraak and Boundary Bend. Six string lines were deployed at
each of the five sites and were positioned on available emergent River Red Gum snags. Biofilmencased blocks were collected from three string lines, placed in individual jars containing river
water and kept cool and dark until processing in the laboratory. Blocks from the remaining string
lines were removed (not analysed; spares in case of vandalism), and fresh River Red Gum blocks
were attached to all six string lines, which were redeployed.
In the laboratory each block containing biofilm was gently double rinsed in containers of fresh tap
water and biofilm from a 25 cm2 area scraped from the block with a razor blade. The removed
biofilm was halved and each portion rinsed with distilled water into a filtering apparatus containing
(A) a pre-weighed and ashed GFC filter for dry mass and ash free dry mass (AFDM)
determination (APHA, 1995) or (B) a GFC filter for chlorophyll determination. A further 5 cm2 area
of biofilm was scraped from the block and preserved in distilled water with Lugol’s iodine solution
prior to identification of algae to species (sometimes genera) level at a NATA-certified laboratory
(WSL Consultants, Richmond).
Phytoplankton and periphyton chlorophyll (an index of algal biomass as a concentration) was
measured by filtering and steeping the algal sample overnight in 10 mL of 90% ethanol. Samples
were heated for 5 min in a water bath (78oC), cooled and centrifuged at 2000 rpm for 15 mins. A
3 mL aliquot was analysed in a spectrophotometer at wavelengths of 665 and 750 nm to
determine the total chlorophyll pigment (TCP) (Golterman and Clymo, 1971). The aliquot was
then acidified with 0.1 mL of 0.1M HCl and mixed before analysing in at wavelengths of 665 and
750 nm after 90 s to allow the calculation of the viable and non-viable proportions of chlorophyll
(APHA, 1995).
Macroinvertebrates were examined at two free-flowing and three weir pool sites, including
Boundary Bend (FF), Euston (WP), Iraak (FF), Mildura (WP) and Wentworth (WP). Quantitative
sampling of the macroinvertebrate communities was achieved by suspending River Red Gum
(Eucalyptus camaldulensis) blocks (300 x 170 x 30 mm: Surface area 0.13 m2) ca. 0.5 m beneath
the surface for 6-9 weeks to allow extensive biofilm establishment and macroinvertebrate
colonisation. Samplers were deployed 0.5-1.0 km upstream of the Euston weir and 2-3 km
upstream of the Mildura and Wentworth weirs. Samplers were deployed over a 0.5 km reach of
the free-flowing sites at Iraak and Boundary Bend. Snag substrates were used because of their
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suitability for quantitative sampling of macroinvertebrate communities of lowland rivers
(Humphries et al., 1998). Six substrates were deployed at each of the five sites and were tied to
available emergent River Red Gum snags in a position so as to remain in contact with large
woody debris beneath the water surface (but elevated from the bottom of the river). A 250 µm
sweep net was used to enclose the River Red Gum substrates upon collection, and
macroinvertebrates (and biofilm) were scrubbed from each block with a nailbrush and the
substrate redeployed. Samples were preserved in 70% ethanol. Three samples from each sitetime were randomly selected and macroinvertebrates from a 25% sub-sample were identified at
MDFRC, Albury to family level where possible, following the keys listed in Hawking (2000).
Samples from seven field trips spanning October 2001-April 2003 were analysed.
Littoral vegetation was assessed in December 2001 and January 2003. Each of the five study
reaches was divided evenly into three sections and sampling took place on one randomly
selected meander bend in the upper and lower sections, referred to as meander 1 and 3,
respectively. Each of these bends was divided into four segments based on curvature and
sampled once randomly within each segment, on both banks. The design total was for 80
transects. The measurements were focused on littoral and edge vegetation from 1 m above the
waterline to 1 m below, using a 5 m wide belt transect that was divided into 10 quadrats
separated at 20 cm vertical intervals. In each quadrat, the percentage cover of all species was
estimated. Thus there were sixteen transects per reach, based on a stratified-random design to
sample the main sources of within-site heterogeneity expected to affect species vigour and
abundance – the slope, aspect, substrate, and position on bend.
In the second year, vegetation biomass samples were collected for a number of macrophytes,
with a target of three sites per weir pool per species in the lower meander only (meander 3, i.e.
weir pool crest). Selection of target species and optimum sampling depth (specific to each
species) were determined based on data analyses of species distributions recorded the previous
year. These biomass samples were to be a ‘before’ measure of individual species vigour within
the BACI design framework, and were based on the assumption that a weir pool drawdown was
to go ahead.

Sampling Times
Since time of day influences some water quality parameters (e.g. dissolved oxygen), sampling
time was kept consistent for a given site. Boundary Bend (08:30-10:30), Yungera Island (10:3012:30) and Euston weir pool (12:30-15:00) were sampled in sequence on one day, and Hattah
(08:00-10:00), Iraak (10:00-12:00), Mildura weir pool (12:00-14:00), Apex Park (14:00-16:00) and
Wentworth weir pool (16:00-18:00) on the following day. This ensured that the upstream and
downstream points for each defined weir pool and free-flowing reach were sampled sequentially.
Abundance, vigour and phenological stage of individual macrophyte species changes throughout
the year depending on species and species attributes, inter-specific interactions, water regime,
and prevailing seasonal conditions. For this reason, sampling of littoral vegetation was
standardised to mid-summer.

Data Sources and Statistical Methods
Channel widths were measured from River Murray Mapping (MDBC, 2nd Edition) using ArcView
GIS 3.2 software. The River Murray Mapping photography was conducted from March-May 1996
when flows at Euston were in the range of 5,060 - 10,100 ML.d-1. The river was divided into 10
km reaches that commenced at each weir or tributary (measured in the middle of the river) and
extended upstream. The surface water edge of the main river channel along each 10 km river
reach was enclosed in a modifiable shape and the surface area of each shape recorded to allow
mean river widths to be calculated.
Daily flow and stage data was supplied by MDBC and Thiess for several of the study sites.
Multivariate analysis of the community data was conducted with PC-Ord (MjM Software, v4.27).
Community data sets typically contained many zeros and were heavily right skewed, so were
fourth root transformed to reduce the influence of abundant taxa. The Sorensen (Bray-Curtis)
distance measure was adopted in the classification analyses because it is robust and particularly
suited to community data sets (both abundance and presence/absence) (Faith et al., 1987). The
Flexible Beta Group Linkage Method (set at –0.1 due to its ability to recover known groups) was
used (Belbin et al., 1992). Multivariate classifications are presented as dendograms which
represent the fusion history of the classification. Given the space-conserving beta value, the
discreteness of the groups can be assessed solely by the degree of clumping of the nodes of the
dendogram along the axis. Note that PC-Ord generates two axes for each dendogram: a
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Distance (Objective Function) axis (a measure of the variance of the new group at each fusion;
Wishart, 1969) and an Information Remaining (%) axis. As the Distance (Objective Function) axis
is not a simple distance measure, only the Information Remaining (%) axis is presented.
Univariate analyses were performed with SYSTAT v9 (SPSS Inc.) on normal data (transformed
where applicable) and SAS v8. The relationships between the observed cover of macrophytes
and measured environmental data were explored using canonical correspondence analysis
(CCA) – a method of constrained ordination which assesses the amount of variation in the
species data that can be statistically attributed to the environmental data (Legendre and
Legendre, 1998).
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Results
Hydrology and Hydraulics
Flow

Over the study period (August 2001-June 2003) drought conditions persisted in the MurrayDarling Basin and flow at Euston remained low (<13,000 ML.d-1) compared with historical flows
(Figure 3A). Flows differed between sites along the Mallee Tract, with extraction for irrigation
most pronounced in the Mildura and Wentworth weir pools (downstream of Hattah) during the
warmer months (Figure 3B).
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Figure 3. Daily flow at (A) Euston from 1990-2003 (two-year study period highlighted in light
green) and (B) at Boundary Bend, Hattah (Colignan gauge) and Wentworth from July 2001 – June
2003.
Stage

The relatively low flows passing along the Mallee Tract meant that weirs remained in place
throughout the study period (except for maintenance at the Mildura weir) and lockmasters were
able to control water levels within a narrow range. The greatest water level fluctuations occurred
at the Mildura weir (ca. 3.5 m) during the complete drawdown of the weir pool in each of 2002
and 2003 (a further drawdown occurred in 2001; McCarthy et al., 2004). These drawdown and
refilling events were brief (16 d and 18 d), and outside of these periods water levels fluctuated
little from the full supply level of 34.40 mAHD. The water levels in the Euston and Wentworth weir
pools generally remained within a narrow range throughout the study period, with the exception of
a short-term, partial (0.31 m) drawdown of the Euston weir pool in February 2002 to assist in the
supply of water for downstream use (Figure 4).
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Water levels at the free-flowing sites underwent numerous rises and falls as river flows changed.
From August 2001 to June 2003 water levels fluctuated within a ca. 2 m and 1.5 m range at
Boundary Bend and Hattah, respectively. The highest flows and water levels occurred from
October 2002 to December 2002 as a result of water being transferred from upstream storages to
Lake Victoria to assist in delivering entitlement flows to South Australia over the summer period of
2002-03.

A. River stage

Stage (mAHD)

51
50
49
48

Boundary Bend

47

Euston
1/11/02

1/1/03

1/3/03

1/5/03

1/7/03

1/11/02

1/1/03

1/3/03

1/5/03

1/7/03

1/9/02

1/7/02

1/5/02

1/3/02

1/1/02

1/11/01

1/9/01

1/7/01

46

B. River stage
Stage (mAHD)

38
36
34
Hattah
Mildura
Wentworth

32

1/9/02

1/7/02

1/5/02

1/3/02

1/1/02

1/11/01

1/9/01

1/7/01

30

Figure 4. River stage at (A) Boundary Bend and Euston, and (B) Hattah, Mildura and Wentworth
from July 2001 – June 2003. For weirs, gauges were located immediately upstream of the
structures.
Flow Velocity

Flow velocities were considerably greater at the free-flowing sites compared with the weir pool
sites at a given discharge (Figure 5), reflecting the greater cross-sectional area of the river
channel in the weir pools. The free-flowing sites exhibited considerable variation in the
relationships between flow velocity and discharge, which likely reflects more natural differences in
cross-sectional areas between these sites. This heterogeneity between the four free-flowing sites
contrasts strongly with the homogenous flow velocity patterns within the weir pools.
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Flow Velocity v Discharge
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Figure 5. Flow velocity v discharge relationships at seven riverine sites within the study reach.
Note the different relationships between the weir pool (circles) and free-flowing (diamonds) sites.

Physical Attributes
Weir Effects on Stage

The Euston weir elevates the water level upstream of the structure to a greater extent than the
Mildura and Wentworth weirs (and other weirs in the Lower Murray Tract). At a designated flow of
4,000 ML.d-1, the water level downstream of Euston weir approximates 42.85 mAHD compared
with the full supply level of 47.60 mAHD upstream, resulting in an elevation of 4.75 m at this flow.
The Mildura and Wentworth weirs elevate the water level 3.55 m and 3.21 m at the 4,000 ML.d-1
flow, respectively (Table 2).
Table 2. Weir-induced changes in water level
Upstream Water Level
(Full Supply Level)

Downstream Water
-1
Level @ 4000 ML.d

Elevation Change

Euston (15)

47.60 mAHD

42.85 mAHD

4.75 m

Mildura (11)

34.40 mAHD

30.85 mAHD

3.55 m

Wentworth (10)

30.80 mAHD

27.59 mAHD

3.21 m

Weir

River Width

The weirs pools of the Mallee Tract are considerably wider than for the free-flowing reaches
(Figure 6), due to the elevated water levels in these sections. The mean river width in the freeflowing reaches of the River Murray also abruptly increases downstream of each of the Wakool
and Murrumbidgee confluences.
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River Murray Width
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Figure 6. Mean River Murray widths (surface water) over 10km reaches of the Mallee Tract.
Note that the X-axis is categorical and represents river km from the sea (left represents upstream),
and the free-flowing river section between river signs 996-1118 has been omitted. The Euston
(orange), Mildura (yellow) and Wentworth (red) weir pools and the free-flowing reaches (green) are
highlighted along with the tributary inputs from the Wakool and Murrumbidgee Rivers (arrows).
Asterisks show the 0-10km reach upstream of each weir.

Water Physico-Chemistry
Temporal Variability

Temporal variations in water physico-chemistry were examined by averaging each parameter
from all eight riverine sites for each sampling time (Figure 7). The physico-chemistry of the
surface water travelling along the River Murray varied considerably from August 2001-June 2003.
Electrical conductivity (EC) decreased during the study period, likely as a result of greater
proportions of water being sourced from low-EC upstream storages (Dartmouth and Hume) due
to drought conditions. Concentrations of NOx and FRP also followed this temporal trend.
Dissolved oxygen followed a seasonal pattern with changes in water temperature, with higher
concentrations in the colder months. Turbidity and suspended solid concentrations were variable
over time, partly due to changes in flow, and were highly correlated (see Figure 10).
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Figure 7. Temporal dynamics of surface water characteristics from August 2001-June 2003.
Error bars = ± 1 S.E.

15

Spatial Variability

Spatial variability in water physico-chemistry parameters was assessed by grouping all times for
each particular site (Figure 8). Note that for each graph the free-flowing sites are highlighted in
green, the weir pools in red, and the Apex Park site is highlighted in yellow because it is located
downstream of the Mildura weir and is technically within the upper reach of the Wentworth weir
pool (hydraulic characteristics intermediate of weir pool and free-flowing sites). This spatial
analysis reveals that chemistry changes are occurring between specific sites along the Mallee
Tract. Electrical conductivity increases progressively when moving downstream. Also, turbidity,
suspended solids and total phosphorus each decrease between the site immediately upstream of
each weir pool and the weir pool site. The lower flow velocity and consequent decrease in
turbulence is likely facilitating the sedimentation of suspended solids within the weir pools.
Sedimentation is also apparent in the free-flowing reach between Boundary Bend and Yungera
Island, likely as a result of the increased channel width (and potentially lower flow velocity) in the
River Murray downstream of the Murrumbidgee junction. The net sedimentation in this reach is
inorganic material only (Figure 8).
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Figure 8. Spatial patterns of surface water characteristics from August 2001-June 2003. Freeflowing (green), weir pool (red) and top of Wentworth weir pool (yellow) sites are highlighted.
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Reach Changes

To investigate in more detail the changes revealed in the spatial investigation, and to examine
specifically the 50-60 km weir pool and free-flowing reaches, the changes in water chemistry
were investigated along the five defined reaches (detailed in Conceptual Design in the Methods
section). This entailed selecting a reach and subtracting the value of a particular parameter at the
upstream end of a reach from the value at the downstream end of that reach. A positive number
indicates that the reach being examined increased the water chemistry parameter, and hence
may be considered to be acting as a source for that parameter, whilst a negative number
indicates that the reach is acting as a sink. An example is provided for total suspended solids
(TSS). If on a particular day the concentration of TSS in the water column is 34.2 mg.L-1 at
Yungera Island (immediately upstream of Euston weir pool) and 23.8 mg.L-1 at Euston
(downstream end of Euston weir pool), the -10.4 mg.L-1 figure indicates that the weir pool has
acted as a sink for TSS and taken 10.4 mg.L-1 of TSS from the water column. The changes that
occur along the two free-flowing (green) and three weir pool (red) reaches are highlighted in
Figure 9.
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Figure 9. Mean changes in water quality parameters within the free-flowing (green) and weir pool
(WP) reaches. FF1=BBend-Yung, WP1=Yung-Eust, FF2=Hatt-Irak, WP2=Irak-Mda, WP3=Apex-Went.
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Water Physico-Chemistry Relationships

Turbidity and total suspended solids (TSS) concentrations along the Mallee Tract were very
strongly and positively correlated (Figure 10). Total Phosphorus concentrations were also very
strongly and positively correlated with TSS (Figure 11), whilst total nitrogen concentrations were
most strongly correlated with the organic suspended solids (Figure 12). Given the demonstrated
sedimentation of suspended solids into the weir pools, this represents a substantial loss of
nutrients from the water column to the riverbed, and this is evident from the nutrient-rich
sediments (see Figure 14).
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Figure 10. Total Suspended Solids v Turbidity for all sites along the Mallee Tract, August 2001
– June 2003.
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Figure 11. Total Suspended Solids v Total Phosphorus for all sites along the Mallee Tract,
August 2001 – June 2003.
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Figure 12. Organic Suspended Solids v Total Nitrogen for all sites along the Mallee Tract,
August 2001 – June 2003.
Loads

Knowledge of the riverine flows along the Mallee Tract on each of the 14 sampling occasions and
the sampling methodology employed (vertically integrated at sites upstream and downstream of
each reach) allowed estimated loads to be calculated for different water quality parameters and
phytoplankton. The mean daily loads are summarised for the three weir pool (red) and two freeflowing reaches (green) from August 2001-June 2003 (Table 3). (Further methodological details
are provided in Research Report 2).
Table 3. Mean Loads (all tonnes.d-1) of suspended solids, nutrients and phytoplankton
for each reach.
Reach

TSS

ISS

OSS

TN

TP

Phytoplankton*

BBend-Yung (FF)

-18.02

-18.49

0.47

-0.084

-0.022

0.335

Yung-Eus (WP)

-78.09

-72.59

-5.50

-0.054

-0.043

-0.611

Hatt-Iraak (FF)

17.85

16.38

1.47

0.122

0.016

0.908

Iraak-Mild (WP)

-45.64

-37.87

-7.78

-0.162

-0.037

-0.660

Apex-Went (WP)

-8.25

-8.55

0.30

-0.006

-0.011

-0.140

*Phytoplankton loads were based on APHA (1995) methods assuming that chlorophyll comprises 1.5% of the dry mass of
the organic matter component of algal cells.
TSS = total suspended solids, ISS = inorganic suspended solids, OSS = organic suspended solids, TN = total nitrogen
and TP = total phosphorus.

The sedimentation rates in the weir pools were largely dictated by the riverine flows, where higher
flows during the study period resulted in greater suspended loads entering the weir pools and
greater quantities of suspended sediments settling from the water column (Figure 13). It would be
expected that when flow rates increase beyond those that occurred during the study period (e.g.
a flood event) the flow velocity would exceed a particular threshold and the fine riverbed
sediments would become resuspended and a net export of suspended sediments from the weir
pools would occur. Weir manipulations offer some opportunity to increase the flow velocity within
weir pools although the flow at the time of drawdown is also important in determining the net
export of sediment (McCarthy et al., 2004). A net export of sediment from the system may only
occur if the weirs are managed in an integrated manner and downstream weirs are manipulated
as well.
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Figure 13. Daily sedimentation rates in the Euston and Mildura weir pools under different flow
conditions, August 2001 – June 2003.
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Riverbed Sediments

Riverbed sediments from the Euston, Mildura and Wentworth weir pools contained a consistently
higher percentage of organic matter than sediments from the free-flowing sites (Figure 14A). The
riverbed sediments of the weir pools were predominately fine and rich in both nitrogen (Figure
14B) and phosphorus (Figure 14C) compared with the coarse (sand-dominated) sediments at the
free-flowing sites.
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Figure 14. Riverine sediment characteristics across free-flowing (green), weir pool (red) and
Apex Park (yellow) sites from August 2001 – June 2003: (A) Organic Matter content, (B) Total
Phosphorus content, and (C) Total Nitrogen content. Error bars = ± 1 S.E.
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The organic matter content of the benthic sediments was very strongly and positively correlated
with the concentrations of total nitrogen and total phosphorus within the sediments across all sites
(Figure 15).

Sediment Nutrients v Sediment Organic Matter
Nutrients (g.kg-1)

3.0
2.5

TN

2.0

TP

y = 0.0408x - 0.0075
2

R = 0.88

1.5

y = 0.0062x + 0.0114

1.0

2

R = 0.87

0.5
0.0
0

10

20

30

40

OM (g.kg-1)

50

60

70

80

Figure 15. Organic matter content of sediments v total nitrogen and total phosphorus sediment
concentrations.
Thermal Stratification

Complete hourly records (18/4/02 – 12/4/03) of water temperature were obtained at Euston and
Wentworth (surface loggers only) and Boundary Bend, Iraak and Mildura (bottom loggers only).
Partial records were obtained at the remaining five site/positions due to the loss of loggers.
Temperatures ranged from a minimum of 8.1oC (Boundary Bend bottom logger, 0900, 2/7/02) to
a maximum of 30.3oC (Wentworth surface logger, 1200, 24/1/03). At the yearly temporal scale,
mean river temperatures (all loggers combined) changed in line with air temperature changes (air
temperatures shown as 5-day moving averages) (Figure 16).
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Figure 16. Mean hourly river temperatures in the Mallee Tract and the daily maximum and
minimum air temperatures (5-day moving averages) at Mildura weather station from 17/4/0212/4/03.
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Periods when information from surface and bottom loggers was obtained simultaneously revealed
that the weir pools underwent considerable diurnal thermal stratification relative to the freeflowing sites throughout the year. The period 23/7/02 – 30/8/02 is shown for three sites (Figure
17).
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Figure 17. Hourly surface and bottom temperatures at Iraak (FF), Euston (WP) and Wentworth
(WP) from 23/7/02-30/8/03.
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Daily stratification patterns were examined further by obtaining the temperature difference
between the surface and bottom loggers for each hour and plotting against time of day for a 5-6
week period in July/August 2002 and January/February 2003 for the Wentworth (WP) and Iraak
(FF) sites (Figure 18). The Wentworth weir pool underwent diurnal thermal stratification for both
of these periods, with greater stratification in the January/February period when the maximum
mean daily temperature difference between the surface and bottom of the water column
exceeded 2oC.
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Figure 18. Mean hourly thermal stratification at Wentworth (WP) and Iraak (FF) from (A)
23/7/02-30/8/02 and (B) 23/1/03-28/2/03. Error bars = ± 1 S.E.
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The greater volume of water in the weir pools compared with the free-flowing reaches would
result in a reduced range of daily temperature change in the weir pools (given the thermal
buffering effect and assuming mixed conditions where heat is dissipated evenly throughout the
water column). This effect is particularly pronounced at the bottom of the water column (Figure
19A). However, the diurnal thermal stratification in weir pools partially offsets this for the surface
water, with the range of surface temperatures actually exceeding the free-flowing temperature
range during the hottest months of January to March (Figure 19B). These changes may have
implications for benthic biota reliant on temperature cues and potentially for microbial processes
as well.
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Figure 19. Mean daily temperature changes for each month at (A) bottom and (B) surface of the
water column in free-flowing (green) and weir pools (red) reaches. Error bars = ± 1 S.E.
Dissolved Oxygen Stratification

Dissolved oxygen (DO) stratified in the water column of weir pools, with a gradient of decreasing
DO concentration with increasing depth. The differences between the oxygen concentrations at 1
m depth and at the bottom of the water column (0.3 m from the riverbed) were calculated over
time for the weir pool and free-flowing sites (Figure 20), revealing that the greatest stratification
occurred in the weir pools during the warmer months of the year.
The lowest DO concentration recorded at each of the Euston, Mildura and Wentworth weir pools
from the 14 sampling events was 5.18 mg.L-1 , 3.98 mg.L-1, and 2.41 mg.L-1 , respectively. These
concentrations were recorded on 7/1/02 (Euston) and 8/1/02 (Mildura and Wentworth) at the
bottom of the water column (0.3 m above the sediment).
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Figure 20. Dissolved oxygen stratification over time at the weir pool and free-flowing sites of
the Mallee Tract. Error bars = ± 1 S.E.
pH Stratification

pH decreased in the water column of the weir pools with increasing depth. The differences
between pH at 1 m depth and at the bottom of the water column (0.3 m from the riverbed) were
calculated over time for the weir pool and free-flowing sites (Figure 21), and highlight that pH
stratification was a feature of the weir pools throughout the study period and stratified most during
the warmer months of the year.
The lowest pH recorded during this study period was 6.48 at each of the Euston and Mildura weir
pools on 14/1/03 and 15/1/03, respectively. The depths at which the readings were made were
7m (Euston) and 6.6m (Mildura). The highest pH measurement was 8.67 and was measured
immediately below the surface of the water at Wentworth on 26/2/03.

pH Stratification
1.6
Weir Pool

Delta pH

1.2

Free-Flowing

0.8
0.4

Jul-03

Apr-03

Jan-03

Oct-02

Jul-02

Apr-02

Jan-02

Oct-01

Jul-01

0.0

Figure 21. pH stratification over time at the weir pool and free-flowing sites of the Mallee
Tract. Error bars = ± 1 S.E.
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Phytoplankton
Biomass

Phytoplankton total chlorophyll pigment (TCP) concentrations remained within the range of 16-31
µg.L-1 throughout the study period (Figure 22). The viable component of the TCP at each site and
time ranged from 74-97%, with a mean (± S.E.) of 85.4 ± 0.4%. The small error bars for each time
demonstrate that phytoplankton biomass remained similar throughout the study reach for a given
time.
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Figure 22. Temporal pattern of phytoplankton biomass measured as total chlorophyll pigment
(TCP) in the Mallee Tract, August 2001–June 2003. Error bars = ± 1 S.E.

Mean phytoplankton TCP concentrations increased in the free-flowing reaches (Boundary Bend
to Yungera Island and Hattah to Iraak) and decreases within the weir pools (Figure 23). These
changes occurred despite the mean concentrations at the most upstream and downstream sites
(Boundary Bend and Wentworth, respectively) remaining very similar (20.5 and 20.4 µg.L-1,
respectively). Note that a 1 ug.L-1 change in chlorophyll represents ca. 5% change in total
phytoplankton biomass.
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Figure 23. Spatial dynamics of phytoplankton biomass in the Mallee Tract from August 2001June 2003. Error bars = ± 1 S.E.

The changes in phytoplankton TCP between the upstream and downstream sites of the two freeflowing and three weir pool reaches were calculated to better examine the influence of each
reach on phytoplankton TCP (Figure 24A). The change in chlorophyll was also linked to flow on
the 14 sampling occasions to estimate the mean daily load of phytoplankton (dry weight) being
added or lost to that particular reach. Calculations were based on the assumption that chlorophyll
comprises 1.5% of the dry weight of the organic matter component of algae (APHA, 1995). The
mean daily changes in phytoplankton load are shown in Figure 24B.
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Figure 24. Changes in (A) phytoplankton biomass and (B) total phytoplankton load in the freeflowing (green) and weir pool (red) reaches. FF1=BBend-Yung, WP1=Yung-Eus, FF2=Hatt-Iraak,
WP2=Iraak-Mda, WP3=Apex-Went. Error bars = ±1 S.E.

Repeated measures ANOVAs were conducted on the change in TCP and phytoplankton loads in
the free-flowing and weir pool reaches (Table 4). TCP changes in the free-flowing and weir pool
sites were not significantly different to each other (P=0.052) although the statistical power of the
analysis was low due to there being only two FF and three WP reaches. Phytoplankton loads,
however, were significantly different between the reaches (P=0.036) when flow was taken into
account; the interaction term was also significant indicating that the loads responded differently
through time for the weir pool and free-flowing reaches (Table 4).
Table 4. Repeated measures ANOVA: Phytoplankton WP v FF
Between Subjects

Phytoplankton TCP

Phytoplankton Load

Source

df

SS

F

P

G-G

REACH (FF v WP)

1

57.855

9.800

0.052

Error

3

17.711

13

75.402

0.511

0.904

0.597

2.558

0.012

0.173

SS

F

P

G-G

20.048

13.064

0.036

14.401

0.439

0.944

0.648

106.283

3.243

0.002

0.120

4.604

Within Subjects

TIME
TIME x REACH

13

377.391

Error

39

442.521
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Phytoplankton Taxa and Abundance

In total, 142 phytoplankton taxa were collected from five sites along the Mallee Tract on eight
sampling occasions from August 2001 – June 2003 (Research Report 3). The phytoplankton
groups Cyanophyta (cyanobacteria), Bacillariophyceae (diatoms) and Chlorophyta (green algae)
were the most abundant (cell counts), and together comprised over 99.4% of the phytoplankton
abundance (Table 5). Phytoplankton taxa richness ranged from 31-62 taxa per sample, with a
mean (± S.E.) of 46.2 ± 0.6 taxa. The phytoplankton groups Chlorophyta (green algae),
Bacillariophyceae (diatoms) and Cyanophyta (cyanobacteria) also contained the greatest
richness (no. of taxa) (Table 5).
Table 5. Phytoplankton median and mean abundance and mean richness (± S.E.)
Abundance (cells.mL-1)
Phytoplankton
Group

Median

Richness

Mean ±S.E.

Mean No. Taxa ±S.E.

(% of total)

(% of total)

Bacillariophyceae

4957

5292 ± 289 (41.7%)

12.7 ± 0.2 (27.4%)

Cyanophyta

2397

6148 ± 1031 (48.5%)

6.9 ± 0.2 (14.9%)

Chlorophyta

1064

1179 ± 61 (9.3%)

22.0 ± 0.3 (47.6%)

Cryptophyta

19

28 ± 2.7 (0.22%)

1.5 ± 0.1 (3.2%)

Euglenophyta

8

11 ± 0.9 (0.09%)

1.8 ± 0.1 (4.0%)

Chrysophyta

3

25 ± 3.7 (0.20%)

0.6 ± 0.1 (1.4%)

Pyrrophyta

2

4 ± 0.6 (0.03%)

0.7 ± 0.1 (1.5%)

Phytoplankton Abundance

The six most abundant taxa are listed in Table 6, with the centric diatoms Aulacoseira granulata /
Aulacoseira ambigua being the most dominant taxon (both median and mean abundance). It was
not possible to separate these species due to the distinguishing feature - a distinct pore on either
side of the valve mantle margin for A. ambigua (Sonneman et al., 2000) - being indiscernible. It is
probable that Aulacoseira granulata (previously recorded as Melosira granulata) is the most
dominant of the two species given that it is typically the most abundant diatom (>90% of diatom
abundance) along the River Murray (Sullivan et al., 1988; Hotzel and Croome, 1996; Bormans
and Webster, 1999).
Table 6. Six most abundant phytoplankton taxa
Median abundance

Mean abundance

Taxa

Median (% of
median total)

Taxa

Mean ± S.E. (% of
mean total)

Aulacoseira granulata/ambigua

4479 (75.9%)

Aulacoseira granulata/ambigua

4723 ± 308 (37.2%)

Aphanocapsa sp.

213 (3.6%)

Pseudanabaena limnetica

3234 ± 987 (25.5%)

Anabaena circinalis

180 (3.1%)

Aphanocapsa sp.

534 ± 71 (4.2%)

Ankistrodesmus falkatus

164 (2.8%)

Planktolygbya subtilis

462 ± 124 (3.6%)

Ankistrodesmus fusiformis

116 (2.0%)

Anabaena circinalis

389 ± 50 (3.1%)

Aphanizomenon issatschenkoi

80 (1.4%)

Aphanizomenon issatschenkoi

328 ± 55 (2.6%)

Temporal Patterns

Phytoplankton communities were grouped across sites for each time and a classification
conducted to discern temporal patterns (Figure 25). Phytoplankton communities from the same
month in consecutive years were most similar to one another with the exception of the August
communities. The August 2001 community was most different to all others, and the communities
from February were most similar to one another.
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Figure 25. Dendogram of the phytoplankton communities over time.

Based on mean cell counts, Bacillariophyceae (diatoms) was the most abundant phytoplankton
group for six of the eight sampling times (Figure 26) but not the most abundant overall (Table 5).
The Cyanophyta (cyanobacteria) was the most abundant group overall due to a large bloom of
Pseudanabaena limnetica in June 2003 throughout the study reach (Figure 26).
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Figure 26. Mean abundances of the three most dominant phytoplankton taxa, August 2001 –
June 2003. Error bars = ± 1 S.E.
Spatial Patterns

Multivariate classification of abundance counts across sites (times pooled) indicated that the
greatest sequential change in the phytoplankton community occurred between Iraak (FF) and
Mildura (WP) (i.e. within the 56 km Mildura weir pool) (Figure 27). Changes in the phytoplankton
community composition also occurred in the Euston weir pool and to a lesser extent in the
Wentworth weir pool. In the 175 km free-flowing reach between Euston and Iraak, the
phytoplankton community remained essentially unchanged. As this reach is the only free-flowing
section encompassed within the study reach examined for phytoplankton community composition
(from Yungera Island to Wentworth), it is in the weir pools where the changes in the
phytoplankton community are occurring.
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Figure 27. Dendogram of the phytoplankton community (abundance data) across five sites.
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Phytoplankton species were grouped into their main phytoplankton divisions (Figure 28) to
investigate the changes between sites that the classification analysis revealed. The
concentrations of diatoms and cyanobacteria followed opposing trends, with diatom abundance
sequentially decreasing and cyanobacteria abundance increasing when passing along the Mallee
Tract. The findings are likely explained by the different characteristics of each group: diatoms rely
on water turbulence to remain suspended in the water column (Sherman et al., 1998; Bormans
and Condie, 1998; Bormans and Webster, 1999) and are settling out of the water column in the
weir pools, whereas the ability of cyanobacteria to control their buoyancy is providing them with a
competitive advantage in the weir pools. A bloom of Pseudanabaena limnetica in June 2003
heavily influenced the cyanobacteria data (Table 6), so graphs with and without P. limnetica are
presented (Figure 28).
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Figure 28. Mean phytoplankton abundance of the main phytoplankton groups at each site for (A)
all taxa and (B) with the cyanobacteria Pseudanabaena limnetica removed from the data. Error
bars = ± 1 S.E.
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Biofilm
Biofilms that established at a depth of 0.5 m in the weir pools contained a greater total biomass
(Ash Free Dry Mass: AFDM) (Figure 29A) and algal biomass (total chlorophyll pigment) (Figure
29B) than comparable biofilm at the free-flowing sites. Details of the biofilms that developed at
depths of 0.05 m, 1 m, 2 m and 3 m are presented in Research Report 4. The pattern of biofilm
development at 0.5 m was the same as for biofilms at the 0.05m and 1m depths (Research
Report 4). Mean chlorophyll viability exceeded 80% at both the free-flowing and weir pools sites.
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Figure 29. Mean biofilm (A) total biomass and (B) algal biomass of 0.5 m biofilms from freeflowing (green) and weir pool (red) sites. Error bars = ± 1 S.E.

Sites were grouped as weir pool or free-flowing to examine the temporal patterns of biofilm
establishment. Total biofilm biomass was greater in the weir pools compared with the free-flowing
sites, with the greatest growth occurring during the warmer months (Figure 30A). Algal growth
followed a similar pattern, with a much greater algal biomass in the weir pools compared with the
free-flowing sites (Figure 30B), revealing that periphyton was contributing to the greater total
biomass in the weir pools. Repeated measures ANOVAs revealed that both biofilm biomass and
algal biomass were significantly different between free-flowing and weir pool sites and over time
(P<0.001 in all cases; Research Report 4).
Algal biomass in the weir pools was considerably lower during the warmer months of the second
year, and this may be a result of the low dissolved nitrogen and phosphorus concentrations in the
water column at that time, or the higher flow velocities resulting from the transfer of water from
Hume to Lake Victoria.
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Figure 30. Mean biofilm (A) total biomass and (B) algal biomass of 0.5 m biofilms from weir pools
(red) and free-flowing (green) sites over time. Error bars = ± 1 S.E.

The autotrophic index (AI) represents the ratio of the biofilm AFDM:viable chlorophyll (APHA,
1995) and provides a useful index for comparing biofilms from different sites. Biofilms with ratios
below 400 are classified as autotrophic (algal dominated) whereas biofilms with ratios above 400
are classified as heterotrophic (bacteria and/or fungi dominated) (APHA, 1995). Biofilms of the
weir pools were autotrophic compared with the biofilms of the free-flowing sites that were
consistently heterotrophic (Table 7). Median values provide a more useful measure in this case
due to occasional very high AI values (WP: 1,750 on 27/11/01; FF: 8,860 on 13/8/02) skewing the
mean values considerably.
Table 7. Autotrophic Index of biofilms
Site

Median

Mean (± S.E.)

Boundary Bend (FF)

1102

2552 ± 692

Euston (WP)

251

343 ± 54

Iraak (FF)

667

971 ± 115

Mildura (WP)

272

419 ± 67

Wentworth (WP)

318

598 ± 161
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Periphyton Taxa and Abundance

A total of 106 periphyton taxa were collected from the five sites along the Mallee Tract in August
2002 and March 2003 (Research Report 4). Bacillariophyceae (diatoms), Cyanophyta
(cyanobacteria) and Chlorophyta (green algae) were the dominant periphyton groups in the 0.5 m
biofilm and constituted over 99.9% of the periphyton cell abundance (Table 8). Periphyton cell
counts were greater in March 2003 than August 2002 and were consistent with the higher
chlorophyll biomass data at that time. Bacillariophyceae was the most abundant periphyton
group, with mean cell abundance greater in March 2003 than August 2002 but remaining at a
similar proportion of the total periphyton abundance at each time.
Table 8. Periphyton abundance (mean no. cells or 50µm filaments.cm-2)
Abundance (% of total)

Periphyton Group

August 2002

March 2003

Bacillariophyceae

117,055 (60.3%)

252,878 (62.7%)

Cyanophyta

30,212 (15.5%)

112,888 (28.0%)

Chlorophyta

46,753 (24.1%)

37,274 (9.2%)

Euglenophyta

36 (0.02%)

102 (0.03%)

Pyrrophyta

36 (0.02%)

39 (0.01%)

Cryptophyta

10 (0.01%)

23 (0.01%)

Chrysophyta

76 (0.04%)

20 (0.01%)

194,178

403,224

Total

Periphyton richness ranged from 13-48 taxa per sample, with a mean (± S.E.) of 35.1 ± 1.7 taxa.
The diatom Aulacoseira granulata dominated periphyton assemblages, comprising over 55% of
the total abundance (Table 9). This species is an important component of periphyton
assemblages in addition to being consistently dominant in phytoplankton assemblages in the
River Murray (Sullivan et al., 1988; Hotzel and Croome, 1996; Bormans and Webster, 1999). The
high abundance of Aulacoseira granulata is consistent with another periphyton examination from
a free-flowing site (Hattah) of the Mallee Tract (Treadwell, 2002).
Table 9. Most abundant periphyton taxa
Periphyton taxa

Contribution

Group

Aulacoseira granulata

55.7%

Bacillariophyceae

Anabaena torulosa

8.0%

Cyanophyta

Colothrix sp.

5.2%

Cyanophyta

Mougeotia sp.

5.2%

Chlorophyta

Tolipothrix distorta (50 µm fil.cm-2)

3.2%

Cyanophyta

Multivariate classification of the abundance data (3 replicates for each site/time were pooled)
revealed a distinct separation of the periphyton communities from August 2002 and March 2003
(Figure 31). The periphyton community at Boundary Bend in August 2002 was most different to
all other sites. The periphyton communities in weir pools and free-flowing sites were most clearly
separated in the summer period, and the separation was less distinct in winter when the Euston
weir pool site more closely resembled the free-flowing Iraak site than the other weir pool sites
(Figure 31).
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Figure 31. Dendogram of the periphyton communities across sites and times. W represents the
winter samples (collected August 2002) and S the summer samples (collected March 2003).

Abundances of Bacillariophyceae, Cyanophyta and Chlorophyta were each consistently higher in
the weir pools than the free-flowing sites for both August 2002 and March 2003 (Figure 32).
Bacillariophyceae was the most abundant group, particularly in weir pools, due to the dominant
Aulacoseira granulata. In August 2002, this species alone comprised 16% and 77% of the FF and
WP cell counts, respectively, and in March 2003 comprised 48% and 63% of the FF and WP cell
counts, respectively. Cyanobacteria and green algae were also more abundant in the weir pools
than the free-flowing sites at each time. The abundance of green algae remained relatively
consistent for a given site across time, whilst the blue green algae and diatoms were more
abundant in March 2003 than August 2002.

Periphyton Abundance
500000

cells.cm-2

400000
300000

Bacillariophyta
Cyanophyta
Chlorophyta

200000
100000
0
FF

WP
Aug-02

FF
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Figure 32. Mean abundance of the three dominant periphyton groups in free-flowing and weir
pool sites in August 2002 and March 2003. Error bars = ± 1 S.E.
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Macroinvertebrates
A total of 81,852 individual macroinvertebrates from 34 taxa were collected from artificial River
Red Gum substrates placed at two free-flowing and three weir pool sites in the Mallee Tract of the
River Murray from October 2001 – April 2003. The five most abundant taxa accounted for 96.7%
of the total abundance, with members of the Chironomidae (70.3%) and Oligochaeta (16.1%)
groups dominating the macroinvertebrate abundance in space and time (Table 10).
Table 10. Five most abundant macroinvertebrate taxa
Taxa

Abundance (% of total)

No. samples where present (of 105)

Chironomidae

57,564 (70.3%)

105 (100%)

Oligochaeta

13,140 (16.1%)

98 (93.3%)

Ecnomidae

4,064 (5.0%)

53 (50.5%)

Hydroptilidae

2,932 (3.6%)

74 (70.5%)

Atyidae (Paratya)

1,406 (1.7%)

74 (70.5%)

Temporal Trends

Multivariate classification of macroinvertebrate abundance across time (sites pooled) revealed a
seasonal change in macroinvertebrate communities; the January and April samples from the
warmer months were well separated from the October and August samples (August samples
collected in 2002 only) (Figure 33). The close grouping of the macroinvertebrate communities
from a particular time in consecutive years suggests that seasonal factors are playing an
important role in structuring the macroinvertebrate communities.
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Figure 33. Dendogram of the macroinvertebrate communities from the 7 sampling times from
October 2001 – April 2003.
Spatial Trends

The weir pool sites had a greater macroinvertebrate abundance and taxa richness than the freeflowing sites (Figure 34). Repeated measures ANOVAs revealed that macroinvertebrate
abundances at weir pool and free-flowing sites were significantly different to one another
(P=0.016) but did not differ significantly over time (P=0.153), whilst macroinvertebrate richness
differed significantly between weir pool and free-flowing sites (P=0.002) and over time (P=0.012)
(details in Research Report 5). Macroinvertebrate richness was greatest in the warmer months
(mean richness exceeded 6 taxa per sample in January and April samples) and lowest in the
August and October samples (mean richness less than six taxa).
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A. Macroinvertebrate abundance per substrate
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Figure 34. Mean macroinvertebrate (A) abundance and (B) richness per River Red Gum substrate
at the two free-flowing (FF, green) and three weir pool (WP, red) sites for the October 2001April 2003 sampling period. Error bars = ±1 S.E.

Multivariate classification of the macroinvertebrate communities was conducted at two different
scales (increasing complexity) to determine underlying patterns. The first analysis examined the
macroinvertebrate communities across the five sites with times pooled (5 sites x 34 taxa matrix).
The classification revealed a clear separation of the two free-flowing sites from the three weir pool
sites, with the macroinvertebrate communities at the Euston and Wentworth weir pools being
most similar (Figure 35).
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Figure 35. Dendogram of the macroinvertebrate communities at the five River Murray sites.

To examine whether the abundance of macroinvertebrates was dictating the spatial patterns, the
data set was converted to presence/absence and a classification again performed on the original
5 sites x 34 taxa matrix. The classification remained almost unchanged, demonstrating that the
groupings are primarily due to differences in taxa (rather than abundance) of the respective
macroinvertebrate communities (Figure 36).
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Figure 36. Dendogram of the macroinvertebrate communities (presence/absence) at the five sites
sampled.

Because the temporal results revealed a separation of the macroinvertebrate communities of the
warmer January and April times from the cooler August and October times, the data set was
separated. Sampling in January and April occurred when water temperatures were above 20oC,
whilst the August and October sampling occurred when temperatures remained below 20oC. The
Summer-Autumn period comprised 59 site-times and 29 taxa, and the Winter-Spring period 42
site-times and 23 taxa. A total of four site-times were identified as outliers and deleted from the
ordinations (outlier sensitive). These deleted samples were all from free-flowing sites and
contained very low abundances of macroinvertebrates (and when included in the ordination were
positioned furthest from the weir pool sites). The resulting ordinations (3-D) reveal a strong
division between the weir pool and free-flowing sites (Figure 37), particularly in the warmer
months. Multi-response permutation procedures revealed statistically that the weir pool and freeflowing sites were significantly different to each other during the Summer-Autumn (P<0.001) and
Winter-Spring (P<0.001) periods.

A

Stress = 0.17

B

Stress = 0.16

Figure 37. Ordinations of macroinvertebrate distribution in (A) Summer-Autumn and (B) WinterSpring for weir pool sites (red triangles) and free-flowing sites (green circles).

Dominant taxa in the weir pools included Oligochaeta, Acarina, Ostracoda, Nematoda,
Chironomidae (present also at free-flowing sites in lower abundance), Ceratopogonidae,
Ecnomidae, Palaemonidae and Atyidae. Those most represented in the free-flowing sites (albeit
in low abundance) include Empididae and Simulidae, whilst Caenidae was present at a similar
abundance at weir pool and free-flowing sites.
Indicator species were obtained by generating an Indicator Species Analysis in PC-Ord, with the
grouping matrix being a 4-group matrix of FF and WP at two different times (warmer and cooler
months as defined above). The three most significant taxa were selected (Chironomidae,
Oligochaeta and Ecnomidae) and these were also the three most dominant taxa across all sites.
Each of these taxa indicated a strong seasonal pattern of abundance; chironomids and ecnomid
caddisflies were most abundant in the warmer months and Oligochaeta was most abundant at the
August (winter) sampling time (Research Report 4).
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Littoral Vegetation
A total of 29 macrophyte species were recorded, and all major growth-forms were represented.
Weir pools were particularly rich in emergent macrophytes and in submerged macrophytes (Table
11). Free-flowing sites (Boundary Bend and Iraak) were generally poor overall. Having only a
few species per growth-form may limit the potential for structural complexity.
Table 11. Growth-forms of macrophytes
Emergent
Monocots

Emerging
Herbs

Floatingleafed

Freefloating

Submerged

All sites

12

1

3

3

10

Free-flowing sites

2

0

1

2

5

Weir Pool sites

12

1

3

3

10

Emerging herbs refers to smartweed Persicaria decipiens; the semi-floating milfoil Myriophyllum
caput-medusae is counted as floating-leafed; charophytes and small mud-flat amphibious
species Elatine elatinoides and Glossostigma cleistanthum are considered to be submerged, as
is Myriophyllum verrucosum.

Species richness (mean per quadrat) and percent foliage cover were generally lower at freeflowing sites compared with weir pool sites (Figure 38). The range for species richness was 0.13.5 per quadrat for free-flowing sites and 1.4 – 5.4 for weir pools, and for cover was 0.5-37% for
free-flowing sites and 12– 76% for weir pools.
Species Richness & Cover
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(quadrat mean)
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Figure 38. Relationships between Macrophyte Species Richness and Foliage Cover

The distribution of species richness and cover changes with elevation; accordingly, three
elevation zones are used here, being Dry (from +1.0 m to 0.2 m), Edge (0.2 m to 0 m) and Littoral
(0 m to –1.0 m).
In weir pools, species richness was highest in the Edge zone with approximately 4 species per
quadrat (Figure 39), but in free-flowing sites it was highest in the Dry zone (2-3 species per
quadrat) and very low in the Edge and Littoral zones (approx. 1 species per quadrat). A 2-factor
fixed (Model 1) analysis of variance with sites (n=5) and meander (n=2) showed that neither site
nor meander was a significant factor influencing species richness in the Dry zone. However,
meander was weakly significant for Edge and Littoral zones. Within the weir pools, meander is a
surrogate for water-level variability, with meander 1 being the tail of the weir pool with more
variable water level and transitional to the free-flowing environment, and meander 3 being closer
to the crest and with a more stable pattern of water level. Percent cover was higher in weir pools
than at free-flowing sites, particularly in Edge and Littoral zones (Figure 39). However, the lack of
significant effects of meander on species richness in the Dry Zone, and foliage cover in all three
zones, suggests that water level variability per se (i.e. as implied by the meander surrogate) is not
an influence on species richness and cover at these sites. Cover data, in particular, suggest a
high degree of heterogeneity, implying that multiple environmental factors are influential.
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Site and Elevation: Foliage Cover

Site and Elevation: Species Richness
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Figure 39. Species Richness and Cover. Species richness and cover (mean per quadrat) for three
elevations (Dry, Edge, and Littoral) at each of the sites (BB, EWP, IK, MWP and WWP).
Species Assemblages

The numerical classification of the 643 vegetated quadrats led to the delineation of 17 groups, 16
of which can be recognised in the field by the presence and cover of indicator species (Table 12).
No indicator species could be determined for one group, comprised mainly of floodplain herb
species.
Indicator Species: The reliability of an indicator species as a predictor of its group is conveyed
by its indicator score, with maximum reliability being a score of 100%. This study found that
indicator scores were high for aquatic macrophytes but generally low for floodplain herbs (3258%). Scores for emergent macrophytes were particularly high, with Phragmites australis,
Bolboschoenus medianus, Typha domingensis and Pseudoraphis spinescens being in the range
93-98% and other macrophytes such as Vallisneria americana, Ludwigia peploides, Potamogeton
tricarinatus and Myriophyllum verrucosum being in the range 77-85%. These values are partly
explained by the clump size of the macrophytes, which arises from their ramifying lateral growth
habit. Such high scores make it feasible to use these indicator species as relatively unambiguous
pointers to species groups. This is not possible for groups of floodplain herbs.
Elevation gradient: The 17 groups of quadrats fall into three elevation categories (Floodplain,
Transitional and Littoral) based on quadrat frequency (Table 12). These categories are described
below and the cover and species richness of the 17 groups is shown in Figure 40.


Floodplain Groups: above the waterline only (Groups A to G). Species richness is
relatively high (11-35 per group) but cover is relatively low (12-44%).



Transitional Groups: both above and below the waterline (Groups H to N).
Characterised by occurring across a much wider elevation range. Species richness is
slightly lower than for Floodplain groups (8-23 per group) and mean cover is slightly
higher (18-67%).



Littoral Groups: restricted to below the waterline (Groups O to Q). Species richness is
relatively low (3-16 species per group) but mean cover is high (56-82%).

The Transitional category reflects a diversity of ecological strategies and plant adaptations to
water regime as suggested by their respective indicator species. Three groups (Groups I, L and
M) occur across nearly the entire 2 m elevation range and evenly so. Group I, Phragmites
australis has a clonal rhizomatous growth, is tolerant of periodic submersion and can extend (by
growth subsidy) well above the water line. In Groups L and M, Ludwigia peploides and
Myriophyllum verrucosum are obligate aquatic plants, but are occasionally found above the
waterline in shallow pools or as stranded material on damp soils, typically following water level
recession. Group K (indicator Paspalum distichum) is also widespread but concentrated in the
Edge zone, just above the water line.
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Table 12. Quadrat Groups (% class) X Elevation

-0.8 to -1.0

-0.6 to -0.8

BELOW (m)
-0.4 to -0.6

SWASH
-0.2 to -0.4

EDGE

0 to -0.2

0.4 to 0.2

0.6 to 0.4

code

0.8 to 0.6

INDICATOR SPECIES

1.0 to 0.8

ABOVE (m)

0.2 to 0

Indicator species and frequency distribution of seventeen quadrat groups (coded A to Q) across
the elevation gradient from +1.0 m to – 1.0 m AWL (above waterline). Shading intensity
indicates relative frequency of quadrats within a group. Elevation of 0.2 to 0 m AWL is referred
to as Edge, and 0 to –0.2 m as Swash to recognise these distinct environments. The waterline
is at 0 m.
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Figure 40. Quadrat Groups: Group Cover and Species Richness. Mean cover (%) and number of
species ‘species richness’ for quadrat groups, not corrected for sampling effort. The three
elevation categories are indicated by arrows.
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Spatial Distribution: The quadrat groups show a complex distribution across the five reaches,
and at least five patterns can be identified (see Research Report 6). These are summarised
below.


Wide: recorded at all five sites, i.e. free-flowing and weir pools. Groups B, C and M.



Weir pool: recorded only in weir pools. Groups A, E, I, O and P; possibly also Q. None of
these are exclusive to just one weir pool, however Groups A, I, P and O were noted only
at Mildura and Wentworth weir pools, and not at Euston weir pool. Group Q should be
considered (it occurred only once at a free-flowing site).



Restricted: recorded at one site only, possibly undersampled. Groups H and N.



Upper river: recorded at three upstream sites (free-flowing and weir pool). Groups D and
J.



Middle river: occurring at the three middle sites (Euston weir pool, Iraak and Mildura
weir pool). Groups F and L. Group L occurred much less frequently in Mildura weir pool.

Water regime: The distribution of quadrat groups can also be interpreted in terms of water
regime, on the premise that weir pool crest is least variable and free-flowing sites are most
variable in water level. Examining the groups’ distributions to highlight water regime reveals this
strong environmental gradient (Table 13), described below.


Free-flowing sites: Transitional and Floodplain quadrat groups dominate, Littoral groups
occurring rarely. Almost no overlap with groups found in meander 3 (weir pool crest).
Includes two groups not recorded elsewhere (Groups J and H).



Weir pool tail: Floodplain, Transitional and Littoral groups occur. Group occurrence
overlaps strongly with both free-flowing and weir pool tail sites.



Weir pool crest: Floodplain, Transitional and Littoral groups occur, but with highest
concentration of Littoral groups. Includes three groups that were not recorded elsewhere
(Groups N, A, O).

Table 13. Quadrat groups X water regime
Frequency distribution of quadrat groups across three groups of meanders arranged by water
regime from most to least variable. Elevation groups are Floodplain (f-plain), Transitional (trans)
and Littoral (or aquatic, aqu). Sample size for each quadrat group is indicated in the right-hand
column. Note that Groups H, G, F, N, A and O are all small.

Alternanthera denticulata
Pseudoraphis spinescens
Myriophyllum verrucosum
Ludwigia peploides
Paspalidium jubiflorum
Epaltes australis
n.a.
Acacia stenophylla
Cynodon dactylon
Paspalum distichum
Potamogeton tricarinatus
Phragmites australis
Cyperus gymnocaulos
Vallisneria americana
Bolboschoenus medianus
Phyla canescens
Typha domingensis

Code

J
H
M
L
D
B
G
F
C
K
Q
I
E
P
N
A
O
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trans
f-plain
trans
trans
f-plain
f-plain
trans
f-plain
f-plain
trans
aqu
trans
f-plain
aqu
trans
f-plain
aqu

River
(B & I)
56
5
100
12
15
14
9
2
8
11
1
-

m1
m3
Weirpool Weirpool
(E&M&W) (E&M&W)
39
24
9
11
2
9
8
8
25
24
27
43
24
21
23
25
19
25
12
11
7

Number of
quadrats

INDICATOR SPECIES

Elevation
Group

SITES by water regime

56
5
139
37
24
25
11
11
24
60
71
45
48
44
12
11
7
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Species Environment Relationships

The influence of the environment on species distributions was explored in greater detail using
CCA. However due to incomplete data, this was restricted to a sub-set of species (22 macrophyte
and Edge species occurring below the water line) and quadrats (n=177 quadrats). The first three
canonical (environmental) axes accounted for 21% of variance in species cover. Based on
correlations between the 11 environmental variables, these axes and the distribution of species
along them can be interpreted as follows (see Figure 41 as a graphical example).
Axis 1 is a gradient of water quality and water level variability, of increasing water clarity and
electrical conductivity, through deposition of sediments in successive weir pools, corresponding to
a downstream sequence. Electrical conductivity is within the range recognised as ‘fresh’ for
aquatic plants. Water level variability also increases along this axis, and may be linked to water
velocity changes. Azolla spp., Ludwigia peploides and Myriophyllum verrucosum are positively
correlated with Axis 1. These species have their photosynthetic tissues either floating or trailing
on the water surface so are not influenced by turbidity; and are either not rooted or have flexible
stems so can maintain their leaves at the surface as water levels change. In contrast, Vallisneria
americana, a submerged macrophyte, is negatively correlated. This suggests that increasing
water level variability within the weir pool may favour the first three taxa but be detrimental to
Vallisneria americana.
Axis 2 is a gradient of changing substrate and water depth, with substrate becoming coarser as it
changes from clay to silt to sand, and water depth becoming shallower. NOx also decreases
along this axis but within a very narrow range. Bolboschoenus medianus and the charophyte
Nitella orientalis are positively correlated along this axis implying their cover is higher on sandy,
shallow sites. However, Nitella hyalina, Potamogeton crispus and Potamogeton tricarinatus are
negatively correlated, indicating their cover increases with depth, over clay-rich substrates. These
are all submerged and floating-leafed macrophytes, with short root systems but rhizomatous
habit.
Axis 3 is a gradient in incident solar radiation, ranging from most exposed and westerly sites
through to southerly sites potentially shaded from western sun. NOx decreases along this axis but
within a very narrow range. The two small mud-flat-semi-submerged species Elatine gratioloides
and Glossostigma cleistanthum, and the two common emergent macrophytes Phragmites
australis and Typha domingensis all correlate positively with this axis, indicating their cover is
positively influenced by open situations.
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Figure 41. Species-environment relationships for red milfoil Myriophyllum verrucosum.
Upper right: Symbols represent location of the quadrats on the first two canonical axes and are
scaled to show relative cover of this species. Below: Red milfoil Myriophyllum verrucosum
(MYRV_VER) is positively and significantly correlated (r = 0.64) with environment as represented by
Axis 1 of the canonical correspondence analysis, i.e. with decreasing turbidity, increasing conductivity
and water level variability. Left: It reaches highest cover at middle values of axis 2, indicating better
performance at medium depths on intermediate substrate textures.
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Discussion
Effects of weirs in the Mallee Tract
Weirs have altered the hydraulic environment of the river by creating weir pools where the greater
cross-sectional area of the channel has decreased the flow velocity. Water level variations have
been reduced through regular manipulations of the weir to maintain the upper pool level as close
to the designated full supply level as possible despite changing river flows. These hydraulic
changes have altered the water physico-chemistry, the riverbed sediments and the distribution of
biota within the Mallee Tract. The examination of multiple weir pool and free-flowing reaches has
revealed not only distinct changes within specific river reaches, but longitudinal patterns of
change along the Mallee Tract. In some respects, the weirs of the Mallee Tract are akin to a
series of filters as described by Walker (2003) for the Lower Murray. This is most pronounced
with the sedimentation effects of the weir pools, with the greatest deposition occurring in the
Euston weir pool (78 t.d-1) followed by the Mildura (46 t.d-1) and Wentworth (8 t.d-1) pools.
The strong positive correlation of nitrogen and phosphorus with the suspended solids means that
substantial quantities of nutrients are being deposited on the riverbed of the weir pools during
relatively low flows. This is supported from an examination of the riverbed sediments of the weir
pools, which are predominately fine particles (clays and silts), nutrient rich and high in organic
matter compared with the typically coarser (sand) sediments of the free-flowing sites. These
changes in the movement patterns of carbon, nitrogen and phosphorus may have implications for
riverine productivity. At the Euston weir pool, estimates of phosphorus and nitrogen deposition
rates over the study period are 43 and 54 kg.d-1, respectively. The estimated deposition of
phosphorus in the Euston weir pool alone exceeds by an order of magnitude the annual
phosphorus reduction target (1.1 - 1.6 t.y-1) entering the River Murray from the entire Mallee
catchment area as a result of irrigated horticulture and stormwater inputs combined (SMEC,
2001) and highlights the need for land and river managers to consider the effects of weirs in the
transport of nutrients from catchments. The nutrient rich sediments may supply phosphorus to the
water column (Webster et al., 2001) and promote blooms of cyanobacteria in the weir pools
(Bormans et al., 1997; Scholz et al., 2003; Whiterod and Meredith, 2003), an effect potentially
exacerbated by the high degree of thermal stratification occurring within the weir pools relative to
the free-flowing sites.
The greatest sequential increase in electrical conductivity (EC) occurred between the Iraak and
Mildura sites (i.e. within the Mildura weir pool), where extensive irrigated horticulture occurs
adjacent to the weir pool. This can likely be attributable to saline groundwater inflows given this
agricultural activity and the strong hydraulic connection between surface water and groundwater
in this region (SKM, 1999; McCarthy et al., 2004). Large increases in EC also occurred in the
free-flowing reach between Hattah and Iraak, where increases in water column nitrogen,
phosphorus and phytoplankton were also evident. Again, it is speculated that these salt and
nutrient inputs are being sourced from inflows of nutrient-rich groundwater (SKM, 1999).
A small (ca. 5%) but significant decrease in phytoplankton biomass occurred in the weir pools of
the Mallee Tract (particularly Mildura and Euston) but increased in the free-flowing reaches.
Multivariate analysis of the phytoplankton community showed that the greatest changes in
species composition occurred in the weir pools (particularly the Mildura weir pool) and not the
free-flowing reach examined. This result suggests that that weir pools were providing
unfavourable conditions to some species, such as diatoms, that are reliant on turbulent flows to
maintain their position in the water column (Hotzel and Croome, 1996; Bormans and Webster,
1999). Similarly, because the proportion of the water column available for photosynthesis is
considerably lower in the weir pools due to the greater depth (see Research Report 2 for details),
phytoplankton without an ability to control their buoyancy spend proportionally less time in the
photic zone and may be at a competitive disadvantage to cyanobacteria species able to control
their buoyancy. The progressive decrease in diatoms and progressive increase in cyanobacteria
along the study reach of the Mallee Tract provide supporting evidence for these mechanisms, and
are consistent with previously recorded decreases in Aulacoseira granulata along the Mallee
Tract (Sullivan et al., 1988; Hotzel and Croome, 1996).
Biofilm in the photic zone of the weir pools contained a greater total biomass and periphyton
biomass than comparable biofilm at free-flowing sites. These differences were consistent across
time with clear seasonal trends (greater biomass in warmer months) also apparent. The high
algal component is consistent with studies on biofilm in the weir pools of the Lower Murray (Burns
and Walker, 2000). Furthermore, the biofilms from the free-flowing reaches in this study were
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classified as heterotrophic based on their autotrophic index, which is in concordance with the
suggestion by Burns and Walker (2000) that biofilms in the Lower Murray were heterotrophic prior
to regulation but had become autotrophic (dominated by attached algae) in the weir pools. It is
speculated that flow velocity rather than changes in water level is primarily responsible for the
different quantities of periphyton growth between weir pool and free-flowing sites. This is based
on the observation that water levels at free-flowing sites remained relatively stable at times and
the periphyton biomass at these sites and times remained significantly lower than for the weir
pools. Cyanobacteria, green algae and diatom abundances were greater in the weir pools during
the warmer months. Multivariate analysis further confirmed the influence of season in structuring
the periphyton community, in addition to revealing longitudinal changes to the periphyton
community whose patterns are similar to that for phytoplankton. The diatom Aulacoseira
granulata dominated the periphyton assemblages at all sites and the finding is consistent with a
previous study at the free-flowing Hattah site of the Mallee Tract (Treadwell, 2002).
The greater periphyton biomass and total biofilm biomass in the weir pools is supporting greater
densities of snag-dwelling macroinvertebrates, which were 3½ times more abundant on the
substrates in the weir pools compared with the free-flowing reaches. The weir pool environment
was also taxonomically richer than the free-flowing sites, with dominant taxa being the generalist
feeders Chironomidae and Oligochaeta. Weir pool biofilms are likely providing greater habitat and
an increased food resource for macroinvertebrates. However, macroinvertebrate communities on
the riverbed may be predicted to be in low abundance and richness in the weir pools given the
recorded changes to the sediment composition and their likely anoxic condition.
Of the 29 macrophyte species recorded in the littoral zone of the Mallee Tract, all 29 were
recorded within the weir pools compared with only 10 in the free-flowing reaches. Percentage
macrophyte cover was also considerably greater in the weir pools than the free-flowing sites.
These results highlight the difficult environment for macrophytes in free-flowing regions, where
greater flow velocities and changing water levels support relatively fewer species. The results
demonstrate that the high species diversity and abundance is primarily an artefact of the weirs, as
suggested by Walker (2001) for the Lower Murray based partly on photographs of the river
channel prior to weir construction.

Flow velocity v Water level variation
Weirs can be considered to produce three physical effects: (1) Lower flow velocity, (2) Reduced
variations in water level, and (3) Physical barrier to the movement of fish and other biota. The first
two of these may explain the differences (physical and biotic) observed between the free-flowing
and weir pool sites of this study. Flow velocity and water level are normally related to one another
at a particular site, but in weir pools these effects can be separated (e.g. water level can remain
constant whilst flow velocity varies with changes in flow, for most in-channel flows). Considering
each effect separately allows the hydraulic factor that best explains the distribution of biota to be
determined. In turn, this allows a prediction of the change to that biota subjected to different weir
manipulations (which influence these factors separately), as discussed below.
The lower flow velocity in the weir pools is primarily responsible for the sedimentation of inorganic
and organic solids (and associated declines in total phosphorus and total nitrogen from the water
column), decrease in phytoplankton biomass and changed phytoplankton community, and
changed riverbed sediments, and probably also influences species and growth forms of
macrophytes. It is also likely that flow velocity is important in explaining the high periphyton
biomass of the weir pools as discussed above. Water level fluctuations are also clearly important
in structuring the composition of biofilms given their influence on the photic depth and potential
exposure of biofilms to drying. Water level fluctuations would be particularly influential on biofilm
in highly turbid conditions, such as the Lower Murray Tract, where the photic depth would be
small. Snag-dwelling macroinvertebrates are likely to be influenced by the biofilm composition
and therefore by both flow velocity and water level change.
Stable water levels in the weir pools contribute to the development of an abundant and diverse
band of macrophytes along the margins of the weir pools, and low flow velocities may also
facilitate this. Water levels also determine whether floodplain wetlands are inundated, the level of
groundwater in the floodplain and the degree of floodplain inundation. These effects are
summarised in Table 14.
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Table 14. Hydraulic mechanism influencing biota / ecological process.
Flow Velocity

Water Level

Sedimentation effects*

X

Sediment composition*

X

Phytoplankton*

X

Biofilm*

X

X

Macroinvertebrates*

X

X

Macrophytes*

X

X

Floodplain/Wetland Inundation

X

Groundwater

X

*Riverine

Seasonal Patterns and Consistency
Clear seasonal trends were evident in phytoplankton, biofilm and macroinvertebrate communities
in both years of the study, with communities from the same time in consecutive years commonly
being the most similar. The two years of similar low flows may have assisted in producing this
between-year consistency. It is probable that two years of considerably different flows (e.g. one a
flood year) would have produced different community structures. This would particularly be the
case for biofilms where a flood event may increase flow velocities and elevate the water level so
as to shift the photic zone. Phytoplankton communities also differ in flood years (Sullivan et al.,
1988) where increases in phytoplankton occur on a rising hydrograph, likely as a result of
resuspended resting stages, and decrease during periods of sustained high discharge. Seasonal
and year-to-year changes in macrophytes were not specifically studied here but it is likely that
floods interrupt or delay growth or even re-set successional sequences, and hence low flow years
followed by high flow years may result in different species groups. A longer time-scale is needed
to detect consistency in littoral vegetation.

Influence of Findings on Riverine Models
The effects of weirs highlighted in this study have important implications for riverine health, both
for the Mallee Tract in general and for the specific weir pool and free-flowing reaches. The
sedimentation of suspended solids in the weir pools of the Mallee Tract limits the longitudinal
transport of organic carbon and other nutrients to downstream reaches. The longitudinal transport
of terrestrial-derived organic material is considered an essential source of organic carbon in
driving food webs in downstream reaches according to the river continuum concept (Vannote et
al., 1980), and interruption to this transport by a weir or dam has been recognised in the serial
discontinuity concept (Ward and Stanford, 1983; 1995) and is of particular relevance in the Mallee
Tract. In contrast to these models, the flood pulse concept (Junk et al., 1989) highlights that
lateral inputs of organic material during floods are also critical in supplying terrestrial-derived
organic carbon to food webs of large floodplain rivers. Whilst this may be the case, the low (and
in-channel) flows during this study period (and for 6 of the past 7 years) has minimised these
lateral inputs, so organic carbon from upstream sources may be particularly important to lowland
river food webs at these times. The demonstrated influence of weirs in modifying this transport
may have large implications for river health.
An alternative model of riverine function, the riverine productivity model (Thorp and Delong,
1994), suggests that local autochthonous production by riparian vegetation and in-stream
macrophytes and algae is the most important source of organic carbon to the food webs due it
being more “assimilable” than terrestrial-derived carbon. The findings of our study suggest that
local autochthonous production is an important contributor of organic carbon to the main channel,
particularly in the weir pools with a high abundance of macrophytes and periphyton.
Phytoplankton may also be important producers of organic carbon as shown by Gawne et al.
(2002) for a free-flowing reach of the Mallee Tract. However, the importance of these in-channel
carbon sources to riverine food webs (both weir pool and free-flowing reaches) relative to
longitudinal, lateral and vertical (channel-aquifer) sources remains unresolved for this system.
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Drawdown of the Mildura Weir
The greatest water level change during the study occurred at the Mildura weir pool site where
complete drawdowns of the weir pool occurred for maintenance in 2002 and 2003 (and in 2001
prior to this study) to replace the weir trestles (McCarthy et al., 2004). The drawdown and refilling
events at Mildura were of large amplitude (3.5m) and short duration, and the rates of rise and fall
significantly exceeded those of naturally occurring floods. Ecological monitoring at Mildura and
downstream was conducted outside of these drawdown periods and as a consequence many of
the short-term changes in water quality, such as the increase in turbidity and electrical
conductivity (McCarthy et al., 2004), were not detected in this study. Notable differences in biotic
responses were also not evident in the sampling following these events, although the drawdown
required the early collection of biofilm in May 2002 at the Mildura site and prevented the biofilm
from being sampled in June 2003.

Applicability of Findings to other Weir Pools
Many of the findings of this report can likely be applied to other weir pools throughout the MurrayDarling Basin. The hydraulic changes that weirs create in the river are generally similar across
sites, but would differ in magnitude depending largely on the size of the weir (Harris, 2001). It is
the size of the weir that primarily determines the length of river influenced by the weir pool (for a
given channel gradient), the degree of sedimentation, evaporative losses, and the intensity of
thermal and chemical stratification (Harris, 2001). The hydraulic changes in the weir pools of the
Mallee Tract would be most similar to other large weir pools such as along the Lower Murray
Tract and Murrumbidgee River. These weirs undergo manipulations that maintain a stable water
level upstream of the weirs (unlike fixed crest weirs where water levels still undergo variations
with changes in flow) and their considerable size results in substantial decreases in flow velocity
within the weir pools.
The results of this study have highlighted the changes in biota in weir pools relative to freeflowing reaches. Similar changes have probably occurred at other weirs (e.g. Lower Murray)
although the specifics would likely differ between reaches depending on the original biota and
other aspects such as flow regime and climate. Along the River Murray alone there are important
differences between reaches due to tributary inputs. For example, the Mallee Tract is considered
to be ecologically distinct from the Lower Murray Tract which is influenced by the Darling River
(Walker, 1996a). The turbidity of the Darling River is generally high and this results in increases
of River Murray turbidity from a mean (± S.D.) of 30 (± 20) NTU at Merbein (upstream of the
Murray-Darling Junction) to 63 (± 59) NTU at Lock 9 (downstream of the Murray-Darling Junction)
(calculated from MDBC data from 1978-1997). This doubling in turbidity occurs because the
highly turbid Darling River contributes an average of 24% to the riverine flows downstream of
Wentworth (calculated from Maheshwari et al., 1993). These greater turbidity levels limit light
penetration through the water column and thereby reduce primary production relative to the
Mallee Tract. Hence, a particular change in water level in the Lower Murray may shift the photic
zone to a proportionally greater degree than for the less turbid Mallee Tract, except perhaps for
Euston weir pool. Inputs of other chemical compounds and different biota also contribute to
making the Lower Murray Tract ecologically distinct to the Mallee Tract, and the operation of the
Lake Victoria storage in the Lower Murray also influences river flow and water quality in this tract.

Ecological Responses to Weir Pool Drawdown
Although a drawdown of the Euston weir pool did not occur in this study, comparison between the
weir pools and free-flowing reaches provides information regarding the direction of change that
may occur as a result of a weir pool drawdown trial. However, responses are likely to be complex
and difficult to predict given the paucity of data for manipulations of this type and the variability in
drawdown amplitude, duration, rate of rise and fall, timing and frequency of drawdown (McCarthy
et al., 2001), and the variable tolerances and life histories of the biota. The following sections
provide information relating to the original objectives of the project relating to the measurement of
a drawdown event. Discussion of several drawdown scenarios is also made at the request of the
MDBC in the interest of information transfer, and several options for weir pool manipulations are
presented.

Experimental and Monitoring Principles
The family of BACI (Before-After-Control-Impact) designs is useful for examining effects of
environmental change (Green, 1979; Stewart-Oaten et al, 1986; Underwood, 1991, 1992, 1994).
This is particularly useful for weir pool drawdown manipulations because the events are typically
Effects of Weirs in the Mallee Tract of the River Murray

50

planned in advance and therefore should allow for the collection of baseline data prior to the
event. The strongest statistical BACI designs are those that incorporate multiple treatment and
multiple control sites to maximise statistical inferences. However, in most studies only a single
treatment site is typically available. In this case, multiple control sites would ideally be examined
with the single treatment site to generate an asymmetrical design whereby the variation between
control sites can be evaluated (Underwood, 1991). The inclusion of Reference sites also provides
advantages for an experimental design because they provide a condition against which the
direction of any observed change can be measured.
Maximising the robustness of an experimental design is limited by the availability of multiple
treatment and control sites, and logistics. Finding appropriate control weir pools that receive
similar flow conditions to the treatment weir pool is an important but difficult task. For example,
comparing weir pools in the Lower Murray and Mallee Tracts is not ideal given the Darling River’s
contribution of additional flows and highly turbid water. Consideration also needs to be given to
the Lake Victoria storage and the different flows (and water quality) along the River Murray due to
its operation. In this study, the 400 km study reach on the Mallee Tract was selected between the
tributary inputs of the Murrumbidgee and Darling Rivers to minimise flow differences between
sites; flow does, in fact, gradually decrease when progressing downstream due to extraction for
irrigation. This study has further highlighted longitudinal differences in biota along the Mallee
Tract. Littoral vegetation at the Euston weir pool, for example, differs considerably to the littoral
vegetation in the Mildura and Wentworth weir pools (Research Report 6). This finding has
implications for the original study design because Euston may not necessarily be the most
appropriate weir pool for a manipulation trial given that a similar control weir pool may not be
available.
Adopting a sampling design that accounts for longitudinal changes within the study reach is
important to elucidate real changes occurring within specific reaches. For example, sampling from
upstream to downstream along the Mallee Tract generally reveals an increasing electrical
conductivity due to saline inputs and evaporation. To examine specific change within each reach
it is important to sample upstream and downstream of the reach. The collection of replicate
samples from a sufficient number of field trips is important for capturing the spatial and temporal
variability, and also permits an assessment of heterogeneity at each site.

Weir Pool Drawdown Scenarios
“…[weir manipulation] trials are a step toward more sustainable management, but
occasional, ad hoc manipulations are bound to be less effective than programmed
sequences of manipulations. Restoration of a more natural flow regime would require
successive floods in appropriate seasons, with sufficient magnitude and frequency and
appropriate rates of rise and fall to promote effective biological responses. From there,
we may trust in the oft-repeated dictum to “let nature do the work”” (Walker, 2001).
This statement by Walker (2001) highlights the importance of the strategic implementation of weir
pool manipulations. Weir pool manipulations offer potential to restore elements of the natural flow
regime but recognising their limitations is important in assessing likely improvements to the
riverine environment.
Drawdowns of large amplitude are required to increase the flow velocity substantially. Drawdowns
of small amplitude (e.g. 0.5-1 m) in a weir pool that elevates the water level several metres may
therefore be expected to have only a small effect on biota / processes responding to flow velocity
(see Table 14), such as sedimentation effects, riverbed sediments and phytoplankton. However,
a drawdown of 0.5-1 m may provide some ecological benefit if wetlands linked to the weir pool
become isolated and are allowed to at least partially drain and dry. Groundwater changes may
also occur if the duration of the drawdown is sufficiently long.
It is recommended that for any drawdown manipulation the potential risk of soil and wetland
acidification be assessed. Elevated groundwater levels as a result of the weir pools may have
facilitated the accumulation of reduced sulfur compounds in sediments and produced acid sulfate
soils. When these become exposed to air through drawdown, the reduced sulfur compounds
(typically FeS; Sullivan et al., 2002) may react with oxygen and liberate acid. This process was
observed in a low-lying wetland (usually permanently inundated from the Mildura weir pool) as it
underwent a partial drying event. Direct inputs of Fe2+ and Mn2+ from the groundwater also likely
contributed to the acidification of this wetland where pH levels went from 7 to less than 3
(McCarthy et al., 2003).
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Staged Drawdown (Original Euston Drawdown Proposal)

The original drawdown design proposed for the Euston weir pool comprised a two-stage, stepped
drawdown and refilling lasting several months from autumn to spring (Figure 42). Water levels
were not necessarily prescriptive but a guide for the lockmasters to allow for natural rises and
falls in water level that occur as a result of changing river flow.

Original Proposed Drawdown at Euston Weir
Gauge (mAHD)
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1/12/02

1/11/02
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1/8/02

1/7/02

1/6/02

1/5/02

1/4/02

1/3/02

1/2/02

1/1/02
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Figure 42. Original 2 m stepped drawdown proposal for the Euston weir.

The proposed drawdown at Euston was timed to commence in late April following the peak
irrigation season. This also followed the Robinvale ski event and the Easter holiday period when
boating and camping activities along the weir pool are high. Lowering the water level prior to this
time in early summer would coincide with the natural period of low flow and represent most
closely the natural flow pattern, but is socially and economically problematic. The rate of
drawdown was selected as 7cm.d-1, as this approximated the natural rate of flood recession at
Euston (data not presented). A stepped response was incorporated into the design to allow bank
sediments to consolidate and to assess water physico-chemistry and groundwater responses
before lowering further.
A drawdown amplitude of 2 m was proposed to provide a considerable degree of bank exposure
and produce a significant change in the hydraulic conditions. The chances of creating an
ecological response are improved with greater drawdown amplitude, and only large amplitude
drawdowns will increase flow velocities substantially. The duration of the proposed drawdown
was over several months to maximise bank drying and organic matter accumulation on the bank
edges and shelves (to maximise productivity when rewetted) prior to returning the water level to
full supply level before irrigation demand increased.
Ecological benefits would likely occur in the floodplain (potential lowering of groundwater) and
Euston Lakes system, with in-channel drying of biofilms and vegetation occurring along the littoral
zone. Macrophytes most likely affected by the drawdown are Potamogeton tricarinatus,
Potamogeton crispis and Myriophyllum verrucosum (species group Q of this study). These
species and some emergent macrophytes would likely extend by rhizome or stoloniferous growth
and also establish further down the bank in the “new” channel and re-establish in the former site
when water levels return. A slow return and long drawdown duration are expected to give plants
time to germinate, establish and grow to a threshold size that would mean some would not be
drowned out.
Flexibility in drawdown design is important given the potential for winter-spring flooding during the
drawdown and refilling period. A flood event would end a drawdown study when water levels rise
naturally above the full supply level of the weir pool (ca. 50,000 ML.d-1) and the treatment weir
pool then resembles the control weir pools. However, a continuation of monitoring would be
valuable in this case given that it would provide important information relating to flood-induced
changes along the river. For example, it is predicted that the fine sediments in the weir pools
would become resuspended and thereby increase turbidity levels temporarily in the water column
whilst improving riverbed sediments. A continuation of monitoring would further our knowledge of
weir effects under different flow conditions considerably.
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Saw Tooth Option

The saw tooth design (Figure 43) involves a cyclical lowering and rising of the water level (e.g. ±
0.5 m) upstream of the weir. This design was conceived to provide regular inflows to some
backwaters along the Euston weir pool and potentially overcome some water access issues for
landholders. The design introduces variations in water level to the riverine environment but
achieves limited bank drying if cycled over short time periods. This may restrict the
transformations of nutrients in the sediments dependent on bank drying (Baldwin and Mitchell,
2000). If the periodicity of the cycles is short, germination and establishment may not occur, or
germination may occur with no establishment, both thus depleting the seed bank. If sufficiently
long for establishment, the growth of rapid-growing or opportunistic macrophytes tolerant of
periodic exposure and shallow water may be promoted. Examples include flood tolerant terrestrial
species at the uppermost part of the gradient such as non-native herbs and undesirable species
such as Xanthium; amphibious and mud-flat species further down the slope, such as smart
weeds Persicaria spp.; and the downward rhizomatous expansion of clonal emergent
macrophytes such as Typha and possibly Phragmites. Repeated cycling may also stimulate
germination but prevent establishment of some species and thereby deplete the seed bank. The
saw tooth manipulation would have little influence on increasing the flow velocity (unless
amplitude of water level change was large) and reducing sedimentation rates or phytoplankton
response.
The periodicity of the saw tooth design needs to be sufficiently great if wetlands connected to the
weir pool are to benefit, because rates of inflows and outflows from wetlands with inlet creeks will
be restricted and the cycle of lowering and rising may be too rapid to allow drying of the wetland
or even draining. The period of cycling also need to be long to allow effective macrophyte
establishment as for the main channel.

Saw Tooth Design
Gauge (mAHD)
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Figure 43. Saw tooth weir pool manipulation design.
Drawdowns of Small Amplitude and Short Duration

A drawdown of small amplitude (e.g. 30 cm) for a short time (e.g. 4 weeks) would likely provide
few ecological benefits to the riverine environment. Increases in flow velocity and changes in
water level would be small, and wind and boat-induced wave action would maintain a wetted
zone along the margins of the bank and limit bank drying. Biofilm periphyton characteristic of
stable weir pool conditions may also survive (depending on season) and rapidly respond when
resubmerged (Watts et al., 2003). However, benefits may be greater in shallow wetlands or
wetlands with low-gradient banks that are permanently connected to the weir pool. In these
wetlands, such as Dry Lake in the Euston Lakes system, a 30 cm drawdown exposes large areas
of the wetland (Research Report 7). If a 30 cm drawdown occurred over a longer period there
may be ecological benefits to the floodplain vegetation such as established River Red Gum
(Eucalyptus camaldulensis) and its regeneration. Under these conditions water tables may lower
and thereby reduce salt loading onto the floodplain in low-lying areas (although benefits to
vegetation may not occur until this salt is leached from the soil profile/soil surface with a flood).
Upon rising of the weir pool there may also be a reversal of groundwater flow with fresh water
moving into the water table and potentially benefiting vegetation reliant on this water source. A
decline in the health of River Red Gums along the weir pools of the River Murray (MDBC, 2003)
is a matter of concern and weir pools likely have a role in this. Elevated groundwater levels from
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the weirs may be contributing to this decline by reducing the capacity of the floodplain to store
water as a freshwater lens and thereby reduce the resilience of floodplain vegetation in dry years.
Variation Manipulations

Variation manipulations allow water levels to rise and fall over a defined range with changes in
riverine flow. Maintaining boards at a set level at the weir might achieve this. However, it remains
unclear whether the amplitude of water level change at the weir would reflect the water level
change in the free-flowing areas for given changes in flow, nor whether it is feasible for
lockmasters to operate weirs in this manner.
This type of manipulation may provide ecological benefits if banks (and potentially wetlands) are
given sufficient time to dry (see saw tooth design). Bank drying may be limited given that water
levels may rise and fall more erratically than the saw tooth design and may fluctuate within a
narrower range. However, the changes in water levels are at least partly driven by natural
changes in flows through changing rainfall patterns and tributary inputs, and may thereby provide
more natural cues and benefits to biota such as fish. Desiccation of biofilms may also occur. This
type of manipulation can also be incorporated into other drawdown and surcharge manipulation
strategies. This manipulation would have some success in reintroducing water level variation but
little influence on increasing flow velocity.
Surcharge Manipulations

Surcharge manipulations use the weir structure to elevate water levels above the designated full
supply level of the weir pool. These do not ameliorate many of the negative effects of weir
construction but are a tool for achieving overbank flow in some areas. Surcharge manipulations
increase the area of in-channel bank being inundated and potentially allow floodplain inundation
(or increase the area of floodplain inundation) when timed to occur with elevated river flows. At
Lock 5, for example, a surcharge of 0.5 m was conducted to coincide with an environmental flow
release from Lake Victoria (9,700 ML.d-1) to augment the peak flow in the River Murray of 32,000
ML.d-1. This surcharge had the benefit of increasing the water level immediately above the weir to
a level comparable to a 70,000 ML.d-1 flood, but with diminishing effect upstream. This resulted in
an increase in the area of floodplain being inundated upstream of the weir and ecological benefits
were reported (DWLBC, 2002). Each weir has a limited capacity for surcharge based on the weirs
capacity for holding additional boards (Ohlmeyer, 1991). Furthermore, the ability of the weir
structure to support the additional loading due to the greater hydraulic head is an important issue
that needs to be addressed. Overcoming these issues (potentially through the weir refurbishment
process currently occurring along the River Murray) would mean that these types of manipulation
hold promise for increasing the elevation of water in some areas and delivering environmental
flows to some of the ecological assets identified through the Living Murray process in the
absence of significant floods. For example, surcharge would elevate the water levels and
commence or increase water transfer into anabranches and creeks within the floodplain.
Limitations of surcharge trials are that the timing of the trial is often not fully within our control and
high flow events are required to achieve maximum benefit.
Combination Manipulations

A combination manipulation of drawdown followed by surcharge could also be employed in the
weir pools. This may increase the connectivity between the river, its banks and the floodplain, and
may allow for the draining of some wetlands prior to inundation. A manipulation event at Lock 8
on the Lower Murray utilised a design of this type where a drawdown occurred prior to a planned
surcharge event (Blanch et al., 1996). The drawdown and refilling event was successful but the
experiment was modified when a natural spring flooding event (peak 66,000 ML.d-1) resulted in
water levels exceeding full supply level in the treatment and control weir pools.
This type of design could be employed during low flow conditions or following significant rain
within the catchment. Given the travel times of flood pulses, the drawdown component could be
employed several weeks (or even months in the case of the Darling River) prior to the arrival of
floodwaters. Surcharge operations may increase overbank flow if timed to occur with flow spates
that are below the “pull-out” threshold for the particular weir. The limitations of conducting
drawdown and surcharge manipulations individually also apply for combination manipulations and
are discussed above.
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Frequency of Manipulations

Conducting a weir pool manipulation in isolation may produce a different response in some biota
than a series of manipulations over several years. For a drawdown event, it is probable that the
response of water quality, sediment and nutrient transport and phytoplankton would be similar for
a single manipulation as for a series of manipulations, because these ecological subjects are
largely flowing into the weir pool from upstream and are subject to the local conditions at that
time. However, more sedentary and longer-lived biota such as macrophytes might show little
change during the first manipulation but could require several years for a new community to
develop to the changed flow regime. Biotic communities reliant on this macrophyte-rich littoral
zone, such as fish and invertebrates, may therefore also take several manipulation events to
stabilise as a result of a changing macrophyte community.
A series of manipulation events over a longer time frame would be important for permanently
inundated floodplain wetlands to regain some of their ephemeral character. Allowing wetlands to
undergo a drying phase by conducting drawdown manipulations over a series of years may allow
new invertebrate, fish, and algal communities to become established and increase the
productivity of these wetlands over time. Drawdown and surcharge manipulations over a series of
years may also allow new wetland and floodplain vegetation to develop.

Optimal Drawdown Scenario
The MDBC has requested that the Project Team provide an optimum drawdown scenario, and
three options are presented. Designing a drawdown manipulation is not a simple task given the
multitude of potential changes that may occur. Some biota may benefit from a trial whilst others
may become displaced. The changes and their magnitude will also depend on the amplitude,
duration, timing, frequency, and rates of rise and fall of the manipulation (McCarthy et al., 2001).
Also, the riverine environment and weir pools need to be considered in a holistic manner because
a benefit in one weir pool may result in increased degradation to the next weir pool downstream.
An example from this study suggests that a reduction in the sedimentation of suspended solids at
the Euston weir pool will likely result in increased sedimentation in the Mildura weir pool.
Despite these uncertainties, several postulates can be made regarding the regimen of weir
manipulation events required to produce major ecological shifts.
Amplitude: Needs to be sufficiently large to produce considerable increases in in-channel flow
velocity and bank exposure (for drawdown) and achieve bank wetting/floodplain wetting (for
surcharge) (e.g. 0.5+ m).
Duration: Needs to be sufficiently long to allow desiccation of sediments and biofilms (drawdown;
e.g. 4+ weeks) and provide bank/floodplain/wetland inundation (surcharge; e.g. 2+ weeks).
Timing: Needs to mimic the seasonal changes of the natural flow regime so as to maximise the
ecological response (e.g. drawdown in summer/autumn, surcharge in spring).
Frequency: A series of manipulations may be required to achieve sustained biotic responses,
particularly for floodplains and wetlands (e.g. repeated over consecutive years / actions triggered
to riverine flows).
Rates of rise and fall: Should not exceed natural rates of rise and fall for the area being studied
(obtained from early local hydrograph records).

Option 1: Drawdown Trial
Conducting a drawdown trial similar to that originally proposed for the Euston weir would allow
the original objectives of the study to be examined. If conducted at Euston, the two years of
baseline data (included in this report) can be utilised in the trial. A detailed assessment of the
social and economic issues that have been identified from the project could also be made.
Predicted ecological costs and benefits of a drawdown trial have been discussed above.
The many and varied social, economic and political obstacles identified in the early consultation
phases of this project (not included here) would need to be addressed for this trial to succeed and
receive community support. Furthermore, a sequence of trials, rather than a single isolated event,
may be necessary in order to ascertain longer-term costs and benefits of this type of
manipulation.
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Option 2: Lower the full supply level of a weir pool over the longer term
It is likely that lowering the full supply level of a weir and maintaining this level for a long time
period (e.g. a year) would provide more sustained ecological benefits than a single manipulation
for part of the year. A manipulation of this type would facilitate an investigation of in-stream,
groundwater and floodplain responses over a longer term under a flexible adaptive management
framework. It could also utilise the information obtained from this study if conducted in the Mallee
Tract.
This strategy recognises the limited ability of small drawdowns to significantly change the flow
velocity within a weir pool (and hence the sedimentation dynamics). Instead, it targets water level
variations and the benefits that these may provide to the floodplain and wetland environments
(Tables 14 & 15). Weirs elevate groundwater levels in the floodplain, and in low-lying areas this
has resulted in salt accumulation on the soil surface through direct expression and capillary
action. Elevated groundwater levels also reduce the area of the soil profile unaffected by the
water table and thereby restrict the root zone of terrestrial vegetation, and potentially the holding
capacity of freshwater lenses following flooding. These changes are contributing to the decline of
floodplain vegetation such as River Red Gums (MDBC, 2003) and Black Box, and require further
investigation. A decrease of 0.5-1 m in the full supply level of a weir pool for an extended period
of time (i.e. a year) would allow the groundwater dynamics to be examined along with floodplain
vegetation health. Groundwater dynamics in the floodplain are not well understood and
manipulations of this type would allow for detailed studies. A decreased water level would also
allow some wetlands permanently connected to the weir pool to undergo a full or partial drying
phase. The risks of salinisation and potentially acidification (e.g. McCarthy et al., 2003) of the
wetland would be reduced under these conditions due to the likely lowering of the groundwater
levels in unison with the surface water.
Elements of the variation manipulation can also be incorporated into this design. For example,
lowering the full supply level by 0.75 m for a year and allowing for fluctuations above this level
with changes in riverine flows would provide more natural cues to biota than maintaining a new
stable water level by regularly manipulating weir boards. This feature would also increase the
fluctuations of the photic zone and allow for changes to biofilm through both light limitation and
desiccation. Macroinvertebrates may be predicted to change in response to the biofilm.
Macrophytes may also change in the weir pools, and this change may be considered to be more
gradual than what may occur for a 2 m drawdown event.
Many of the social and economic issues identified at Euston weir pool (see Option 1) would need
to be addressed with this type of trial. Some weir pools contain comparatively fewer pumpers and
overcoming water access issues would be easier in some weir pools than others (Ohlmeyer,
1991; Jensen and Nicholls, 1997; Jensen et al. 1997). An important issue with this type of
manipulation is the likely difficulty in navigation in the upper reaches of the weir pool, and this will
be dependent on the location of the weir pool and flow. Also, consideration needs to be given to
likely salt inflows from the groundwater system and potentially from wetlands that may drain.
Lowering the water level would result in a reduction in groundwater levels and increased
groundwater inflows into the river (e.g. McCarthy et al., 2004).
Saline inflows may be perceived negatively, despite the potential benefits that a lowered water
table in the floodplain may provide for vegetation communities. Managing saline inflows within
thresholds is therefore important, and one method of achieving this may be to implement a
drawdown in stepped manner (e.g. 0.25 m increments). This would allow a flexible approach by
reviewing salinity changes before proceeding further. The rates of groundwater inflow and
groundwater level change will largely be dependent on the impedance (connectivity) between the
groundwater and surface water systems (determined primarily by soil composition). It is likely that
benefits to floodplain vegetation may not occur until deposited salt on the floodplain and in the
soil profile is “flushed” from the system following floodplain inundation. This option, therefore, is
predicted to deliver benefits over both the short (e.g. wetland drying) and long term.
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Option 3: Surcharge Trials
Surcharge trials offer considerable advantages to improve the ecological condition of the inchannel and floodplain environment, as discussed above. These trials do not ameliorate some of
the negative effects of weirs by reducing groundwater levels or allow a drying phase to
permanently inundated wetlands. However, surcharges may improve floodplain condition by
providing fresh inflows into wetlands (permanent and otherwise), flushing surface salt from the
floodplain, leaching salts from the soil profile and refreshing freshwater lenses. These trials may
be most effective when timed to coincide with other high flow events (e.g. DWLBC, 2002), but are
limited to weirs where surcharge is possible (Ohlmeyer, 1991; Jensen and Nicholls, 1997; Jensen
et al. 1997). These trials offer potential to restore a more natural frequency and duration of
overbank flow to some floodplain areas that receive less inundation due to water extraction
upstream.
A summary table of the different weir manipulation scenarios presented in the Discussion, and a
guide to some of the estimated ecological responses arising from these trials, is presented in
Table 15. The terms minimal, small, moderate and considerable have been adopted in most
cases to indicate the relative magnitude of the expected ecological response. In compiling this
table it is assumed that current conditions do not change, such as major floods, changes in weir
pool operating procedures, construction of Fishway, pollution events, or major recreational events
such as water-skiing competitions. It is also assumed that there are wetlands connected
permanently to the weir pool being manipulated (although the number of such wetlands will be
site specific).
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Table 15. Guide to ecological changes expected from a range of weir pool manipulations
2 m staged drawdown
lasting several months

Sawtooth Design

Small Amplitude
& Short Duration

Amplitude of water level
change

2 m drawdown

1 m drawdown

0.3-0.5m drawdown

Timing

Autumn-Spring

Autumn-Spring

Duration

~5 months

Frequency per annum

Once

Flow Velocity

Small-Moderate increase

Wetting/Drying of
wetlands and in-channel
banks

Considerable channel bank and
wetland drying

Water Physico-Chemistry

Small-moderate reduction in
stratification potential, saline
groundwater inflows possible

Sedimentation
Groundwater

Surcharge

Variation manipulation

Combination (drawdown
& surcharge)

Option 2 (0.75 m
drawdown for a year)

0.5m Surcharge
0.5-2.0m Drawdown
(Range 2.5m max)
Autumn-Winter drawdown,
Spring surcharge
2 months + for drawdown, 48 weeks surcharge
Once

0.5-1m

Water Regime Changes

Autumn-Winter

0.5m surcharge
Possibly overbank flooding
dependent on flow at time
Winter-Spring

Similar to freshes in freeflowing section, but dampened
(estimated 0.5m)
All year outside flood times

Ca. 1 month cycles
for 3+ months
Repeated cycles
once per year

1 month

4-8 weeks

Once

Once or as needed to achieve
minor overbank flooding

All year outside flood times and
responsive to changes in flow
All year

Minimal change small increase
Moderate bank /
wetland drying
dependent on
periodicity of cycle
Minimal change

Minimal change

Minimal change

Minimal change

Minimal bank /
wetland drying

Minimal (low flow) to
moderate (high flow) wetting of
dry sediments

Minimal change

Minimal change

Potential nutrient inputs from
wetting of dry sediments

Minimal change

Small-moderate decrease
Considerable decrease in
groundwater levels

Minimal change
Minimal change

Minimal change
Minimal-Small
decrease in
groundwater levels

Minimal change
Small increase but recharge of
freshwater lenses if floodplain
inundation occurs

Minimal change
Minimal change

Phytoplankton
(community change)

Moderate decreased probability
of cyanobacterial blooms

Minimal change

Minimal change

Minimal change

Minimal change

Biofilm: desiccation and
changed composition

Considerable drying of biofilm
and change in community
composition and shift in photic
zone

Small-Moderate
changes in biofilm
community

Minimal-Small
change in biofilm
community

Small change in biofilm
community and establishment
on new substrate

Small change in biofilm
community

Macroinvertebrates on
snags

Considerable potential to alter
macroinvertebrate community

Small-moderate
change

Minimal-small
change

Minimal-Small change

Small change

Littoral Vegetation
(response in vertical
distribution after 3-5
years)

Overall reduction in vertical
extent of emergent and
submerged species

Reduction of upper
limit of submerged
and floating-leaf
macrophytes

Minimal change

Phragmites may extend further
up bank

Riparian Trees after 3-5
years

Potentially decrease stress to
trees where groundwater levels
have been elevated

Minimal change

Minimal change

Moisture re-charge likely
results in growth pulse in trees
& ground covers; possible soil
surface freshening in saltaffected areas.

Emergent species may extend
upper limit; establishment of
new stands of emergents may
accelerate (greater overall
abundance)
Minimal change

All year
All year
Once

Physical Responses
Small-Moderate increase
during drawdown
Considerable bank and
wetland drying and rewetting

Small-moderate reduction in
stratification potential and
saline groundwater inflows
possible during drawdown
Small-moderate decrease
Moderate-considerable
decrease in groundwater
levels

Small increase
Moderate drying of banks
and wetlands over longer
term
Small reduction in
stratification potential

Small decrease
Moderate decrease in
groundwater levels for
sustained period

Biotic Responses
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Moderate decreased
probability of cyanobacterial
blooms during drawdown
Considerable drying of
biofilm and change in
community composition

Considerable potential to
alter macroinvertebrate
community
Reduction of upper limit of
submerged and floating-leaf
macrophytes

Potential for minor decrease
in stress to trees where
groundwater levels have been
elevated.

Small decreased
probability of
cyanobacterial blooms
Considerable drying and
change in biofilm initially
but stabilising unless some
water level variation
employed
Considerable change in
macroinvertebrate
community
Downward shift of species
at differing rates

Increase on rooting depth
for riparian trees expected
to increase canopy growth
where groundwater levels
have been elevated
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Conclusions and Recommendations
This study has highlighted some of the effects of weirs in the Mallee Tract through a comparison
of weir pools and free-flowing reaches of river. Some of these effects may be perceived as
ecologically beneficial, such as the establishment of a productive littoral zone that is macrophyte
rich, structurally complex and providing habitat that likely supports greater invertebrate and fish
communities. These benefits need to be balanced against the negative effects of weirs such as
the permanent inundation of wetlands and loss of productivity, the elevated groundwater levels
and salt loading in the floodplain, the interruption of sediment and nutrient transport, altered
phytoplankton communities, the increase in occurrence of cyanobacteria blooms in weir pools,
and physical barriers to biota such as fish.
Weir manipulations are river restoration measures that have potential to return at least part of the
natural flow regime, although their ability to do this is largely dependent on the amplitude and
duration of water level change. The research undertaken in this project has improved our
knowledge of the effects of weirs, particularly for the Mallee Tract of the River Murray, and has
been important and necessary for justifying weir pool manipulations and predicting potential
changes that may occur during a drawdown manipulation. Many social, economic and political
issues with conducting a weir pool manipulation trial were highlighted during this study, and these
require resolution if weir manipulation events are to receive community support and succeed.
It is recommended that a weir pool trial occur in order to examine the ecological responses of
drawdown or surcharge. Several options have been presented in the Discussion. Whilst it is
difficult to predict the full costs and benefits that drawdown manipulations may provide given the
absence of dedicated trials, a trial (or sequence of trials) is nevertheless required to test
hypotheses and ideas. Trials that remain flexible and that incorporate a staged response with
acceptable trigger thresholds (e.g. salinity) will allow negatively perceived responses such as
increasing salinity to be managed.
It is also recommended that further work be undertaken to examine effects of weirs on other
biota, including Murray Crayfish, fish, snails and mussels. These animals were not examined as
part of this study but are considered to have suffered declines due to the presence of weirs. As
this study highlights, the Mallee Tract offers both weir pool and free-flowing reaches in which to
examine whether weirs or other aspects of river regulation are responsible for these documented
changes. Details of proposals for future work, including for these animals, have been included.
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Project Outputs
Outputs relating directly to the project include:
McCarthy, B., Wilson, G. and Gawne, B. (2001). Issues Paper: Development of Experimental
Design and Monitoring for a Weir Drawdown Trial to Determine the Nature of Ecological Benefits,
Strategic Investigation and Education Program, Murray-Darling Basin Commission.
Euston Weir – trial drawdown (A4 information brochure). Produced by the Project Team including
Paula D’Santos (NSW Murray Wetlands Working Group), Bernard McCarthy (MDFRC) and Ben
Gawne (MDFRC) for inclusion in information packs that were sent to landholders and other
community members along with a questionnaire.
Community Consultation Summary. This was an internal MDBC document detailing the
community consultation process undertaken by the Project Team from July - November 2001 and
included questionnaire responses to the proposed trial.
McCarthy, B. (2001). Drawdown of the Mildura Weir Pool 2001: Salinity and Water Chemistry
Responses. Oral Presentation at Australian Society for Limnology, Moama.
McCarthy, B. (2002). Drawdown of the Euston Weir Pool 2003: Pre-event biofilm results. Oral
Presentation at Australian Society for Limnology, Margaret River.
McCarthy, B., Meredith, S. and Gawne, B. (2003). Impacts of weirs in the Murray River, Australia.
Poster at Ninth International Conference on River Research and Applications, Albury.
McCarthy, B., Ellis, I. and Gawne, B. (2004). Drawdown of the Mildura Weir Pool 2001, 2002 &
2003: Water Quality Responses. Murray-Darling Freshwater Research Centre, Mildura. Report
8/2003.
McCarthy, B. (2003). Effects of weirs on macroinvertebrates in the Mallee Tract of the Murray
River. Oral presentation at Australian Society for Limnology, Warrnambool.
Roberts, J., Williams, D. and McCarthy, B. (2004). Heterogeneity in littoral vegetation of weir pool
sin the Mallee Tract of the River Murray, south-east Australia: implications for a large-scale
restoration experiment. Oral presentation at 7th International Wetlands Conference, Utrecht, The
Netherlands, 25-30 July 2004.
Wilson, G. (2001). Weir pool drawdown as a management option for the Murray. In The
Proceedings of The Way Forward on Weirs, Inland Rivers Network, pp. 77-87.
Mapping of Euston Weir Pool and Mildura Weir Pool by HydroMap, SA Water, 2002
Various presentations by Bernard McCarthy and Ben Gawne to government agencies and
community groups.

Related work conducted as part of the study (but not undertaken by the Project Team) includes:
R2127: Euston Weir Trial Drawdown Project Communication Strategy incorporating a
Communication Implementation Plan (conducted by Firestarter Communications, Mildura), 2002.
R2128: Assessment of impact on river uses arising from drawdown of Euston Weir Pool. Sinclair
Knight Merz, 2004.
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Future Project Ideas
Whilst the current project has highlighted many effects of weirs in the Mallee Tract of the River
Murray, knowledge gaps remain and new questions have arisen. For example, little remains
known of the habitat preferences of large and small fish along the hydraulic gradients created by
weirs, or of the littoral and benthic macroinvertebrates including Murray Crayfish, river mussels
and snails. How abundant are these species in the weir pools and free-flowing reaches of the
Mallee Tract? Are weirs specifically responsible for their documented demise in the Lower Murray
or are other aspects of river regulation (such as reduced flows due to diversion of water
upstream) primarily responsible? As this study shows, the 450 km Mallee Tract provides an ideal
experimental site at which to address questions of this type due to the presence of free-flowing
reaches interspersed with weir pools.
There is also much scope for conducting weir manipulation experiments to determine whether
these actions can deliver ecological benefits to the river channel and floodplain. Weir
manipulation options have been reviewed in the Discussion and have not been included here.
In addition to the several weir manipulation options provided in the Discussion, a further six future
project ideas have been proposed to address knowledge gaps identified by the Project Team.

1. Sediment and nutrient transport in weir pools under different flow conditions
The Problem: High sedimentation rates occurred in the weir pools of the Mallee Tract during this
study, as reflected in the fine, nutrient rich sediments on the riverbed. This change to the
longitudinal transport of sediments and nutrients has important implications for river health
because it alters the pathway of nutrient transfer to downstream reaches. Further, the fine
sediments being deposited into the weir pools may cover the riverbed and reduce the complexity
of benthic habitat, potentially impacting on biota as well.
What is the source of this sediment, and what is its fate after being deposited into the weir pools?
We hypothesise that the sediments becomes resuspended when discharge and flow velocity
increase during flood events, contributing to elevated turbidity levels in the surface waters.
Sedimentation rates on the floodplain may therefore increase over the longer term. It is predicted
that sites in the downstream reaches of the Mallee Tract would contain higher turbidity levels than
in the upstream reaches due to this re-suspension. This is potentially a significant issue because
elevated turbidity may have negative impacts on some biota, such as the damage to the gills of
fish and crayfish. Furthermore, it remains unclear whether the material on the bottom of the river
is rich in pesticides or heavy metals, given that these pollutants are associated with sediment
particles. This would be a further area of investigation and would be comparable with the
sediment contaminant monitoring being conducted by the Murray-Darling Basin Commission at
other sites on the River Murray. An examination of weir pool sediments prior to the next flood
would be timely given the considerable deposition that has occurred during the extended low flow
period.

2. Examination of Murray Crayfish in weir pools and free-flowing areas.
The Problem: The Murray Crayfish (Euastacus armatus) has suffered a significant decline in its
abundance and range along the River Murray. This icon species has commonly been referred to
as “extinct below Mildura”, which geographically is the start of an uninterrupted sequence of weirs
and weir pools to the sea. It is hypothesised that weirs have contributed to the demise of the
Murray Crayfish. The mechanisms responsible have been speculated upon but remain unclear.
This is largely due to a lack of information regarding the distribution of the Murray Crayfish in the
first instance, and limited research into potential mechanisms responsible for its demise. This
may be partly due to the Murray Crayfish being an invertebrate and it being eliminated from fishbased research funding despite it being targeted as an important recreational fishing species.
Potential causes for the demise of the Murray Crayfish may be changes to the sediment
characteristics on the bottom of the river (Euastacus spp. prefer fast flowing and low turbidity
streams), changes to the food resources due to the increased algal component of biofilm in the
photic zone, reduction in flow velocity in weir pools, or changes in water quality such as reduced
oxygen levels at the riverbed in weir pools during low flow periods. It is also possible that adverse
water quality conditions in parts of the River Murray resulted in the elimination of this species
from many areas and recolonisation has been prevented by the locks and weirs along the river.
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The re-introduction of the species to many areas may therefore be possible, as was suggested
following the reintroduction and survival of caged individuals in a weir pool in South Australia
(Geddes et al. 1993).
A preliminary survey of Murray Crayfish along the Mallee Tract and part of the Lower Murray is
being funded and conducted by MDFRC, Mildura in 2004. One output will be a distribution map
for the species in the Mallee area. It is expected that this important first survey will provide insight
into habitat preferences that will form the subject of future investigations pending additional
funding. An aim over the longer term may be to successfully reintroduce this species to areas of
the River Murray where it is locally extinct.

3. Examination of benthic and littoral macroinvertebrates in weirs and free-flowing areas
The finding that snag-dwelling macroinvertebrates were more diverse and 3.5 times more
abundant (per area of substrate) in weir pools than free-flowing areas reveals that weir pools
have created an environment that favours these macroinvertebrate groups. It is hypothesised that
the macrophyte-rich littoral margins of the weir pools would also create greater habitat complexity
than the free-flowing areas and thereby sustain a greater abundance and diversity of
macroinvertebrates. However, this may not be the case for benthic macroinvertebrates due to the
sedimentation effects observed in the weir pools. In addition to the Murray Crayfish detailed
above, the river mussel Alathyria jacksoni has been documented to have reduced in abundance
and range as a result of weirs and the low flow velocities in the Lower Murray, and been
displaced by the mussel typical of wetland environments Velesunio ambiguus (Walker, 1990).
Furthermore, the disappearance of snails from the Lower Murray has been attributed to the
reduced water level fluctuations of weir pools and the consequential changes to biofilm
composition (Sheldon and Walker, 1997). If this is the case, an examination of the free-flowing
regions may reveal populations of these individuals where flow velocities remain relatively high
and water levels continue to fluctuate over relatively high ranges compared with the weir pools.
We propose further investigations of the macroinvertebrate communities in the free-flowing and
weir pool areas to examine the distributions of river mussels, snails and other macroinvertebrate
groups.

4. Examination of fish in weir pools and free-flowing areas
The Problem: Large knowledge gaps exist on the distribution of fish (large and small) in weir
pools and free-flowing areas. The Mallee Tract offers important advantages in this regard
because fish are able to move unhindered between weir pool and free-flowing environments.
Hence, it may be predicted that a particular species would select a particular hydraulic
environment and provide insights into habitat preferences between fish. A preliminary
electrofishing survey in the littoral margins of the Mildura weir pool and at Iraak revealed a greater
abundance of carp and goldfish in the weir pools, with a greater number of Murray Cod being
recorded at the free-flowing Iraak site (B. McCarthy and A. Conallin, unpublished data).
Furthermore, Bony Bream were much more abundant at the free-flowing site. This survey also
examined different parts of the river channel at each site (inside bend, outside bend, straight) and
revealed considerably different fish groupings, with carp and goldfish being most abundant, and
Golden Perch and Murray cod least abundant, on the inside bends. A survey of larval fish in the
Mildura weir pool and at Iraak is currently being undertaken by MDFRC.
It is proposed that more detailed research be conducted to examine the effects of weirs on both
large and small fish communities. It is predicted that the macrophyte-rich littoral margins would
provide an important nursery area for fish and support an abundant and diverse small fish
community.
A further research idea is to investigate the role of weirs in the documented decline of Silver
Perch (Bidyanus bidyanus) and Freshwater Catfish (Tandanus tandanus). As detailed above, the
contribution of weirs (as opposed to introduced fish species and other changes to the flow
regime) can be investigated in the Mallee Tract region due to the presence of weirs and freeflowing areas. If weirs are implicated in the decline in abundance and range of these species, the
probability of locating these species in the large free-flowing section of river upstream of the
Euston weir may be greater compared with the weir pools.
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5. Macrophytes and their contribution to the carbon cycle
The Problem: Emergent macrophytes are among the most productive (net per annum) plants,
and weir pools in the semi-arid zone provide ideal growing conditions for emergent macrophytes
as demonstrated in this study. But what is the fate of the organic matter they produce, and how
does this determine ecological characteristics of weir pools?
Stable isotope studies in billabongs in the 1980s and 1990s could not detect the fate of
macrophytes in food webs, so concluded that they did not make a contribution. More recent
research suggests that these macrophytes are entering the food web and the ideas from the
1980s and 1990s are being revisited. The role of macrophytes in the carbon flow-path should be
investigated and should include a comparison of the flowpath in weir pools (where organic inputs
are apparently macrophyte dominated) with free-flowing reaches (where the inputs are dominated
by River Red Gum litter), and linked to change in macrophyte populations in these areas.

6. Risk assessment of exotic macrophyte colonisation
The Problem: The macrophytes recorded in this study of the Mallee Tract (and from previous
studies of the Lower Murray) highlight the dominance of native macrophytes within the weir pools.
Given the favourable conditions of weir pools for macrophyte establishment and growth, it is only
a matter of time before a non-native macrophyte or noxious weed becomes established in these
regions. One potential candidate is Sagittaria, an emergent broad-leaf macrophyte that is
expanding its range.
A risk assessment is proposed to scope the potential for exotic macrophyte establishment, with
an investigation of the consequences if an exotic plant becomes established. The implications of
this are large given that Barren Box swamp was closed as a result of a Alligator Weed,
(Alternanthera philoxeroides) a noxious aquatic plant, becoming established.
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