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National Water Commission
Water-dependent ecosystems position statement
Water-dependent ecosystems in Australia
Water-dependent ecosystems include wetlands, floodplains, riparian areas, estuaries and
springs. They provide many important services including provision of good quality water for
irrigation and domestic use, habitat for fish and other aquatic fauna and flora, removal of
wastes and contaminants, and aesthetic, cultural and recreational benefits. Without
adequate and timely water these ecosystems lose their capacity to provide such services. In
some cases, the losses may be irreversible; in others, they may be difficult and costly to
reverse. Under current conditions, many significant water-dependent ecosystems are under
threat.
Commitments under the National Water Initiative to water-dependent ecosystems
Striking a balance between water for consumptive uses and water for ecosystem health—so
that environmental, social and economic outcomes are optimised—is integral to the National
Water Initiative Agreement. Water planning is the fundamental means for achieving this
balance. Overallocated water systems need to be restored to environmentally sustainable
levels of extraction; in other systems, crucial environmental assets and ecosystem services
need to be protected.
The National Water Initiative calls for:
 environmental water to enjoy the same security as water for consumptive uses
 environmental water managers to be established and equipped with the necessary
authority and resources
 water market and trading arrangements to protect the needs of the environment
 environmental water to be included in water accounts and audited
 periodic assessments of river and wetland health to be conducted so that adaptive
management can be undertaken on an evidence basis.
Progress on water-dependent ecosystems
The National Water Commission’s 2007 First Biennial Assessment of Progress in the
Implementation of the National Water Initiative found that all states had made statutory
provision for water to meet environmental and public benefit outcomes within water plans,
however:






over-allocated systems were not always adequately identified
environmentally sustainable levels of extraction were poorly defined
there was considerable variability in the quality of the science underpinning water
plans
in many cases the trade-offs between environmental and consumptive uses were
not transparent
there was often a lack of specificity in the environmental outcomes.

The Commission considers that the protection of threatened water-dependent ecosystems,
including the recovery of overallocated systems, continues to be a major challenge in
implementing the National Water Initiative Agreement.
The Commission’s water-dependent ecosystems activities
Over the past three years, the focus of Commission activities has been on filling knowledge
gaps and promoting science to support good decisions about environmental water. These
activities have included:
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commissioning the synthesis of existing knowledge about specific aspects of waterdependent ecosystems and their management
commissioning scoping studies to identify critical knowledge gaps and provide
guidance on research priorities
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providing grants to research programs addressing issues such as the formation of
acid sulfate sediments, water requirements for native fish populations and the use of
aerial surveys of waterbirds as indications for wetland health
supporting environmental water managers by establishing a ‘community of practice’
where they can share experiences
undertaking trials of a national framework for assessing river and wetland health
(FARWH), with the intention that an agreed framework will be delivered in 2011.

Future directions for water-dependent ecosystems
The Commission will continue to build on these activities. However improved knowledge
alone will not ensure that environmental outcomes are achieved. The Commission has
therefore adopted the following six priorities to guide future work involving the management
of water-dependent ecosystems:
1. Help develop and implement national guidelines and procedures for determining
environmentally sustainable levels of extraction of water. A nationally agreed method
will expedite the formulation of water plans that protect water-dependent
ecosystems and include a pathway to recover overallocated systems. The methods
will include guidelines for establishing clear environmental outcomes.
2. Pursue an agreed national inventory of over-allocated water systems together with
commitments by governments to return them to sustainable levels of extraction.
Identifying overallocated systems and recording agreed actions to recover the water
needed to restore sustainability is central to achieving environmental outcomes
contained in the NWI.
3. Improve the security of environmental water. In spite of the legislation now passed in
all jurisdictions, environmental water allocations often lack specificity and there is
uncertainty around the status and security of environmental water holdings.
4. Support more effective management of environmental water. There are many
shortcomings in the governance and operations of environmental water managers.
Statutory empowerment, funding, skills and access to science, data and best
practice guidelines all require urgent attention. The development of a national
community of practice in environmental water management is an important initiative
that will support these water managers.
5. Strengthen the role of adaptive management of environmental water. Recent work
commissioned by the Commission1 showed there is a deficiency in monitoring and
reporting on plan implementation. This is a significant weakness when coupled with
gaps in ecological knowledge and the occurrence of climatic conditions outside the
planned-for circumstances. More systematic monitoring and reporting is essential to
enable the water management regime to be adapted intelligently in the light of
experience.
6. Implement the Framework for the Assessment of River and Wetland Health. While the
Commission will continue to support the implementation of the Framework for the
Assessment of River and Wetland Health, its successful adoption rests with the
parties to the National Water Initiative Agreement.
By pursuing these priorities, the Commission will play its part in promoting the enduring
objective of the National Water Initiative to manage water–dependent ecosystems to best
effect. We urge the parties to the National Water Initiative Agreement to do likewise.
National Water Commission 1 September 2008

1

Hamstead M, Baldwin C. and O‘Keefe V 2008, Water allocation planning in Australia – current
practices and lessons learned, Waterlines Report Series No. 6, April 2008, National Water Commission.
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Executive Summary
This Waterlines report is part of a series of papers commissioned on issues relating to
Australian aquatic ecosystems. These Waterlines reports will contribute to improved
environmental water management by stimulating discussion, synthesising current thinking,
identifying knowledge gaps, and highlighting areas that warrant further investigation.

Project objectives and scope
This report provides a discussion starter for the National Water Commission and the wider
community to consider whether pulsed flows achieve ecological benefits, and if so, how they
might be implemented in river management. This report includes:


a review of the literature on the environmental costs and benefits of pulsed flows



examples of current practice in pulsed flow methodology



an examination of existing plans that incorporate pulsed flows to determine whether
there are appropriate monitoring and evaluation frameworks within those plans to
provide for learning from adaptive management



a discussion of prospective best practices for pulsing flows and areas where future
work, such as experimental and observational studies, would be beneficial.

What are pulsed flows?
In this report we use the term ‗pulsed flow‘ as a catch-all to describe a range of pulsed flow
releases from structures such as dams and weirs and natural pulsed flow events. Many terms
have been used in the past to describe pulsed flows: some describe the management intent
of the flow pulse (e.g. sediment maintenance flow, dilution flow, flushing flow), and others
describe the hydrology of the flow event (e.g. surge flows).
We define three categories of flow pulses that can be used to describe unregulated pulsed
flows or different options for the operational release of pulsed flows from dams and weirs in
regulated rivers:


Small pulse—flow pulse that exceeds the baseflow and inundates some or all of the
streambed but does not extend far up the banks (generally less than about 25 per
cent bankfull stage). The duration of a small pulse can vary from as little as a few
hours to several days.



Large pulses up to and including bankfull stage—a large flow pulse that is wholly
confined to the channel and that does not exceed bankfull stage but would inundate
all of the streambed and at least the lower parts of the banks. The duration of a large
pulse would usually exceed that for a small pulse and could persist for days to
weeks.



Overbank flow pulse—flows above bankfull stage.

Pulsed flows are commonly implemented to generate electricity, deliver water to downstream
users, maintain air space within reservoirs for flood control, flush streambeds, improve the
health of river ecosystems, and occasionally to facilitate recreational activities such as
whitewater rafting.

Environmental costs and benefits of pulsed flows
We reviewed the scientific literature on pulsed flows and found that a range of environmental
benefits can be achieved from small, large and overbank pulsed flows. Examples include the
flushing of sediment, saline water and algal blooms, restoration of lateral connection between
the river and floodplain, recharging of wetlands, restoration of food webs, and provision of
conditions that stimulate migration, reproduction and recruitment of biota. As the magnitude of
flood pulses increases, so too does the potential for substantial environmental benefits.
Examples of costs generally associated with larger pulses include the transfer of algal blooms
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downstream, bank erosion, downstream displacement or mortality of invertebrate and fish
larvae, dispersal or breeding of nuisance species, and damage to plants due to inundation,
burial or erosion. Small instream pulsed flows generally result in specific environmental
benefits with low risk of costs. In contrast, large instream and overbank pulsed flows provide
substantial benefits, but sometimes the potential costs have a higher level of risk that needs
to be carefully managed.

Current practice in pulsing flows
Many agencies are involved in the policy development, regulation and operation of rivers and
the supply of water in the different states of Australia. In addition, there is a diversity of
different types of water and variation in the nomenclature of water licensing. Statutory
operating rules provide both opportunities and barriers to pulsed flow practice. For example,
the suspension of water sharing planning in the Murray-Darling Basin during the drought
provided opportunities for river managers to explore mechanisms for pulsing flow. This
revealed the statutory restrictions that now need to be considered on re-establishment of the
plans or during scheduled reviews. For water managers to make use of opportunities for
pulsing flows, they need to consider implications for consumptive and environmental users of
the licence conditions attached to different types of water.
Pulsed flows are delivered under different management contexts including:


delivery of environmental water by pulsing



supply of consumptive water by pulsing during conveyance



safeguarding natural pulses



hydropower pulsing



release of pulsed flows for recreational purposes.

Unregulated and regulated water sources provide opportunities for pulsing flows through
existing statutory management plans and through application of local knowledge and
innovation of river operators.
In this report we present a series of case studies to show how flow pulsing is already being
implemented in Australia. Some pulses have been specifically released to achieve an
environmental benefit, whereas others have been released to facilitate water conveyance or
hydropower generation. The potential for flow pulsing is influenced by a range of factors,
including storage infrastructure, river geometry, unregulated tributary inflow, extent of en route
storage, weir pool regulation, groundwater recharge, and consumptive use extraction
patterns.

Monitoring, evaluation and adaptive management of pulsed flows
Considerable monitoring and evaluation of river condition (‗river health‘) is undertaken in
Australia, but there is relatively little information about the benefits and impacts of pulsed
flows. This is partly due to the mismatch between current long-term monitoring for river
health, and the event-based nature of pulsed flows. In general, pulsed flows released to
achieve environmental benefit are better documented and monitored than pulses released for
operational purposes.
There is potential for increased learning about pulsed flows, by value adding to other
environmental water research, and by broadening the focus of enquiry to incorporate social
learning and coordination rather than simply biophysical parameters.
Better understanding about the impacts of pulsed flows can be developed by:


opportunistic enquiry—learning from water management actions that are undertaken
for reasons other than deliberately learning about pulsed flows



field experiments specifically designed to learn about some aspect of pulsed flows



social learning at local, operational or policy scales.
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Developing best practice—making the most of opportunities
At a time where there is increasing water demand and scarcity, it is imperative to maximise
the environmental benefits of all water delivery. The challenge for river managers is to alter
the operation of dams and weirs to deliver flows that have environmental benefits at the same
time as sustaining the industries and communities that rely on water from these systems. We
suggest that future planning for infrastructure upgrade and operation, and protocols for
consumptive water supply, should routinely examine opportunities for pulsing operation.
These protocols should use the best ecological information to optimise the timing of pulsing.
We identified several opportunities for pulsing flows. These include:
 water is that acquired on behalf of the environment and is licensed (‗environment as
a customer‘) —this water (including that delivered to icon wetland sites) could be
pulsed during conveyance


end-of-system flows (a form of environmental water) where rules currently prescribe
a minimum daily flow that results in a constant discharge—changing to weekly or
monthly reporting would increase opportunities for pulsing



pulsing general security water, high security water or riparian right (stock and
domestic supply) during conveyance—this is a major opportunity that has already
been practised to improve conveyance efficiency during the drought by agreement
with irrigators



protection of natural pulses—pulsed flows can be achieved if the first flush of a
natural flow event (alternatively named ‗supplementary‘ water or ‗floodwater‘
(previously off-allocation water) in New South Wales, ‗sales water‘ in Victoria and
‗unsupplemented water‘ in Queensland, unregulated tributary flow or dam spill) is
protected from extraction.

We highlight that improvement in the environmental condition of rivers will not be achieved by
pulsing flows alone. There are many actions that should be undertaken to optimise the
outcomes of pulsed flows including:


implementation of targeted infrastructure improvements (e.g. mitigation of cold water
pollution, improved SCADA systems, modification of weirs and en route storages)



improved landuse management (e.g. stock management)



restoration projects (e.g. re-snagging, fish ladders, riparian restoration).

Better liaison between policy agencies and operators is required to incorporate pulsing flows
into water policy, regulation and operation. Some examples of areas needing collaboration
include:


priority setting and costing



agreement on management of additional storage



agreement on management of dam spills



investment in non-flow options that will optimise benefits of pulsing



development of implementation manuals or ‗works approvals‘ that include protocols
for water release and shepherding down the river system



measurement and monitoring of the benefits of pulsing.

Future work
We identified several key knowledge gaps that limit the ability of water managers to assess
the benefits and risks of implementing pulsed flows. Some relate to specific issues or
practices and could be addressed through focused discipline-based research, desktop
studies, or interviews and workshops with river operators and water managers. Other
knowledge gaps are more complex and would be better addressed through an integrated
field-based research program incorporating trial implementation of pulsed flows.
There is a need for an integrated engineering, hydrological and biophysical review to map the
potential for pulsing from all major storages and weir pools. This would identify infrastructure
and physical constraints within river systems and identify where pulses of different magnitude
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can be feasibly delivered. Biophysical information required would include rationale for
delivering the pulse(s), ecological constraints on timing and magnitude of flows, the travel
distance and time from a regulating structure to the intended destination, and potential for
bank slumping, fish stranding and other adverse effects. The review should also incorporate
information held by current dam operators, who have a wealth of knowledge about the
opportunities to pulse flows that could be lost due to retirement, re-structuring and workforce
mobility. A decision tree for each major storage could help river operators optimise the
opportunities for instream pulsing; this could be incorporated into operating protocols for bulk
water suppliers.
An integrated program of field-based research is needed to identify, assess and test ways of
using flow pulsing to increase environmental benefits without compromising water delivery
efficiency. Due to the complex nature of introducing change into dam operations, this
research program should integrate the environmental and socio-economic dimensions of
pulsed flow management. Case studies from several different river systems of the same and
contrasting flow regime type should be used to explore the transferability of findings. This
research program should:


trial principles of better dam management and operation and provide river managers
with knowledge and tools for changing the operation of large dams and weirs to
optimise environmental benefits



identify methods to engage stakeholders and implement active adaptive
management



demonstrate an integrated approach to tradeoff and win–win options (minimisation of
socio-economic impact and maximisation of environmental benefit).
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1. Introduction
1.1 Project objectives and scope
This report forms part of a series of Waterlines papers designed to explore issues relating to
aquatic ecosystems in Australia and identify significant current gaps in knowledge associated
with environmental water management.
The papers draw together and synthesise the current knowledge and thinking on topics to
stimulate ongoing discussion, debate and learning, highlight areas for further work, and
improve general knowledge and understanding of the environmental water requirements. In
some cases, guidelines and frameworks have been proposed to assist policy makers,
planners and water managers in considering the issues. A part of each paper is the
identification of whether further work would be beneficial in each area, and where these are
identified, suggest directions for future investment
The purpose of this document is to provide a discussion starter for National Water
Commission commissioners and the wider community to consider the extent to which pulsed
flows achieve ecological outcomes and whether they should be incorporated (and how) in
water management plans. This report includes:


a review of the literature on the environmental costs and benefits of pulsed flows



examples of current practice in pulsed flow methodology



an examination of existing plans that incorporate pulsed flows to determine whether
there are appropriate monitoring and evaluation frameworks within those plans to
provide for learning from adaptive management



a discussion of prospective best practices for pulsing flows and areas where future
work, such as experimental and observational studies, would be beneficial.

1.2 Background
Most major rivers in the world are regulated. There are approximately 45,000 large dams in
over 140 countries and a further 800,000 small dams existing worldwide (Tharme 2003). In
Australia there are approximately 500 large dams (ANCOLD 2008), and there are many
thousands of weirs, locks and other structures that regulate flow. The construction of dams,
impoundment of water and regulation of outflows has altered the flow regimes of many
Australian rivers. Effects include changes to average daily and seasonal flow variability,
reductions in the magnitude and frequency of small to moderate floods, and reduced
floodplain inundation (Table 1, Box A), all of which result in unintended and undesirable
environmental impacts.
Patterns of flow in regulated rivers are affected by dam releases, extent of en route storage,
weir pool regulation, groundwater recharge, inter-basin transfers and, particularly,
consumptive use extraction patterns. The mechanisms of regulation are context dependent.
Different types of regulated river systems in Australia include:


irrigation supply rivers—southern rainfall systems



irrigation supply rivers—northern rainfall systems



tropical systems



urban water supply catchments (including those affected by inter-basin transfers)



rivers impacted by hydropower systems.

River flows and flow regimes are critical to river ecosystems (Poff et al. 1997). The changes
to the flow regime of regulated rivers have had negative impacts on the environmental health
of aquatic ecosystems, impacting on biodiversity, food webs, energy transport, and
ecosystem function (Table 1).
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Table 1: Types of environmental impacts that may occur within regulated systems
Water resource
management operation

Ecologically significant component of
flow regime that can be impacted
downstream

Probable impact on river health

Groundwater bores
(depending on volume
extracted)

 reduction in summer baseflow in

 loss of critical summer habitat resulting in

Catchment dams
(depending on degree of
development in
catchment)
Summer river diversions
(depending on volume of
water extracted)

Winter river diversions
(depending on volume of
water extracted)






rivers
decrease in water depth in wetlands
reduction in summer baseflow
reduction in winter baseflow
reduction in freshes

 reduction in summer baseflows
 considerable reduction or increase
in daily variability of summer
baseflows (depending on the
pumping regime)
 reduction in winter baseflow
reduction in freshes

loss in biodiversity
As above plus:
 loss of opportunities for movement between
habitats
 reduction in breeding cues
 loss of critical summer habitat resulting in
loss in biodiversity
 loss of opportunities for movement between
habitats

 loss of opportunities for movement between
habitats

 reduction in breeding cues

Small on-stream dams

As above

As above plus:
 physical barrier to movement

Large regulating weirs
(depending on their
function)

As above plus:
 reduction in winter baseflows
 general reduction in freshes
 loss of daily variability in baseflows
 change to the seasonality of flows
(e.g. increased summer flows for
irrigation)
 rapid rise and fall of water levels

Diversion and irrigation
channels

 alteration to natural flow paths and

As above plus:
 loss of breeding cues
 erosion of banks, deepening of river
channel
 loss of bank habitat and species
 conditions may favour blue-green algae
 loss of natural sediment transport
 stillwater habitats may favour exotic species
 spread of exotic species
 transport of native species into irrigation
areas—loss of biodiversity

Large dams (capacity
< mean annual runoff)*
 generally built to
supply irrigation and
town water supply
 often run at high flows
during the irrigation
season

 reduction in frequency and duration

patterns








of 1 in 2 year floods
increase in summer baseflows
decrease in cease to flow events
reduction in winter baseflows
general reduction in freshes and
flushes
loss of daily variability in both
summer and winter baseflows
increase in unseasonal summer
flooding

As above plus:

 loss of lower areas of floodplain and
wetland habitat

 loss of breeding cues and opportunities with
subsequent loss of biodiversity

 loss of trigger flows may favour reproductive
success of exotic species (e.g. Carp)

 reduction in organic exchange between








floodplain and river, resulting in reduction in
ecological processing
changes in water temperature, resulting in
reduction of breeding of fauna
erosion of river banks, scouring river beds
loss of bank habitat and species
changes in river bed, loss of instream
habitat
loss of nutrients, sediments and organic
matter downstream
reduction of organic debris and sediment
input into floodplains and estuaries
changed frequency and duration of estuary
closure
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Water resource
management operation
Very large dams (capacity
> mean annual run-off)*

 if built to supply

Ecologically significant component of
flow regime that can be impacted
downstream
As above plus:

 reduction in frequency and duration

Probable impact on river health

As above

of all categories of flood events

irrigation and town
water
– generally releases at
high flows during the
irrigation season
– may have a constant
release pattern

 if run for

 may have greatly increased daily

hydroelectricity
generation

variability

 bank slumping
 bed scouring, deepening of river channel
resulting in loss of habitats and species

 stranding of fish and other biota
Source: DSE (2008)

Box A: Case study of effects of regulation on flow regime—the Murrumbidgee River
The Murrumbidgee River in NSW is a tributary of the Murray River with large upstream reservoirs and
downstream irrigation areas. The impacts of flow regulation downstream of the dams have been identiified by
Integrated Quantity Quality Modelling (IQQM) of river flows by NSW Department of Water and Energy.
Upstream of major irrigation areas (at Gundagai and Wagga Wagga), there has been a seasonal redistribution
of flows with higher average flows in summer and autumn and lower flows in winter and spring. Downstream of
the irrigation areas (e.g. at Hay), flows have been reduced in all seasons (Fig. A1).
Comparisons of modelled natural and regulated annual floods on the Murrumbidgee River between Gundagai
and Balranald (Page et al. 2005, Frazier et al. 2005) show that regulation has reduced discharges at flood
return periods from 1.25 to 5 years by 25–40 per cent. The removal of small floods by reservoir storage is
shown in a comparison of modelled natural and regulated flows at Wagga Wagga in 1997 (Fig. A2). Two small
flood peaks (one at bankfull stage and one below bankfull) were almost completely removed from the gauged
flow record. Peaks-over-threshold recurrence interval data (Page et al. 2005) show the average time interval
between bankfull flows has been doubled by flow regulation (Fig. A3).
Figure A1. Seasonal regulated and modelled flows on Murrumbidgee River at Wagga Wagga and Hay
(1970–1998).

Figure A2. Modelled (dashed line) and regulated (solid
line) daily flows on the Murrumbidgee River at Wagga
Wagga in 1997 (NSW Dept Water and Energy)
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Figure A3. Regulated and modelled bankfull flow
frequencies on the Murrumbidgee R (1970–1998)
(Page et al 2005)
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The release of pulsed flows is one of the more feasible operational options for river managers
to address the deleterious impacts of river regulation. Pulsed flows are currently being
incorporated into some environmental flow regimes to mimic the action of natural floods.
However, pulsed flows are not homogeneous in character as they vary in extent, duration and
frequency and some types of pulsed flows may be better at achieving ecological outcomes
than others. Currently, it is not known whether the overall effect of pulsed flows is beneficial or
deleterious. As the consequences of pulsed flows may be varied, the relative benefits, costs,
and trade-offs of incorporating pulsed flows into environmental flow management plans need
to be reviewed to inform water management practices that are intended to ensure aquatic
ecosystem health.

1.3 What are pulsed flows?
In this report we use the term ‗pulsed flow‘ as a catch-all to describe a range of pulsed flow
releases from structures such as dams and weirs and natural pulsed flow events. Managed
pulsed flows are common within rivers, being implemented to generate electricity, deliver
water to downstream users, maintain air space within reservoirs for flood storage and control,
flush stream substrates, improve the health of river ecosystems, and occasionally to facilitate
recreational activities such as rafting.
Many terms have been used in the past to describe pulsed flows; some describe the
management intent of the flow pulse (e.g. sediment maintenance flow, dilution flow, flushing
flow) and others describe the hydrology of the flow event (e.g. surge flows). Following is a list
of terms and definitions of different forms of pulsed flows.

Flushing flows
The term ‗flushing flow‘ is used widely in the literature. Many authors restrict its use to
describe flows associated with sediment and substrate maintenance, whereas other authors
use the term more broadly:
‗Flushing flows are releases from dams designed to remove fine sediment from downstream spawning
habitat.‘ (Kondolf et al. 1987)
‗Flushing flows can be considered as large supplementary flow releases intended to achieve some
predetermined environmental response.‘ (Pusey 1998)
‗A fresh that is of sufficient magnitude to remove built-up surface material from the channel bed (e.g.
cleans gravels).‘ (Fluvial Systems 2002)
‗Flushing flows is the term used to describe flows with velocities that will move fines (silt, sand) out of
coarser riverbed materials and keep them in motion. Such flows do not have enough power to remove
gravels.‘ (Milhous 1990, as cited in Clipperton et al. 2003)

Sediment maintenance flows
The term ‗sediment maintenance flows‘ tends to be used in a similar way to the term ‗flushing
flows‘. It refers to controlled flow releases designed to mimic the action of natural floods in
removing the accumulated fine sediments from the channel and loosening the gravel bed.

Dilution flows
The term ‗dilution flows‘ is commonly used in relation to the management of algae, salinity or
other contaminants; it tends to be used to describe small flow events.
‗Dilution flows are intentional storage releases that reduce salinity concentrations.‘ (MDBMC 2001)

Channel maintenance flows / bed mobilisation flows
The terms ‗channel maintenance flows‘ or ‗bed mobilisation flows‘ are generally used to
describe flows of a greater magnitude than ‗flushing flows‘ or ‗dilution flows‘ and are of
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sufficient discharge to initiate bed material transport. These flows would result in the formation
and movement of physical features such as riffles, pools, runs and point bars.
‗… instream flow that is intended to maintain the physical characteristics of the channel so that the ability
of the channel to convey stream flow and bed load sediment is maintained. These flows are initiated only
during periods of high stream flow and are required to accomplish channel maintenance – it is assumed
that channel maintenance flow would at the same time provide adequate flows to sustain riparian
vegetation.‘ (McNamara et al. 2000, as cited in Schmidt and Potyondy 2004)
‗Channel maintenance flows are intended to maintain the channel and floodplain geometry.‘ (Wu and Chou
2004)

Floodplain maintenance flows
‗ …allow for the movement and deposition of sediment making up the floodplain.‘ (Naiman et al. 2005)

Surge flows
The term ‗surge flow‘ is used to describe a variety of high flow events. A surge wave can
result from a sudden change in flow (e.g. due to sudden complete or partial closure or
opening of a sluice gate). This term has also been used to describe a high flow experiment in
the Grand Canyon, where flow of water that, at its peak, was expected to be more than three
times its normal rate (Arizona State University 2008)
The term ‗surge flows‘ is also used to refer to the high flow events associated with
hydropeaking and the periodic damming and release of water that is temporarily impounded
behind aggregations of vegetation.

Experimental floods / artificial floods
The terms ‗experimental floods‘, ‗artificial floods‘ and ‗test floods‘ have been used in reference
to pulsed flows that have been implemented and monitored as part of a scientific study.
These terms were used to describe pulsed flows in the River Spöl experiment in Switzerland
(Scheurer and Molinari 2003) and the Glen Canyon experiment in the USA (Shannon et al.
2001).

Regeneration flows
The term ‗regeneration flows‘ is used to describe flows that allow for the provision of
regeneration sites for riparian vegetation and the successful establishment of seedlings.
‗Regeneration flows are overbank flood events that occur periodically and vary over decadal time periods.‘
(Naiman et al. 2005)
‗Regeneration flows are often synonymous with flood flows and only occur periodically.‘ (Hughes and
Rood 2003)

Environmental flows
The term ‗environmental flows‘ has been used in many different ways: to describe dam
releases that are specifically for environmental benefit, flows that achieve an environmental
benefit, the flow at the end of a river system, or any flow event that should be protected
(Hamstead 2007b). Some, but not all, environmental flows are delivered as flow pulses.
Hamstead (2007b) describes the ambiguity in the use of the term ‗environmental flows‘ and
states that ‗Differentiating between objectives and strategies will lead to greater clarity and
less confusion‘. Hamstead suggests use of the terms ‗environmental flow objectives‘ and
‗environmental flow strategies‘. Hamstead (2007b) states that:
‗…environmental flow assessments and water planning decisions for river systems should result in
environmental flow objectives which are designed to achieve intended environmental outcomes.
Environmental flow strategies aim to achieve those environmental flow objectives‘
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The Department of Sustainability and Environment in Victoria describe an environmental flow
as:
‗… the flow regime of a river needed to satisfy specified ecological requirements. These requirements
reflect the needs of animals and plants dependent on the river, its banks, floodplains and estuaries as well
as the ecological processes that keep the river healthy.‘ (DSE 2007)
‗Environmental flows describe the quantity, timing, and quality of water flows required to sustain freshwater
and estuarine ecosystems and the human livelihoods and well-being that depend on these ecosystems.‘
(The Brisbane Declaration on Environmental Flows 2007)

Environmental maintenance flows
This is not a widely used term, but tends to be used to describe a variety of flows that are
released for different purposes.
‗Environmental maintenance flows include flows to maintain aesthetics and recreation, streambed
sediment size and its mobility, the channel, its features and continuity, and the floodplain, its wetness
regime, and riparian vegetation.‘ (Whiting 2002)

Bulk water transfers
In Australia this term is used to describe the transfer of water from one reservoir to another
storage downstream (e.g. from Dartmouth Dam to Hume Dam). These bulk water transfers
are sometimes delivered as pulsed flows.

Recreational flows
Recreational flows are water releases specifically made to accommodate human recreational
activities such as rafting and kayaking. These types of flows are more common internationally
than in Australia.

Hydropeaking flows
Hydropeaking flows occur in river reaches downstream of reservoir hydroelectric power
stations that operate on a pattern of intermittent turbining. Hydropeaking occurs when there is
fluctuating demand for electricity, and leads to rapid, frequent, and regular changes in water
level that differ fundamentally from natural channel pulses and overbank flood events. Not all
hydropower plants result in hydropeaking flows. Run-of-the-river hydropower plants that are
not associated with significant storage dams tend not to result in hydropeaking.
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1.4 Classification of pulsed flows used in this
report
In this report we have classified flow pulses into three categories; small pulses, large pulses
up to and including bankfull stage, and overbank flows (Table 2, Figure 1). These categories
were selected because they reflect the different types of unregulated pulsed flows and
represent different options for the operational release of pulsed flows from dams.
Table 2: Categories of flow pulses used in this report
Flow pulse
category

Definition

Small pulse

A flow pulse that exceeds the baseflow and inundates some or all of the streambed but
does not extend far up the banks (generally less than about 25 per cent bankfull stage).
The duration of a small pulse can vary from as little as a few hours to several days.
Although small pulses may result in the transport of fine bed sediment, they are unlikely
to cause bank erosion.

Large pulse

A large flow pulse that is wholly confined to the channel and that does not exceed
bankfull stage but would inundate all of the streambed and at least the lower parts of the
banks. The duration of a large pulse would usually exceed that for a small pulse (given
the requirement to reach a larger peak discharge) and could persist for days to weeks.
Because large pulses inundate at least the lower banks, they have the capacity to cause
bank erosion.

Overbank pulse

An overbank pulse includes all flows above bankfull stage but in practice also includes
bankfull flows that are associated with some degree of floodplain inundation. Because the
whole channel perimeter is in contact with the flow, there is potential for bedload transport
and bank erosion.

Figure 1: Schematic cross section of a river showing indicative levels of small, large
and overbank flow pulses

The three flow pulse categories used in this report are similar to four of the key flow
components defined by the FLOWS method for determining environmental water
requirements in Victoria, Australia (DNRE 2002).
Flow components describe the different parts of a flow regime relevant to the aquatic
ecosystem (Figure 2). The small pulses category referred to in this report is similar to the
‗freshes‘ component defined by the FLOWS method. The category of large pulses used in this
report is a combination of the ‗high flows‘ component and ‗channelfull flows‘ component in the
FLOWS method. The overbank flows category in this report is the same as the ‗overbank
flows‘ component in the FLOWS method.
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Figure 2: Daily flow series for Coonooer Bridge on the Avoca River showing examples
of flow components highlighted.

Legend: 1 – cease to flow, 2 – low flow, 3 – freshes, 4 – high flow, 5 – channelfull, 6 – overbank
Source DNRE (2002)
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1.5 Outline of the report
In considering opportunities to optimise pulsing flow strategies, we have considered the
following questions:
Chapter 1 Introduction
– What are pulsed flows?
– What physical factors constrain the ability for a pulse to travel downstream?
Chapter 2 Review of environmental costs and benefits of pulsed flows
– What are the biophysical benefits and costs/threats of pulsing to river health?
– How can costs/threats to river health be managed or ameliorated?
Chapter 3 Current practice in pulsing flows
– How is pulsing included in legislation/institutional arrangements for river
operations and management?
– Examples of current practices for pulsing flows
Chapter 4 Monitoring, evaluation and adaptive management of pulsed flows
–
–
–
–

What current monitoring and evaluation practises for water management exist?
Are current monitoring frameworks appropriate for evaluating flow pulsing?
To what extent have managers learned from existing practice?
What opportunities exist for learning about pulsed flows within an adaptive
management approach?

Chapter 5 Looking to the future
– What are the opportunities for flow pulsing to be implemented as a strategy for
achieving environmental benefit?
– How can pulsing be included in adaptive management, operations and planning
into the future?
– What further research is needed to optimise the benefits of pulsing?
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2. Environmental costs and benefits of
pulsed flows
2.1 Introduction
Healthy rivers form a longitudinal and lateral network of surface and groundwater flow paths,
with the energy of flowing water constantly reshaping the physical form of these
interconnected pathways (Stanford et al. 1996; Poff et al. 1997; Ward et al. 2001). The natural
flow regime of rivers, including the magnitude, timing, frequency and variability of floods,
largely controls channel morphology and biological productivity (Bayley 1995; Stanford et al.
1996; Poff et al. 1997). Flooding creates a constantly changing habitat mosaic of channel and
floodplain structures supporting the myriad of plants and animals that make up riverine food
webs (Stanford et al. 1996).
Flow regulation has changed the hydrology of rivers on three temporal scales: the flood pulse
(days to weeks), flow history (weeks to years) and the long-term statistical pattern of flows, or
flow regime (decades or longer) (Walker et al. 1995; Arthington and Pusey 2003). Flood
pulses are thought to be one of the primary environmental factors influencing the ecology of
large rivers. Flow pulses provide cues that initiate biological events (e.g. migration, spawning)
and drive ecological processes (see Box B: Flood Pulse Concept).
Box B: The Flood Pulse Concept (FPC)
The Flood Pulse Concept (Junk et al. 1989) recognises floods as a driving variable in the dynamics of riverfloodplain systems, where annual floodplain inundation results in exchanges of organic matter and other
nutrients between river and floodplain environments, triggers blooms of primary and secondary production and
breeding and migration cycles of aquatic organisms. Although conceptualised as a model for large floodplain
rivers in general, support for the Flood Pulse Concept mainly comes from studies of unregulated tropical river
systems where there is a regular seasonal pulse of floodwater inundating the floodplain and water
temperatures are relatively stable. In comparison, most temperate rivers are highly altered systems and have
limited floodplain connectivity.
A better general concept for describing the function of large rivers may be one that incorporates aspects of the
longitudinal perspective of the River Continuum Concept (RCC) (Vannote et al. 1980) with the lateral
perspective of the Flood Pulse Concept (Junk et al. 1989) and the instream production focus of the Riverine
Productivity Model (RPM, Thorp and Delong 1994). Rivers with extensive floodplains and annual predictable
annual rainfall may be best described by the Flood Pulse Model.
For lowland rivers in dry regions where there is high variability in flows among years, the RCC and elements of
the RPM might best describe the function of these systems for much of the time. In these systems, flow pulses
that remain within the channel may be important in driving ecosystem processes during dry years whereas the
Flood Pulse Concept may only be appropriate during wet years when high flows link river channels and
floodplains.

The inherent variability of natural flow regimes is critical to ecosystem functions and
biodiversity maintenance (Bayley 1995). Recognition of the importance of this natural
variability has resulted in current river restoration practitioners advocating the incorporation of
both high and low flow events into restoration initiatives (Poff et al. 1997). Given that flow is
vitally important for the maintenance of habitat and biological processes, the cautious reregulation of river flows to reflect more natural seasonality, flood frequency and variable flow
magnitudes has been widely recommended (Stanford et al.1996; Poff et al. 1997).
The delivery of pulsed flows to address the deleterious impacts of river regulation and
improve the riverine environment downstream of regulating structures is one feasible
operational option for river managers in Australia. However, it is not known whether the
overall effect of pulsing flows is beneficial or deleterious and some types of pulsed flow may
be better at achieving desirable ecological outcomes than others. By understanding the
benefits and costs of pulsed flows, and defining the relationship between magnitude, timing,
duration and frequency of these flows, changes in water management practices could be
made to partially restore aquatic ecosystem health.
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Because of the breadth of the topic and the volume of published and other literature on this
topic, this review of the environmental benefits and costs of pulsed flows will use selected
examples and case studies to illustrate the range of environmental costs and benefits of
pulsed flows. In this report we review the environmental costs and benefits of three categories
of flow pulses (described in section 1.4 of this report):


small pulses



large pulses that remain within the channel



overbank flows.

Within each of these flow pulse categories the environmental effects of pulsed flows will be
examined starting with geomorphic and water chemistry effects and then moving to
organisms at the base of the food web through to higher trophic levels.

2.2 Small pulses
2.2.1 Geomorphic effects
The potential geomorphic responses to flow pulses include the ability to ‗reset‘ stream
environments: activate bedload transport (Batalla et al. 2006), maintain channel dimensions
(Batalla et al. 2006; Batalla and Vericat 2008) and remove silt and fine sand from gravel bars
(Vericat et al. 2006). The potential costs of flow pulses include erosion of the streambed
(incision) and banks (Kondolf, 1997). On the basis of work on the Ebro River in Spain, Batalla
and Vericat (2008) conclude that controlled flow pulses can play an important role in
enhancing physical habitat and sediment transport, and need not be incompatible with other
uses such as irrigation and hydroelectric power generation.

General principles
The ability of an alluvial stream (one not confined by bedrock) to erode its boundary depends
on the relationship between flow energy and the nature of the boundary (particularly sediment
grain size and riparian vegetation). Stream energy can be variously expressed in terms of
gross stream power (Ω) specific stream power (ώ) shear stress (τ) and flow velocity (v)
(Nanson and Croke 1992; Komar 1987). Dimensional analysis shows that these variables are
interrelated. For example, specific stream power can be expressed as the product of shear
stress and flow velocity (vτ = ώ).

Bed sediments—entrainment, shear stress and velocity
Various studies have shown that fine sands (0.06 to 0.125 millimetres (mm) diameter) are
entrained at relatively low values of shear stress and flow velocity. As grain size increases or
decreases the entrainment shear stress and velocity increase. Early studies of grain
entrainment were based on flume studies using nearly uniform grains, which were placed in a
flume and the flow strength progressively increased until grain movement was observed
(Miller et al. 1977). However, Komar (1987) showed that in the mixed grain distributions
typical of natural rivers, entrainment thresholds depart significantly from the standard
threshold curves based on experiments with nearly uniform grains. In general, coarser grains
in mixed distributions, which are relatively exposed, are mobilised at lower shear stresses
than those required for uniform grain entrainment. Finer grains, which are protected, require
higher shear stresses than those required for uniform grain entrainment.
Tables 3 and 4 together show that sand (0.06–2.0 mm diameter) is readily entrained by flow
depths of as little as 0.5 metres, even at very low river slopes. However, entrainment of
coarser sediments (> 50 mm diameter) requires considerably higher values of slope and/or
depth. It is evident that 50 mm diameter grains cannot be entrained in the low gradient
(<0.0002) streams found in much of the Murray-Darling Basin.
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Table 3: Critical entrainment shear stresses for grains in mixed sediments
Diameters 20 mm to 200 mm
20 mm grains
14 Nm-2
50 mm grains
20 Nm-2
200 mm grains
34 Nm-2

Diameters 0.1 to 10 mm
0.1 mm grains
0.45 Nm-2
1 mm grains
0.6 Nm-2
10 mm grains
2.0 Nm-2

Note: Nm-2 = Newtons per square metre; Source: Komar (1987)
-2

Table 4: Example of shear stresses (in Nm ) with different depths and slopes
Slope
0.01
0.001
0.0002
0.0001

0.1 m
9.8
0.98
0.196
0.1

0.3 m
29.4
2.9
0.6
0.3

0.5 m
49
4.9
1
0.49

Depth
1m
98
9.8
2
1

2m
196
19.6
3.9
2

3m
294
29.4
5.9
2.9

5m
490
49
9.8
4.9

Note: Nm-2 = Newtons per square metre

These data are supported by a study of sediment transport and microphyte removal during a
large flushing flow on the Ebro River (Batalla et al. 2006) where river slope was about 0.001
3
and the peak discharge exceeded 1000 m /s. With a bed shear (τ) of about 40 Newtons per
-2
square metre (Nm ) and a flow velocity of 2 metres per second (m/s) it is not surprising that
bed material of median diameter 33 mm was mobilised and shallow-rooted macrophytes were
swept downstream.

Bank erosion—processes and rates
Bank erosion processes can be classified in two groups: those dominated by gravitational
(mechanical) failures and those where hydraulic failure mechanisms result in the entrainment
of sediment grains or aggregates by flowing water. The two processes are often related. For
example, hydraulic bank undercutting can lead to a gravitational bank collapse (slump).
Similarly, after a bank slump occurs, the flow may rapidly entrain the weakened sediment
deposited in the stream.
In the United States, Rosgen (1996) found that rates of erosion were controlled by a
combination of bank morphology (bank height and slope), particle size, sediment stratification
and riparian vegetation. In Australia, Prosser et al (2001) developed a SEDNET (Sediment
River Network) model in which rate of bank retreat (BE in metres per year) is calculated as a
function of bankfull discharge (Q 1.58) such that,
BE = 0.008Q 1.58

0.60

Hickin and Nanson (1975, 1984) and Nanson and Hickin (1986) investigated bank erosion
rates on meandering gravel and sand bed rivers in Canada. Although bank erosion rates were
correlated positively with stream discharge and gross stream power, they found that channel
migration rates on individual rivers are strongly controlled by bend curvature with maximum
rates at:
2.0 >

r
< 3.0
w

where r is bend radius of curvature
w is channel width.
When river bends were transformed to a reference curvature of 2.5 they found that stream
power, in combination with sediment grain size at the bank base explained, almost 70 per
cent of the variance in bank erosion rate. Rates of erosion were at a maximum in bank
sediments comprising fine sand. As grain size increased (to gravels and cobbles) and
decreased (to silt and clay), rates of erosion declined. For clay-rich banks, resistance was
found to be comparable to that associated with cobbles of a mean diameter of 100 mm. The
relatively high cohesive strength of fine sediments gives a resistance equivalent to that of
much coarser material. For the rivers studied by Nanson and Hickin (1986), bank vegetation
made only a minor contribution to rates of bank erosion.
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Other studies suggest that riparian vegetation does affect bank stability. Simon and Collinson
(2002) studied the mechanical and hydrologic effects of vegetation on streambanks in
northern Mississippi. The mechanical effects result from the ability of fibrous roots to enhance
the tensile strength of soil. The hydrologic effects of bank vegetation, which are often
neglected, can be both positive and negative. On the one hand, vegetation increases bank
stability by intercepting rainfall that would otherwise have infiltrated the bank and by extracting
soil moisture for transpiration, thereby enhancing shear strength by reducing pore water
pressure within the bank sediment. On the other hand, canopy interception and stemflow tend
to concentrate rainfall locally around the plant stems, which creates higher local pore-water
pressures. Also, root development creates macropores, which increase infiltration capacity
and concentrate flow deeper into the bank. These effects are most pronounced immediately
after major rainfall events. Abernethy and Rutherfurd (2001) concluded that the nett effect of
vegetation is to increase bank stability.
Bank slumping in fine grained sediments is also controlled by internal pore water pressures.
For saturated fine grained sediments, positive pore water pressures reduce material strength.
For unsaturated sediments, negative pore pressures give rise to matric suction, which
increases the strength of the sediments.
In a study of the Sieve River in Italy, Casagli et al. (1999) found that, during low flow periods,
bank shear strength is enhanced by matric suction, which allows steep streambanks to
remain stable. However, rainfall and flow events tend to reduce matric suction. Increased
bank material weight from vertical and lateral infiltration of water may be sufficient to trigger a
mass failure, even in the absence of positive sediment pore pressures. On a rising flood
stage, bank strength is enhanced by the stabilising confining pressure of water in the channel.
However, on the falling flood stage, when matric suction is still low and confining pressure
decreases to zero, banks are prone to failure.

Geomorphic effects of small pulses
Flows that are confined to the streambed and not associated with prolonged bank inundation
are unlikely to give rise to bank erosion. However, they do have the potential to scour fine
grained sediment that has been deposited previously on the stream bed and low-lying bars.
The efficacy of small freshes in mobilising fine sediment drapes is controlled by hydraulic
variables (flow depth, shear stress and velocity), sediment grain size and the presence of
stabilising vegetation. Unvegetated, non-cohesive fine grained sediments (fine sands and
coarse silts), which are readily entrained by shallow flows (depth ≥ 0.3 metres), have the
potential to be mobilised by small flow pulses. However, cohesive silts and clays, which form
drapes over recently deposited lower bank sediments (Page et al. 2003), are less easily
entrained because of their strong electrostatic bonds.
In general, a progressive increase in entrainment shear stress occurs with decreasing grain
size. For grains of 0.01 mm diameter (medium silt), entrainment shear stresses are equal to
those required for fine gravel (3–5 mm); for grains of 0.002 mm (silt/clay boundary),
entrainment shear stresses are equal to those required for 30–40 mm particles. Cohesive
sediments may not be mobilised (flushed) by small flow pulses in low gradient streams,
particularly where the sediments are stabilised by vegetation. Observations of the persistence
of fine-grained oblique accretion deposits on banks of the Murrumbidgee River (Page et al.
2003) support this conclusion.

2.2.2 Algal blooms and eutrophication
Algal blooms in Australian freshwaters cost the community between $180 and $240 million
every year, and the costs shared by urban water users, dryland farmers, and irrigators in
roughly equal proportions (Atech 2000). Thus, algal blooms are a problem that affects the
whole Australian community (see Box C).
The most common form of algal bloom involves blue-green algae, which are microscopic
single-celled organisms (photoautotrophic prokaryotes) occurring as single cells,
accumulations of cells (colonies), or filaments of cells (trichomes). Despite their name, bluegreen algae are actually types of bacteria known as cyanobacteria. They are found naturally
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in all freshwaters (as well as other environments such as damp soil, tree trunks, hot springs
and snow) and can vary considerably in shape, colour and size. Similarly to algae, they
require light, carbon dioxide and dissolved nutrients such as nitrate and phosphate, however
some cyanobacteria can directly convert atmospheric nitrogen into a useable form that gives
them a competitive growth advantage over green algae that rely solely on nutrients from the
water column (Maier et al. 2001). Certain types of blue-green algae also have a buoyancyregulating mechanism that gives them a competitive advantage in obtaining light and nutrients.
Under certain favourable conditions, cyanobacteria can become dominant and form large
masses or blooms (Reynolds 1987). Blooms can form in lakes, rivers and reservoirs, and they
are usually marked by green or blue-green surface scums. These blooms have significant
adverse effects on water quality, as cyanobacteria can produce toxins and odours that affect
drinking water quality as well as impacting on water-based recreation. More recently, there
has been increasing concern that toxic metabolites produced by some species (Microcystis
aeruginosa, Nodularia spumigena, Anabaena circinalis and Cylindrospermopsis raciborskii)
are associated with poisoning of native and domestic animals, liver and kidney damage, and
human illness (see review in Steffensen et al. 1999 for complete list of toxic cyanobacteria in
Australia). Toxins from cyanobacteria are released into the water when the cells die and the
toxicity can persist for several weeks even if only as dried scums on the shoreline.
Several studies have shown that flow is a controlling factor for the development of
cyanobacterial blooms in Australian rivers (e.g. Hötzel and Croome 1994; Bowling and Baker
1996; Maier et al. 1998; Sherman et al. 1998; Webster et al. 2000; Mitrovic et al. 2003) and
throughout the world (Herath 1997). Low flows contribute to the stabilisation of the water
environment, increased light availability, longer retention times and allow the release of
nutrients from sediments (MDBMC 1994, Crockford and Willett 2000). In addition, the impact
of climate change on hydrology and water resources management may result in the
conditions conducive to cyanobacterial blooms becoming more prevalent (Viney et al. 2007).
As a consequence, flow management strategies such as pulsed flows, weir drawdown and
artificial de-stratification have been proposed as means of controlling cyanobacterial blooms
in regulated rivers (Herath 1997). The algal management strategy for the Murray–Darling
Basin aims to to reduce the frequency and intensity of algal blooms and other water quality
problems associated with nutrient pollution in the basin through a framework of coordinated
planning and management actions (MDBMC 1994). Four key objectives have been identified
in order to meet the above goal, including the improvement of streamflow regimes and flow
management, and continued research to improve scientific knowledge about cyanobacteria
(MDBMC 1994).

Controlling algal blooms with pulsed flows
Research in regulated systems of the Murray-Darling Basin has demonstrated that flow is a
dominant factor controlling the degree of thermal stratification (Sherman et al. 1998), which in
turn is a necessary condition for the growth and development of cyanobacterial blooms in
rivers (Sherman et al. 1998). It is now clear that stratification and light penetration, not nutrient
availability, are the triggers for blooms in rivers of southeastern Australia, although nutrient
exhaustion limits the biomass of blooms (Davis and Koop 2006). However, the onset of
stratification is not a function of river flow alone, but also depends on solar radiation and wind
speed (see Box D). The potential for flow management to control algal blooms can therefore
be realised simply by diluting or dispersing an established bloom of cyanobacteria and
transporting them downstream, increasing flow to reduce persistent thermal stratification, or
establishing flow conditions that contribute to the maintainence of a healthy river system and
prevent the establishment of a bloom (MDBMC 1994).
Box C: Blue-green algal alerts
The World Health Organisation and Australian National Health and Medical Research Council have adopted
thresholds for waters that are: safe for recreational use (< 20,000 cells per millilitre); may cause an adverse
reaction from animal/human contact with the water (20,000 to 100,000 cells per millilitre); and waters not safe
for human consumption (algal concentrations greater than 100,000 cells per millilitre).
For more information: www.nhmrc.gov.au/publications
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Box D: Stratification and algal blooms
Temperature is the major factor affecting the density of fresh water and hence stratification. As solar radiation
passes through water the heating wavelengths are absorbed rapidly, creating a ‗layering‘ of the water column
with warm water on the surface and cooler water at the bottom of the water column. Thus, we can view a
stratified lake as two almost distinct subsystems where quite different ecological processes predominate.
Unless flushing flows or strong wind conditions are introduced, water bodies can remain stratified for extended
periods.
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In stratified systems, other algae sink, leaving the buoyancy-regulated blue-green algae floating near the
surface, absorbing light and all the available nutrients, and growing quickly. Deeper, denser water becomes
deoxygenated and possibly lethal to aerobic organisms. Deoxygenated layers of water also promote the
release of nutrients from the sediments, often prolonging the blue-green bloom.
Other factors that can result in stratified water bodies include salinity (fresh water floats over saline water), and
suspended particles (clear water floats over turbid water).
Adapted from Boulton and Brock (1999)

Flushing flows
The success of pulsed flows to disperse established algal blooms has been demonstrated in
the Murray Darling Basin (e.g. Sherman et al. 1998; Webster et al. 2000; Maier et al. 2004;
Mitrovic et al. 2003; Bormans et al. 2005), urban water supply catchments (e.g. Canning
Reservoir, Western Australia; Vincent 2001), recreational waters (City of Torrens, South
Australia), and a number of coastal river systems (see the review in Davis and Koop 2006).
The NSW program to monitor ecosystem responses to environmental flow releases,
Integrated Monitoring of Environmental Flows (IMEF), has listed protecting or restoring a
portion of freshes and high flows through dam releases as a process for flushing algal and
cyanobacterial blooms from the water column, making blooms less prevalent (Chessman and
Jones 2001). Similarly, the temporary release of additional flow from upstream storages as a
pulsed flow has been recommended as ‗best-practice‘ for controlling algal blooms in a recent
overview by Edgar and Davis (2007). The provision of pulsed flows above production targets
has become part of the operating protocols for many systems including the Murray River. For
example, in February 1999, water in addition to operational requirements was released from
storages along the Murray and Murrumbidgee rivers to flush a blue-green algae bloom
between Euston and Wentworth on the Murray River (The Living Murray 2005). Similarly, the
Murray-Darling Basin Commission has approved special flows of up to 5 gigalitres per day for
a week in the Menindee Lakes system for the flushing and dispersal of cyanobacterial blooms
(Gippel 2003). In 2001, discharge from Menindee had been increased from 4.5 gigalitres per
day to 8 gigalitres per day to assist dispersal of downstream algal blooms at Burtundy on the
lower Darling River (which had peaked at 19,000 cells per milliltre). However, this discharge
was insufficient to disperse the bloom, requiring the levels of Euston Weir Pool to be
temporarily lowered to boost the peak to 13 gigalitres per day and successfully disperse and
transport the bloom downstream.
While the successes of pulsed flows to disperse algal blooms are numerous, there are
documented cases of negative impacts. For example, the dispersal of an established bloom
with pulsed flows can also create impacts in downstream reaches. In highly regulated
systems such as the Menindee Lakes, blooms dispersed from upstream can simply reestablish in regulated reaches or impoundments further downstream where conducive flow
conditions return (Grace et al. 2004). The major limitation with using pulsed releases to
disperse algal blooms is the lack of available water for an effective flushing flow or operational
capacity to deliver water to the affected reach. To address the lack of available freshwater,
Vincent (2001) trialled the use of saline water to flush algal blooms in a eutrophic freshwater
impoundment on the Canning River, Western Australia. The use of increased salinity to
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control freshwater cyanobacterial blooms was found to reduce nutrient uptake by
macrophytes, and result in shift to a system dominated by phytoplankton, thus increasing the
likelihood of algal blooms and reduced water quality in the future (Vincent 2001).

Weir manipulation
Maeir et al. (2001) assessed the effectiveness of a range of flow control strategies and
options for disrupting thermal stratification and thereby limiting cyanobacterial growth in the
lower Murray River. The maximum amount of water that can be released from a dam at a
particular point in time is a function of how much water has already been released to meet
entitlement demands. These limitations led to trials that demonstrated the simultaneous
reduction in weir pool levels at multiple weirs along a river had the greatest potential for
disrupting thermal stratification and were operationally possible. The advantages of this
method are that there are fewer operational constraints and that there is no considerable
delay between the reduction in weir pool levels and the time peak discharges are reached.
Webster et al. (2000) and Gawne and McCasker (2005) found increasing the discharge
through a weir pool above a pre-defined critical level for stratification persistence was the best
way of preventing blooms, but such a strategy may prove to be unacceptable because of the
volume of water that is required to be sent downstream.
The durations of Anabaena blooms were also found to be greatly reduced by targeted pulsing
of discharge through a weir (Viney et al. 2007). By targeting pulses to times when they will
have maximum effect in destroying stratification, blooms can be managed with minimal
additional water by pulsing water that is sourced from within the weir pool itself. Similar trials
in water storages in tropical river systems have revealed that ‗resetting‘ the optical and mixing
depths through the manipulation of the weir discharge to remove the stratification and entrain
suspended sediment can result in conditions that are unfavourable to algal blooms (Bormans
and Ford 2002). More recent research has shown that the viability of cyanobacteria cells can
be reduced as they pass through offtake valves in reservoirs (Bowling et al. in press). This
allows the bloom to be dispersed with no additional discharge by simply increasing the
turbulence in dam offtake pipes and allowing physical abrasion to damage and disperse cells
downstream.
The drawbacks of this weir manipulation are that there is a large drop in waterlevel throughout
the affected river reach and that there is a large reduction in flow velocity after the restoration
of the original weir pool levels. These reduced velocities persist for a number of days, and
represent an increased risk of thermal stratification, and hence cyanobacterial bloom
development, after weir pulsing. Consequently, the length of time during which water levels
and velocities are reduced needs to be minimised. It is also likely that the reductions in water
levels needed to ensure thermal stratification is disrupted will be greater than the daily
fluctuations routinely experienced upstream and downstream of the weirs (Thoms and Walker
1993). Water level reductions of this magnitude could leave irrigation intakes stranded and
might result in difficulties for river navigation (Maier et al. 2001). In the tailwaters of weirs,
water level fluctuations of this magnitude can also have a significant negative effect on the
plants and animals in the littoral zone (Walker et al. 1994; Maheshwari et al. 1995, Burns and
Walker 2000; Ryder 2004). In addition, the drawdown of weirs and the intermittent emersion
and immersion of sediments can lead to the development of acid sulfate soils in susceptible
systems (see criteria in Baldwin et al. 2007) and the release of nutrients from sediments upon
rewetting (Baldwin and Mitchell 2000).
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Box E: The world’s largest algal bloom
In November and December 1991, a blue-green algal bloom affected almost 1000 kilometres of the BarwonDarling River, New South Wales, Australia. The bloom was dominated by Anabaena circinalis and was
present in concentrations of up to 940,000 cells per millilitre at Wilcannia weir pool during its peak in
mid-November. The bloom was also toxic along the affected length of the river system and was implicated in
the death of stock. This resulted in the declaration of a state of emergency in NSW for the duration of the
bloom.
Low flows (or periods of no flow) coinciding with drought conditions in the Darling River from August to
December 1991 were a major factor triggering the bloom. In addition, warm water temperatures (in excess of
30°C), high concentrations of total phosphorus, and improved water transparency from suspended sediment
settling with low flows would also have been contributing factors. Additionally, much of the water that would
normally have passed downstream had been abstracted for irrigation purposes upstream, further reducing
flows. Under these conditions, flushing of developing algal blooms was not a viable option.
A flood exceeding 200 gigalitres in total volume flushed the Barwon-Darling River in mid-December 1991,
creating conditions less favourable for continued cyanobacterial blooms, including very high turbidities and
flushing flows that dispersed the blue-green algal colonies. Aside from the impacts on biota, the bloom had
many other social and economic ramifications for water users along the Darling River. Management authorities
have now allocated environmental flows to allow for the health of the river and instigated catchment
management practices to help reduce nutrient inputs. However, given the hot, dry summer climate, the
potential for further drought, and low flows exacerbated by irrigation withdrawals, blue-green algal blooms
continue to be a regular occurrence in the inland waterways of Australia.
For further information see: Bowling and Baker (1996), MDBC (1994), Mitrovic (2006); and the Murray Darling Basin
Commission Rivers Program Publications Reference Kit 1990-2000, available at www.mdbc.gov.au

Model development to manage algal blooms
The use of environmental flows or setting a minimum discharge to suppress cyanobacterial
blooms is a relatively new practice with few documented trials (e.g. Burch et al. 1994; Maier et
al. 2004; Mitrovic et al. 2003). Determining sustained discharge levels that suppress
cyanobacterial growth requires site-specific information (dependant on factors such as slope,
residence time, and cross-sectional area) and the flows so determined cannot be extrapolated
to other river reaches and systems. Detailed hydrodynamic and chemical models for specific
sites have been developed to predict the physical behaviour of stratified river pools (Bormans
and Webster 1998) and the growth of a non-buoyant diatom and a buoyant cyanobacterial
species under stratified conditions (Bormans and Condie 1998). These models have been
developed specifically for the conditions observed in the Maude weir pool and so are driven
by the stratification process, and do not include the effects of nutrient limitation on algal
growth.
Poisson–Bayesian models based on historical flow analysis have been used to predict the
occurrence of algal blooms in the lower Murray–Darling Basin (Maier et al. 2004). The model
indicated that increasing inflows to weirs in the lower Murray River by 10 gigalitres per day
(which is the maximum achievable increase given current operational constraints), would not
have a significant impact on the occurrence of blooms exceeding 15,000 cells per millilitre. An
additional flow of 19.9 gigalitres per day would be required to reduce the probability of
occurrence of blooms exceeding 15,000 cells per millilitre to 0.01%. Similarly, Webb and
Chan (2004) used artificial neural network modelling to identify conditions regulating algal
blooms in the Goulburn-Broken catchment, Victoria, but concluded that a lack of site-specific
data makes prediction of risks uncertain.
The specificity of existing models to particular sites or times of year limits the transference of
these models to other systems (Young et al. 1999). Mitrovic et al. (2003) have proposed the
use of a ‗critical flow velocity‘ or ‗critical turbulent velocity‘ rather than discharge volume, as
velocity can be applied more widely as a long-term sustained flow target for reducing the
occurrence of cyanobacterial blooms in rivers. The model was tested at several weir pools
along the turbid and freshwater Barwon-Darling River system, and identified that a critical
velocity of 0.05 m/s was sufficient for the suppression of persistent thermal stratification and
concurrent A. circinalis growth at all sites along the river.
In conclusion, this review has demonstrated the importance of stratification in regulating
vertical mixing processes in impoundments and reaches with reduced flow. Even so, the
effects of, and the control over, stratification vary as a consequence of the characteristics of
the river section. The use of pulsed flows to disperse algal blooms has been demonstrated to
be effective, yet it is fundamentally constrained by the availability of water, the delay in
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flushing due to the distance between the bloom and the source of water, and the potential to
move the bloom downstream due to insufficient water for complete flushing. The drawdown or
pulsing of flows through weirs to disrupt stratification and disperse algae is also effective in
many systems, with the added benefit of being operationally possible and potentially
resource-neutral. However, the magnitude, rate and frequency of the drawdown can have
negative impacts on reaches both up- and downstream of the weir. Impacts are often specific
to a site and time, and they are affected by acid sulfate soil development and nutrient release
from intermittently wet sediments.
The development of models for predicting algal blooms permits the testing of management
strategies without disrupting the discharge patterns and is resource-neutral, as their
implementation does not rely on the availability of additional water. Models based on non sitespecific attributes such as critical velocities will best facilitate the prediction of bloom
occurrence, yet as with all existing models, they are constrained by the lack of existing
baseline data resulting in reduced confidence in risk-based assessments. In particular, there
is a need to quantify the risks associated with maintaining the security of resource quantity
and quality, and to assess the effectiveness of potential management strategies. The
importance of an evidence-based approach to reducing the occurrence of algal blooms in
regulated rivers is that data enable economic, social and biological trade-off analyses to be
undertaken for all flow scenarios. This will allow the testing of management concepts such as
protecting freshes from extraction as a resource efficient method that may reduce the need
for flushing flows.

2.2.3 Salinity and contaminants
Contaminants fall into two broad categories:


substances that occur naturally, but for which significant increases in the amounts
present contaminate the environment (e.g. salt)



substances that do not occur naturally, for which even small amounts may
contaminate the environment (e.g. agricultural chemicals).

These contaminants are a threat to major river systems in Australia, and also to receiving
waters such as floodplain wetlands, reservoirs and estuaries (Edgar and Davis 2007). Studies
on managed flows released for the dilution or flushing of pesticides or heavy metals in
Australian rivers could not be found, whereas there is a large literature on the use of flushing
flows for the purposes of diluting saline river flows.
Australia's rivers and landscapes are under threat to rising salinity, particularly in Western
Australia, South Australia and the Murray-Darling Basin. The area damaged by salinity to date
represents about 4.5 per cent of present cultivated land, and estimated current costs include
$130 million annually in lost agricultural production; $100 million annually in damage to
infrastructure; and at least $40 million in loss of environmental assets (Chartres et al. 2003).
The gradual salinisation of Australian rivers was noticed before the turn of the twentieth
century. For example, the Avon River (entering the Swan River flowing through Perth) was
growing saline by 1900, which allowed various species of estuarine mollusc to penetrate
further upriver while freshwater invertebrates were presumably becoming extinct (Kendrick
1976).
Periods of low flow conditions in rivers and wetlands often result in the concentration of salts
through evaporation and groundwater intrusions (Williams 1999). The prevalence of low flow
conditions and a reduction of pulsed flows in many river systems associated with regulation
and climate change has led to a gradual increase in the mean salt concentration over time
(MDBC 1999). Biota that would have survived short-term rises in salinity or dispersed to less
saline systems are being lost permanently from aquatic systems, leading to a substantial
decline in aquatic biodiversity. Halse et al. (2003) estimated up to one-third of wetland and
river invertebrate species, large numbers of plants and a substantial proportion of the
waterbird fauna will disappear from the wheatbelt region of Western Australia. In addition,
rising salinities are associated with increased water volumes, longer periods of inundation,
and more widespread acidity, each of which are also likely to be detrimental to aquatic biota.
Nielson et al. (2003) suggest that adverse direct effects of salinisation in most Australian
freshwater wetlands will occur when salinity increases to around 1500 milligrams per litre.
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Flushing and dilution flows
The biotic and social impacts of rising salinity in aquatic systems are well documented. It is
also widely accepted that the dilution of saline flows with freshwater released from dams or
from rainfall is the best management strategy, yet there is little documented evidence that this
approach is practiced or the outcomes assessed.
Salinity levels in rivers are a result of a combination of flow and salt load. Normally high flows
result in low salinities through dilution, whilst low flows result in higher salinities. Dilution flows
have been set in place through legislation in large river systems, such as the Murray River,
where there is certainty in supply. In 1999, an annual water quality allowance of 20 gigalitres
was set aside for salinity dilution and algal bloom mitigation (MDBC 1999). The Murray–
Darling Basin 2003–04 Salinity and Drainage Strategy recognised an opportunity to improve
flows during periods of low flow without significantly reducing the security of supply to water
users. Changes to rules governing the operations of major storages were made to allow
dilution flows through weir manipulations and drawdown, providing a target for a reduction of
35 micro-siemens per centimetre (µS/cm) in salinity at Morgan. The actual reduction to 2006
has been about 28 µS/cm. More recent research has shown surprisingly low salinity levels in
the lower Murray as a consequence of the severe drought (MDBC 2004). The prolonged low
flows have resulted in significantly less salt being mobilised from the landscape, with the
majority of water in the lower Murray River system derived almost directly from Dartmouth
and Hume regulated flows (MDBC 2004). The consequence is that salt which would normally
have been flushed downstream is now captured in the landscape in floodplains and wetlands
leading to increased degradation of these systems. Despite the implementation of dilution
flows through guaranteed flow entitlements to South Australia and salt interception schemes,
the threshold of 800 µS/cm for desirable drinking quality water is likely to be exceeded 50 per
cent of the time at Morgan on the Murray River by 2050 (Gippel 2003).
The Macquarie Marshes are an important site for biodiversity, yet river regulation and
changes to water quality have led to successional changes in aquatic vegetation, reduced
vegetation health, and declining numbers of water-birds, native fish and invertebrates
(Kingsford 2000). The expected average salinity for the Macquarie River on entering the
Macquarie Marshes is expected to rise to 2110 µS/cm in 2100. These high salinity levels
would also lead to increasing salinity within wetlands that are isolated from the main river
channel. There is the potential for salt scalding occurring in these areas as the saline waters
are concentrated. At present there are no dilution flows allocated in this system, but one
implication of this change in salinity levels in the Macquarie River could be that the current 50
gigalitre environmental water allocation for the Marshes might have to be used for water
quality control by flushing these saline wetlands rather than for targeted bird breeding events.
Current rules for dilution flows in floodplain river systems such as the Murray and Macquarie
do not include flows for flushing floodplains and wetlands. As a consequence, these areas
can also be considered as temporary salt sinks on the floodplains during periods of low flows,
and they can therefore contribute substantially to the salinity levels in floodwaters during
subsequent floods if not included in long-term flow strategies to manage salinity.
The timing of dilution flows can also influence their effectiveness, and as with the Macquarie
Marshes, this can create indirect costs to ecosystem health associated with reduced water
availability. Environmental water provisions are under consideration for the regulated tropical
Ord River system in north Western Australia, however there is a dichotomy in optimal flow
regimes for the contrasting management aspirations of ecological restoration based on low
seasonal flows, and the dilution flows required for the drainage of agricultural effluent. Dilution
flows are required in winter to reduce concentrations of agricultural effluent during low flow
conditions, but such dilution flows in dry seasons will come at the expense of artificial floods
in wet season when floods would have naturally occurred (Doupe and Pettit 2002). Similarly
to the use of pulsed flows to disperse algal blooms, the flushing or dilution of salinity in
regulated rivers is generally required in summer months when water is scarce. In smaller river
systems, low flows can result in the creation of pools that stratify both thermally (section
2.2.2) and chemically with fresh water overlying a layer of saline water at the base of stagnant
pools.
Turner and Erskine (2005) examined the effects of a pulsed dilution flow in small, regulated
rivers in south-eastern Australia. They found that pulsed releases did not break the persistent
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stratification in pools because the water temperature was too low due to the hypolimnetic dam
release. The released water mobilised sediment, phosphorus and saline water from stratified
pools and translocated the contaminated water downstream, sufficiently diluting saline water
to generate cyanobacterial blooms in downstream pools. This has also been reported by
Anderson and Morison (1989), who demonstrated that the flushing of saline pools with water
released from dams did not break the chemical stratification in pools, instead producing
localised pulses of poor quality water in downstream reaches of the Wimmera River, Victoria.
Davies and Kalish (2004) also noted that a high-discharge flushing event in the Derwent
Estuary that was intended to disperse enterococci resulted in increased sulfide concentrations
downstream from mixing of stratified layers of saline water. Some rivers in the south-west of
Australia may exhibit reversed salinity profiles because headwaters are in areas of low
rainfall, whereas the forested, lower reaches receive large amounts of fresh water that dilute
the salt. The Blackwood River, for example, has a reversed salinity profile at times of the year
when the upper reaches may be more saline than the lower estuarine sections (Morrissy
1974). In these systems, it is the maintenance of longitudinal connectivity, including no
extraction of surface or groundwater in key reaches, that is paramount for diluting saline flows
(Froend and Loomes 2005).
The contribution of the ‗first flush‘ following rainfall or flooding to the relative loadings of
salinity and pollutants has been documented in urban (e.g. Taebi and Droste 2004),
agricultural (e.g. Ladson and Finlayson 2002; Muschal 2006), and inland river systems
(MDBC 2004). There is a ‗spike‘ in salinity and pollutants that is associated with rainfall
events as levels rise sharply for a short time while rainfall runoff flushes ground and surface
salt through the tributaries into the river. This may limit the effectiveness of these flows to
dilute exisiting saline problems. In January 2008, widespread rainfall in Queensland and
northern NSW produced significant inflows to the Barwon-Darling system from the Namoi,
Gwydir, Border rivers, and intersecting streams from Queensland. However, the initial flow
pulse picked up water in the residual pools and was highly saline, turbid and contained
cyanobacteria. A media release from Department of Water and Energy in NSW advised that
water users should expect a sharp drop in water quality as the initial flush moves downstream
to Wentworth Weir. Similarly, in 2004 when the Darling River ceased to flow, 58 gigalitres was
released from Menindee to dilute saline pools and re-establish supply to users, but insufficient
daily releases led to flows exceeding 1500 µS/cm being transported down the river (MDBC
1999). The high salinity meant that the flows were therefore unsuitable to extractive users.
Box F: Case Study—Post-bushfire flushing flows in the Cotter River, ACT
Environmental flows were introduced into the Cotter River in 1999 as a requirement of the Water Resources
Act 1998 (ACT), which included end-of-month pulses (spike flows) and longer duration pulses (flushing flows).
However, changes were made to the delivery of the environmental flows during the drought conditions
experienced in 2002–2005 and after the bushfires in January 2003. Large inputs of sediment and organic
material along with substantial quantities of ash and charcoal from post-bushfire thunderstorms resulted in the
water in storage reservoirs becoming highly turbid. The increased suspended sediment could be detrimental
to the already stressed ecosystem if released according to environmental flow requirements. A strategy was
devised to release the turbid water from Bendora Dam with the aim of maintaining drinking water quality and
improving the biological condition of the downstream environment. Pulses of clean water were introduced from
additional reservoirs before and after the turbid water release from Bendora Dam to dwarf any potential
negative effects the turbid water may have on the downstream biota.
For more information:see Peat and Norris (2007)

An alternative to dilution flows, which target diffuse-source salinity, is the dilution of salt water
deliberately discharged from a point-source during high flows. The Hunter River Salinity
Trading Scheme is such an example: the scheme aims to keep salinity levels in the Hunter
River below an agreed target salinity level of 600 µS/cm at Denman and 900 µS/cm at the
Glennies Creek–Hunter River junction and at Singleton. This is achieved by limiting
discharges of saline wastewater from coalmines and power stations to periods of flow in the
river when impacts from these discharges are minimised by dilution effects. In order to assess
and account for the salinity impacts of irrigation and interstate water trade in the Lower
Murray–Darling Basin, a rapid assessment tool known as SIMRAT (Salinity IMpact Rapid
Assessment Tool) has been developed to support the system of salinity credits and debits
under the MDBC‘s Basin Salinity Management Strategy 2001–2015. Predictive models such
as SIMRAT acknowledge the vital influence of connectivity of river systems in salinity
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management. They are a positive and resource-efficient step in addressing diffuse-source
salinity impacts (see www.mdbc.gov.au/salinity for more information).
In conclusion, the most effective approach to the management of salinity and contaminants
entrained in streams is the identification of the timing of peak concentrations (either from point
or diffuse sources) and the use of site-specific flow releases that are managed so they will not
create adverse downstream impacts. The quandary remains that pulsed flows are most
needed at a time when water is least available, as irrigation releases in years with high rainfall
appear to be sufficient to dilute and flush most salinity problems. Options such as pulsed
irrigation flows rather than sustained releases could deliver potable water for extractive use
and alleviate many salinity issues in times of low rainfall. Where insufficient water is available
to successfully dilute water to within acceptable limits and flush it downstream, the decisionmaking process will need to include an assessment of the social, economic and ecological
value of affected (and potentially affected) reaches to decide if pulsed flows should be
released. As indicated by results of recent research by Baldwin et al. (2007), this should
include an assessment of the potential for acid sulfate soil development. Risk factors include
whether or not the system receives municipal waste or irrigation return water, elevated salinity
in the overlying water (>1750 µS/cm) or sediment (400 µS/cm in a 1:5 soil:water extract) and
high levels of sulfate in the water column (>10 milligrams per litre). In systems where
stakeholders cannot instigate successful flushing flows, there is the option to establish salinity
trading schemes to allow storage and subsequent release of saline water during natural high
flows.
Hart et al. (2003) developed and tested a disturbance–response conceptual model for
assessing risks from increased salinity in a catchment context, but this approach could easily
be adapted to model risk-based assessments for a range of water column contaminants such
as nutrients and algal blooms. However, information on the resistance and resilience of an
ecosystem to disturbances, how to better quantify the linkages between the key stressors and
the biotic components, and how to better handle uncertainties are still required to further the
risk-assessment approach.

2.2.4 Biofilms
Biofilms (or periphyton, benthic algae, aufwuchs) cover rocks, wood, sediment particles and
other surfaces in aquatic systems (see

Box G). Biofilms are affected by a range of hydrological factors including depth (which affects
light availability and hence primary production), frequency and duration of aerial exposure,
and flow velocity (Reid and Brooks 2000). Each of these factors is affected by regulated flow
regimes, and research demonstrates that the quality of biofilms has altered since regulation
(Sheldon and Walker 1997; Burns and Walker 2000; Sutherland et al. 2002; Ryder 2004). In
particular, it has been shown that regulated flow regimes allow biofilm communities to develop
more fully, leading to a predominance of later successional stages and dominance by
filamentous green algae.
The response of biofilm composition and function to scouring by high flows has been well
documented (see section 2.3.3 for review). However, very little is known about the role of flow
variation such as low flow pulses and desiccation as mechanisms that regulate the structure
and function of biofilms despite high potential for such disturbance (natural or managed flows)
in regulated rivers.
Before regulation, prior to the 1920s, littoral biofilms in the lower Murray probably were
dominated by microbial biomass, as fluctuating water levels and high turbidity would have
limited algal growth and maintained the biofilms in a state of early succession. By stabilising
seasonal water levels, regulation would have promoted the growth of late successional
species.
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Box G: The role of biofilms in aquatic food webs
Biofilms are a major instream source of carbon. They provide a major energy source for aquatic food webs by
contributing organic material to the water through leached exudates, sloughed dead and senescent material
and live cells. Consequently, biofilms form the base of food webs that support grazers such as crustaceans,
insects, molluscs and some fish. The role of biofilms within aquatic food webs varies with their composition,
density and productivity. Where light occurs and velocities are relatively high, biofilms are dominated by
photosynthetic organisms (autotrophs), the algae, particularly Chlorophyta (green algae), Bacillariophyta
(diatoms) and Cyanobacteria. Biofilms in low light, turbid or low flow environments are predominantly
heterotrophic and dominated by bacteria. The composition and the balance between autotrophy (nett oxygen
production) and heterotrophy (nett oxygen consumption) within the biofilm are controlled by light and nutrient
availability, and the types and physical disturbances such as desiccation during low flows or scour during high
flows.

Light

Dark

For more information: Burns and Ryder (2001)

The effects of pulsed flows from weirs in the lower Murray River on patterns of establishment
and succession in riverine biofilms were examined by Burns and Walker (2000). Littoral
environments downstream of weirs are periodically exposed to air, and are subject to a
variable underwater light climate. Burns and Walker (2000) showed that disturbances
associated with normal weir operations had minimal effects on overall algal biomass and
gross biofilm composition in downstream reaches, as the amplitude and duration of water
level fluctuations in the tailwater were too small to reset succession. Burns and Walker (2000)
concluded that the magnitude and duration of inundation in downstream littoral areas must be
managed so that the desiccation tolerances of established biofilm organisms are exceeded.
This will promote biodiversity of food resources for grazing aquatic animals such as native
snails (Sheldon and Walker 1997).
The effect of frequency and duration of inundation and desiccation regimes on the metabolic
response of biofilms has received much less attention, despite the hydrologic regime having
strong effects on community respiration and primary production, and ‗functional‘ measures
becoming increasingly used to assess river condition (e.g. Ryder and Miller 2005).
International studies have demonstrated a 10-fold reduction in gross productivity of a tailwater
biofilm community with increased exposure to the atmosphere (Angrandi and Kubly 1993).
Research on the Colorado River system has shown that repeated stranding of biofilms in
tailwater habitats can reduce productivity (Usher and Blinn 1990; Blinn et al. 1995), and thus
reduce potential energy flow in river food webs (Shaver et al. 1997). Ryder (2004) examined
the effect of water level variability in the absence of scouring as a resetting mechanism for
littoral biofilm productivity in southeast Australian floodplain rivers. The study revealed
maximum nett primary productivity of biofilm was achieved after 29 days of permanent
inundation, after which the biofilm clogged with silt and became heterotrophic.
Regulated flows in upland or cobble-based systems similarly affect biofilm structure and
function by prolonged stable flows leading to late successional species or variable periods of
desiccation through atmospheric exposure. Watts et al. (2006) examined the potential for lowlevel managed flow pulses to reduce biofilm biomass and reset taxonomic composition in the
Mitta Mitta River, Victoria. Stable flow releases for prolonged periods (months) led to the
development of mature biofilms, but insufficient water was available from Dartmouth reservoir
for high scouring flows. Two low-discharge weekly cycles (approx 200–400 megalitres per
day) were released from Dartmouth Dam, followed by two higher-discharge weekly cycles
(approx 300–900 megalitres per day) in an attempt to reduce biofilm biomass and increase
algal diversity through intermittent wetting and drying cycles. Neither of the low discharge
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cycles reduced the total biofilm biomass; instead each cycle increased growth of some
filamentous taxa that were tolerant to that range of discharge and are capable of growing
quickly. It was evident that, in this sytem, variable flow releases aimed at reducing biofilm
biomass required a wider range of discharges and decreased frequency of cycles to promote
both desiccation and scouring processes.
It is evident that varying water levels from managed flow releases can regulate biofilm
structure and function (and therefore trophic dynamics of river systems), yet very little
research has been undertaken to examine the resilience of these biota to disturbance from
short-term or long-term water level variability. Mosisch (2001) examined the effect of
desiccation on epilithic algae in two subtropical rainforest streams in southeast Queensland,
Australia, finding that diatom assemblages on experimental cobbles did not recover from
short periods (15 days) of desiccation. Conversely, Robson (2000) found that biofilm taxa in
temporary streams of southern Victoria were resilient to drying, with the dry residual biofilm
strongly influencing the developing algal community after more that seven weeks of
desiccation. Resilience of biofilms to desiccation can vary from days to months depending on
duration, frequency, and rate of drying (Dodds et al. 1996; Benenati et al. 1998; Biggs et al.
1999) as well as long-term antecedent conditions and geographic location (semi-arid temporal
streams versus sub-tropical permanent streams). Watts et al. (2001) examined the spatial
and temporal response of biofilm biomass in a number of rivers in the Murrumbidgee
catchment, Australia. They concluded that the regulation of river systems and the disruption
of longitudinal linkages may have led to biofilm responses being highly dependant on
localised flow conditions. Biofilm responses to flow manipulations were most similar within
upper, mid- and lower reaches of all rivers rather than within each river system. What is
needed is a knowledge of the mechanisms that regulate the differential spatial and temporal
response of biofilms in relation to flow variability in the various systems. Then it might be
possible to predict the success of managed flow regimes.

2.2.5 Riparian vegetation
Riparian vegetation plays an important role in regulating light and temperature within the
riparian zone and in stream channels, as well as providing nourishment to aquatic and
terrestrial biota, providing a source of large woody debris, regulating the flow of water and
nutrients, and maintaining biodiversity by providing a variety of habitats and ecological
services (Naiman et al. 1993; Tabacchi et al. 1998). Floods and groundwater levels strongly
influence the type and productivity of riparian vegetation (Mitsch and Gosselink 1986;
McCosker 1998). Flooding is the primary agent of disturbance in riparian plant communities
and disturbance is an important factor in riparian zone ecology as it maintains plant diversity
through increasing environmental heterogeneity (McCosker 1998; Hughes et al. 2001;
Stromberg 2001; Hughes and Rood 2003; King 2003). However, large floods are also capable
of causing temporary reductions in heterogeneity of the riverbed by destroying vegetation
through scouring or inundation (Friedman and Auble 1999; Hughes et al. 2001; Stevens et al.
2001; King 2003).

Response of riparian vegetation to small pulses
Floods of small size and duration have been shown to maintain early successional
communities in near-channel zones (e.g. Capon 2003). Stromberg et al. (2007) has reviewed
the importance of flooding for riparian vegetation in the southwest United States of America
and highlights the increases in diversity and cover of herbaceous plants documented by
various workers after small floods (e.g. Bagstad et al. 2005). The review links the
establishment of riparian pioneer species after small magnitude floods with the scouring of
litter and provision of water that stimulates germination and growth (Stromberg et al. 2007).
However, Nilsson and Svedmark (2002) caution that elevated flow may deposit sediments as
a thin veneer on plant leaves and stems, causing a reduction in photosynthesis and growth.
Within Australia, similar responses of riparian plants to small flood pulses have been
observed. A study of two riverbank plants (the sedge Carex bichenoviana and the low
growing daisy Calotis scapigera) on the Murrumbidgee River showed that plant biomass
increased in locations where periods of inundation were short (days) and sediment deposition
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was low (≤ 65 mm) (Lowe 2002). Increased inundation periods and burial under greater
amounts of transported sediment, however, resulted in lower biomass produced by both
species (Lowe 2002).
Similarly, Capon (2003) studied riparian plant community responses to small flood pulses in
Cooper Creek, Queensland. After inundation, the cover of annual grasses and plants adapted
to living in waterlogged soils (hydrophytes) increased. This small flood pulse was not
sufficient to remove the woody overstorey riparian shrubs. Capon (2003) suggests that larger
pulses may remove shrub cover so facilitating higher productivity in annual grasses and
hydrophytes.
In addition to providing an immediate increase in surface water to instream plants, small flood
pulses are also a potential source of input to groundwater resources and bank recharge
(Holland et al. 2006). The depth of groundwater and fluctuations in water table level influence
the abundance, age structure and composition of phreatophytic (ground-water using)
vegetation in the riparian zone (Stromberg et al. 2007). The groundwater-dependent riparian
cottonwood (Populus spp). has been extensively studied in south-western USA.
Appropriately-timed large and small flood pulses have been identified as critical for the growth
and survival of riparian cottonwoods (Stromberg 2001; Rood and Braatne and Hughes 2003;
Rood et al. 2003a).
There is some information on the water regime requirements of plant species that commonly
occur in the riparian zone. For example, some studies highlight the importance of small floods
for bank recharge to improve water availability for riparian trees, such as Black Box
Eucalyptus largiflorens (e.g. Holland et al. 2006) and River Red Gum Eucalyptus
camaldulensis (Overton and Jolly 2004).
Box H: Aquatic invertebrates
Invertebrate populations (e.g. insects, crustaceans, worms) are a significant component of biodiversity in
riverine ecosystems. They are responsible for much of the organic matter processing in rivers, thereby
contributing to nutrient cycling and the maintenance of water quality for downstream biota and human uses
(Rosenberg and Resh 1993; Norris and Thoms 1999).
Macroinvertebrates, in particular, have been widely used as biological indicators of river health because they
occupy numerous ecological niches, are abundant, relatively sedentary and long-lived, as well as being
sensitive to many types of environmental change (Norris and Thoms 1999; Chessman 2003).
Flooding is considered one of the most important factors that regulates the distribution, diversity and
abundance of riverine invertebrates (Shannon et al. 2001; Robinson et al. 2004). Although significant
decreases in invertebrate densities have been recorded after erosive floods, invertebrates are generally very
resilient and usually recover to pre-flood densities within a few weeks or months (Scrimgeour et al. 1988;
Collier 2002; Robinson et al. 2004). Alteration of the inherent variability of natural flow regimes and the
imposition of stable hydrological conditions can significantly alter the composition of invertebrate communities
in regulated rivers (Boulton and Brock 1999; Jakob et al. 2003). River regulation can also impact invertebrates
by altering the character of riverine habitats through changes to channel substrate and fine sediment
deposition (Wood and Armitage 1997; Owens et al. 2005).

2.2.6 Aquatic invertebrates
Small increases in flow can have significant consequences for local invertebrate communities.
Small increases in discharge (non-scouring flows) and higher water velocities can trigger
upstream movement of certain taxa (e.g. amphipods, see Williams and Moore 1989).
Changes in local benthic invertebrate populations can also occur in response to small flow
pulses as invertebrate drift increases (i.e. the downstream transport of aquatic organisms in
the current)(Schlosser and Ebel 1989; Poff et al. 1997). Additionally, where water levels
fluctuate rapidly (e.g. due to pulsed hydropower generation or drawdown for managed flows),
aquatic organisms can suffer high mortality from the physiological stress of stranding (Poff et
al. 1997; Robinson et al. 2004).
Bond and Downes (2003) maintain that even small flood pulses can impact aquatic
invertebrates by producing shear forces sufficient to remove individuals from the substrate.
Manipulations in experimental streams showed that increases in flow resulted in higher
numbers of drifting invertebrates, and significant declines were observed in the abundance
and diversity of benthic organisms (Bond and Downes 2003). This response is consistent with
research by Imbert and Perry (2000) on small flow pulses, which showed that significantly
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higher invertebrate drift occurred when flows were gradually increased or in response to
abrupt increases in flow. However, this study did not demonstrate a significant impact of small
flow increases on benthic invertebrate density (Imbert and Perry 2000).
In contrast, field studies of aquatic invertebrates by Schlosser and Ebel (1989) in Gould
Creek, Minnesota demonstrated that elevated (non-scouring) flow was associated with a
significant increase in the density of benthic invertebrates, particularly five families from the
caddisfly, mayfly and true fly (dipteran) orders (Hydropsychidae, Heptageniidae, Baetidae,
Simuliidae, Chironomidae). Field studies of the responses of invertebrates to small flood
pulses in Australia have also demonstrated increases in the abundance of many of these
taxonomic groups.
Transfers of water for the amelioration of river regulation impacts using releases from
Dartmouth Reservoir to Hume Reservoir have produced significant positive environmental
benefits in the Mitta Mitta River, Victoria. There was an increased number of invertebrate
families at one of the sites and significant shifts in community composition at three sites
towards the compositon of the reference site (Sutherland et al. 2002). In subsequent pulsed
flow trials during 2004 and 2005, Watts et al. (2005) also reported an increase in the number
of benthic invertebrate taxa. This change in community composition was a direct response to
the variable flow release and was facilitated by the colonisation of several sensitive taxa that
had been absent from the site prior to the water releases and an increase in the abundance of
taxa such as caddisflies, mayflies and dipterans.

2.2.7 Fish
Fish are known to be negatively affected by a suite of factors, including altered flow regimes
(Geddes and Puckridge 1988; Pierce 1988; Walker et al. 1995; Bunn and Arthington 2002)
and barriers to movement (Reynolds 1983; Mallen-Cooper et al. 1995; Baumgartner 2004) as
well as other factors including the introduction of alien species (Arthington 1991), commercial
fishing (Reid et al. 1997), reduced water quality (Gehrke et al. 2003), land clearing and
agricultural practices (Faragher and Harris 1994), and habitat removal (Crook and Robertson
1999). It has been estimated that the abundance of native fish communities in the MurrayDarling Basin are about 10 per cent of those before European settlement (MDBC 2003).
Pusey (1998) discussed flushing flows as part of a larger review of techniques for assessing
environmental flow requirements of fish. Pusey (1998) noted that most environmental flow
investigations were biased towards native fish species of recreational value or introduced fish
species. As an example, Pusey (1998) states that Tunbridge (1988) focused on the
requirements of fish suitable for angling, and trout has been the target taxon of several
environmental flow studies.
One of the underlying assumptions of most studies that are focused on individual species is
that if the needs of target species are met, then the flow requirements of other species will
also be met. This assumption is clearly flawed and highlights the lack of information on habitat
requirements of many Australian freshwater fish species. The development of environmental
flow methodologies has tended to move away from methods focused on historical flow
records or single species requirements towards more holistic approaches. Pusey (1998)
states that whilst in the past some environmental flow studies have focused on freshwater
fish, this focus on single species is less likely to occur nowadays. Nevertheless, Pusey (1998)
noted that:
‗freshwater fishes do have a flagship status within the general community and will probably continue to
have significant importance in environmental flow decisions.‘

Bunn and Arthington (2002) proposed four principles that help to explain the responses of fish
to various features of river flow regimes: habitat, life history, connectivity and alien species
can all be influenced directly or indirectly by flow magnitude, timing, frequency and duration.
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International literature on fish responses to pulsed flows
Flood pulses have been stated to be one of the primary environmental factors influencing fish
recruitment in large rivers. Zeug and Winemiller (2008) state that:
‗in temperate zone rivers, flood pulses that coincide with optimal temperatures have been associated with
greater growth and survival of some species (Schramm and Eggleton 2006) and are predicted to increase
fish recruitment, whereas the absence of a flood pulse or lack of synchronisation between temperature
and water rise reduces recruitment success (Bayly 1991; Halls and Welcomme 2004)‘.

Much of the international literature on pulsed flows and recruitment is focused on alluvial
reaches of rivers and the provision of habitat for gravel spawning fishes such as salmonids.
Sand free gravel beds are essential for egg survival and embryonic development of salmonid
fishes. Several papers state that releases of sediment maintenance flows are important for
mitigating the degraded quality of salmonid spawning gravels caused by the intrusion of fine
sediment into gravel beds (Wu 2000). Wu and Chou (2004) state that broad rules are often
used in the planning of flushing flows because numerous factors such as bed sand content,
historical runoff period, desired bed quality and life history requirements of target species
make the formulation of a method applicable to all rivers an extremely difficult task. Wu (2000)
has developed a model for predicting salmonid embryo survival in gravels as a function of
sediment deposition. One of the potential risks of managed pulsed flows is the loss of
spawning gravels to downstream areas if the flows are too large (Kondolf and Wilcock 1996).
Several authors have examined the relationship between floods and displacement of young
fishes. For example, Harvey (1987) examined downstream displacement of young-of-the-year
fishes during floods. The pattern of drift suggested that centrarchids and cyprinids smaller
than 10 mm in total length were extremely susceptible to downstream displacement whereas
larger fish were much less susceptible to displacement. These results suggest that the effects
of floods on stream fish communities will depend on the timing of flooding and that they will
have less effect if they occur when larval or juvenile fishes have grown to a larger size. Jeffres
et al. (2006) studied the movements of fishes before and during a controlled flood in
California. They found that the fish exhibited a variety of responses to flow change, including
schooling, spawning activity, and movements to low flow refugia from higher velocities. They
suggested that managers must take into account life history attributes and timing of delivery
of flow pulses when implementing controlled flow strategies to avoid displacement of small
fishes due to high velocities.
The issue of habitat availability (sometimes estimated as weighted useable area) is a factor
often associated with pulsed flows. Several studies have examined the issue of low flows or
reduced flows, due to drought or water resource management. Gibbins and Heslop (1998)
examined the effects of low flows associated with droughts in the United Kingdom. They
examined bulk transfers that were implemented to boost water supply in areas prone to water
shortage. They found that the transfers supported total habitat levels up to 10 per cent greater
than unregulated conditions. Gibbis and Heslop (1998) found that transfers maintained stable
habitat levels for salmon parr during periods when otherwise they would have fallen by as
much as 70 per cent.
Habitat persistence is an issue in highly regulated systems with managed flows. Freeman et
al. (2001) compared habitat effects on juvenile fish abundance in an unregulated system with
that in a system regulated by a peak load generating hydropower dam. They found that
young-of-year abundances were correlated with the availability of shallow slow-flowing habitat
in summer and persistence of shallow slow-flowing and shallow fast-flowing habitat in spring.
Because habitat persistence occurred in the regulated system only during summer or when
low rainfall curtailed power generation, summer spawning fishes dominated the fish
assemblage at the flow regulated site. This suggests that persistence of native fishes
depends in part on the seasonal occurrence of habitat conditions that facilitate reproduction
and young-of-year survival, two of the principles discussed by Bunn and Arthington (2002).
There is much international literature discussing the interaction between flows, water quality
and fish populations. Tomason et al. (1984) noted that unseasonal releases of cold water
from an impoundment resulted in poor reproductive success of two large Barbus species
whose spawning is governed by water temperatures. Similarly, King et al. (1998) examined
experimental releases from the Clanwilliam Dam on the Olifants River, South Africa and found
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that spawning had probably occurred before the experimental releases began (when warm
epilimnetic water was spilling over the dam) and had halted once spillage stopped and
hypolimnetic releases began. On observing dead and deformed young, they concluded that
the cold water may have had a detrimental effect on fish breeding and survival of fish larvae,
particularly those larvae spawned during the earlier warmer spell.
In a study during a severe drought in the Otago region of New Zealand, Caruso (2001) noted
that, due to the prolonged lack of flushing flows, there were some adverse impacts, including
fish kills in specific locations. Fish kills occurred where they became stranded and isolated
from the main flow and where there was a lack of deeper pool refuges. The duration of high
temperatures appeared to be the most critical factor in these events.

Australian literature on fish responses to pulsed flows
The literature on flow pulses and Australian native fishes includes information on movements
and breeding but limited information on the effects of flow on fish habitat.
Several authors state that spawning of many Australian fish is triggered by flow pulses.
However, there is increasing evidence that this is not the case for all species, and that some
native fish species spawn during periods of low flow and relatively stable spring and summer
flows (e.g. Humphries and Lake 2000; Pusey et al. 2001, 2004). The low-flow recruitment
hypothesis has been proposed to explain fish dynamics in rivers with less predictable flow
regimes. One of the potential risks of managed pulsed flows is the displacement of small
fishes due to high velocities (Koehn et al. 2003), and that ‗pulsed flows may cease to be
beneficial if released at inappropriate times, such as during low flow periods when fish spawn‘
(Pusey 1998).
There is considerable evidence that fish movement is triggered by even quite small flow
pulses. Pulsed flows can facilitate the movement of fish into habitats that are favourable for
breeding and recruitment. The movement response of Trout Cod Maccullochella
macquariensis to environmental flow releases in the Cotter River has been examined using a
radio-tracking approach. Ebner et al. (2005) fitted nine hatchery-reared adult Trout Cod with
radio-transmitters and monitored their movements under a range of low-flow conditions.
Movements both upstream and downstream from the release site were recorded. There was
some indication that a proportion of the fish undertook more extensive movement during
periods of higher flow, but the sample sizes were small (Ebner et al. 2005).
The issues of habitat availability should be considered in the context of pulsed flows in
Australia. There is the potential that altered flows may result in the increase or loss of fish
habitat. In relation to design of flushing flows, Pusey (1998) states that there is a risk that all
methods require input of information on the relationship between flow, habitat and fish,
regardless of the methodology used to characterise the release. However, there is still limited
information about the habitat requirements of some Australian fishes (Pusey 1998), especially
in relation to the influence of flow on habitat structure, diversity, persistence and fish response
(Pusey et al. 2004).
Periods of continuous low flow and very warm weather can create poor water quality
conditions that are detrimental to fish. During November 2002, a major fish kill occurred in
Broken Creek, north-east Victoria, resulting in the death of at least 200 Murray Cod
Maccullochella peelii peelii (Koehn et al. 2003). The vertical slot weirs were not in operation
due to the low flows, so the fish were unable to access reaches with better water quality. The
release of pulsed flows at appropriate times may reduce the likelihood of fish kills from
stranding and high temperatures during periods of low flows.
One of the key issues relating to the operation of large dams is the release of water from lowlevel offtakes, which can result in the release of cold water downstream. Coldwater releases
can potentially affect fish by reducing growth rates, reducing gonad development and
spawning success, reducing egg and larval survival, and thus significantly reducing
population viability in streams. In 2002, a temperature monitoring program was initiated by the
Victorian Department of Sustainability and Environment both upstream and downstream of
14 dams across Victoria. Another project commenced in 2005 to investigate biological
responses of fish to coldwater releases at two priority sites: Lake Nillahcootie on the Broken
River and Lake William Hovell on the King River. This study is focusing on the short-term
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growth response of Australian Smelt Retropinna semoni and Mountain Galaxias Galaxias
olidus.
Further studies on the effects of pulsed flows on fish breeding, recruitment and fish habitat
are essential to improve decisions about the delivery of environmental flows. Some flows may
potentially be detrimental to some species if the selected flow regime favours one species
over another, or favours one life history phase of a species over another.

2.2.8 Summary
This review has demonstrated that small instream pulsed flows may result in both
environmental costs and environmental benefits; however, most of the potential
environmental costs associated with small flow pulses have a low level of risk (Table 5).
Delivery of pulsed flows in regulated rivers has the potential to ameliorate environmental
problems associated with increased salinity, agricultural and urban water contaminants and
algal blooms. For example, the use of pulsed flows to disperse algal blooms and salt has
been demonstrated to be effective, yet it is fundamentally constrained by the availability of
water, the delay in flushing due to the distance between the bloom and the source of flushing
water, and the risk of moving the bloom downstream without dilution or dispersal due to
insufficient water for complete flushing. The pulsing of flows through weirs to disperse algae
or other contaminants may be an effective tool in many systems, with the added benefit of
being operationally possible and potentially resource-neutral. However, the magnitude, rate
and frequency of the drawdown can have negative impacts on reaches both up- and
downstream of the weir and the fact remains that pulsed flows are most needed at a time
when water is least available.
There is also evidence from the scientific literature that managed flow pulses can regulate the
food webs and trophic dynamics of river systems. The structure and function of primary
producer communities in riverine ecosystems, such as biofilms, benthic and littoral algae and
riparian vegetation, can be significantly affected by small flow pulses (Bunn et al. 2003).
Although riparian vegetation may be at risk of prolonged inundation or sedimentation after
flow pulses, many riparian-adapted plant species are capable of surviving small disturbances,
and respond positively to increased surface and groundwater availability. However, greater
knowledge of the response of biofilms and riparian plants to flow variability is necessary for
predicting the success of pulsed flow regimes across different systems. At higher trophic
levels, a number of studies have demonstrated that aquatic invertebrate communities are
generally resilient to small pulsed flows, despite an initial loss of individuals downstream as
velocities increase. Such changes to invertebrate richness and abundance are likely to be
temporary and communities quickly recover to pre-flood levels. There is considerable
evidence that fish movement is triggered by changes in flow, including small flow pulses.
Pulsed flows may be beneficial to fish through the facilitation of movement into habitats that
are favourable for breeding and recruitment, but more data are needed on the specific
requirements of Australian taxa and their responses to altered flow regimes and
environmental flows.
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Table 5: Summary of potential environmental benefits and costs from small flow pulses
Benefits
Potential environmental
Benefit boundaries
benefits
Flushing of fine-grained
Must be sufficient flow depth to
sediment from gravel/sand bars
entrain sediments; flow duration
must be sufficient to remove
sediment from target reach
Disperse algal bloom and break
Requires sufficient volume of
persistent stratification
water to dilute the bloom or
break stratification conditions
regulating algal bloom.
Need information on travel time
of flow between flushing source
and bloom.
Flushing water needs to be of
better quality than bloom

Dilute saline water and break
persistent stratification
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Requires sufficient volume of
water to break stratification
conditions, or to ensure
sufficient dilution and transport
of salt
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Costs
Potential environmental
costs
Bed incision

Level of risk

Risk management

Low risk

Flow depth not sufficient to entrain
coarse fraction of bed material

May simply move bloom
downstream, or disperse
algal detritus to next
impoundment

Highest risk is in systems
experiencing low flows because
most blooms are driven by
thermal stratification in summer
when water resources are least
available to sufficiently dilute
blooms

Insufficient water releases
may simply move a salinity
problem downstream,
increasing impacts on biota
Hypolimnetic flushes (cold
water) can maintain thermal
stratification and limit
potential mixing, dilution and
transport of salt
Increased wetting and drying
of sediments increases
potential for acid sulfate soils

Highest risk in systems
experiencing low flows because
saline intrusions will occur in
summer when water resources
are least available to sufficiently
dilute
Need to identify if salinity or
temperature is regulating
stratification

Consider pulsing of water releases
from weirs to break stratification
and disperse bloom as a resource
neutral option
Improve timing of flush—either to
disperse bloom before it becomes
severe, or early release to ensure
travel times to bloom are taken
into account
Reduce residence time for water
in weirs, and extraction or capture
of natural freshes to minimise
potential for stratification and
nutrient build-up.
System specific understanding of
source of salinity (point/diffuse)
will allow better targeting of flows.
Understanding stratification in low
flows will allow improved timing of
flow releases (e.g. overnight
releases when temperatures are
cooler)
Consider ‗blocked‘ releases for
extraction (e.g. stock and
domestic pulsed flow)
Off-stream storage of saline water
during low flows and release
during times of naturally high flows
(e.g. consider salinity trading
scheme)

Potential environmental
benefits

Benefits
Benefit boundaries

Reduce biofilm biomass if it has
increased to higher than normal
levels
Increase benthic algal diversity
by resetting algal community
composition to favour early
successional taxa
Stimulate aquatic food webs

Pulse fllow to regulate the
emersion and immersion
(desiccation) of biofilms

Increase in invertebrate
richness and abundance
Shift in invertebrate community
composition towards reference
condition

Regular pulses are required to
favour disturbance-tolerant
species. But constrained by lack
of complete knowledge of
species flow preferences.

Increased growth and
reproduction of riparian
vegetation as a result of greater
surface water and groundwater
availability

Timing and frequency of pulses
needs to be appropriate for
target species

Costs
Potential environmental
costs

Level of risk

Risk management
Evidence-based risk-assessment
of releases will allow decision of
whether outcomes of a release
are acceptable (e.g. to partially
dilute salt and create additional
impacts downstream)
Piggyback natural flow events to
increase magnitude of flow pulse
Flow cycles (release and
drawdown) timed to minimise
impacts on non-target biota
Requires improved understanding
of emersion and immersion
(desiccation) necessary to
influence biofilm structure and
function

Rapid or increased
magnitude of water level
fluctuations and potential for
thermal pollution from release
can impact on non-target
biota
Potential for acid sulfate soil
development and increased
nutrient release from
periodically
emersed/immersed
sediments
Increased drift of
invertebrates downstream
and/or decrease in benthic
invertebrate abundance

Impacts can be managed for low
risk

Risk likely to occur but impact is
probably temporary and
community likely to return to preflood levels

Avoid rapidly repeated flood
pulses (e.g. hydropeaking) which
do not allow invertebrate
communities to recover

Mortality of stranded
invertebrates

Low risk for small pulses

Design pulses with gradual rise
and recession rates
Avoid rapid changes in water
levels

Some riparian vegetation
may be negatively impacted
by inundation or
sedimentation

Low risk. Many riparian-adapted
species likely to be tolerant to
short inundation periods.
Sediment deposition likely to be
negligible during small flood
pulses
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Potential environmental
benefits
Increase in fish recruitment

Facilitate fish movement
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Benefits
Benefit boundaries
Require synchronisation
between temperature and water
rise to ensure recruitment
success

Timing and frequency of pulses
needs to be appropriate for
target species
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Costs
Potential environmental
costs
Downstream displacement of
larvae and young-of-year fish

Level of risk

Risk management

Low risk due to small size of
pulse, but variable outcome
depending on timing of flood
pulse

Mortality of larvae

Low risk due to small size of
pulse, but variable outcome
depending on timing of flood
pulse

Essential to consider timing of
flows for local fish community to
avoid displacement of small fishes
due to high velocities
Effects can be moderated by the
presence of woody debris, which
provide refuge from high water
velocities
Essential to consider timing of
flows for local fish community to
avoid displacement of small fishes
due to high velocities

2.3 Large pulses
2.3.1 Geomorphic effects
Larger flow pulses are associated with deeper and longer duration flows that occupy all of the
streambed and at least the lower parts of the banks. These flows have the potential to cause
bed and bank erosion because of their relatively high velocity, depth and duration of flow.
Bank slumping can occur in places where prolonged bank wetting is then followed by rapid
drawdown.

Bed erosion
The release of a large flow pulse from a reservoir can result in clearwater erosion when the
flow has sufficient energy to move sediment on the streambed but carries a negligible
sediment load because of retention in the reservoir (Kondolf 1997). Erosion continues until
the bed becomes armoured with material too coarse to be moved. This effect persists
downstream until the stream is able to entrain sufficient sediment to compensate for the
deficit caused by the dam (Brizga 1998). Clearwater erosion in Australia has been reported
on the Hunter River downstream of Glenbawn Dam (Erskine 1985) and downstream of weir
pools on the lower Murray (Walker and Thoms 1993).

Bank erosion
Bank slumping following rapid drawdown of flow has been reported on many Australian rivers
(Walker 1992; Tilleard et al. 1994; Young 2001; Gippel and Blackham 2002; Thoms et al.
2002; MDBC 2004; RMW 2006; DRAG 2007; DWE 2008). Despite the abundance of
anecdotal evidence supporting the importance of this process, little quantitative information
exists on:


the relative importance of drawdown-induced slumping compared to bank slumping
resulting from other fluvial processes (e.g. exposure to prolonged high water levels
and bank undercutting by high velocity flows)



critical rates of drawdown that cause slumping. Nation and Ladson (2008) argue that
rules of drawdown presently applied to some Australian rivers may be unnecessarily
conservative.

Nation and Ladson (2008) argue that the ‗rules of thumb‘ for drawdown presently applied in
the Murray River below Hume Dam may be excessively conservative and result in water
wastage of between 10 and 35 gigalitres per year. A study of the Mitta Mitta River by Green
(1999) suggested that rates of drawdown associated with flow transfers between the
Dartmouth and Hume reservoirs could be substantially increased without resulting in bank
erosion. It is clear that the relationship between water drawdown and bank erosion is vital for
any consideration of the possible costs and benefits of pulsed flows. The lack of quantitative
data on this relationship is in urgent need of redress (DWE 2008).

2.3.2 Biogeochemistry
Changes to the natural disturbance regime provided by flow variation combined with altered
land use practices and connectivity between the river and its catchment have resulted in
many rivers now containing highly modified sources and concentrations of nutrients, salt, and
suspended sediment (Robertson et al. 1999). Such changes have a significant effect on
riverine biogeochemical cycles (e.g. nutrients, organic matter) leading to changes in instream
processes, and food chain structure and function (Robertson et al. 1999). However, the
relationship between flow regime, and the sources, sinks and transport of contaminants are
poorly understood, making it a difficult task to predict the outcome of managed flow releases
for river rehabilitation initiatives. Constructing reservoirs modifies biogeochemical cycles, such
as interrupting the flow of organic carbon, changing the nutrient balance, and altering oxygen
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and thermal conditions. The consequences of altered processes may not be immediately
apparent and may become obvious only after a long period of time or only in combination with
other anthropogenic alterations (Friedl and Wüest 2002). For example, oxygen depletion in
the discharged water of a dam might in some cases have little effect on the river ecosystem
downstream by itself. However, if it is combined with high loading of organic matter from
sewage and agriculture the downstream ecosystem will more likely be impacted. Using
environmental flows as artificial floods in regulated rivers has the potential to mobilise and
transport nutrients and salts stored within the channel during low flows (Ryder et al. 2006), or
conversely they may dilute beneficial carbon- and nutrient-rich natural floods with nutrientpoor and/or cold water from dams (Ryder and Vink 2007).
Box I: Biogeochemical approach to river health
The biogeochemistry of streams and rivers can be used as a measure of their ecological condition by
providing an integrated response to a broad range of catchment disturbances. Many goals of river
management refer to concepts of sustainability, viability and resilience that require an implicit knowledge of
ecosystem or landscape-level interactions and processes influencing organisms or populations.
Such ecosystem-level processes are based on the transformations and flow of energy and matter, and are
concerned with interactions among biological organisms and their abiotic environment. This ‘biogeochemical’
approach to river health is based on the idea that the availability of elements to organisms affects the
production and transformation of organic matter and therefore drives the trophic structure and food webs of
the river system.
For more information: See Robertson at al. (1999); Ryder and Vink (2007)

Pulse flows regulated by dam release result in no direct chemical or sediment contribution
from the terrestrial landscape by runoff. Interactions among fluxes of water, transported
components and organisms occur between different geomorphic features and results in a
mosaic of interdependent habitats, each one a potential source, sink or site for contaminant
transformation. Substrate structure and consistency can regulate the amount of entrainable
material within the channel and determine the storage capacity for certain water quality
constituents, such as phosphorus that is sorbed to sediments. The response of sediment load
to pulse flows often displays an unpredictable hysteresis whereby concentration peaks can
occur prior to (Petts et al. 1985), coincident with (Beschta et al. 1981; Ryder et al. 2007), or
following (Jakob et al. 2003) peak flow. Contributing to this unpredictability is the limited
literature that specifically state hypotheses testing the response of biogeochemical attributes
to large artificial floods and environmental releases, rather than merely measuring them as
covariate variables in a larger study (see review in Robertson et al. 1999).
Hancock and Boulton (2005) examined environmental flow releases in the Hunter River,
NSW, as a useful rehabilitation strategy for improving conductivity, dissolved oxygen, and
nitrate concentrations in surface and subsurface (hyporheic) water. The potential for river
regulation to affect hyporheic zones stems mainly from the weakening fluxes of materials
between the sediment and river due to interstitial sedimentation (colmation) and decreased
hydraulic exchange (Hancock 2002). Weakened exchange between the stream and hyporheic
zone can starve the interstitial environment of oxygen and promote reducing conditions,
altering the nutrient dynamics of the river ecosystem (Brunke and Gonser 1997). No lasting
effects of the flow pulse on dissolved oxygen or conductivity were found, and hyporheic
nitrate–nitrite concentrations initially declined after the environmental release, implying that
interstitial nutrients were flushed from the sediments by the increased flow. Their study
showed that the spatial heterogeneity of responses emphasises the need for multiple-site
surveys and an understanding of groundwater dynamics to assess physicochemical
responses of the hyporheic zone to environmental flow releases.
An understanding of spatial variability was used by Ryder and Vink (2007) and Ryder et al.
(2007) to develop a framework for understanding nutrient cycles in regulated rivers. The
project showed that upper catchment tributaries of floodplain rivers, which are often cleared
for agriculture, can be a significant source of nutrients and salt during large rainfall events.
However, they also demonstrated that the surface sediments and biofilms can hold significant
stores of salts and nutrients (up to 19,000 millgrams per kilogram) within the stream. These
materials are readily mobilised from small catchment rainfall events and have localised
detrimental effects on riverine metabolism and biodiversity. In contrast, loads in lowland
reaches are highest in catchment runoff events. Very low stores of nutrients within biofilms
and surface sediments in lowland reaches suggests that the nutrients are of terrestrial or
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catchment origin. As such, the focus of using managed flows to reduce nutrient loads should
be based on knowledge of where in the landscape and the stream the nutrients reside, and
how these interact with flow regime.
Ryder and Vink (2007) also demonstrated an understanding of the cycling of contaminants
throughout the year is an important component of managing the health of regulated river
systems. The first irrigation flows for the season can have elevated contaminant loads
(particularly sodium) from scouring of contaminants stored within the channel under preceding
low flow conditions, elevated groundwater inputs from persistent saturation of riverbanks and
evaporation. Under these conditions, the commencing irrigation flows have elevated
contaminant loads that are diverted directly to irrigation areas. Only in unregulated
environmental flows are the contaminants transported out of the system. The drawdown of
discharge between environmental releases and commencing irrigation releases to dry
instream habitats, or the use of environmental flow releases that precede water used for
irrigation to help transport this material out of the system, should be considered to reduce
inputs of contaminants to irrigation systems.
The production and transformation of organic matter is a fundamental constraint on the
trophic structure of river systems, yet the impacts of both flow regulation and longer timescale
climatic effects on riverine carbon supply and instream biogeochemical cycling are largely
unquantified in Australian regulated systems (although data exist from arid systems; e.g.
Bunn et al. 1999,2003; Fellows et al. 2006,2007). Recent research in the Murray River by
Gawne et al. (2007) and Oliver and Merrick (2006) identified that phytoplankton was the main
contributor to instream primary production, but that spatial and temporal variation made
predicting responses difficult. Similarly, Vink et al. (2005) demonstrated that phytoplankton
were the major contributor to instream productivity in the highly regulated Murrumbidgee
River of NSW. Importantly, the productivity of each system was found to be nutrient limited,
suggesting that food-web production was restricted by the external energy supply. This has
implications for the potential for environmental flow pulses that do not entrain nutrients or
organic material to stimulate food webs.
To address this issue and promote the entrainment of material from the floodplain into the
main river channel, the piggybacking of environmental flow releases onto catchment runoff
events is a management option in many rivers. The philosophy is that ‗more is better‘ and that
an increased quantity of water will yield increased environmental benefits. This concept is
largely untested yet overtly advocated to management authorities throughout Australia. Ryder
and Vink (2007) demonstrated that catchment runoff events in lowland rivers have a different
chemical character and metabolic response to pulsed releases from impoundments. Toppingup rainfall driven events with managed releases that do not connect with the floodplain and
entrain organic material may simply dilute ecologically beneficial nutrients and prevent them
reaching downstream river reaches and aquatic food webs. It is important to stress that
managing flow releases for positive benefits such as diluting saline flows from upstream
tributaries instead of diluting potentially beneficial transport of nutrients downstream is reliant
on quantifying an understanding of contaminant cycles in each system.

2.3.3 Biofilm scouring
Disturbance by flood events is one of the most important regulators of spatial and temporal
variability in benthic communities of streams (Davis and Barmuta 1989), with shifts in benthic
algal community structure and function being well documented (e.g. Peterson and Stevenson
1992; Biggs et al. 1999; Uehlinger et al. 1996). There have been many investigations of the
effects of water velocity on biofilm biomass and productivity in flumes (e.g. Horner et al.
1990), experimental streams (e.g. Biggs et al. 1999) and by survey in natural streams (e.g.
Uehlinger et al. 2003). The experimental flood downstream of the USA‘s Glen Canyon Dam in
the mid-1990s reported some of the first examples of the potential for biofilm scour, with
benthic scour and entrainment of both primary and secondary consumers occurring along the
385-kilometre river corridor impacted by the flood (Uehlinger et al. 2003). In contrast, very few
studies in Australian systems have examined the effects of flow velocity from floods or
managed flow pulses on biofilm scouring or productivity. In response to this lack of
knowledge, programs such as the NSW Integrated Monitoring of Environmental Flows (IMEF)
have initiated long-term research to examine biofilm scour and resetting in cobble and snag
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habitats (large woody debris) in regulated rivers (Chessman and Jones 2001). Results to date
have suggested that biofilms in regulated rivers were consistently different from those in
unregulated rivers, related to differences in catchment development and consequently water
quality as well as to differences in flow regime. As such, water quality factors and high-volume
summer irrigation flows may constrain the capacity of environmental releases to engender
natural biofilm characteristics, making it difficult to assign value to trajectories of change in
biofilm attribute. Despite the lack of available data for Australian systems, aspirations and
recommendations for scouring benthic algae from riverbeds are common to many
environmental flow strategies and targets (e.g. Snowy River Benchmarking Report 2001)
Existing models of biofilm–flow interactions (e.g. Nikora et al. 1997; Biggs and Stokseth 1996;
Biggs et al. 1998; Biggs and Thomson 1995) suggest that flow velocity can regulate biofilm
biomass by increasing growth through nutrient mass transfer into the periphyton, or loss of
biomass from scouring due to increases in friction and sediment abrasion. Reported accrual
of periphyton biomass in flow velocities less than 0.3 m/s (Jowett and Biggs 1997) are
supported by the findings of Ryder et al. (2006), who reported velocities less than 0.15 m/s
promoted algal biofilm growth. Significant losses of biomass with flow velocities of 0.55 m/s or
greater have been reported for epilithic algal communities. Bourassa and Cattaneo (1998)
found a negative relationship between velocity and chlorophyll a among 12 Laurentian
streams in Quebec, with velocities ranging from 0.05 to 0.95 m/s. They concluded that the
advantages of improved water exchange for biofilm growth offered by fast currents were
offset by decreased immigration and increased sloughing. Similarly, Biggs and Gerbeaux
(1992) documented a four-fold decrease in biofilm chlorophyll a in New Zealand streams
when exposed to a flow velocity of 0.58 m/s. These models of biofilm-flow interactions have
not been tested for Australian systems, yet pulsed flows have been implemented in many
systems.
In Australia, the research by Sutherland et al (2002) and Watts et al. (2005, 2006, 2008)
provide the most comprehensive series of investigations on the effects of pulsed flow
releases from Dartmouth Dam on the water quality and benthic biota of the Mitta Mitta River,
Victoria (see the Mitta Mitta case study, section 3.5.4). Sutherland et al. (2002) assessed the
effects of three consecutive managed flow pulses that aimed to scour excessive growths of
biofilms from the cobble substrata along the river. The consecutive peak flows produced
velocities sufficient to scour biofilm biomass from the cobble substrata and changed the
community composition of biofilms by removing filamentous green and blue-green algae and
increasing the relative biovolume of early successional species of diatoms. An additional
change of the increased velocity of the flow peaks was the rapid 400-fold increase in nett
productivity along the length of the Mitta Mitta River, and an increase in water column
respiration driven by bacterial consumption of entrained benthic algae material. Unfortunately
the benefits were not sustained, and the river returned to pre-flood levels just 37 days after
the flow peak had ceased. These results were reinforced by Watts et al. (2006) who reported
on the response of biofilm biomass and algal taxa to a single flow peak (the same magnitude
as the previous consecutive floods) in the Mitta Mitta River. Again, biofilm biomass was
reduced during the flood peak and algal community composition shifted from filamentous
green and blue-green to early successional diatoms, but as with the first study, the algal
communities were resilient to change and soon shifted back to pre-flood composition and
biomass. The excessive build up of benthic algae in the Mitta Mitta River in late 2007 led to
another experimental flood (of similar magnitude to previous floods), only this time there was
no scouring of biofilms nor change in algal community composition. Watts et al. 2008
hypothesised that the prolonged period of low and constant flows prior to experimental
release (six months) allowed for a very mature and high flow resistant biofilm assemblage to
develop. This assemblage was dominated by filamentous green algae (Draparnaldia,
Stigeoclonium) that could remain attached to cobble during high flows (exceeding 1.2 m/s)
and respond with vigorous growth in the receding floodwater to a point where only three days
after the end of the flow release the chlorophyll a concentrations were 200-fold higher than
before the flood peak. Three experimental flows of the same magnitude, duration and timing
in the same system yielded incredibly different ecological outcomes—this highlights the
importance of antecedent conditions in regulating system resilience to disturbance. Further
research to better understand the mechanisms regulating benthic algal resilience and
resistance to flow velocity are required for designing experimental floods that aim to
effectively scour biofilms.
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It is becoming increasingly important to understand the effects of velocity on biofilms as
concepts of scour are transferred from high-gradient cobble streams to low-gradient floodplain
rivers. Environmental flows are often implemented in regulated floodplain rivers, with aims of
scouring substrata and resetting biofilm assemblages along a section of river that may span
several hundred kilometres (EPA 1998). However, current knowledge limits the ability to
predict the response of epixylic biofilms in these floodplain river reaches to environmental flow
releases. Ryder et al. (2006) provides the only example of experimentally derived thresholds
for biofilm scouring in lowland rivers in Australia (Murrumbidgee River, NSW). Biofilms
exposed to all the experimental velocities 0.3 m/s (low), 0.55 m/s (intermediate), or 1 m/s
(high) had significantly lower dry mass and chlorophyll a (algal biomass) than before they
were exposed to the flow treatment. Losses of ash free dry mass and chlorophyll a were
significantly higher from wet biofilms exposed to each velocity than from dried biofilms. All
velocities resulted in a substantial reduction in taxonomic richness among all treatments, with
filamentous Chlorophytes (green algae) completely scoured by velocities of 0.55 m/s. The
controlled nature of this experiment means that results may not translate to in situ reaches.
Anecdotal information (Ryder unpublished data) shows the effects of biofilm scouring
associated with peak velocities are short-lived, as the reduced flow velocities in the receding
flood result in organic and inorganic deposition on biofilms. These results indicate that there is
a potential to delineate thresholds for the response of biofilm biomass and algal taxa to flow
velocity in floodplain rivers based on knowledge of antecedent flow conditions regulating
biofilm development. These thresholds require validation in field situations and the design of
flow releases requires information on potential flow velocities that can be achieved at target
reaches (as this information does not exist or is not readily available for most systems).
The structural effects of shear stress from flow variability on cobble biofilm metabolism in an
Australian regulated upland stream affected by a recent bushfire were examined by Reid et al
(2006). The strongly autotrophic community (primary production > respiration) was thought to
be due to reduced shading and increased nutrient influx caused by the recent fire, and
contributed to the highly variable response of biofilm metabolism before and after individual
high-discharge events. The effect of high discharge on respiration was greater when highdischarge events were preceded by long periods of low discharge. Benthic chambers were
studied in the same regulated Cotter River system by Chester and Norris (2006) to measure
the response of benthic metabolism of biofilms on cobbles to monthly flow spikes released
from one of the dams in this system. They found an increase in production after the release of
each of the flow spikes. Sites downstream of the dam that were exposed to the flow pulse had
more macroinvertebrate taxa and less periphyton chlorophyll a content than sites downstream
of dams without managed environmental flows, suggesting that a more suitable food supply
resulting from environmental flow releases shifted macroinvertebrate communities towards
those of unregulated streams. Floods not only reduce algal biomass, but also scour
macroinvertebrates. If recolonisation by macroinvertebrates (e.g. from drift or refugia) is slow,
then grazing pressure on biofilm algae may be low immediately following a flood, enabling
rapid accrual of algal biomass (Mosisch and Bunn 1997; Rutherford et al. 1999). Quantifying
biofilm loss due to scour as well as mechanisms regulating post-flood recovery are both
required to understand the potential effects of managed floods on biofilm algal taxa, biomass
and productivity.
Biofilm metabolism can also occur on sand or mud (epipilion) and on coarse particulate
organic matter (CPOM—diameter >1mm, e.g. leaves, sticks) and under these conditions
there tends to be a dominance of heterotrophic metabolism (oxygen consumption). Benthic
respiration is an important measure of decomposition processes and energy availability in
streams, but our understanding of benthic respiration in lowland rivers is not well developed.
Rees et al. (2005) found average carbon turnover periods of biofilms of 1.7–6 years for three
floodplain rivers, but were as low as 0.1 year immediately following an event that gave rise to
mobilisation of instream dissolved organic carbon at a quantity sufficient to produce coloured
water. The latter occurred in the Victoria‘s Ovens River (a tributary of the Murray River) as a
consequence of a rain event during a period of baseflow. They concluded altering flows in the
absence of altering the quality and timing of carbon inputs would not affect lowland river
benthic respiration. Similarly, stream metabolism on CPOM was assessed in the Torrens
River Catchment, South Australia, to investigate whether the reintroduction of CPOM, in the
form of leaf litter, into a degraded urban stream would increase biofilm activity Aldridge et al.
(in press). They found that the reintroduction of CPOM into degraded streams will be an
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important step in the restoration of stream metabolism, but biofilm activity was confounded by
the increased peak flows in urban streams. Contrary to this experience, a recent restoration
project in the Williams and Hunter Rivers to reintroduce woody debris as a restoration tool
(Wolfenden et al 2004) has found little biological response to the wood additions as there
have been no major managed (or otherwise) flow pulses to inundate the structures and
initiate geomorphic change. These studies highlight the importance of considering the effect
of flow pulses on riverine processes.

2.3.4 Riparian vegetation
Large flood pulses can cause riparian plant mortality by physically damaging plants, by
removing plants through erosion, by causing burial due to deposited sediment, and by
extended floodwater inundation (Friedman and Auble 1999; Capon 2003; Hughes and Rood
2003). However, large floods can also benefit some riparian species by providing moist soil
conditions for germination, by depositing the bare sediment needed for seedling
establishment, and by scouring away competing, invasive plants (Hughes et al. 2001;
Zamora-Arroyo et al. 2001; Bovee and Scott 2002; Hughes and Rood 2003).
In their review of river flows for riparian forest restoration in the Northern Hemisphere, Hughes
and Rood (2003) point out that the flows that promoted regeneration events were medium-tolarge magnitude floods, capable of causing channel movement and creating favourable
sediment sites that tree seedlings could colonise. Research on the Truckee River, Nevada,
provides an example of restoration using managed flooding that has allowed for the reestablishment of riparian vegetation after large flood pulses. Originally designed to ameliorate
the impacts of river regulation on fish, spring flood releases benefited cottonwood and willow
seedlings by creating bare ‗nursery bars‘ through erosion and deposition within the channel
(Stromberg 2001; Rood, Braatne and Hughes 2003). Further research resulted in managed
flows being implemented on the Truckee River from 1995 to 2000, which led to extensive
cottonwood and willow seedling establishment (Rood, Braatne and Hughes 2003; Rood et al.
2003a). Hughes and Rood (2003) demonstrated the necessity of flooding to create barren
sites for native tree establishment, as well as recognising that the recession limbs of large
floods are also important for seedling survival. Flood recession must be carefully managed to
ensure that new seedlings are not scoured and that seedling root growth rates matches the
rates of water table decline (Stromberg 2001; Hughes and Rood 2003; Rood, Braatne and
Hughes 2003; Rood et al. 2003a; Stromberg et al. 2007).
The responses of riparian vegetation to large flood pulses can be variable due to site-specific
and species-specific characteristics. However, in general, low-growing herbaceous riparian
species are likely to suffer higher mortality due to inundation and burial but often recover
quickly when compared to larger, woody species. For example, Stevens et al. (2001) reported
differences in the responses of riparian plants to pulsed flows from Glen Canyon Dam into the
Colorado River, Arizona. Ground-covering grasses and other herbaceous plants were buried
by up to two metres of fine sediment, and riparian marsh vegetation growing on low channel
margins was scoured (Schmidt et al. 2001; Stevens et al. 2001). In contrast, shrubs and trees
exhibited low mortality, continuing to grow up through the deposited sediments (Schmidt et al.
2001; Stevens et al. 2001). Woody phreatophytic vegetation that was buried survived the
flood, resprouted, and recovered within the first growing season (Schmidt et al. 2001).
In Australia, Lowe (2002) investigated the response of two herbaceous riverbank plants,
Carex bichenoviana and Calotis scapigera, in relation to a large flood pulse on the
Murrumbidgee River. This research demonstrated that these riparian species were affected
by both floodwater inundation and burial by deposited sediments. In particular, the lowgrowing species C. scapigera was unable to survive complete burial during extended periods
of inundation. In contrast, the upright sedge species examined showed higher survival but
increasing inhibition of growth and reproduction at increasing sediment depths and inundation
periods (Lowe 2002).
Prescribed large floods have been recommended as potentially useful for the removal of
invasive riparian plants that have encroached into channels as a result of a reduction in peak
flows (Friedman and Auble 1999; Baker 2002; Murle et al. 2003). Friedman and Auble (1999)
studied the mortality of Box Elder Acer negundo in relation to large flows in the Gunnison
River, Colorado. These authors found that this woody species could be successfully
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destroyed either by inundation for more than 85 days, or by shear stress exceeding the critical
value for mobilisation of the underlying sediment particles. Despite the potential benefits of
using managed flood pulses as a restoration tool to eradicate nuisance plants, there are few
examples of successful implementation.
A well-documented example of an attempt to use pulsed flows for river restoration works is
that of the Spöl River in Switzerland. River regulation in the Spöl had caused the river channel
and gravel banks to become colonised by woody vegetation (Murle et al. 2003). Sequential,
managed flows were undertaken to re-establish more natural erosion and deposition
processes, however, results showed that the experimental flows had little effect on vegetation
(Murle et al. 2003). Some tree-covered banks were eroded and several banks of grass were
covered by deposited gravel or sand, but most vegetation was not scoured and only a small
shift in species occurrence was noted (Murle et al. 2003).
Within Australia, similar problems have been identified. Environmental assessment of
Windamere Dam transfers down the Cudgegong River to Burrendong Dam in NSW
concluded that river regulation had caused fringing vegetation and aquatic macrophytes to
encroach into the river channel as a result of a reduction in scouring flows (Baker 2002; Norris
and Thoms 2003). The primary objective of the subsequent pulsed flow was mobilisation of
fine sediment deposits, but this was unsuccessful due to the inadequate shear stress of the
flow and the resistant forces provided by the riparian vegetation (Baker 2002). Observations
of macrophytes indicated stands of Cumbungi (Typha sp.) remained emergent and, in
general, the effect of flood pulses on macrophytes was minimal (Moroney et al. 1995; Baker
2002).

2.3.5 Aquatic invertebrates
Many aquatic invertebrates are highly mobile, reproduce rapidly, and recolonise quickly,
making them well-adapted to the disturbances of floods (Boulton and Brock 1999; Bunn and
Arthington 2002; Jakob et al. 2003). Although significant decreases in invertebrate abundance
have been recorded after large flood pulses, these taxa are generally very resilient and
usually recover to pre-flood densities within a few weeks or months (Scrimgeour et al. 1988;
Collier 2002; Robinson et al. 2004). Without the large flood pulses of most natural water
regimes, species with life stages that are sensitive to sedimentation, such as the eggs and
larvae of many invertebrates, can suffer high mortality (Poff et al. 1997). Potential impacts of
sedimentation on invertebrate communities include alteration of substrate composition
causing changes to the suitability of the substrate for some taxa; increases in drift due to
sediment deposition or substrate instability; reduced respiration due to the deposition of silt on
respiration structures (e.g. gills) and impairment of filter feeding (Wood and Armitage 1997;
Growns 1998; Owens et al. 2005).
Rising awareness of the impacts of regulation on riverine ecology has led to an increase in
ameliorative management programs. However, the responses of invertebrates to river
management initiatives are generally poorly documented, largely due to the low commercial
value of invertebrate communities (Growns 1998). One of the most comprehensively
documented studies of invertebrate responses to experimental pulsed flows was undertaken
on the Spöl River in Switzerland. Overall, the Spöl River studies concluded that experimental
flooding was beneficial to the aquatic invertebrate community (Jakob et al. 2003; Robinson et
al. 2003 and 2004). Robinson et al. (2004) examined habitat-specific responses of
invertebrate assemblages to floods in the Spöl River. These researchers showed that bedrock
habitats generally lost fewer invertebrates as a result of pulsed flows. In results similar to that
of Jakob et al. (2003), Robinson et al. (2004) showed that gammarid amphipods became less
abundant, particularly in pools and riffles after the 2002 flood. Conversely, dipterans
(Chironomidae and Simulidae) became more abundant, as did the proportion of mayflies in all
habitats following each flood. A pattern of increased abundance of dipterans and mayflies
associated with a concomitant reduction in gammarids is consistent with the study of
Robinson et al. (2003). These patterns led Robinson et al. (2003) to conclude that taxa
associated with constant habitat conditions decreased (e.g. gammarid), whilst taxa that were
disturbance-resistant increased (e.g. diptera).
One source of invertebrate mortality identified by Robinson et al. (2004) was the stranding of
individuals in shallow riparian areas as floodwaters receded. Many of the organisms in the
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newly inundated littoral zone of flooded rivers return to the main channel as floodwaters
recede, but a substantial number can become stranded (Perry and Perry 1986; Rempel et al.
1999; Robinson et al. 2004). For example, a study by Matthaei and Townsend (2000) in the
Tye Burn, New Zealand showed that invertebrate density could be reduced 50 percent or
more by losses due to stranding in some habitats after drying. These data highlight the
influence varying water levels can have on aquatic invertebrate communities. Cereghino and
Lavandier (1998) studied the impact of hydro-peaking on invertebrates and found that the
lowest densities and biomasses were downstream from the power plant. These authors
emphasise the role catastrophic drift can play in controlling invertebrate numbers (Cereghino
and Lavandier 1998).
Reductions in invertebrate abundance after flow pulses was also observed in a study of
invertebrate community responses to a large flood on the River Necker, Switzerland by
Matthaei et al. (1997). These authors recorded a 90 per cent reduction in invertebrate
abundance after flooding, but the invertebrate community recovered to pre-flood levels within
22 days. In particular, some mayfly and diptera taxa were more abundant in post-flood
samples, whereas crustacean copepods were less abundant (Matthaei et al. 1997). Collier
and Quinn (2003) noted a similar pattern after flooding in Mangaotama Stream, New Zealand;
but invertebrate numbers and densities did not recover to pre-flood levels until five to seven
months after large flows.
Shannon et al. (2001) investigated the response of invertebrate communities to an
experimental flood in the Colorado River, Arizona. Results indicated that more than 90 per
cent of the benthic invertebrate assemblage was removed at the start of the test flood, but
biomass recovered within two months (Shannon et al. 2001). These researchers concluded
that the biota associated with fine sediments in the river channel (e.g. tubificid worms) were
more susceptible to disturbance compared to those associated with the surfaces and
interstitial spaces of the more stable armoured cobble (e.g. gammarids, chironomid dipterans)
(Shannon et al. 2001). Furthermore, post-flood collections included some of the highest
biomass values and most diverse fauna ever recorded during the six-year monitoring program
(Shannon et al. 2001). Speas (2000) also studied invertebrates during the Colorado River
pulsed flows, focusing on zooplankton. He found that although the flood displaced the
resident zooplankton taxa from backwater habitats, total zooplankton density was greater
after the flood than before. However, Shannon et al. (2001) and Speas (2000) both suggest
that the antecedent conditions had an influence on the recovery of the invertebrate
community in the Colorado River. This highlights the complex nature of the responses of
invertebrates to pulsed flows.
Reviews by Lloyd et al. (2003) and Growns (1998) emphasise the importance of floods to
Australian riverine communities and their invertebrates. Despite unequivocal evidence that
flow alteration does affect river ecology, Growns (1998) emphasises that more data are
required on the flow preferences of Australian invertebrate species and their responses to
flow manipulations. These reviewers point out that the acquisition of these data can be
achieved only through the use of manipulative experiments, but there are few Australian
examples in which such initiatives have been implemented.
Managed flow pulses have been undertaken in the Cudgegong River, NSW, using the pulsed
release of irrigation flows from Windamere to Burrendong Reservoirs to ameliorate the
impacts of river regulation. Biological information collected in the study area indicated that the
altered flow regime in the Cudgegong had caused a shift in community composition to
invertebrate taxa favouring water with lower suspended particulates than would have
occurred before the construction of Windamere Dam (Norris and Thoms 2003). The pulsed
flows released into the Cudgegong River altered the abundance and richness of the
invertebrate community, but there was considerable variability in the responses of
invertebrates across different taxa and across different habitats (Moroney et al. 1995; Boey
and Chessman 1997). There was also some inconsistency in the response of the same taxa
between releases undertaken in different years. For example, Moroney et al. (1995) noted
that mayfly abundance increased in response to a pulsed flow in 1994/1995, but Boey and
Chessman (1997) recorded a decrease in mayflies in 1996. In fact, Moroney et al. (1995)
found that the abundance of all invertebrate groups recovered after flooding, except for the
stoneflies and molluscs. Both of the studies by Moroney et al. (1995) and Boey and
Chessman (1997) confirmed that dipteran abundance increased in response to pulsed flows.
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Overall, the Cudgegong studies concluded that the pulsed flows had no detrimental impact on
invertebrate diversity (Moroney et al. 1995; Boey and Chessman 1997; Norris and Thoms
2003)

2.3.6 Fish
Many of the predicted effects of large flow pulses on fish populations would be similar to the
points raised in 2.2.7. However, there are some additional impacts specific to large pulses.
Based on international literature, there is evidence that large pulsed flows may have both
positive and negative effects on fish movements and reproduction. Some fish may be
displaced downstream of their normal habitat, resulting in slower growth and decreased
reproduction due to the reduction in availability of their natural prey or reduction in suitable
habitat for spawning or recruitment. Strongly pulsed flows can also cause fish to become
stranded due to changing channel margins and can often result in mortality due to high water
temperatures and increased vulnerability to predation in shallow habitats.
The availability and persistence of suitable habitat to facilitate reproduction or young of year
survival can be influenced by pulsed flows. For example, Freeman et al. (2001) in a study of
flow and habitat effects on juvenile fish abundance found that habitat persistence was
severely reduced by flow fluctuations resulting from pulsed water releases for peak-load
power generation. When compared to an unregulated system, habitat persistence in the
regulated system only occurred in summer, when low rainfall or other factors curtailed power
generation. As a consequence, summer-spawning fishes dominated the fish assemblage at
the flow-regulated site.
Some of the effects of large pulses may be moderated by the presence of woody debris in
pools and along riverbanks, which provide refuge from high water velocities during periods of
high flows (Crook and Robertson 1999). A study of the movement of Brown Trout Salmo trutta
investigated by radiotelemetry found that the fish used cover and pools more as discharge
increased, moving closer to shore into interstitial spaces among woody debris and root
complexes during high flows (Bunt et al. 1999).
In Australia, large-scale movements of native fish have been associated with large natural
flow events. These larger events allow passage over small structures that would normally
impede fish movements. However, large pulse events can also have negative consequences
for native fish populations. Although downstream fish movements appear to be ecologically
important aspects of the life cycles of several Murray–Darling Basin fish species, Koehn et al.
(2003) have suggested that high flow events can displace fish further downstream than they
would normally migrate. Examples of detrimental effects of this include the displacement of
freshwater catfish and golden perch over tidal barrages into estuarine habitats in coastal
streams in Queensland where they are unable to survive (Stuart and Beghuis 2002) and
displacement of fish from the lower Murray River over the Goolwa barrages into the Coorong
estuary in South Australia during a large flood event (Koehn et al. 2003).
High irrigation flows in summer in regulated river systems also may have a negative effect on
fish movements. In systems where high irrigation flows occur at a time when river discharge
would be falling under natural conditions, the distance over which fish eggs and larvae drift
may be extended considerably, and in some cases transferred away from reaches where they
may have naturally settled (Koehn et al. 2003). Koehn et al. (2003) suggest this has major
consequences for the distribution of young fish. Modelling has shown that high irrigation flows
may move fish larvae away from areas, such as the Barmah forest, where they would have
settled naturally.

2.3.7 Summary
This review of literature on the responses of river ecosystems to large instream flow pulses
has shown the potential for both positive and negative environmental outcomes (Table 6).
Large pulsed flows can increase habitat heterogeneity through deposition and erosion
processes, but they are also associated with an increased risk of bed and bank erosion, as
well as bank slumping. However, there is limited information on the precise conditions under
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which bank slumping is likely to occur so there is a need for research into the relationship
between water drawdown and bank erosion under a range of channel and flow conditions.
The geomorphic changes associated with large pulsed flows are crucial for the establishment
and growth of riparian plants, although these disturbances may also have negative impacts
on vegetation through scouring and burial. The importance of biofilm primary productivity to
riverine food webs is widely recognised, but our knowledge of biofilm responses to changes in
flow regimes is still incomplete. At present, there are no thresholds defined for flow regimes or
velocities required to scour biofilms in upland streams, and there are few examples for
Australian floodplain rivers. Recently developed models are not yet able to reliably predict the
outcomes of flow pulses on the biomass and productivity of biofilms.
Review of the literature on the responses of higher order taxa to large instream pulsed flows
provides examples of both environmental costs and benefits. Large flows have been shown to
cause increased downstream drift of aquatic invertebrates and stranding of some individuals,
particularly when floodwater recession is rapid. However, aquatic invertebrate communities
are highly resilient to such disturbances and generally return to pre-flood levels rapidly. Fish
communities benefit from the capacity of large flow pulses to improve the availability and
persistence of habitats suitable for reproduction and survival of larvae. Large-magnitude flow
pulses can facilitate the movement of fish into favourable sites through increased connectivity
(e.g. drowning of small instream weirs and other barriers). Despite these benefits, there is the
potential for fish mortality associated with large flow pulses as a result of the displacement of
small and larval fishes due to high velocities, and from stranding if channel margins change
quickly.
In conclusion, while there are considerable environmental benefits to be gained from large
instream pulsed flows, there are several potential environmental costs. Some of these costs
have a medium or variable level of risk (Table 6). This suggests that the delivery of large
instream flow pulses needs to be undertaken only after assessment of the potential risks and
within a rigorous risk management process.
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Table 6: Summary of potential environmental benefits and costs from large flow pulses
Benefits
Potential environmental
Benefit boundaries
benefits
Flushing of fine grained
Sufficient flow depth and
sediment from bars and withinduration to remove sediment
channel benches
from target reach
Channel capacity maintenance
Must be sufficient flow depth
– sediment entrainment and
and duration to remove
removal of excessive growth of
sediment and macrophytes from
macrophytes on streambed
target reach
Entrain and mobilise nutrients
Sufficient velocity to entrain
and organic matter from inmaterial from the benthos
channel features
Mobilise and transport salts
stored in-channel during low
flows
Stimulate benthic and water
Sufficient magnitude to inundate
column productivity, respiration
benches/bars and in-channel
and aquatic food webs
features and entrain material

Scour biofilm organic and
inorganic material
Increase benthic algal diversity
by resetting algal community
composition to favour early
successional taxa

Sufficient velocity to scour
biofilm material from the
benthos

Potential environmental costs

Costs
Level of risk

Risk management

Bank erosion—particularly that
caused by rapid drawdown

Moderate

Manage flow depths to minimise
risk of erosion; manage
drawdown rates to minimise
bank erosion risk

Topping-up rainfall driven
events with managed releases
that do not connect with the
floodplain may simply dilute
ecological benefits from
reaching downstream food webs

Demonstrated to be system
specific response (flow of same
magnitude may dilute salt in one
system, or dilute nutrients
necessary for production in
another system)

Using managed flows to reduce
contaminant loads requires
knowledge of where in the
landscape and the stream the
contaminants reside, and how
these interact with flow regime

Potential for acid sulfate soil
development in periodically
emersed/immersed sediments

Rapid or increased magnitude
of waterlevel fluctuations and
potential for thermal pollution
from release can impact on nontarget biota
Scoured material deposited in
downstream environments—
particularly in systems with
multiple impoundments
Rapid regrowth of algae postflow peak if not sufficiently
scoured

Ameliorating these impacts
requires an improved
understanding of contaminants
cycles in target systems
Concept of piggybacking flows
(more water is better) to
increase magnitude of flow
pulse requires testing for
ecological costs and benefits
Design pulses with gradual rise
and recession rates to minimise
impact

Moderate risk

Demonstrated to be system
specific response—antecedent
conditions regulate response

There are no quantified
thresholds for scouring of
biofilms in Australian systems.
This is required to minimise risk
of large flow pulse having no
effect.
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Benefits
Potential environmental
Benefit boundaries
benefits
Increase in invertebrate
Frequency and magnitude of
richness and abundance
pulses needs to favour desired
species and reduce disturbance
Shift in community composition
intolerant species
towards reference condition

Potential environmental costs
Loss of invertebrates
downstream due to scouring
and drift

Costs
Level of risk

Risk management

Moderate risk of temporary
reduction in invertebrate
richness and abundance, but
community is likely to recover to
pre-flood levels
Moderate risk if rates of
recession are appropriately
managed

Design pulses with gradual rise
and recession rates to minimise
catastrophic invertebrate drift

Flushing of fine sediment to
improve habitat conditions for
benthic invertebrates

Magnitude of pulses must be
adequate to remove fine
sediment

Mortality of stranded
invertebrate

Riparian plant establishment
and growth through erosion and
deposition of new sediments

Magnitude of pulses must be
sufficient to rework
geomorphological features
Requirements and tolerances of
different species is likely to vary,
so timing and frequency of
pulses must be appropriate for
target species
Magnitude of pulses must be
adequate to remove target
species

Damage to desirable plants due
to inundation, burial or erosion

Moderate risk
Riparian-adapted communities
likely to have the capacity to
quickly recover

Requirements and tolerances of
different species likely to vary.
Pulse timing, frequency and
recession rate must be
appropriate for target species

Dispersal of propagules of
nuisance plants

High risk in areas with severe
infestations of exotics
(e.g. willows)

Ensure that flow pulses do not
coincide with times of maximum
seed production

Facilitate upstream and
downstream fish movement

Timing and frequency of pulses
needs to be appropriate for
target species

Downstream displacement of
larvae and young-of-year fish

Variable risk depending on
timing of flood pulse

Facilitate movement of fish into
breeding habitats and increase
recruitment

Frequency and magnitude of
pulses needs to favour desired
species
Require synchronisation
between temperature and water
rise for recruitment success
Magnitude of pulses must be
adequate to flood out structures

Mortality of larvae

Variable risk depending on
timing of flood pulse

Essential to consider timing of
flows for local fish community to
avoid displacement of small
fishes due to high velocities
Effects can be moderated by the
presence of woody debris,
which provides refuge from high
water velocities
Essential to consider timing of
flows for local fish community to
avoid displacement of small
fishes due to high velocities

Destruction of invasive species
due to increased shear stress or
prolonged inundation

Allow passage of fish over
structures that would normally
impede fish movements
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Avoid rapid changes in water
levels

2.4 Overbank flows
2.4.1 Geomorphic effects
In certain situations, where flow release capacity is large relative to channel dimensions, flow
pulses of up to and sometimes above bankfull stage can be achieved. These have the
capacity to connect with floodplains wetlands (Frazier and Page 2006) and result in ecological
benefits similar to those achieved in natural flood pulses (Junk et al. 1989). The geomorphic
effects of overbank flows are similar to those associated with large pulses but include the
potential for floodplain deposition, particularly at the channel margins (Page et al. 2003) and,
in major overbank flows, channel realignment, floodplain scouring and damage to crops and
infrastructure (fences, roads and other structures).

2.4.2 Biogeochemistry and floodplain productivity
A major unifying descriptive model that links hydrology, biogeochemistry and the ecology of
river-floodplain systems is the Flood Pulse Concept (FPC, Junk et al. 1989) and its later
extension from tropical to temperate systems (Tockner et al. 2000; Junk and Wantzen 2004).
The FPC predicts that the nutrient status of a floodplain depends on the amount and quality of
dissolved and suspended solids of the parent river. However, the FPC also includes the
premise that intrinsic floodplain processes and nutrient transfer mechanisms between the
terrestrial and the aquatic phase strongly influence the nutrient cycles, primary and secondary
production and decomposition. The FPC implies that when the river–floodplain system is
large and of limited lateral floodplain connectivity, a substantial part of the primary and
secondary production occurs in the disconnected floodplain, with the river acting as the main
transport vehicle for dissolved and suspended matter. When terrestrial habitats are flooded,
large amounts of biomass accumulated in the preceding terrestrial phase are mobilised by the
overlying floodwater (Hamilton et al. 1997; Sabo et al. 1999; Junk and Wantzen 2004).
However, natural inundations of floodplains in Australia and elsewhere have become less
frequent because of extensive and increasing periods of drought (Hughes 2003) and
increased levels of extraction and regulation of flow regimes (Puckridge et al. 1998; Kingsford
2000).
Environmental flow releases are often used by water resource managers to specifically
address the ecological needs for the inundation of river-floodplain environments (Arthington
and Pusey 2003; Schofield et al. 2003). Overbank waters delivered under such a scheme are
expected to induce ecological responses of floodplains in accord with the FPC. However, the
contribution of floodplain productivity to the biogeochemical processes in rivers through the
transport of labile materials from floodplains to the main channel is largely unmeasured in
Australian systems.

Carbon and nutrient transfer
In Australia there has been support for the predictions of the FPC across a range of large
river-floodplain systems. The inundation of floodplain sediments in these regions has been
shown to dramatically increase rates of primary production (Bunn et al. 2003; Fellows et al.
2007) and microbial activity (Burns and Ryder 2001) and increase energy flow through
aquatic food webs (Ballinger et al. 2005; Bunn et al. 2003; Bunn et al. 2006). However, there
are very few studies that provide quantitative evidence through a nutrient, carbon, or
metabolic budget that floodplain inundation results in a lateral flux of material, and even less
as a result of a managed flow release. Hillman et al. (2001) conducted a field-based study in
the Murrumbidgee River, NSW, that demonstrated that inundation from a managed release
resulted in floodplain billabongs becoming a nett sink of carbon from floodwaters, the
complete opposite of the predictions from the FPC. They recorded a significant nett transport
of organic carbon from the river to all billabongs during connections, of 87–525 kilograms of
particulate organic carbon and 36–4357 kilograms of dissolved organic carbon. Along the 140
kilometre test reach, there was a nett loss of 754 tonnes of particulate organic carbon from
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the river channel to riverbank and floodplain habitats. At the same time there was a nett gain
of 821 tonnes of dissolved organic carbon to the river channel, suggesting the floodplain as a
whole was a nett source of carbon to the river. They concluded that the dissolved organic
carbon entering the river reach was derived either from riverbank habitats or from abrasion of
benthic biofilms in the river channel.
Further research is needed to demonstrate the applicability of the FPC to regulated floodplain
systems in an Australian landscape of severely degraded floodplain habitats. This will require
field-based, whole-of-system studies to identify the conditions and mechanisms regulating
stream biogeochemistry during river-floodplain interactions. For example, Hillman et al. (2001)
recommended environmental flow pulses consisting of a short (wetland recharging) release
followed by a second pulse to reconnect wetlands and the main channel, yet these
hypotheses to maximise environmental benefit from flow pulses have not been tested. It was
also suggested that further research was needed to develop methods to identify the major
sources of dissolved organic carbon, measure the quantity derived within billabongs from the
inundation of previously dry sediments, and track its assimilation into the microbial community
in the first hours or days of inundation. Techniques have recently been developed that allow
the chemical signatures or ‗fingerprints‘ of dissolved organic carbon to be tracked in river
systems (Zander et al. 2007). This technique has not been validated for an environmental
flow release, but field-testing under a number of flooding regimes would allow the origin
(instream, floodplain) and type (redgum litter, algal, soil) of carbon source(s) fuelling the food
web to be identified. Similarly, Burns and Ryder (2001) examined the effects of flood duration
on microbial metabolism from riverbank and floodplain wetland sediments collected from wet
and dry wetlands. They found that even short pulses (24 hours) of inundation were sufficient
to stimulate bacterial activity in previously dry wetland sediments, suggesting that this rapid
initial pulse of microbial respiration was the mechanism regulating wetlands as sources or
sinks for carbon and nutrients when first flooded. Despite experimental evidence and recent
developments in techniques, there remains a dearth of literature on whether the inundation of
floodplains with artificial floods will result in increased exchange of material.
Box J: Acid sulfate soils
Until recently, the occurrence of sulfidic materials in saline areas of the Murray River floodplain was not
known. When present, they represent a significant hazard for the remediation of wetlands and other habitats
through water regime management, such as wetting and drying cycles.
Sulfidic materials will develop when conditions are favourable to high rates of sulfate (SO 42–) accumulation and
reduction (use of SO42– instead of O2 during microbial respiration). Conditions favourable to sulfate reduction
are: (i) high concentration of sulfate in surface or groundwater; (ii) saturated soils and sediments; (iii)
anaerobic conditions; and (iv) the availability of labile carbon to fuel microbial activity. Saline wetlands in the
floodplain environment have ideal conditions for SO 42– reduction because they have high sulfate concentration
in surface and nearby groundwater, have become permanently flooded, and have anoxic sediments.
Sulfidic materials are stable as long as they remain in an undisturbed, saturated and anoxic environment.
Consequently, management options that expose sulfidic materials to the atmosphere will have environmental
hazards associated with them. While managed water level manipulations have many potential environmental
benefits, these benefits may be negated if undertaken improperly when sulfidic materials and metal-rich
groundwaters are present.
For more information: Hall et al. (2006)

The inundation of the floodplain not only has the potential to exchange material to the main
channel, but also for the formation of lentic waterbodies once the flood recedes. Robertson
et al. (2001) used experimental flooding of Murray River wetlands to determine how the
growth of river red gum trees, aquatic macrophytes and biofilms varied with the seasonal
timing and frequency of flooding. Spring flooding, while not as beneficial for tree growth, was
critical for the growth of wetland macrophytes, the maintenance of macrophyte species
richness, and favoured the development of autotrophic biofilms. In the same system,
Glazebrook and Robertson (1999) reported that the alteration of the seasonal timing of floods
from winter–spring to summer by river regulation had decreased litter standing-stocks and
nutrient availability in low-lying areas of the floodplain to support the production of
macrophytes and biofilms. They advocated the return of more natural flood flows in the spring
period to maximise the diversity and productivity of floodplain producers.
There are also potential environmental costs resulting from the inundation of floodplain
wetlands that are well documented. Although sulfidic sediments are generally regarded as a
coastal phenomenon, Hall et al. (2006) found that 21 per cent of wetlands sampled in the
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Murray-Darling Basin contained reduced sulfur in sediments at concentrations above
suggested trigger values and therefore could pose an ecological risk if mismanaged. This
impacts the delivery of environmental water to these wetlands because, during drying, the
sulfidic sediments oxidise and produce acid, which when re-wetted, may exceed the buffering
capacity of the system and ultimately harm aquatic life.
Environmental effects of acidification include the formation of a monosulfidic black ooze,
which can coat surface sediments of wetlands and reduce the habitat available to benthic
invertebrates (yabbies, clams, snails) Sulfate reduction can make phosphorus more available
to algae and, indirectly, could foster algal blooms. When re-wetted, acidic sediments can
present noxious odours, form mineral deposits of many metals including iron and radioactive
ones like uranium, result in deoxygenation of the water column from the re-suspension of
sediments during water level changes, and increases in dissolved metal concentration in
surface water, including toxic species such as aluminium and cadmium. The increase in
solubility of these heavy metals under acidic conditions may be more harmful to biota than the
low pH itself (Lamontagne et al. 2003). A number of ‗environmental flows‘ initiatives are
currently believed to help improve floodplain salinity and acid sulfate soil development such
as water level manipulations in wetlands, weir draw downs, and increased frequency and
duration of overbank flow events through carefully timed releases from reservoirs (MDBC
2000; RMCWMB 2003), but these remain largely untested. It is necessary to improve our
knowledge of the properties and distribution of sulfidic materials in the floodplain and develop
risk-based predictive models to determine where and how fast these materials can develop
under different flow scenario. Only then will there be effective management of pulsed flows to
minimise acid sulfate soil development.
Similarly to the processes leading to the formation of acid sulfate soils, the repeated wetting
and drying of floodplain wetland sediments will affect the processes underlying nutrient
transformations in these systems and potentially lead to losses of nutrients and an impact on
primary and secondary production in these systems. Baldwin and Mitchell (2000) found that
partial drying of sediments may reduce the availability of nitrogen and phosphorus to biota,
and complete desiccation may lead to the mineralisation and export of these two minerals
from the system. The subsequent inundation of floodplain soils resulted in the release of
carbon, nitrogen and phosphorus from leaf litter and floodplain soils, increasing microbial
productivity and an increase in anoxic bacterial processes.
Blackwater floods can occur when levels of dissolved organic carbon are sufficiently high to
give the water column a dark ‗tea‘ colour and reduced levels of dissolved oxygen in the water
column. These events are a natural part of the ecology of lowland river systems, which are
driven by the leaching of carbon compounds from leaf litter laying on the floodplain (O‘Connell
et al 2000). As microorganisms consume the dissolved carbon, they use up oxygen in the
water at a rate faster than the oxygen can be replenished. Therefore, blackwater floods often
have very low levels of dissolved oxygen, leading to the death of fish and other aquatic
animals. Baldwin et al. (2001) reported that the artificial flooding of the Barmah–Millewa
Forest, a River Red Gum Forest on the Murray River, in the year 2000, resulted in
‗blackwater‘ returning to the river, causing a significant degradation of water quality and
leading to fish and crustacean deaths. More recently, Howitt et al (2007) developed a
blackwater model to predict adverse water quality associated with flooding of the Barmah–
Millewa Forests. Scenario testing showed that floods that create stagnant pools and floods in
the warmest months of the year are substantially more likely to result in blackwater events
than floods in cooler times of the year that involve more water exchange between the river
channel and the floodplain. Very few cases of blackwater floods have been documented,
despite their perceived common occurrence in floodplain habitats of the Murray–Darling
Basin. Esslemont et al. (2007) have suggested that the change in composition of the riparian
vegetation from native to exotic species has influenced the biogeochemistry of affected rivers
toward faster, and more complete, processing of allochthonous carbon, and increasing the
likelihood of blackwater floods. Clearly, the role of vegetation composition, seasonal timing
and residence time of the floodwaters need to be further investigated to minimise the adverse
impacts of delivering flow pulses to inundate floodplains.

NATIONAL WATER COMMISSION — WATERLINES

55

2.4.3 Riparian vegetation
Overbank flows and floodplain inundation are important for the dispersal of plant propagules,
for the provision of regeneration sites, and for the germination and subsequent establishment
of plants in riparian zones and floodplain wetlands (Cassanova and Brock 2000; Pettit et al.
2001; Brock et al. 2003; Capon 2003; Hughes and Rood 2003). Inundation can maintain plant
communities by promoting the growth and germination of flood-tolerant and flood-dependent
species whilst reducing the abundance of flood-intolerant species (Siebentritt et al. 2004).
Occasional overbank flooding is also necessary in some regions to wash salts from the banks
to allow species that are less salt-tolerant to germinate (Zamora-Arroyo et al. 2001). For
example, large overbank floods on the Colorado River, Mexico allowed native cottonwood
and willow species to re-establish where previously Salt Cedar Tamarix ramosissima had
invaded (Zamora-Arroyo et al. 2001). This is consistent with the findings of a study by
Vandersande et al. (2001) of the invasive Salt Cedar shrub. These authors suggest that that
flood pulses that flushed out accumulated salts and caused prolonged inundation would be
beneficial in reducing the competitive advantage of salt cedar over native species with regard
to tolerance of saline conditions.
Large overbank flows can have negative as well as positive impacts on riparian and floodplain
vegetation. Research by Capon (2003) demonstrated that shrubs were significantly reduced
in cover by the overbank flow studied on Cooper Creek, Queensland, probably due to anoxia
and the accumulation of toxic substances in the soil as a result of prolonged flooding.
However, floodplain plant communities showed a general increase in total cover from
germination of the seed bank and from growth promoted by wetting (Capon, 2003). Similarly,
on the Blackwood River in Western Australia, species richness and cover of shrubs was
reduced with increased duration and frequency of flooding (Pettit et al. 2001).
In the Ord River in northern Australia, Pettit et al. (2001) also observed that shrub cover
declined as flooding frequency increased, but perennial grasses responded positively to
inundation. This is consistent with observations by Cluett (2005) of the response of vegetation
after an overbank flood pulse on the Ord River. Sparse vegetation cover typically increased
away from the channel after overbank flooding, largely in response to the increase in water
supply through inundation (Cluett 2005).
Within Australia, there are many examples of managed flood pulses being delivered to
floodplain wetlands. For example, Nias et al. (2003) describe the response of native
vegetation to wetland inundation on private property in southern NSW. All 11 sites that
received water displayed a positive response in growth of wetland plants. Additionally, many
previously unrecorded wetland species, such as Water Ribbons Triglochin procera, were
observed only after watering. Inundation of these wetlands also stimulated new growth in
woody species, such as Black Box Eucalyptus largiflorensand Lignum Muehlenbeckia
florulenta.
The timing of flooding and duration of inundation of floodplain wetlands has a significant
impact on plant responses, as demonstrated by research carried out in the Barmah-Millewa
forest on the Murray River. Robertson et al. (2001) showed that highest macrophyte
productivity occurred in wetlands during spring floods, but that River Red Gum Eucalyptus
camaldulensis responded only to summer flooding. The importance of the length of floodplain
inundation is evident by the response of vegetation to environmental flows to the BarmahMillewa. Release of the 1998 flood pulse inundated lower parts of the floodplain for four
weeks, but establishment and flowering of species, such as Moira grass, failed because the
flooding was too brief (Gippel 2003). In contrast, a longer inundation in 2000–01
demonstrated considerably more environmental benefits (Gippel 2003).
Another important determinant of wetland and riparian vegetation responses to inundation is
the health of the seed bank. The availability of a viable bank of propagules allows for the
reestablishment of plant communities when floodwaters arrive (Cassanova and Brock 2000;
Capon, 2003; Brock et al. 2003). However, the deterioration of seed banks as a result of river
regulation can impede plant community recovery. For example, managed flooding of a Murray
River weir pool in South Australia resulted in no response by aquatic plants due to low seed
bank viability (DWLBC 2002; Gippel 2003).
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2.4.4 Aquatic invertebrates
The moving littoral zone of the flood pulse often provides optimal conditions for invertebrates,
and they are able to rapidly colonise wetlands that are re-wetted from overbank flows (Bayley
1995; Boulton and Brock 1999; Quinn et al. 2000). Colonisation can result from passive or
active migration with incoming waters, aerial dispersal, overland migration or emergence from
drought-resistant life stages in the sediment (Boulton and Brock, 1999; Quinn et al. 2000;
Jenkins and Boulton, 2003). However, many aspects of the water regime of floodplains can
affect invertebrate dispersal and colonisation of wetlands, including duration of inundation,
magnitude and recession of the flood pulse, timing and frequency of inundation (Bayley,
1995; Boulton and Jenkins 1998; Quinn et al. 2000; Sheldon et al. 2002).
The relative contributions of different pathways for invertebrate colonisation of newly
inundated floodplain environments have been addressed by a number of researchers (e.g.
Langley et al. 2001; Brock et al. 2003; Jenkins and Boulton, 2003). Benigno and Sommer
(2008) demonstrated the ecological importance of floodplain sediment as a significant source
of the initial peak of chironomid abundance in the floodwater of the Sacramento River,
California. The immediate presence, rapid growth and high abundance of these dipteran
larvae after floodplain inundation make them a readily available food source for fish and other
wildlife. The importance of dormant life stages for invertebrate recolonisation has also been
shown specifically for copepods by Frisch and Threlkeld (2005), and by Brock et al. (2003) for
Australian zooplankton communities. In a study of inundated floodplains of the NSW Darling
River, Jenkins and Boulton (2003) found that floods imported most early invertebrate
colonists. Although in situ emergence from sediments was less important initially, this source
of biota potentially sustained production over a longer period of inundation (Jenkins and
Boulton 2003).
Within Australia, long-lived invertebrate eggs exist in large quantities in temporary wetland
sediments (Neilsen et al. 2000; Brock et al. 2003; Neilsen et al. 2002). The release of
nutrients from flood pulses can produce a surge in primary productivity that in turn stimulates
invertebrate growth and abundance (Jenkins and Boulton 2007). Neilsen et al. (2002) used
flooding in experimental billabongs to demonstrate microcrustacean abundance increases
after inundation. Jensen (2002) also describes the development of a diverse
macroinvertebrate community after the managed flooding of Little Duck Lagoon in South
Australia.
Australian studies have also revealed that changes to water regime, particularly the loss of
flood pulses, may inhibit the replenishment of invertebrate egg banks or modify invertebrate
community composition (Langley et al. 2001; Neilsen et al. 2000; Quinn et al. 2000; Neilsen et
al. 2002; Sheldon et al. 2002). Jenkins and Boulton (2007) showed that microinvertebrate
taxa decline as periods of connectivity between floodplains and rivers become less frequent.
For example, cladoceran production was reduced by an order of magnitude as the period
without flooding increased from six to twenty years (Jenkins and Boulton, 2007). These
authors also caution of the harmful effects, such as blackwater events, which can result from
shifts in species composition and organic matter accumulation due to the loss of flood pulses.

2.4.5 Fish, birds and amphibians
Fish
Alterations to the natural hydrologic regime in regulated rivers can disrupt cues that initiate
the maturation and spawning of fish, or they can change the conditions which are suitable for
the recruitment and growth of fish larvae. Several formerly abundant species of native fish are
now rare or threatened, and most have undergone severe restrictions in range (Harris and
Gehrke 1997). In the lower reaches of rivers such as the Murray, Murrumbidgee and Lachlan,
the dominance of introduced Carp (Cyprinus carpio) is such that they made up more than half
the total number of fish caught in these rivers during NSW fish surveys (Gehrke et al. 1995;
Gehrke 1997; Harris and Gehrke 1997). It has also been argued that changes in the
frequency and timing of floods may have contributed to the decline in native fish populations
by affecting the dispersal of fish from main river channels to floodplain wetlands; reduced
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flood frequency reduces fish access to the food and habitat resources provided by floodplain
wetlands (Reid and Brooks 2000; Balcombe et al. 2005).
Floodplain inundation is thought to enhance fish recruitment by providing a suitable spawning
environment and abundant food and habitat for larvae. However, while often quoted, this
concept has been rarely tested in empirical studies in Australian rivers. King et al. (2003)
sampled larvae and juvenile fish in flood and non-flood years in the unregulated Ovens River
floodplain. Surprisingly, they found that the only species that increased in larval abundance
during or shortly after flooding was an introduced species, Carp. Similarly, Carp numbers
increased dramatically following floodplain inundation in the Macquarie Marshes (Jenkins et
al. 2004). Despite the timing of the release to coincide with optimum native fish breeding
conditions, length data for Carp indicate a spawning event coinciding with the timing of
floodplain inundation from the flow pulse (Jenkins et al. 2004). While native fish appear to
commence migratory behaviour in response to rising water levels, Carp appear to commence
migration in response to rising water temperatures (Mallen-Cooper et al. 1995). The
behavioural response of Carp would seem to be better suited to the summer flooding regime
that prevails in many regulated river reaches. These results highlight a major potential cost for
pulsed flows that aim for native fish recruitment through floodplain inundation. Based on data
gathered from south-east Australian rivers, King et al. (2003) suggest that the notion of the
flood pulse alone controlling fish recruitment is too simplistic to account for all fish
reproductive strategies within a river system. This is supported by Balcombe et al. (2005),
who identified that the recruitment and growth of fish assemblages of an arid zone floodplain
river were influenced by the availability of food associated with episodic flood events. Thus,
the life history of the fauna of the system, available resources, and aspects of the hydrological
regime, such as duration and timing of inundation, will influence the response of a river's fish
fauna to flooding.
Baldwin et al. (2001) provide an example of how the timing, duration and site-specific
conditions can influence the response of fish fauna to flooding. Artificial flooding of the
Barmah-Millewa Forest in 2000 resulted in blackwater returning to the river, causing a
significant degradation of water quality leading to fish and crustacean deaths. Australian
native fish and other large aquatic organisms require at least two milligrams per litre of
oxygen in the water to survive, but may begin to suffer at levels below four to five milligrams
per litre (Gehrke 1988). The flooding of forested wetlands with large volumes of residual leaf
litter can often result in high levels of microbial respiration and concomitant low levels of
dissolved oxygen. This occurred in the Richmond River, northern NSW, when a large flow
pulse inundated floodplain habitats. As the water returned to the main channel from the
floodplain, the warm water temperatures and high loads of organic matter entering deep pools
resulted in major thermal stratification and deoxygenation of the river system resulting in
thousands of fish kills in the lower reaches (Eyre et al. 2006). River regulation combined with
drought conditions may increase the organic loading on floodplain habitats, and therefore
increase the likelihood of blackwater events and fish kills. Managing the timing of the flow
pulses to coincide with low temperatures and managing the residence time of the water on
the floodplain to prevent deoxygenation are options for minimising these threats to biota.
Further investigation is required.
Several studies on environmental flows and fish spawning and recruitment are underway in
Australia. One study being undertaken by the Arthur Rylah Institute in Victoria is assessing
the effectiveness of environmental flows on fish recruitment in the Barmah-Millewa forest on
the Murray River. There was a massive increase in spawning events of Silver Perch Bidyanus
bidyanus and Golden Perch Macquaria ambigua during the 2005 environmental flow event
(King et al 2008). The flooding also improved the survival of larvae and recruitment of a
number of species, including Murray Cod, Trout Cod, carp gudgeons Hypseleotris spp. and
Southern Pygmy Perch Nannoperca australis. However, exotic species (introduced Carp,
Gambusia Gambusia holbrooki, and Oriental Weatherloach Misgurnus anguillicaudatus) also
had a successful breeding and recruitment event. This demonstrated a strong link between
native fish spawning and recruitment and the use of environmental water. Observations on
fish larvae have the potential to provide insights into the effects of flow regulation and reduced
floodplain inundation, showing whether it has had a greater impact on fish by preventing
spawning or by reducing or eliminating recruitment.
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Birds
The earliest formal use of environmental water within the Murray–Darling Basin was for the
Kerang Lakes in 1968 to maintain habitat for avifauna (Wettin et al. 1994). Since then, pulsed
flows using environmental water have been used to inundate or prolong the inundation of
wetlands where bird-breeding events have been initiated in response to natural floods.
Allocations have been used in this manner for the Macquarie Marshes (Wettin et al. 1994;
Kingsford and Auld 2005), the Barmah-Millewa Forest (Baldwin et al. 2001) and the Narran
Lakes (see http://www.mdbc.gov.au/). The strong community interests in waterbirds (as
visible, charismatic vertebrates) also means that the success of environmental flow pulses in
floodplain systems can always be partly assessed by the abundance and diversity of birds.
There is, however, some doubt over the sensitivity of birds to hydrological change in the short
term (Roshier 2002). The high mobility of birds means that they can exploit resources from
both local and distant water bodies. The presence or absence of birds within a given wetland
may, therefore, depend upon conditions hundreds of kilometres away, rather than the
condition of the wetland under consideration. Moreover, birds possess a high degree of
behavioural complexity, which may further confound responses to changing hydrological
conditions (Reid and Brooks 2000). For example, there is concern among managers that
successive breeding failures within a wetland, as a result of shortened flood duration, may
cause birds to shun that wetland during subsequent floods. This was a concern in the Narran
Lakes system in northern NSW in March 2008, which prompted the Murray–Darling Basin
Commission to buy 11 gigalitres of water (at a cost of $1.98 million) to help top-up a natural
flow event and maintain conditions conducive for the biggest ibis breeding event on the river
system since 2000. Water from flooding summer rains in western Queensland had attracted
about 30,000 breeding pairs of straw-necked ibises in mid-January. However, by March the
water level had been dropping and it was feared the adult birds would leave their nests and
abandon their young unless there were more inflows to the wetlands. The addition of the
pulsed flows purchased by the Murray–Darling Basin Commission extended the period of
floodplain inundation for six weeks and ensured over three quarters of the young survived to
fly out of the system. However, the warm temperatures led to a massive carp recruitment
event (G. Wilson UNE Pers. Comm.). It is highly likely that the proliferation of exotic carp
provided the food resources that allowed the ibis to successfully breed. The question remains
whether it is appropriate or sustainable for high trophic level species such as birds to be
reliant on a food web founded on exotic species.

Amphibians
Frogs are integral components of floodplain ecosystems. They are an important food source
for birds, reptiles and fish and are predators of large variety of small aquatic animals. Many
frog species have specific requirements in terms of the timing of inundation, frequency of
inundation and wetland hydroperiod.
The delivery of flood pulses for wetland watering has traditionally focused on meeting the
needs of vegetation, waterbirds and fish. However, unlike waterbirds, frogs are limited in their
capacity to disperse between wetlands (Wassens et al. 2007a, 2008a) so their responses to
the flooding of a wetland will be influenced by its proximity or hydrological connection to other
wetlands. For example, in semi-arid areas of the Murray-Darling Basin, frogs require wetlands
or other waterbodies (such as farm dams and irrigation canals) to be in close proximity (within
a kilometre) to each other to allow opportunities for them to disperse following metamorphosis
and ensure recolonisation can occur (Arnaiz unpublished data). Frogs also require structurally
diverse fringing and aquatic vegetation to provide refuge from predators, heat and wind as
well as sites for calling and breeding (Wassens 2007a,b). Recent research has shown that
seasonally flooded or temporary wetlands provide better breeding habitat for frogs, while
permanent wetlands with fringing vegetation provide habitat for long-term refuge (Wassens et
al. 2008b; Arnaiz unpublished data). This suggests that flow pulses need to be of a size and
duration to both re-fill permanent wetlands and also flood adjacent temporary wetland
habitats. However, permanent water bodies that are free of introduced fish can also support
frog breeding. For the temporary habitats to be beneficial to frogs, they need to persist long
enough for tadpoles to develop into adult frogs (generally greater than three months).
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2.4.6 Summary
This review of the environmental outcomes of overbank flows emphasises that floods of this
magnitude will be associated with many of the same environmental costs and benefits
outlined in the previous section on large instream pulsed flows. However, overbank flows
have the potential to provide many additional benefits for riverine ecosystems (Table 7).
Overbank flows have the capacity to cause significant geomorphic change, including
floodplain deposition and realignment of river channels. Connectivity between the river
channel and its floodplain is recognised as being essential for the maintenance of riverine
ecosystem health. Overbank floodwaters are considered important for recharging wetlands,
flushing floodplain sediments, entrainment and mobilisation of nutrients and the transfer of
organic matter and biota. However, the contribution of floodplain productivity to the
biogeochemical processes in rivers is largely untested in Australian systems and requires
further research to improve our understanding within the context of highly regulated and
degraded floodplain habitats.
Overbank flows and floodplain inundation are essential for the germination and establishment
of plants in floodplain wetlands, as well as the renewal of seed banks within wetland soils.
Wetland plant communities may also benefit from a reduction in competition from terrestrial
species and the flushing of salts from the soil profile. Aquatic invertebrates benefit from
inundation, which allows them to colonise wetlands via floodwaters and emergence from
dormant egg banks in wetland sediments. There is some evidence that inundation of
floodplains enhances fish recruitment by providing access to suitable spawning sites,
increasing food abundance and improving habitat for larvae. Similarly, waterbirds and frogs
have been shown to benefit from the inundation of floodplain wetlands that provide favourable
habitat for breeding events. However, careful consideration must be given to the duration and
timing of the delivery of overbank flows so that the flooding event is sufficient for breeding
cycles of various taxa to be completed. Overbank flows can also have the potential for
negative environmental outcomes, such as triggering breeding of alien fish species.
In conclusion, while there are considerable environmental benefits to be gained from
overbank pulsed flows, there are several potential environmental costs and these range from
those that have a low risk through to those with a medium or variable level of risk (Table 7).
This suggests that the delivery of overbank flow pulses needs to be undertaken following
assessment of the potential risks and within a rigorous risk management process.
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Table 7: Summary of potential environmental benefits and costs from overbank flow pulses
Benefits
Potential environmental
Benefit boundaries
benefits
Flushing of fine-grained
Must be sufficient flow depth to
sediment from bars and withinreach bankfull stage
channel benches.

Costs
Level of risk

Risk management

Inundation of floodplain—
sediment deposition on
floodplain surface and
inundation of riparian plants
Bank erosion—particularly that
caused by rapid drawdown

Low risk, unlikely that managed
flow would flood over an
extended period

Manage flow depths to reduce
extent and duration of floodplain
inundation

Moderate risk

Manage drawdown rates to
minimise bank erosion risk

Demonstrated to be system
specific response—assess
organic matter accumulations
on floodplain and soils for acid
sulfate soils potential (see
Baldwin et al. 2007)
Moderate risk

Maintain flow volumes to reduce
residence time of floodwaters on
floodplain habitats.

Potential environmental costs

Channel capacity
maintenance—sediment
entrainment, removal of
macrophytes on streambed
Recharge of floodplain wetlands

Flow duration must be sufficient
to remove sediment and
macrophytes from target reach
Must be sufficient flow to reach
bankfull stage and be
maintained long enough to fully
recharge wetlands

Potential for acid sulfate soil
development and increased
nutrient release from
periodically emersed/immersed
sediments.

Entrain and mobilise nutrients
and organic matter from riverfloodplain interactions

Sufficient flow magnitude to
inundate floodplain or low lying
wetlands

Potential for blackwater floods—
low oxygen plumes of water
resulting from inundation of
organic matter on floodplains.

Mobilise and transport salts
stored on floodplain during
disconnection.

Sufficient flow magnitude to
inundate floodplain or low lying
wetlands

Multiple events can improve
ecological outcomes (e.g.
connection event to inundate
floodplain then a second event
to reconnect and facilitate
transport of floodplain material
back to river channel)
Very little data on the lateral
transport of material during
river-floodplain connection. No
validation of costs and benefits
from timing of inundation,
periodicity of inundation, effect
of antecedent conditions
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Benefits
Potential environmental
Benefit boundaries
benefits
Stimulate benthic and water
Sufficient flow magnitude to
column productivity, respiration
inundate floodplain or low lying
and aquatic food webs
wetlands
Increase in invertebrate
Magnitude of pulses must be
richness and abundance, shift in adequate to inundate
community composition
floodplains if wetland species
are to colonise and reproduce
Regular pulses to wetlands
required to maintain wetland
invertebrate communities
Replenishment of invertebrate
Magnitude of pulse must be
egg bank
sufficient to inundate floodplain
wetlands
Frequency and length of
inundation must allow target
species to reproduce
successfully
Increased growth and
Magnitude of pulses must be
reproduction of riparian and
adequate to inundate
wetland vegetation as a result of floodplains if wetland species
greater surface water and
are to colonise and reproduce
groundwater availability.
Requirements and tolerances of
different species likely to vary,
so timing, frequency and length
of pulses must be appropriate
for target species
Replenishment of wetland and
Magnitude of pulse must be
riparian seed banks.
sufficient to inundate floodplain
wetlands
Timing and length of inundation
must allow target species to
germinate and reproduce
successfully.
Facilitate movement of fish into
Frequency, magnitude and
breeding habitats and increase
duration of pulses needs to
recruitment
favour desired species
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Potential environmental costs

Costs
Level of risk

Period on inundation may be too
brief for some invertebrate taxa
to colonise and reproduce

Moderate risk
Requirements of different
species will vary

Obtain more detailed
information on life cycles of
wetland invertebrate species,
including length of time dormant
stages remain viable

Negligible response due to
depleted invertebrate egg bank

Moderate risk in areas that have
not been regularly inundated

Ensure regular inundation of
wetlands. Periods of more than
7–10 years without flood pulses
likely to result in loss of egg
bank viability

Plant mortality due to prolonged
inundation

Low risk
Requirements of different
species will vary, but wetlandadapted species likely to be
tolerant to some inundation.

Obtain more detailed
information on the water
requirements and tolerances of
Australian riparian and wetland
species

Negligible response due to
depleted seed bank

Moderate risk in areas that have
not been regularly inundated

Ensure regular inundation of
wetlands
Periods of more than 10 years
without flood pulses likely to
result in loss of seed bank
viability

May trigger breeding of alien
species (e.g. Carp)

Variable risk depending on
timing of flood pulse

Need to choose timing of
release to favour native species
and disadvantage alien species

Risk management

Benefits
Potential environmental
Benefit boundaries
benefits
Allow passage of fish over
Magnitude of pulses must be
structures that would normally
adequate to flood out structures
impede fish movements

Flooding may trigger bird
breeding in the floodplain
wetlands

Flooding may trigger frog
breeding in the floodplain
wetlands

Magnitude of pulse must be
sufficient to inundate floodplain
wetlands
Duration of inundation must
allow target species to fledge
young
Duration of inundation must
allow target species to complete
metamorphosis

Potential environmental costs

Costs
Level of risk

May trigger a blackwater event,
resulting in fish mortality

Variable risk depending on
timing of flood pulse and build
up of organic matter on
floodplain

Birds may leave their nests and
abandon their young if flooding
duration is too short

High risk

Risk management
Need to manage the timing of
the flow pulses to coincide with
low temperatures and ensure
the residence time of the water
on the floodplain is sufficient to
prevent deoxygenation
Duration of inundation must
allow target species to fledge
young
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2.5 Conclusion
The delivery of pulsed flows has the potential to result in significant environmental benefits for
regulated rivers, but it brings with it the risk of environmental and social costs. Although this
review of scientific literature has identified informative examples of international and
Australian studies that demonstrate some of the potential environmental effects of pulsed
flows of different magnitudes, it has also highlighted the substantial knowledge gaps that still
exist, particularly in regard to specific data for Australian river systems.
Connectivity between the river channel and its floodplain is frequently identified in the
scientific literature as essential for the maintenance of riverine ecosystem health. Overbank
flows are widely recognised as being important for recharging wetlands, flushing floodplain
sediments, and for the transfer of nutrients and biota. However, the increasing magnitude of
flow pulses is also associated with increasing environmental risks and uncertainty. Large
pulsed flows and overbank flooding have the capacity to cause significant geomorphic
change, including floodplain deposition and realignment of river channels. In terms of water
quality, pulsed flows have been demonstrated to be effective in dispersing algal blooms and
point-source salinity; however, the wetting and drying of sulfidic wetland soils can result in
damage to aquatic ecosystems.
Evidence from the scientific literature has demonstrated that flow pulses can regulate the food
webs and trophic dynamics of river ecosystems. The structure and function of primary
producer communities can be significantly affected by small, large and overbank flow pulses.
The geomorphic processes and increased water availability associated with pulsed flows are
crucial for the establishment and growth of riparian plants, although these disturbances may
have negative impacts on vegetation through scouring and burial. Overbank flows and
floodplain inundation are also vital for the germination and establishment of plants in
floodplain wetlands, as well as the renewal of seed banks within wetland soils. The
importance of biofilm primary productivity to riverine food webs is widely recognised; however,
knowledge of biofilm responses to changes in flow regimes is still incomplete. At present,
there are no well-defined managed flow regimes designed to ensure the scouring of biofilms
in upland streams and few examples for Australian floodplain rivers.
Review of the literature on the responses of invertebrates, fish and birds to pulsed flows
provides examples of both the environmental costs and benefits that may result. Pulsed flows
have been shown to cause greater downstream drift of aquatic invertebrates as flow velocities
increase, and stranding of some individuals, particularly when floodwater recession is rapid.
However, aquatic invertebrate communities are highly resilient to such disturbances and
generally return to pre-flood levels rapidly. Aquatic invertebrates also benefit from inundation,
which allows the colonisation of wetlands by invertebrates transported in floodwaters and by
replenishment of dormant egg banks in wetland sediments. Similarly, there is considerable
evidence that fish communities benefit from the capacity of pulsed flows to improve the
availability and persistence of habitats suitable for spawning and the survival and growth of
larvae. Pulsed flows may also facilitate fish movement into habitats that are favourable for
breeding and recruitment, but more data are required on the ecology of Australian taxa and
their responses to natural and altered flow regimes. Despite these benefits, there is also the
potential for fish mortality associated with flow pulses as a result of the displacement of small
and larval fishes due to high velocities, and from stranding of individuals if water depths and
cover at channel margins change quickly. Overbank flows also have the potential for negative
environmental outcomes, such as triggering breeding of alien fish species.
In summary, this review has demonstrated that there are many potential environmental
benefits that can be achieved from small, large and overbank pulsed flows. As the magnitude
of flood pulses increases, so too does the potential for substantial positive environmental
outcomes, such as those resulting from floodplain inundation. However, the increasing
magnitude of flow pulses is also associated with increasing uncertainty that there will be
beneficial outcomes, and the risk of environmental costs. Small instream pulsed flows tend to
result in specific environmental benefits and most of the potential environmental costs have a
low level of risk (Table 5). In contrast, while there are considerable environmental benefits to
be gained from large instream pulsed flows, many of the potential environmental costs have a
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medium or variable level of risk (Table 6). Similarly, there are considerable environmental
benefits to be gained from overbank pulsed flows and the potential environmental costs range
from those that have a low risk through to those with a medium or variable level of risk (Table
7). There is a higher level of risk associated with the delivery of large and overbank flow
pulses. Further research is required to enable river managers to better understand the
benefits, risks and trade-offs associated with the delivery of pulsed flows (see section 5). This
will enable managers to effectively capture the significant environmental benefits of pulsed
flows, whilst reducing the likelihood of negative environmental outcomes.
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3. Current practice in pulsing flows
3.1 Current management roles for delivering
pulsed flows in Australia
The complexity of responsibilities for water reflects the overlapping responsibilities of several
levels of government. National principles adopted by the Council of Australian Governments
and refreshed in the National Water Initiative require separation of responsibilities for policy,
regulation and management (storage release and delivery) of water. For the Murray-Darling
Basin, Communiqué (COAG 2008) leaves substantial responsibilities with the states despite
the formation of a new Murray-Darling Basin Authority.
Water planning has recently been reviewed by the National Water Commission (Hamstead et
al. 2008). Eleven case studies were reviewed with the objective of learning from experience.
Under the heading ‗achieving ecological sustainability‘, the authors comment that the most
credible approaches to achieving environmental sustainability were provided in plans for the
Burnett (Queensland), Central Region (Victoria) and Ord (Western Australia) but that
tradeoffs subsequently weakened the approach. They also point out that ‗conservation of
biological diversity and ecological integrity should be a fundamental consideration‘ in line with
the principles of ecologically sustainable development that have been agreed to by all
governments, and that ‘lack of certainty about ecosystem requirements compared with more
pressing and obvious effects of reduced water for irrigation or towns resulted in greater
ecological risks being taken‗. In a recent report on progress in the National Water Initiative,
CEO Ken Matthews stated that management of environmental water has not emerged as
envisaged. ‗Independent audits of environmental outcomes are not occurring and
environmental managers lack clear identity, authority and technical/financial capacity‘
(Matthews 2008).
The following section will outline the roles of various agencies in development of policy,
regulation and operation of pulsing flow.

3.1.1 Water planning and management
State governments have each responded to water planning differently, as shown by the
summary of jurisdictional responsibilities for environmental water management (Table 8).
Examination of specific plans shows that various rules and strategies are available for pulsing
of regulated river release, but to date, most provisions for pulsing generally focus on water
that has been allocated specifically to the environment. However, changes to the policies that
are being considered indicate there is a shift towards the management of all water for multiple
outcomes. For example, the whole of system Operations Review being undertaken by the
Murray–Darling Basin Commission is reviewing operating rules to better balance competing
requirements into the future.
In NSW, the river flow objectives and State Water Management Outcomes Plan underpin
water sharing (DECC undated; Chessman and Jones 2001). Several of these river flow
objectives are relevant to pulsing flows. So far, 36 valley-based water sharing plans have
been developed, and 31 commenced in July 2004. Five groundwater plans were scheduled in
July 2006, but the Minister decided to suspend the water sharing plans because of the
drought and they remain suspended. Reviews are scheduled after five and ten years. In
NSW, water sharing plans have been prepared under the direction of the NSW Department of
Water and Energy. The Natural Resources Commission (NRC) is responsible for review of
the plans (NRC 2005). The NRC standards and targets provided for audit of plans are
intended to enhance the aquatic environment but the specific strategies are left to the
catchment management authorities.
In NSW arrangements have changed since 2006 (Table 8). In NSW the Department of Water
and Energy is responsible for water licensing and for water planning, which includes
environmental water provisions. The Department of Environment and Climate Change
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(DECC) is the major holder of water access licences used for environmental purposes and is
also responsible for managing environmental water allocations established under Water
Sharing Plans and water licences held by government for environmental use. Other forms of
environmental water such as end of system flow targets, dam release rules and event specific
restrictions on access for licence holders specified in Water Sharing Plans are administered
by the NSW Department of Water and Energy (DECC 2009). Catchment Management
Authorities now report to DECC on issues of environmental water, rather than directly to the
Minister. A clarification of roles of and lines of authority is recommended by the NSW Natural
Resources Commission (NRC 2009).
In South Australia, environmental operating strategies are available to manage environmental
water entitlement. Plans extend until 2019 and are reviewed every five years.
Table 8: Environmental water managers in Australia
Jurisdiction

Environmental Water
Manager

Roles and Mechanism

ACT

Environmental Protection
Authority
Catchment management
authorities1

Environmental flow guidelines inform
access rules for water users
Adaptive environmental water—
management of environmental water
entitlements
Planned environmental water—
environmental water managed through
access rules
Water allocation plans—environmental
water managed through access rules

NSW1

Department of Water and
Energy
NT

QLD

Department of Natural
Resources, Environment
and the Arts—Controller of
Water Resources
Department of Natural
Resources and Water

SA

Natural resource
management boards

TAS

Department of Primary
Industries and Water

VIC

Catchment management
authorities

WA

Department of Water

Water resource plans and resource
operations plans—environmental water
managed through access and operations
rules
Water allocation plans—environmental
water managed through access rules
Environmental operating strategies—
management of environmental water
entitlement
Water management plans—
environmental water (environmental
water allocations) managed through
access rules
Environmental water reserve comprises
water set aside for the environment as
either:
– an environmental entitlement, or
– conditions on any bulk entitlement,
licence or operation or a groundwater or
streamflow management plan
Water access and use plans—
environmental water managed through
access and use rules

Environmental
water
entitlements
No
Yes—for some
systems and river
reaches

No

No

Yes—for Murray
River

No

Yes—for some
systems/river
reaches

No

Source: NWC (2006b). 1 There have been changes in arrangements NSW since the publication of this table (see text)

In Victoria the ‗FLOWS method‘ (DNRE 2002) was established for regulated and unregulated
river systems to inform the streamflow management plan process. The method has been
tested in the Wimmera, Avoca and Glenelg Rivers. Flow components are characterised by
season and duration, and they include cease to flow, low flows, freshes (flow greater than the
median flow for the period), high flows, bankfull flows and overbank flows (SKM 2002). The
Victorian River Health Strategy (DNRE 2002) outlines the mechanisms of the Victorian water
allocation framework that protects environmental flows. These include bulk entitlements,
streamflow management plans, management rules for unregulated rivers, and the
implementation of catchment caps. Trading rules are also used to enhance the management
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of water for the environment. As for NSW, it seems that pulsing is approached more by
restriction on diversion than by routine operation of storage releases.
Northern Territory Plans are reviewed every five years and expire after ten years.
In Tasmania there is an annual review of the administration of the plans; a move to a ten-year
review is foreshadowed.
The progress of states in implementing the National Water Initiative (including progress
against National Water Initiative water planning and water trading commitments) was
assessed by the National Water Commission in its 2007 and 2009 Biennial Assessments of
Progress in Implementation of the National Water Initiative (NWC 2007a, 2009b). Under the
Water Act 2007 (Cth), the Australian Competition and Consumer Commission is responsible
for providing advice to the Minister for Climate Change and Water on water market, charge
and trading rules. Also under the Water Act 2007 (Cth), the National Water Commission is
required to audit the effectiveness of the implementation of the Murray-Darling Basin plan and
the water resource plans within the Murray-Darling Basin. We have examined the reviews by
Gentle and Olszak (2007) and Hamstead et al. (2008) and note that, while the restoration of
some natural flow variability is a prominent benchmark for most planning, there is little or no
use of explicit pulsing strategies.

3.1.2 River operations
A list of ‗water and wastewater‘ services across Australia is available (NWC 2006b). ACIL
Tasman (2005) describes services in three categories: bulk water; urban water; and rural
water supply including irrigation and stock and domestic water (Table 9).
Table 9: Major bulk water services and rural retail suppliers
Bulk water supply

Number or type of
customers

NSW

Sydney Water urban
6200 (10 major)
irrigation, town, power,
industry
Residential and business
Residential and business
Suburban and country
towns - residential and
business
16 local governments
6000 mainly irrigation
and mines
Metropolitan Brisbane
Residential and rural
Metropolitan Perth
8 local councils
6 local councils
Canberra and surrounds
Cities and towns

647
5000

452

362

2400

1126
862
2100
190
90
90

Sydney Catchment Authority
State Water Corporation

Hunter Water
Melbourne Water
Rural Water Authorities

VIC

Queensland

SEQ Water
Sunwater

Brisbane Water
SA Water
Water Corporation
Hobart Water
Cradle Coast Water
ACT
ACTEWAGL
NT
Power and Water
Irrigation , stock and domestic suppliers
NSW
Coleambally Irrigation Coop
Ltd
Murray Irrigation Ltd
Murrumbidgee Irrigation Ltd
VIC
Goulburn- Murray Water
Southern Rural Water
Lower Murray/Sunraysia
First Mildura
SA
WA
Tasmania
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25000
10000
5200

Average volume
(2003–04) supplied
(GL)

72
500
439

280
1908
97
166
231
41
14
107
35

Bulk water supply

Grampians-Wimmera- Mallee
Central Irrigation
Ord
Harvey Water

SA
WA

Number or type of
customers

Average volume
(2003–04) supplied
(GL)

7300
1538
127
558

138
116
210
100

Adapted from ACIL Tasman (2005)

Bulk water suppliers (‗wholesalers‘) store and distribute water to other suppliers (‗retailers‘),
which then distribute to end-users and customers. The main bulk suppliers are: WaterCorp in
Western Australia; SA Water in South Australia; and Sun Water and SEQWater in
Queensland. In Victoria, Melbourne Water provides bulk water supplies to Melbourne and
surrounds, while five rural water authorities provide water to the rest of the state. In NSW,
State Water Corporation is the major bulk supplier for most of the state except for Sydney,
which is serviced by Sydney Catchment Authority, who supplies Sydney Water. Table 9
describes the major bulk and rural water supply organisations. The corporate form of these
organisations is diverse, ranging from largely state government ownershipin Victoria (e.g.
Goulburn-Murray Water, a state-owned statutory authority), to state-owned corporations (e.g.
Sunwater, State Water Corporation), to private cooperatives (e.g. Coleambally Irrigation) and
companies owned by irrigators (e.g. Murrumbidgee Irrigation).
A recent update of national performance is provided by the National Water Commission for
thirteen rural water providers over five jurisdictions, selected on the basis of minimum
thresholds of 4 GL per annum for supply and 1000ha serviced for drainage (NWC 2009a).
They are:
o

in NSW, Coleambally Irrigation Co-operative Limited, Murray Irrigation Ltd,
Murrumbidgee Irrigation Ltd, and State Water Corporation;

o

in Queensland, SunWater;

o

in South Australia, the Central Irrigation Trust;

o

in Victoria, the First Mildura Irrigation Trust, Goulburn Murray-Water, Grampians
Wimmera Mallee Water, Lower Murray Water and Southern Rural Water; and

o

in Western Australia, Harvey Water and Ord Irrigation Co-operative.

3.2 Overview of different types of water
Until recently, the approach to providing environmental water in Australia has largely been
through legislation that quantifies water for the environment as an entity separate from
consumptive use. Environmental water is enshrined in statute through water sharing plans
(NSW and South Australia), the environmental water reserve (Victoria) or water allocation
management plans (Queensland). More recently, water has been purchased for the
environment, mostly for targeting important ‗icon‘ sites and maintaining the health of the main
stem of the Murray River. In 2008 Minister Penny Wong announced the Rudd government
plan ‗Water for the Future‘, which provides 3.1 billion dollars to purchase water to return to
Murray-Darling waterways (Wong 2008a). However, the implicit assumption that water can be
rationally divided into environment or consumptive categories has been questioned, since
water is normally used for multiple benefits and consumptive flow can be released in a
manner to achieve environmental benefits at points in the river en route to the point of
delivery (Hamstead 2007a).
One of the critical issues to achieve pulsed flows is how to integrate supply (regulated storage
releases), tributary or unregulated flow, en route storage (weir pools and off-river storage),
and demand (irrigation, towns and industry). This requires an understanding of the constraints
and opportunities inherent in the licence conditions attached to different types of water as
described in Table 10. Licence conditions are highly complicated, as demonstrated by Table
11, which shows the differences in entitlements across states and territories (Tian Shi 2005).
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Table 10: Nomenclature of water licensing
Environmental water
(Planned water
protected by statute)

High security water

General security water

Riparian rights

Supplementary
water/floodwater

Dam spills

Conveyance water

Rainfall rejection
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In NSW, Victoria, South Australia and Queensland environmental water is
enshrined in legislation in catchment-based water sharing plans, environmental
water reserve, environmental flow guidelines and water allocation management
plans, respectively. In other states, various strategies, rules and regimes are
described but make no reference in statutes to provide environmental flows or
environmental water. These include procedures to achieve environmental
objectives (Queensland, Tasmania) to meet the needs of ecosystems (South
Australia), to achieve environmental values (Western Australia) and to achieve
sustainable yields (Northern Territory). The governance of environmental water in
Australia was reviewed recently (Gardner and Bowmer 2007). Current legislation
or guidelines may include pulsing in legislated water plans (e.g. through
translucency rules in NSW water sharing plans), but they are not explicit about
patterns of delivery for the environment as a customer. Emphasis is more on
delivery of volumes of water to targeted icon sites. Currently, end-of-system flow
rules involve volumetric flows that are constant.
High reliability licences form only a small proportion of total irrigation licences in
NSW rivers, but they are a substantial component in Victoria. Generally, high
security license holders have critical timeliness for watering crops, power
generation or urban and industrial supply. General security can be converted to
high security in some NSW river valleys by use of a conversion factor that differs
from valley to valley, reflecting the headwater storage capacity. Ideally, water
purchased for the environment is high security, guaranteeing a volume of water to
be delivered except in the driest times. Communiqué (COAG 2008) proposes that
basic rights (town supply and industry) need to be conserved as a priority in future
policy and planning.
General security water licences have lower reliability than high security water. The
majority of irrigation water licences in NSW are general security licences. They
are allocated as a share of the resource once other needs have been supplied in
the hierarchy of rights of access in water sharing plans. Timeliness of supply is
critical for farmers who do not have on farm storage. Many growers in older and
leaky irrigation systems have been accustomed to rostering systems but, as
technology for water supply systems improves, they expect to order water and
have it delivered within 24 hours of the time predicted by the river operator.
Indeed, this is a performance indicator for NSW State Water Corporation‘s (SWC)
Operating Licence (IPART 2005, 2007). As noted in Section 3.4.2, SWC has
managed some pulsing to improve conveyance efficiency during the drought by
agreement with irrigators.
Riparian rights provide stock and domestic supply to farms bordering river and
creek systems. Riparian rights are achieved in NSW by baseflows or ‗transparent
flows‘. The expectation of continuous supply is a deterrent to bulking flow that has
been practiced by SWC in the drought to improve efficiency of conveyance.
Supplementary water (alternatively named ‗floodwater‘ (previously off-allocation
water) in New South Wales, ‗sales water‘ in Victoria and ‗unsupplemented water‘
in Queensland) is protected from consumptive use in some catchments, and
provides natural pulsing patterns. However, plans vary considerably on how this
water is to be protected from, or shared with, consumptive use (see the case
study in section 3.5.5).
Dam spills are treated differently in different valleys. As noted earlier, the
purchase of water for the environment is likely to lead to increase in requirement
for storage as effective piggybacking is not an annual event and many icon sites
do not need annual watering.
Conveyance water is the water that is needed to deliver licensed water through
large irrigation canals to the irrigation areas from the river. In the reporting
methodology used by most river operators, conveyance water is equivalent to
water left in the river after consumptive extraction, and it is termed environmental
water, even though the timing and quality maybe inappropriate for environmental
benefit. In NSW, there are licenses for conveyance for Coleambally and
Murrumbidgee Irrigation, but there is no conveyance licence for the river operator.
This is the water that is ordered by irrigators and released from storage but not
taken from the river because of local rainfall in the irrigation area. In some
circumstances, this water could be used for pulsing as it travels downstream
below the irrigation offtakes. (Applies only to southern Australia since northern
regions are able to fill onfarm storages and are charged for all water ordered
whether or not rainfall occurs.)
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Table 11: Water entitlements in the Murray-Darling Basin

Source: Tian Shi (2005)

Potential revisions to classification of water are to be expected if trade across state
boundaries is to be achieved. Simplified approaches to classification of regulated and
unregulated water have been proposed (Tian Shi 2005, Table 12). This recommendation
reflects the current entitlement system in NSW.
Table 12: Three classes of irrigation entitlements

Source: Tian Shi (2005)

NATIONAL WATER COMMISSION — WATERLINES

71

Young and McColl (2008) more recently proposed a variation on this simplified approach that
takes into account environmental water. A new agreement for allocation of water in the
Murray-Darling Basin is advocated with new entitlements and allocation rules ‘to be consistent
with the way that water is captured, stored and allowed to flow across the land‘ (Young and
McColl 2008). Definitions proposed are as follows:
Maintenance water: ‗Identify first the water needed to maintain the basic character of the
system by putting aside enough water to cover evaporative losses, keep the Murray
mouth open, periodically flush some salt to the sea and provide sufficient amounts for
stock and domestic purposes‘.
Flood water: ‗Recognise that flood waters, particularly that water that cannot be held in
storages and is difficult to control is best left to flow through the system in a way that
minimises damage to property whilst maximising benefit to the environment‘
Shared water: ‗Then formally share the remaining water between the environment and
other users‘. (It is proposed that environment is given no special treatment, and through
regional catchment management authorities or trusts, must pay its way through trading).
This approach provides a simplification of water entitlements compared to existing
approaches. ‗Maintenance water‘ as described here would provide only the bare minimum of
water for the environment. This approach provides water for environmental protection and
restoration through trading alone, so it is likely that small and medium sized floods will be very
rare, especially during drought years.
Water that is currently delivered as pulsed flows occurs in at least three forms:


Environmental water that is specified in legislation and statute. Responsibilities lie
with the states that are audited for compliance by the National Water Commission.
Other audits are undertaken at a state level.



Other environmental water that has been acquired by purchase or trading,
sometimes by state agencies, and sometimes by private trusts. This water has been
managed by either the state or by regional groups and catchment management
authorities through a variety of governance arrangements. The environment is
emerging as a substantial licence holder for water. Trusts and government agencies
include the Murray Wetlands Working Group (MWWG 2005), Water for Rivers
(undated), RiverBank (DEC 2006), RiverReach (MI 2006), the Nature Conservation
Water Trust (NCC 2007), WaterFind Environment Fund South Australia (Waterfind
undated) and the recent $50 million pilot tender call for water purchase by the
Murray–Darling Basin Commission (Wong 2008b). A total of $3.1 billion is
earmarked for purchase of water in the Australian Government policy ‗Water for the
Future‘ (Wong 2008a).



Consumptive water: There are examples where consumptive water has been
pulsed during conveyance. In NSW this strategy is controlled by the Operating
Licence for State Water Corporation and implementation strategies for water sharing
plans. The extent of pulsing in practice relies on the judgement and skill of the river
manager.

3.3 Physical factors constraining the delivery of
pulsed flows
Patterns of flow in regulated rivers are influenced by a range of factors including storage
infrastructure, river geometry, tributary inflow, extent of en route storage, weir pool regulation,
groundwater recharge, and consumptive use extraction patterns. The potential for flow
pulsing is dependent on these several factors as described below.

Storage infrastructure
Regulated rivers are managed by a complex system of infrastructure. Major storages and weir
pools have a variety of water release control features that vary in their sophistication and
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capability to manage pulsing. River infrastructure can be used to initiate or re-generate pulsed
flow if the infrastructure is sufficiently sophisticated. The capacity of the storage limits the
volume and the duration of flows that can be released. The maximum release discharge of
the storage also limits the flow peak that can be delivered to a reach downstream, and it can
also limit the maximum flow energy (velocity, specific stream power, shear stress) required to
achieve a desired effect in a downstream reach. Many reservoirs do not have the release
capacity to deliver a bankfull flow to a distant downstream reach nor to provide sufficient
water to meet the combined demand of irrigation orders and environmental flows. Outlet valve
capacity is likely to increasingly limit the delivery of environmental flows, as environmental
allocations increase in volume, but where peak irrigation demands remain. The situation
reflects the past (resource development) paradigm of river management and supporting
infrastructure design, not the current circumstances where multi-objective outcomes are
required from infrastructure.
En route storages (storages located downstream of major dams) are a component of river
infrastructure that provides both restrictions and opportunities to deliver pulsed flows. These
―re-regulation‖ storages are designed and used to reduce the peaks and volumes of naturally
generated pulsed flows from dam spills or downstream tributary flows by the diversion of
water into them from these events. Also they re-regulate water released from the headwater
storage which is not used by the orderer of the water (often called rain-fall rejections). They
can also be used to deliver pulses of water from the large dam upstream without ‗losing‘ the
water because water released from an upstream storage can be harvested or recaptured in
these downstream storages. However, holding water in these en route storages often comes
at a cost of increased evaporation compared with headwater storages and adverse water
quality changes such as increased salinity, turbidity and development of blue-green algal
blooms. Examples of en route storages include Lake Brewster (Lachlan River), Tombullen
Swamp (Murrumbidgee River), Menindee Lakes (Darling River) and Lake Victoria (Murray
River). The lack of en route storages in some river systems would limit the range of
opportunities to deliver pulsed flows.
There are regional and river valley differences in the capacity of en route and on-farm
storage. For example, northern NSW and southern Queensland are dominated by summer
rainfall, and the flows of inland river systems are influenced not only by headwater storages
but by substantial on-farm storage capacity. Large on-farm dams allow irrigators to capture
flow from upstream unregulated tributaries (supplementary water) and a substantial
proportion of overland flow that would otherwise drain to river systems. In contrast, in
southern NSW and northern Victoria on-farm capture is less developed. However, there are
large numbers of small on-farm dams and their effect on river flows could therefore still be
substantial. Furthermore, private investors are beginning to develop storages within their
privatised irrigation areas to capture ‗rainfall rejection‘ (water that has been ordered and
released from the headwater storage but is no longer needed because of rainfall in the
irrigation areas). There is an incentive for northern NSW irrigators to capture water that has
been ordered and released because their allocations are debited from accounts once the
order for water is made. However, this does not apply in southern NSW. Consequently the
on-farm capture of pulsed water, whether by planned release or through supplementary flow,
will differ between regions.

River geometry
The ability to deliver a design flow from a storage reservoir or weir to a river reach is
dependent upon flow release structures (see previous section) and channel morphology.
River geometry affects the rate of dispersion of pulses (flood routing) during downstream
transport. When a natural flood moves downstream, inflows from tributaries add to the flood,
making the peak higher or spreading it out, depending on timing. The spreading out effect is
greater when the river exceeds bankfull stage and water spreads out onto a floodplain. Even
when there are no tributary inflows (as might be the case for a flow release pulse), the flow
will undergo attenuation (the flood hydrograph becomes broader and less peaked) and
translation (the peak will occur later in time at progressive downstream reaches). (See Box K
for an example of flow routing).
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When information about reservoir storage and maximum flow release capability is known, it is
possible to design a flow release hydrograph (the inflow hydrograph) that can be used to
predict the nature of the hydrograph in some downstream reach (the outflow hydrograph)
(Ladson 2008).

Physical constraints on river height
In many river systems in Australia, there are physical features that constrain the feasibility of
delivering flow pulses downstream and influence planning and operational decisions about
how much to release. These include low-lying river bridges, ‗chokes‘ such as the Barmah
choke on the Murray River, earthen river stock crossings, and roads where hydrographs are
maintained relatively low and constant to avoid submersion. These physical constraints limit
the volume and timing of water that can be released as pulses from upstream storages.
Options to address these constraints include announcing when a flow pulse is likely to drown
out a road, stock crossing or bridge, thus setting windows of time when pulses are legitimate
and recognised as such by land owners and the public (Arthington et al. 2000).
Box K: Routing of pulses released from reservoirs
Provided the inflow hydrograph for a reach is known, an attenuated and translated outflow hydrograph can be
modelled using the Muskingum method (Ladson 2008) which requires the specification of two parameters: a
storage time constant (K), where K = reach length/kinematic flow wave speed; and a storage weighting factor
(x), which expresses the relative importance of inflow and outflow in determining storage in the reach. Ladson
notes that kinematic wave speed (speed of flood wave) is about 1.7 times the mean flow velocity; x ranges
from 0 to 0.5 (commonly about 0.2). Where x = 0.5 the inflow and outflow hydrographs are equal in size but
the outflow hydrograph is translated in time. As x reduces hydrograph attenuation increases. For wholly withinchannel flows (i.e. below bankfull), storage will be less than for flows that exceed channel capacity.
Three examples of routing of pulses from reservoirs will be examined (Figure K1). In each example it is
assumed that a release (the reach inflow) with a peak flow 360 m 3/s is made from a reservoir. In Examples 1
and 2, routed flood hydrographs, which assume different kinematic wave velocities and storage weighting
factors, are shown for locations 30 and 60 kilometres downstream. In each case it can be seen that the flood
peak declines progressively downstream but that the duration of flow increases (attenuation of hydrograph).
Example 1 is based on reach lengths of 30 kilometres and 60 kilometres, x = 0.2 and mean flow velocity 1 m/s.
Example 2 is based on reach length of 60 kilometres, x = 0.3 and 0.2, and mean flow velocity of 0.7 m/s. In
Example 3, reach length is increased to 100 kilometres; x = 0.2, and mean velocity is 1 m/s. However, here
the inflow hydrograph is maintained at 360 m3s-1 peak flow for 36 hours to simulate an extended peak flow
release.
Modelled hydrographs in Examples 1 and 2
For the faster flow (kinematic wave speed = 1.7 m/s) and x = 0.2, the hydrograph peak is reduced by 6% at a
distance of 30 kilometres and 18% at a distance of 60 kilometres. For the slower flow (kinematic wave speed
1.2 m/s) and x = 0.2, the hydrograph peak is reduced by 27% at a distance of 60 kilometres. For the slower
flow and x = 0.3, the hydrograph peak is reduced by 20% at a distance of 60 kilometres. For a flow pulse that
remains wholly within-channel, an x value of 0.3 may be realistic. Flood routing shows that for flow releases
not far from the target reach (say within 30 or 40 kilometres) hydrograph attenuation is minimal. However, for
releases distant from the target reach (say greater than 60 kilometres) hydrograph attenuation can affect the
ability to deliver the desired peak flow.
(Box continues next page)
Figure K1. Examples of routed hydrographs
1. Based on x = 0.2, mean flow velocity of 1 m/s and reach lengths of 30 km and 60km.
2. Based on x = 0.2 and x = 0.3, mean flow velocity of 0.7 m/s and a reach length of 60 km
3. Based on x = 0.2, mean flow velocity of 1 m/s and reach length of 100 km
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Modelled hydrographs in Example 3
For a longer reach it is necessary to prolong the peak release flow in order to achieve the same peak
downstream. Note here that hydrograph attenuation results in a shorter peak downstream but a considerably
extended flood period.
Example of routing in the Murrumbidgee River
Studies by Page (1988), Frazier (2003) and Frazier and Page (2006) on the Murrumbidgee River illustrate
downstream trends in hydrograph attenuation. Because the Murrumbidgee River has no large tributaries,
downstream of Wagga Wagga strong hydrograph attenuation by channel and floodplain storage occurs (Table
K1). In general, hydrograph attenuation is greatest for large overbank floods in reaches where there is an
extensive floodplain. Frazier (2003) developed average flood peak attenuation equations on the
Murrumbidgee River between Gundagai and Hay. At bankfull stage these revealed a decrease of 29%
between Wagga Wagga and Narrandera, 20% between Narrandera and Darlington Point, and 13% between
Darlington Point and Hay.
Table K1. Peak flows recorded at Murrumbidgee gauges in July 1991 flood. Note that bankfull discharge at
Wagga Wagga is about 50 000 ML/day
Gauge
Wagga
Narrandera
Darlington Pt
Hay
Peak Q (ML/day)
164,635
73,695
59,397
41,747
% decrease in peak
N/A
55
20
30

between gauges

Consumptive demand and flow targets
Consumptive demand for water and legislative requirements to meet flow targets may limit the
opportunities to deliver pulsed flows for environmental benefit. The patterns of water ordering
by consumptive users (other than the environment) can limit the extent to which
environmental water can be released for pulsing flows. For example, there are occasions
where total water orders cannot be delivered from infrastructure, or total orders have to be
limited to avoid exceeding physical constraints on river heights.
The potential for pulsing downstream of irrigation offtakes will also be determined by end-ofsystem flow targets. These are specified in agreements on state shares and timing of delivery
of water. Interstate agreements for water transfer and trends in trading across state borders
are also relevant. These could result in either more or less water transfers across borders,
depending on the net direction of trade.

3.4 Management context of pulsing flow in
Australia
Pulsed flows involve several different sources of water and are currently achieved through a
range of river operations including:
 delivery of water that is specifically reserved for the environment


supply of consumptive water by pulsing during conveyance



safeguarding natural pulses



hydropower pulsing
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release of pulsed flows for recreational purposes.

3.4.1 Delivery of environmental water by pulsing
Environmental water (planned water protected by statute, see table 10) is most commonly
released for specific purposes such as supporting bird breeding events, sustaining River Red
Gum communities and providing drought refuges for birds and fish. Some, but not all,
environmental water is currently delivered by pulsing. There are numerous examples where
environmental water has been released in the form of pulsed flows in Australia. In some
cases, releases have been managed by ‗piggy backing‘ storage releases onto unregulated
flow or irrigation demand to achieve wetland connection with minimal use of additional water.
Examples of pulsed flows using environmental water include Murrumbidgee River NSW
(section 3.5.1), Macquarie River NSW (section 3.5.2), the lower Darling River (section 3.5.3)
and Cotter River ACT (Box F).
Some environmental water is released as pulses under dam translucency rules. Translucent
rules for dam release are intended to mimic the natural flow regime that occurs upstream of
the storage by releasing a proportion of the storage inflow to the river. Unfortunately this rule,
when used alone, will often benefit only the river reach between the headwater storage and
the first weir. Also the pulses are generally quite small since less than 5-10 per cent of the
long term average flow is allocated to this water. However, pulses of translucent water can be
transmitted down the river through weir pool manipulation by river operators, providing
demands to maintain constant weir pool height can be overcome. However, various demands
impose restrictions on weir pool level, as illustrated for a series of height changes in the Hay
Weir Pool on the Murrumbidgee River (see case study, section 3.5.1). This case study
describes the use of ‗translucent‘ dam release rules to ensure pulsing. Translucent releases
were determined using run-off patterns of an unregulated catchment as the trigger.
In the Lachlan River, NSW, some environmental water is reserved for flushing out algal
blooms or salt and may be released as pulses (e.g. environmental quality water allowance
under the Water Sharing Plan for the Lachlan Regulated River Water Source 2003). Note
that, in other water sharing plans, the use of environmental water for this purpose has been
avoided on the grounds that other methods are available for managing the source of the algal
blooms and salt problem.
‗Countercyclical trading‘ (or trading from irrigators to the environment in wet years and vice
versa in dry years; English et al. 2004) and ‗piggybacking‘ (or topping up high river flows with
environmental water) are currently being practiced in Australia. For example, the Murray
Wetlands Working Group uses water savings made by Murray Irrigation to water wetlands
and floodplain by ‗piggybacking‘ in wetter years. The water is sold in drier years to
consumptive users (MWWG 2005). However in the recent drought the Group has incurred a
substantial debt through incurring fixed (‗entitlement‘) water charges even though having no
usage (‗variable‘) charge (Bowen and Nias 2008). This could become a major issue for all
licensed environmental water holders in future though it seems likely that the ratio of fixed to
variable charges will change in the next pricing determination to favour a greater proportion of
usage charges.
The ability of environmental water managers to deliver environmental water by pulsing is
influenced by the legislation governing the different types of water. For example, in NSW
under the NSW Water Management Act there are two categories of environmental water:
planned environmental water ‗that is committed by management plans for fundamental
ecosystem health or other specified environmental purposes, either generally or at specified
times or in specified circumstances, and that cannot to the extent committed be taken or used
for any other purpose‘; and adaptive environmental water ‗that is committed by the conditions
of access licenses for specified environmental purposes, either generally or at specified times
or in specified circumstances‘. Planned environmental water is rule-based whereas adaptive
water is licensed and can be traded. The water buyback under 'Water for the Future' scheme
increases substantially the proportion of water in the latter category.
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3.4.2 Supply of consumptive water use by pulsing during
conveyance
Pulsing is currently achieved during the supply of consumptive water, by either a rise in water
height on top of a low flow or by a fall in water height from a high flow.

Paired storages
Consumptive water is often transferred between dams using pulsed flows. In most cases, the
shape of the flow pulse is planned with only the efficiency of the transfer of water being
considered. However, in a few cases, transfers have been made between storages with
specific environmental considerations included as one of the objectives of the transfer plan.
For example, River Murray Water has used several opportunities for incorporating pulses in
bulk water transfers from Dartmouth Dam to Hume Dam on a trial basis since 2001 with the
aim of improving the ecological condition of the Mitta Mitta River (see section 3.5.4). Field
monitoring of these events has demonstrated the effects of the strategy on river productivity
and aquatic biodiversity. Another example is the bulk water transfers from Windamere to
Burrendong Dam in the Macquarie River catchment, NSW. Within some constraints, the
releases are made to improve habitat conditions of the Cudgegong River.

Bulk allocation to achieve conveyance efficiency
Analysis of Macquarie River annual conveyance losses over the past 14 years shows more
than eightfold variations from year to year reflecting very large losses in the drier years (D
Berry, SWC, pers. comm.). In the northern river valleys of NSW, the State Water Corporation
has practiced ‗bulk water transfer‘ to improve conveyance efficiency when water is delivered
over long distances in drought times. Bulk water transfer in these river valleys was only
possible through special dispensation and suspension of the NSW water sharing plans.
Pulsing during conveyance is currently driven by the imperative of reducing water losses
during drought, and to achieve supply to consumptive users that are far downstream (e.g.
towns such as Broken Hill). Other ecosystem benefits have not been considered in current
operating protocols so far.

3.4.3 Safeguarding natural pulses—floodwater or
supplementary water
Pulsed flows from dam spilling or unregulated tributary river flows can provide instream and
wetland and floodplain benefit provided that this water is protected from consumptive use.
Supplementary water (also known as ‗off-allocation‘ water in New South Wales, ‗sales water‘
in Victoria and ‗unsupplemented water‘ in Queensland) is an important source of natural
pulsing (see the case study in section 3.5.5). Inflow of unregulated tributaries or dam spills
into regulated portions of rivers is protected from consumptive use in some NSW water
sharing plans, but in other valleys, supplementary water is available for irrigation or shared
with the environment. The Living Murray Water Recovery measure ‗NSW Supplementary
Water Access Licence‘ might be listed on The Living Murray Environmental Water Register
during 2008–09. This measure will effectively restrict the volume of water that can be diverted
by consumptive users during unregulated flow events.

3.4.4 Hydropower pulsing
Pulsed flows are common in river reaches downstream of reservoir hydroelectric power
stations that operate on a pattern of intermittent turbining, which leads to rapid, frequent, and
regular changes in water level. There are examples where mitigation strategies have been
implemented to limit the impacts of the rapidly fluctuating water levels, such as in Brumbys
Creek downstream of the Poatina Power Station in Tasmania (see section 3.5.6)
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3.4.5 Release of pulsed flows for recreational purposes
There are very few examples in Australia where pulsed flows are released from dams to
accommodate human recreation activities such as rafting and kayaking. These types of flows
are more common internationally. These flows have similar negative consequences to hydropulsing as they usually involve rapid rise and drawdown.

3.5 Australian and foreign case studies
Section 3.4 summarised the range of strategies that are currently used to deliver pulsed flows
in Australian rivers. The source of the water for the flow pulse has a large influence on the
strategy used to deliver the pulse. Some pulses are specifically released to achieve
environmental benefit, whereas others are implemented for hydropower operations, for
recreational purposes, or to facilitate the conveyance of water.
The case studies presented in this section of the report represent a range of strategies for
delivering flow pulses, and they describe pulses that draw on different sources of water (Table
13). They demonstrate that there is a wide diversity of approaches to delivering flow pulses
and monitoring environmental outcomes. In general, pulsed flows that are released to achieve
environmental benefit tend to be better documented and monitored, whereas pulsed flows
implemented for consumptive supplies tend to be poorly documented, and in some cases, the
environmental impacts of the flow pulses are not considered in the flow planning process.
Table 13: Summary of case studies
Name of case study
Murrumbidgee River, NSW
(Section 3.5.1)
The Macquarie Marshes, NSW
(Section 3.5.2)
The lower Darling River, NSW
(Section 3.5.3
Mitta Mitta River, Victoria
(Section 3.5.4)
Supplementary water
(Section 3.5.5)
Brumbys Creek, Tasmania
(Section 3.5.6)
River Spöl, Switzerland
(Section 3.5.7)
Glen Canyon, Arizona, USA
(Section 3.5.8)

Strategy for flow pulsing
Delivery of translucent flows and
environmental health water; weir pool
management to meet a range of needs
Delivery of environmental water
Release for environmental benefit
(no specific account debited due to
suspension of water sharing plan)
Delivery of consumptive water (transfer
between storages)
Safeguarding natural pulses

Strategy to mitigate effects of hydropeaking
flows
Resource neutral implementation—no
increase in total water and no loss in energy
production over annual cycle
Resource neutral implementation

Type of flow pulse
Small and large instream
pulses
Small and large instream
pulses
Large instream pulse

Small and large trial
pulses
Small, large and
overbank pulses
potentially protected
Large frequent pulses
Series of small to large
pulses
Small to large pulses

3.5.1 Case study: Murrumbidgee River
In the Murrumbidgee Water Sharing Plan (DLWC 2003) environmental water is managed
through a series of flow rules that include: (1) provision for a minimum low flow from the two
major storages; (2) a dam translucency rule; (3) an environmental water allowance; and (4)
water for ‗end-of-system‘ flow.
The dam translucency rule is contentious and complex. Basically, the rules aim to trigger the
release from the storages according to prevailing run-off patterns. This approach was
developed to meet the initial instructions from the NSW Department of Land and Water
Conservation (DLWC), and because of the desirability to develop a set of automatic
procedures for environmental flow release. The objectives are: (1) to optimise the release of
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water in late winter to spring, avoiding ‗waste‘ of environmental water through dam spilling,
and (2) to return some of the natural variability in the release pattern to scour sediment buildup and prevent algal blooms caused by low flow. However the benefits of this strategy, such
as scouring of nuisance biofilms, were limited to the upper reaches of the river, below
Burrinjuck storage and above the downstream tributary inflows.
The environmental water allocation is a volume of water that is set aside in storage and can
be released at the discretion of the Regional Director of the NSW Department of Infrastructure
2
Planning and Natural Resources with the advice of a reference group. Three releases were
made: in September 1998, in August 2000 and in October 2001. The first release failed to
raise river height sufficiently to inundate many wetlands, especially in the lower reaches of the
river. The second release was used to supplement (‗piggyback‘) a peak of unregulated
tributary flow downstream of the storage, and it was then combined with weir pool
manipulation to maintain peak height with travel downstream. Many of the lower and mid-level
wetlands on the floodplain were successfully connected to the river, some for the first time in
several years (Maguire et al. 2000). The last release was piggybacked onto a surge peak
provided for irrigation, with restriction on irrigation extraction during peak travel downstream,
but achieved limited success.
The effectiveness of the environmental water allocation as a release strategy is limited by a
low lying-bridge (‗the Gundagai choke‘), which restricts within-bank flow to about 34gigalitres
per day. Satellite imagery was used to describe the relationship between river flow and
wetland inundation (Hardwick et al. 2002). It demonstrated a steep increase in wetland
connectivity as river flows exceeded the limitation of the choke. The feasibility of raising the
bridge has been investigated, and funds for undertaking the works are now being sought.
Following the success of the year 2000 environmental water allocation releases, the River
Management Committee agreed by majority to reconsider the balance of the environmental
water uses and to increase the environmental water allocation account. The volume available
was increased by 25 gigalitres to 50 gigalitres, and additional water was transferred from the
transparency and translucency water. Analysis of wetland inundation by piggybacking,
modelled retrospectively for 108 years of record, shows an environmental benefit: there were
more events with atwo-day river peak at Wagga Wagga (Table 14). These data will support
the Environmental Water allocation Reference Group in their ability to advise on targets and
develop a set of automatic triggers for release of environmental water.
Table 14: IQQM modelling of the benefit from environmental water allocation releases.
Flow at Wagga Wagga and number of events for 108 years.
Flow (ML/day)
30,000
35,000

Number of events
170
132

Extra events
43
10

From the farmers‘ perspective, a critical aspect of environmental flow rules was the impact on
early spring-time (August) water allocation and probability of increases during the summer. In
the first two years of operation, the committee was faced with low levels of water in storage in
spring—when environmental flows needed to be released. Consequently, a volume of water
that increases with general security water allocation is now set aside as ‗provisional storage‘.
At least, theoretically, this increases the probability of dam spill in winter and spring and
increases the level of storage at the start of the following year. So a trade-off is achieved: in
wetter years the environment benefits from dam spilling and in drier years irrigators are
provided more water early in the growing season. The annual impact of the water sharing
plan on the volume of general security water that is delivered at the farm gate is (compared
with 1993–04 flows under the Murray-Darling Cap and modelled over 108 years of records):


a reduction of 4.2 per cent compared with the long-term average



a 12.5 per cent reduction in the highest impact 25 years



a 15.1 per cent reduction in the highest 10 years



a 17.3 per cent reduction in the highest three years.

2

The NSW Department of Infrastructure Planning and Natural Resources ceased to exist in 2005. The
Department of Water and Energy is now responsible for water sharing planning in NSW.
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The end-of system flow rule ensures a downstream connection with the Murray River, and it
will provide for a minimum of 40 per cent of the pre-development 95 percentile monthly flow to
be achieved within five years of the commencement of the plan. There was a perception that
environmental water could be accessed for consumptive use downstream of the Murray–
Murrumbidgee junction and that it was not reserved for environmental purposes. Not
surprisingly, some members of the committee wanted to avoid commitment of precious
environmental water to this end. The integration of the water sharing plan with the needs of
The Living Murray remains to be clarified. Furthermore, the water sharing plan does not deal
with groundwater, which was the province of a separate committee.
The delivery of flow pulses through a long river requires the manipulation of weir pools along
its length, as well as agreement to bulk demand by consumptive users. Figure 3 describes the
range of issues that determined weir pool management in the Hay weir pool during 2006–07.
These include the need to supply water to Maude weir downstream, the call of intervalley
transfers, capture of water from inflow of unregulated tributaries, and the requirements for a
fishing competition that provides important tourism income to the region. (Adam MacLean,
State Water Corporation, pers.comm.)
Figure 3: Hydrograph of Hay Weir water heights in the Murrumbidgee River during
2006–07, annotated with comments on the range of issues that determined weir pool
management

Hay Weir Pool Elevation
Jan

Feb

Mar

Apr

May

Orders

Orders

Orders

Orders

Orders

30ML/d

40ML/d

60ML/d

80ML/d

100ML/d

Hay fishing comp
Rain event

FSL 12,900ML

Trib inflows following
rain event approx.
100mm over 4 days

8.6m

IVT
commences
Max flow d/s Gog
mid Aug – mid Nov
500ML/d with Av
flow of 275ML/d

Raw water
outlet out of
weir pool
influence
2950ML

Surplus following
rain event

DECC calls on Env. water to
save Lowbidgee popns of SBF.
Maude and Redbank weir
levels to be raised to allow
supply of Environmental
diversions

1st week Mar flows
into Hay Weir too
low

IVT finishes

Water used to refill
Maude pool to
deliver Env. flow

Orders not being
taken following
another rain event

Surplus following
rain event

5.65m
Gates out for
maintenance

For further information on the Murrumbidgee River see also Bowmer (2007); Shields and
Good (2002); Ryder and Vink (2007) and Wright and Murray (2006).

3.5.2 Case study: pulsed flows in the Macquarie Marshes
The Macquarie Marshes are on the
Macquarie River system in northwest NSW. At 210,000 hectares in
area, they form one of the largest
temperate, inland floodplain
wetland systems in Australia. The
total main channel length of the
Macquarie River is approximately
770 kilometres, with a total
catchment area of 746,300
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hectares. The river flow is regulated chiefly by weirs and Burrendong Dam (storage capacity:
1188 gigalitres, built on Macquarie River near Wellington in 1967) and Windamere Dam
(storage capacity: 368 gigalitres, built on Cudgegong River near Wellington in 1984). Located
at the north-west end of the Macquarie River catchment, the Macquarie Marshes consist of a
diversity of aquatic habitats including River Red Gum floodplain, Rush Bed Phragmites
australis wetlands, open water lagoons and creeks/river with a range of water regimes
(reduced variability, temporary and mostly dry). Approximately 17 per cent of the Macquarie
Marshes was recognised as an internationally significant wetland under the Ramsar
Convention in 1986 (Kingsford and Thomas 1995).
An environmental water allocation (up to 160gigalitres per year at general security reliability),
termed the ‗wildlife allocation‘, is available for the Macquarie Marshes and the ecological
needs of the main Macquarie River channel. This is the maximum discharge that would be
allocated in a year when a 100 per cent allocation is available to general security water users,
and it is available on a pro-rata basis for years with reduced allocations. As the Macquarie
Marshes is located at the lower end of the Macquarie River, only a portion of the total river
discharge (approximately 5 per cent) occurs through the Macquarie Marshes to the BarwonDarling River System (Kingsford and Auld 2005).

2003 pulsed flows
A low-magnitude flow pulse of approximately 3 gigalitres per day occurred in the lower
Macquarie River system in late August 2003. A survey of fish populations in creeks and river
channels within the Macquarie Marshes was undertaken by Jenkins et al. (2004) in winter and
spring 2003, with the adjacent floodplain experiencing minor flooding between the two
sampling events providing pre- and post-flooding data on the effects of floodplain inundation.
Water quality (temperature, dissolved oxygen, pH and conductivity) was within the ANZECC
guidelines for freshwater systems for both sampling periods. Spring water temperatures
°
(21-27 C) were within the optimum spawning range for Silver Perch, Golden Perch and
catfish. A total of 1018 individuals comprising six species of fish were captured. These
included three native species (Western Carp Gudgeon Hypseleotris klunzingeri, Midgley‘s
Carp Gudgeon Hypseleotris sp. and Flathead Gudgeon Philypnodon grandiceps) and three
introduced species (Carp, Gambusiaand Goldfish Carassius auratus). Numbers of fish
captured were higher in spring (954 individuals) than winter (64 individuals). Low numbers of
Carp (10–13 individuals) were captured in the Macquarie River, Bulgeraga Creek and
Monkeygar Creek in the winter sampling. By the spring sampling date, Carp numbers
increased dramatically in Monkeygar Creek, where 544 individuals were captured. Despite
the timing of the release to coincide with optimum native fish breeding conditions, length data
for Carp indicate a spawning event occurred within the Macquarie River system
approximately 43 days earlier, coinciding with the timing of floodplain inundation from the flow
pulse. This highlights a major potential cost for pulsed flows that aim for native fish
recruitment through floodplain inundation.

2005 pulsed flows


Environmental flows were released under the NSW Water Sharing Plan for the
Macquarie River. The 30 gigalitre release was triggered by rainfall in the upper
catchment and a supplementary flow event in the Bell River below Burrendong
Dam. Approximately 86 gigalitres lowed into the Marshes between November 2005
and January 2006. It has been estimated that 24,600 ha of the Marshes was
inundated from the combination of tributary supplementary and the dam
environmental water.. Kobayashi et al (in press) conducted in situ mesocosm
experiments to quantify the release of nutrients and carbon from inundated
sediments to kick-start the floodplain foodweb. The mesocosm results from both
sites showed that: releases of nutrients (particularly nitrogen) and dissolved organic
carbon from inundated floodplain sediments into the overlying water were rapid



the nutrients and carbon attained relatively high concentrations within a six-day
period

NATIONAL WATER COMMISSION — WATERLINES

81



planktonic microbial communities developed concomitant with increasing
concentrations of nutrients and dissolved organic carbon.

Results suggest that, even though the initial leaching of nutrients and carbon is relatively
rapid, as is the microbial community development, environmental flow pulses of longer than
six days may be needed to facilitate food chain development that supports higher trophic
levels such as micro- and macroinvertebrates, fish and waterbirds.
The Macquarie Marshes has been a focal point for ecological research for many years, with
studies on bird breeding and habitat mapping (Kingsford 1999; Kingsford and Thomas 1995),
the physical geography (Brock 1998), landholder and manager perceptions (Fazey et al.
2006), and water quality and invertebrates (Green et al.. 2008; Kobayashi et al.. in press).
There are however, very few studies or reports that integrate the range of physical, chemical
and biotic responses to flow pulses in the Macquarie Marshes or elsewhere. Responses of
water chemistry and invertebrate communities to flooding that should fuel waterbird and fish
breeding events have been documented, but these studies do not temporally follow and link
biogeochemical responses to actual responses of vertebrates, and vice versa for studies on
vertebrates. This presents a large knowledge gap and increases our reliance on modelled
predictions of trophic responses to flow pulses without the evidence to validate these models.

3.5.3 Case Study: pulsed flows from the Menindee Lakes on
the lower Darling River, NSW
The Menindee Lakes System is located on the Darling River, approximately 507 river
kilometres upstream from its confluence with the Murray River with a travel time of 13 days
when flows are contained within river banks (MDBC 2005). There are four main lakes in the
system (Lakes Menindee, Cawndilla, Pamamaroo, and Wetherell) and several smaller lakes
(Figure 4). The lakes were originally a series of natural depressions that filled during floods.
Construction of the Menindee Lakes Scheme was completed in 1968 and it is now a series of
small dams, regulators, weirs, channels and levees. The main structure is the Menindee Main
Weir, which raises the level of the river 12 metres above the bed level, creating Lake
Wetherell and filling Lakes Tandure, Bijiji, Balaka and Malta. This hydraulic head is used to
gravity feed Lakes Pamamaroo, Menindee and Cawndilla. Flows released from the lakes are
monitored at another weir further downstream (weir 32).
The Menindee Lakes Scheme increased the capacity of the natural lakes, and allowed the
regulation of most flows (except for large floods). The hydrology of the lakes has been altered
by the scheme; the lakes are inundated for longer periods; rates of drawdown are more rapid
and small- to medium-sized floods downstream of the scheme and in the Darling Anabranch
have been largely eliminated (Nicol 2004). The climate of the Menindee area is arid with a
mean annual rainfall of 243.7 mm. Due to the flat topography, local runoff is negligible and the
impact of precipitation on the water budget of the lakes is negligible in comparison to
evaporation, which exceeds 2.5 metres per year (Nicol 2004). The storages are extremely
inefficient because they are shallow, having an average depth of less than five metres.
The purpose of the scheme was to store and conserve water for domestic, stock and irrigation
water supply for Broken Hill, the Lower Darling River, as well as further downstream in NSW,
Victoria and South Australia. Releases are made from Lake Menindee and Lake Wetherell
into the Darling River. Releases can be made from Lake Cawndilla to the Great Darling
Anabranch. In 1963, the NSW Government agreed to lease the storage in perpetuity to the
Murray-Darling Basin Commission to be managed as part of the Murray–Darling River
system. The NSW Government is responsible for the management of the lakes when the
storage volume drops below 480 gigalitres. Once the lakes start to refill the NSW Government
maintains control of the storages until the volume is 640 gigalitres, when control of the
storages transfers from the NSW Government to the Murray Darling Basin Authority. The
Menindee Lakes are often managed in conjunction with Lake Victoria, which is located
downstream of all the major tributaries to the Murray River and immediately upstream of the
South Australian Border. Lake Victoria is used to store water originating from any of these
tributaries and that water can then be used for entitlement flows to South Australia. Since
water can be transferred from the Menindee Lakes to Lake Victoria there is considerable
flexibility in the timing of flows.
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Figure 4: Map of the lower Darling River system showing the Menindee Lakes system
and the Great Darling Anabranch

Source: State Water Corporation

In 2008, several flow pulses were transferred from the Menindee Lakes to Lake Victoria. The
hydrograph of flows at Weir 32, Pooncarie and Burtundy (Figure 5) illustrates how the flow
pulses were attenuated as they travelled downstream (see section 3.3 on flow routing).
Figure 5: Darling River flows downstream of Menindee Lakes from January to May 2008
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The largest flow pulse (approximately 4.5 gigalitres per day at weir 32) was implemented as
an environmental release following a cease-to-flow period downstream of Weir 32 from
October 2007 to January 2008. The pattern of release of the flow pulses was planned by
State Water Corporation in consultation with the Department of Water and Energy. Rules for
rates of fall would normally be governed by the Water Sharing Plan for the New South Wales
Murray and Lower Darling Regulated Rivers Water Sources 2003. However, the plan was
suspended soon afterwards due to the drought. This larger pulse was followed by two smaller
pulses, which were not part of the original planned environmental release. State Water
Corporation decided to release the additional water because, under the prevailing weather
conditions, this water would have evaporated from the shallow lakes and would not have
resulted in any benefit to water users or the environment. The decision to make these
releases was possible due to the suspension of the water sharing plan—this provided the
department with greater flexibility regarding water sharing. No environmental monitoring of the
releases was undertaken. There were no reports of bank slumping associated with the pulse.
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3.5.4 Case Study: pulsed flows in the Mitta Mitta River,
Victoria
The Mitta Mitta River, located in north-eastern Victoria, Australia, is a highly regulated
tributary of the Murray River upstream of the Hume Reservoir (Figure 6). Constant flow
conditions, such as those maintained in the Mitta Mitta River for prolonged periods, were
identified by the River Murray Expert Panel for Environmental Flows as having detrimental
impacts upon channel and floodplain environments of the Murray River catchment. In
response to this, pulsed flows were introduced into the Dartmouth Reservoir management
strategy in 2001 to improve environmental conditions. The aim of the pulsed flow trials was to
introduce flow variability to the bulk water transfers from Dartmouth Dam to Hume Weir for the
ecological benefit of the Mitta Mitta River without using additional water allocations. If
successful, the trials in the Mitta Mitta River could demonstrate a ‗resource-neutral‘ approach
to providing bulk water transfers at the same time as environmental benefits.
Figure 6: Map of the Mitta Mitta River in north-eastern Victoria showing the reach
between Dartmouth Dam and Hume Dam and the location of sample sites

River Murray Water has used several opportunities for incorporating pulses into bulk water
transfers on a trial basis since 2001, including single large pulses, multiple large pulses and
low-level pulses. For example, in 2007 the pulsed release increased flow in the Mitta Mitta
River at Coleman‘s gauge (see Figure 6) from 0.2 gigalitres per day up to almost 5 gigalitres
per day. The ecological responses to these pulsed flows have been assessed at several sites
along the Mitta Mitta River, and in nearby reference streams (Figure 6) (Sutherland et al.
2002; Watts et al. 2005; Watts et al. 2006; Watts et al. 2008). The environmental monitoring
has included water quality measurements such as dissolved organic carbon, particulate
organic matter, total suspended solids, water column chlorophyll a, temperature, conductivity,
dissolved oxygen, and pH. River productivity has been assessed by examining biofilm
composition, benthic production and respiration, water column production and bacterial
activity of the water column. Benthic macroinvertebrates were also quantified in cobble and
littoral habitats in some of the studies.
The environmental assessments demonstrated that there were substantial changes in the
water quality and biotic parameters measured in response to the pulsed flows. Results
generally showed lower conductivity, pH, temperature, and higher particulate organic matter,
total suspended solids and Chlorophyll a in the Mitta Mitta River during the flow pulse
compared to the constant low flow periods and reference sites (Sutherland et al. 2002; Watts
et al. 2005). There were also significant changes in the composition of macro-invertebrate
communities at the three most upstream sites (Sutherland et al. 2002; Watts et al. 2005),
which were most pronounced at the site closest to Dartmouth Dam , particularly in relation to
a short-term increase in invertebrate taxa richness.
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The response of benthic algal communities to high velocity and pulsed flow conditions has
been inconsistent among the four studies. For example, a bankfull discharge event in 2004
resulted in substantial scouring of benthic algae, yet a flow pulse with the same magnitude
and duration resulted in minimal scouring in 2007. This variability in response is linked to the
antecedent hydrological conditions that affect the resilience of the benthic algae to scouring
(Watts et al. 2006; Watts et al. 2008). In addition, each of the studies has demonstrated that
ecological benefits associated with the pulsed flows are very short-term, with a return to
constant flows leading quickly (within days to weeks) to a return to pre-pulsed flow ecological
conditions. Future research needs to focus on the role of antecedent flow conditions in
regulating the resilience of these systems to flow disturbance because without this
knowledge, it will be difficult to predict the ecological outcomes of the managed variable flow
releases.
These flow trials provide an example of active adaptive management with a cycle of learning
from a series of monitored and evaluated variable releases. Adaptive management requires
multi and trans-disciplinary participation. This was achieved in these trials by including all key
stakeholders including the Murray-Darling Basin Commission (MDBC) and River Murray
Water, Goulburn-Murray Water, biophysical scientists and social scientists from Charles Sturt
University and the University of New England, Mitta Mitta landholders, and to a lesser extent
State Water Corporation, the North-East Catchment Management Authority and AGL Hydro.
Collaboration among stakeholders occurred at all key stages – before, during and after the
trials. During the flow trials the researchers and MDBC discussed, informally, the emerging
results and possible implications. The close contact between the research team and the dam
operators also enabled the researchers to be informed of changes to proposed discharge
patterns, allowing better preparation for research. Mitta Mitta landholders were regularly
informed during trials through ―Flow Advices‘ sent by fax or email from MDBC. Informative
articles, written jointly by MDBC and CSU, were published in a local newsletter to provide
context for the trials. Following each trial the researchers presented their results at seminars
for MDBC, and formal meetings were held to discuss findings and future directions and
potential activities. Further details of the adaptive management process are presented in
Allan et al. (2009). We suggest that three key ingredients fostered adaptive management in
this particular case; aspects of the operational context, the roles of individuals involved in
these trials and their institutional arrangements, and the trusting relationships that developed
between individuals and organisations (Allan et al. 2009).

3.5.5 Examples of supplementary water rules
‘Supplementary water‘ is alternatively named ‗floodwater‘ (previously off-allocation water) in
New South Wales, ‗sales water‘ in Victoria and ‗unsupplemented water‘ in Queensland. This
is the most common form of environmental water in the Murray-Darling Basin as it applies to
all rivers and provides the majority of environmental flows. Supplementary water can arise
from dam spills and from (unregulated) tributary inflows downstream of dams. The following
examples demonstrate there is a diversity of rules for supplementary water.
In the Gwydir River, 178 gigalitres of supplementary water is licensed for irrigation (out of a
total of 745 gigalitres including groundwater). Supplementary water is shared half and half
with irrigators and the environment, providing for a maximum pumping capacity of 20
gigalitres per day. On average, supplementary water accounts for 25 per cent of the licensed
water available, but in drier years it accounts for more than half the resource (M Murray,
Gwydir Valley Irrigators‘ Association pers. comm. 2008). The summer rainfall pattern in this
northern part of the state regularly produces large flows below the dam wall and irrigators
have invested heavily in on-farm storage so that restriction on supplementary water access
would be unacceptable.
In the Murrumbidgee River, holders of a supplementary water access license, determined by
a history-of-use test, are able to extract water when the Director General of the Department of
Natural Resources (now Water and Energy) announces that ‗flows are sufficient to meet
licensed obligations and environmental needs‘, which is typically as a result of dam spilling or
high unregulated tributary inflow. License holders are able to extract water when general
security allocations are below 70 per cent. Supplementary water accessed is anticipated to be
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about 8 per cent of licensed entitlements (DLWC 2003, Water Sharing Plan for the
Murrumbidgee Regulated River Water Source 2003).
There is no supplementary water in the Water Sharing Plan for the Lachlan Regulated River
Water Source 2003.
In the Macquarie Valley, there is a rule about dam spilling: the ‗wildlife allocation‘ and ‗irrigator
carryover‘ accounts are reduced in proportion to the volume of the spill. Access to
supplementary water is declared when the flow in the river, in excess of water use orders and
the amount needed for stock and domestic flows, is greater than five gigalitres per day at
Warren. An annual limit of 50 gigalitres also applies. All tributary flows and unused storage
releases are directed to the Macquarie Marshes when water is needed for the satisfactory
completion of a bird-breeding event.
In the Namoi Valley, three rules determine supplementary flow:
1. the maximum annual supplementary extraction is limited to 110 gigalitres
2. unregulated inflow entering as part of the North West Plan is protected to protect basic
river health and high flows for algal suppression and fish migration in the Barwon-Darling
River (DNR 2007)
3. 50 per cent of unregulated flows is shared with a tiered set of complex rules depending on
allocation announcements and season.

3.5. Mitigation of hydropeaking in Brumbys Creek, South Esk
catchment, Tasmania
Hydro Tasmania has been producing electricity in Tasmania for more than 80 years. The
building of hydroelectric schemes is known to cause significant changes to the environment
(e.g. Ward and Stanford, 1979; Ligon et al. 1995), and Hydro Tasmania acknowledges that its
activities have impacts on the environment. Hydro Tasmania has developed environmental
policies and environmental management systems, and the company is conducting a
comprehensive catchment-by-catchment review of its water management practices
throughout Tasmania. Hydro Tasmania has several management, monitoring and
rehabilitation programs underway. One of the rehabilitation programs being undertaken is at
Brumbys Creek, within the South Esk catchment (Figure 7).
Figure 7: Location of the South Esk catchment in Tasmania

Source: Hydro Tasmania

The South Esk is the largest catchment in Tasmania: it includes the catchments of the South
Esk, Macquarie and Meander Rivers. Water from the Great Lake catchment is diverted into
the South Esk catchment for the purposes of hydroelectricity generation (Hydro Tasmania
2004). The water from Great Lake is directed through the Poatina power station, which is the
state's second largest. Water leaving the Poatina Power Station flows through a tailrace canal
and eventually into the South Esk River via Brumbys Creek and the Macquarie River.
Brumbys Creek was historically a relatively small creek within the South Esk catchment.
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However, the section of Brumbys Creek downstream of the Poatina tailrace now carries a
much higher discharge.
The operations of the Poatina Power Station have had a major impact on the hydrology and
channel morphology of Brumbys Creek since commissioning in the 1960‘s. The constant
fluctuation of flows has resulted in the destabilisation and readjustment of the streambed and
banks of the system. The streambank sediments are subjected to frequent saturation and
draining as waterlevels rise and fall respectively, resulting in drawdown erosion of the
streambanks. There has also been channel changes (widening and deepening), and there is
increased sediment loads and weed invasion along the riparian zone. The riparian zone of
Brumbys Creek is highly degraded with willow infestations and widespread stock access, and
there are many water abstractions for irrigation, aquaculture and town water supply. Brumbys
Creek is a popular recreational trout fishery, and an aquaculture facility is situated at its
downstream end.
The operation of the power station was predicted to change due to the commissioning of the
Basslink undersea cable, which will link the Tasmanian electricity system to the National
Electricity Market (Taylor et al. 2001; Abernethy and Bresnehan 2001; Davies and Cook
2001; Hydro Tasmania 2004), and the operational changes were projected to further
exacerbate many of the problems in Brumbys Creek. More rapid fluctuations in water level
and frequent dewatering periods were anticipated to have environmental and socio-economic
implications including bank condition, macrophytes (aquatic plants), macroinvertebrates
(aquatic insects), trout and other fish recruitment, water abstraction difficulties due to pump
locations, increased risk of stock strandings and public safety risks.
Hydro Tasmania is implementing a rehabilitation program on Brumbys Creek. The general
approach was to prioritise reaches and tasks within the river for works planned along a longterm strategy. In addition to weed control, bank stabilisation and native species reestablishment, the rehabilitation project involved the construction of a re-regulation storage on
Brumbys Creek immediately downstream of the tailrace. The re-regulation storage was
expected to dampen in the order of 60 per cent of downstream flow fluctuations from Poatina
Power Station, maintain a higher than present minimum water level in Brumbys Creek weir
ponds, and reduce concerns about present conditions and those after Basslink is completed.
The re-regulation storage was completed in September 2005 and officially opened in
November 2006 at a total cost of $7.4 million. For its construction methods, the storage
received the state award in the Tasmanian 2006 Case Earth Awards in the Environmental
Excellence category, an award which Hydro Tasmania shared with its civil construction
contractor Shaw Construction

3.5.6 Case Study: River Spöl in the Swiss National Park
In the 1960‘s, two major dams, the Punt dal Gall and the Ova Spin, were built for power
generation on the River Spöl in the Swiss National Park (Figure 8)(Murle et al. 2003). Below
the dam, the Spöl flows in a confined channel through the Swiss National Park. Before dam
3
construction, the average annual flow of the River Spöl at Punt dal Gall was up to 12.5 m /s
3
with peaks of 140 m /s. Operation of the dams since 1970 has resulted in constant residual
3
flows of less than 2.5m /s, which had concomitant effects on riverine habitats and biota.
3
3
Following dam construction, the residual flow in the Spöl was 1.5 m /s at night and 2.5 m /s
3
during the day. After September 1999, discharge in the Spöl was reduced to 0.70 m /s until
3
16 May 2000, when summer baseflow was maintained at 1.6 m /s.
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Figure 8: Map of the River Spöl from Livigno Reservoir, Italy
to its confluence with the River Inn, Switzerland
Source: Scheurer and Molinari (2003)

Concern about the geomorphic (e.g. sediment accumulation) and ecological (e.g. woody
vegetation encroachment) consequences of flow regulation led to the implementation of
experimental flooding in the River Spöl between 2000 and 2002. Reduced flows had favoured
the clogging of the streambed by fine sediments and allowed the formation of sideslope
debris fans into the main channel (Scheurer and Molinari 2003). An agreement was made
between Swiss National Park authorities and the power company to use artificial flooding to
restore habitat conditions and improve the fishery in the river downstream of the dam. The
agreement consisted of implementing three experimental floods during the summer of each
year over a period of three years (Figure 9). A total of eleven flood pulses were released,
3
which peaked at 11.6–52.0 m /s and had a duration of 8–10 hours (Scheurer and Molinari
2003).
Figure 9: Average annual flow and individual peak flows from 1951 to 2002 in the River
Spöl at Punt dal Gall, Swiss National Park

Source: Scheurer and Molinari (2003)
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The stated objectives of these flood pulses were (Scheurer and Molinari 2003):


to restore the riverbed, which had been substantially altered by regulated flow



to optimise the amount of water required for a minimum and regular disturbance
regime needed to maintain the river system in a near-natural dynamic state



to gain scientifically-based results for the implementation of a long-term flood regime.

A condition of the implementation of the experimental floods was that there was no increase
in the annual total water release and no loss in energy production (Scheurer and Molinari
2003). The variables measured in response to the flood pulses spanned hydrology,
geomorphology and ecology. Studies included flow monitoring, records of riverbed
morphology changes, water quality measurements and surveys of fish, invertebrates,
periphyton and vegetation (Jakob et al. 2003; Murle et al. 2003; Robinson et al. 2003;
Robinson et al. 2004; Scheurer and Molinari 2003).
Results showed that multiple experimental flood pulses significantly affected benthic algae
and macroinvertebrates. In particular, flood magnitude and timing had regulating effects on
benthic assemblages (Robinson et al. 2004). Examinations before and after several
consecutive pulses by Jakob et al. (2003) showed that, although invertebrate densities were
lowered after each flood, the community recovered within weeks. Overall, the Spöl River
studies concluded that experimental flooding (rather than constant reduced flows) was
beneficial to the aquatic invertebrate community (Jakob et al. 2003; Robinson et al. 2003 and
2004). Similarly, fish abundance was not negatively affected by the floods, and few fish were
killed or stranded during each event (Ortlepp and Murle 2003). Additionally, the quality of fish
habitat was improved, particularly as fine silt from gravels in spawning grounds was removed
(Ortlepp and Murle 2003). Surveys of river channel morphology and riparian vegetation
showed that flood pulses were effective in scouring bed sediments, but that the anticipated
removal of woody vegetation was not successful with the velocities attained by the
experimental pulses (Murle et al. 2003).
The research conducted on the River Spöl has produced two important outcomes:(1) that a
comprehensive suite of physical, chemical and biological variables provide a complete view of
costs and benefits of flow pulses, and (2) that the potential physical and biological benefits
from multiple experimental flow pulses in the same year are possible with no increase in the
annual total water release and no loss in energy production.

3.5.7 Case study: Glen Canyon, Arizona, USA
The Glen Canyon Dam was constructed on the Colorado River in the late 1950s, creating in
Lake Powell a source of water for several western USA cities (Brouwer 2002). The river
ecosystem extends 402 kilometres downstream to Lake Mead (Figure 10), and it is part of the
Colorado River Storage Project. This project is managed by the Bureau of Reclamation, Glen
Canyon Dam, and it also contributes to electricity generation, flood control and human
recreation (Glen Canyon Natural History Association 2008). However, soon after the dam was
completed, negative environmental impacts became apparent downstream—generally these
impacts were attributed to the combination of low, fluctuating flows and cold water
temperatures (Brouwer 2002). Populations of native fish such as Humpback Chubb Gila
cypha and Colorado Pikeminnow Ptychocheilus lucius were drastically reduced, and now the
exotic Rainbow Trout Oncorhynchus mykiss dominate (Glen Canyon Natural History
Association 2008). Natural beaches below the dam have been washed away, and under
normal operation, 95 per cent of the sediment that once entered the Grand Canyon now
settles in Lake Powell (Brouwer 2002). These alterations have occurred because the dam
replaced the Colorado's natural pattern of forceful summer flooding with a downstream flow
regime dictated entirely by the electrical power demands of distant cities. The dam thus
eliminated the normal seasonal variation in river flow and ended the immense floods that had
annually washed through the canyon. Although these floods had lasted only a few weeks of
the year, they had been the principal force sculpting the river corridor. Natural flows were
violently seasonal, extremely turbid, and highly variable in temperature. The floodwaters
routinely stripped all but the highest vegetation from the channel banks, deposited sandbars
and plucked boulders out of rapids. After Glen Canyon Dam went into service, exotic flora
encroached, sandbars disappeared and boulder piles clogged the main channel.
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The downstream impacts of the Glen Canyon Dam have been the focus of a large monitoring
and research program, including the establishment of the Grand Canyon Monitoring and
Research Centre (GCMRC) in 1995. The GCMRC was formed as part of a formal ecosystem
monitoring and adaptive management framework defined in the 1995 Glen Canyon Dam EIS
(Jacobs and Wescoat 2002). Monitoring and evaluation conducted by this centre include a
range of physical, biological and social impacts of the Glen Canyon Dam on downstream
reaches of the Colorado River. An adaptive management group comprising more than 25
Glen Canyon stakeholders was formed in 1996 and they have routinely published their
progress (e.g. Walters et al. 2000).
Figure 10: 402-kilometre river reach between Lakes Powell and Mead on the Colorado
River in Arizona, USA

Source: http://www.gcmrc.gov/images/study_area_map.jpg

The adaptive management group examined the best strategies for balancing potentially
conflicting goals of water use, recreation, and protection of native species (Schaefer 1997). A
first test of this program, and demonstration of commitment to an adaptive management
approach, was the widely publicised ‗beach/habitat-building flow‘ (BHBF) experiment in 1996.
One of the primary objectives of the ‗test‘ or ‗experimental‘ flood was to determine whether
sand could be moved from the main river channel onto lateral deposits used for camping, and
reverse successional impacts on the productivity of backwater and slough habitats. A
week-long flood (1274 m/s) was released by the Bureau of Reclamation in March (i.e. spring)
1996, primarily to see whether shore-line habitats could be restored by mobilising sediments
from the channel bottom and depositing them on bars and beaches (Meretsky et al. 2000). It
was also hoped to improve the understanding of high-flow impacts on biological, cultural and
socio-economic resources, and a number of study sites were established along the 385kilometre river channel below the dam. Shannon et al. (2001) investigated the impact and
response of the aquatic food base by evaluating underwater light intensity, water quality,
benthic standing mass of primary and secondary producers and the biomass and composition
of organic drift. The distribution, abundance and movement of native fish, and densities of
non-native species was studied by Valdez et al. (2001). Terrestrial biology was also studied,
especially as the flood threatened a listed endangered snail (Meretsky et al. 2000). The test
flood successfully restored sandbars throughout the river corridor and was timed to prevent
direct impacts to species of concern. It also buried ground-covering riparian vegetation under
one metre of fine sand but only slightly altered woody sandbar vegetation and some returncurrent channel marshes. Pre-flood control efforts and appropriate flood timing limited
recruitment of four common non-native perennial plant species (Stevens et al. 2001).
Sufficient information was generated to support a two-day forum in 1997 to share and
synthesise the results the experimental flood, with the results published in a special 2001
issue of the journal Ecological Applications. While some specific information about impacts on
biota were found, and are documented in that issue, some findings were not immediately
conclusive. For instance Valdez et al. (2001) concluded that the flood was of insufficient
magnitude to substantially reduce populations of non-native fishes, but that similar managed
floods can disadvantage alien predators and competitors, and enhance survival of native
fishes. Shannon et al. (2001) concluded that the overall influence of the test flood on the
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aquatic benthos was not clear, and provided recommendations for future test floods. The
findings by Meretsky et al. (2000) indicate that one of the main achievements of the 1996
Glen Canyon Flood was that different stakeholders learned together, pointing to the
importance of social scientists in the process of evaluation. Indeed, incorporating social
decisions into developing operations of the Glen Canyon Dam may be the greatest challenge
of this impressive and complex enquiry (Jacobs and Wescoat 2002).
The experimental flood from Glen Canyon Dam highlights the significant benefits of an
adaptive management process by demonstrating that a careful plan of flood hydrograph
shape and seasonal timing is required to mitigate environmental and social costs during
efforts to restore aquatic habitats in regulated river ecosystems.

3.6 Conclusions
In this review of current practices, we found that there is a wide range of circumstances under
which flow pulsing is already being implemented in Australia, although not always with the
intent of achieving environmental benefit. Both unregulated and regulated water sources
provide pulsing flow through existing management plans and through application of local
knowledge and innovation of river operators. However, extension of plans for unregulated
water is needed to protect pulses from consumptive use. Also there are opportunities to
achieve environmental benefit during conveyance of water and current examples of this
practice were described. The extension of this practice requires the inclusion of pulsing in
planning for infrastructure upgrade and operation, and protocols for consumptive water supply
to manage demand patterns. The environmental outcomes of only a small proportion of pulse
events have been adequately monitored. Chapter 4 of this report will further examine the
monitoring and evaluation of pulsed flows beginning with a review of river health monitoring
activities in general before discussing monitoring of pulsed flows. Chapter 5 will explore how
pulsing can be implemented and optimised.
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4. Monitoring, evaluation and adaptive
management of pulsed flows
4.1 Background
Deliberately pulsing flows in regulated river systems is just one small piece of the jigsaw
puzzle that is water management. Freeman (2000) notes that, worldwide, water management
problems tend to be ‗wicked‘. Planners use ‗wicked‘ to label problems that are so complex
they are difficult to define, and the consequences of the possible management actions cannot
be predicted with confidence (Rittel and Webber 1973; Waddock 1998). Addressing wicked
problems requires the involvement of players from many disciplines and with many different
types of knowledge (Ludwig 2001), and it will invariably be controversial (Durant and Legge
2006). Because of the uncertainty and complexity involved, conventional management (based
on reductionist research rather than lessons from current management) is inadequate for
addressing wicked problems, so some form of adaptive management is usually proposed.
The 2004 National Water Initiative acknowledges this in stating that it will ‗provide for adaptive
management of surface and groundwater systems in order to meet productive, environmental
and other public benefit outcomes‘ (National Water Commission 2005).

4.1.1 Adaptive management
Adaptive management is an approach to managing natural resources that encourages
learning from the implementation of policies and strategies (Allan and Curtis 2005). Adaptive
management complements other forms of knowledge creation such as the reductionist
investigations historically undertaken in research organisations. Adaptive management can
be visualised as a roughly circular process (Figure 11).
Figure 11: A simple conceptualisation of adaptive management

Initially conceived as a biophysical tool (e.g. Holling 1978; Walters 1986), adaptive
management has increasingly become as much a social and civic undertaking as a technical
one (Lee 1993). While there are many different ways of interpreting and understanding
adaptive management, at some level it will involve some mix of:


management activities designed to enable learning



reflection on the outcomes of those management activities



provision of mechanisms for multi-disciplinary and multi-stakeholder involvement



provision for collaborative or participatory learning



provision of mechanisms for incorporating learning into planning and management



development and maintenance of appropriate communication fora



a change of focus from mechanistic/reductionist thinking to systems thinking.

The promise of adaptive management is that it allows management of socio-ecological
systems, despite their complexity, despite gaps in understanding, and despite multiple and
changing social goals. However, embracing this approach requires a radical change in civic
and scientific responses to complexity and uncertainty; and acceptance of the new paradigm
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is happening very slowly. This is partly because the issues that need adaptive rather than
conventional management, such as water conservation and delivery, continue to be framed in
primarily natural science terms (Light 2002). Our institutions, formal and informal, continue to
encourage short-term projects and carefully controlled experiments (Allan and Curtis 2005;
Allan 2008). The changes in power structures needed to encourage stakeholder participation
and consultation happen only haltingly (e.g. Irwin and Freeman 2002). Changing to an
adaptive management regime is inevitably expensive, time consuming and unsettling. One
common response to the expense and complexity of adaptive management is to focus on
adaptive experiments in narrowly defined situations (see for example Richter et al. 2006).
Another common response is to focus on the part of adaptive management which is
reasonable straightforward and accepted—monitoring and evaluation.
Adaptive management is suggested as an appropriate form of management for situations of
high complexity, or where there is uncertainty in defining the issue or in predicting the
outcomes of management options. Adaptive management is neither quick nor simple, and
relatively few examples of it are in the literature to date. However, adaptive management has
proved to be both feasible and useful in a variety of projects in the management of protected
areas, threatened species, pest management, forests, farmlands, rangelands and rivers
(Allan and Stankey in press).

4.1.2 Monitoring and evaluation
Monitoring involves the collection and examination of data on a regular basis in order to
understand something about the implementation of policies, programs and activities (Seasons
2003). Projects and programs collect many types of ‗data‘, but monitoring becomes a useful
activity only when the information collected is evaluated. Evaluation is a broad term for a
number of activities, including forms of summative assessment, which are focused on
determining if project goals and milestones have been achieved and whether expenditure was
correct and timely. Summative evaluation asks, ‗did we do what we said we would do, and in
the way we said we would'? An example of summative evaluation includes the annual reports
on water sharing plans (DNR 2005, p.50). Evaluation can also be formative, focused on
understanding such things as client needs, the implications and side effects of
implementation, and the program logic (or theory) of the project (Cook and Shadish 1986).
Formative evaluation is always a variation on the question, ‗what have we learned?‘ Both
formative and summative assessments are needed in any adaptive management regime, but
problems can occur when their roles are conflated or confused. It is important to articulate the
purpose of any monitoring undertaken and the role of any indicators and data collected in that
monitoring.

4.2 Monitoring and evaluation of environmental
flows and river health
4.2.1 Introduction
Because there is limited monitoring and evaluation activity in Australia that relates specifically
to pulsed flows, it is useful to briefly refer to current environmental water, river health, and
water quality monitoring. This will provide an indication of the frameworks within which pulsed
flow enquiries may occur, as well as highlighting current and potential sources of information.

Environmental flow determination methods
Providing ‗environmental water‘ has become an important tool for reducing some of the
negative impacts of flow regulation. The emphasis of the many environmental water plans
developed for Australian streams has been on ensuring sufficient water is available for plant
and animal communities or ecosystem functions to remain viable, or on returning water to
flow-stressed streams as a rehabilitation measure (Cottingham et al. 2005).
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According to Cottingham et al. (2005):
Environmental flows may focus on changes to the whole flow regime (e.g. changes to mean annual flow),
on specific short-term events (e.g. targeted pulses) or both, or on the protection of components of the flow
regime critical to the protection of ecological ‗assets‘—species, communities or ecological functions that
have environmental values that are to be protected.

In reviewing environmental flow methodologies, Tharme (2003) has reported there were 207
individual methodologies recorded from 44 countries. The review by Tharme (2003) has
proposed environmental flow determination methods can be classified under four headings:


hydrological methods—use historical data to establish a percentage of mean annual
flow or specific hydrologic index



hydraulic methods



habitat-based models—define a relationship between discharge and suitable habitat
for biota



holistic methods—integrate information from a range of disciplines including ecology,
hydrology, water quality, geomorphology.

Hydrological methods include the Montana or Tennant method (Tennant 1976), and they are
the most frequently used methods throughout the world (Pusey 1998). The Tennant method
evaluates depth, velocity and wetted width and relates this to historical river discharge
(Tennant 1976). It is suited to assessing the impacts of individual flow events. The wetted
perimeter method (Stalnaker and Arnette 1976) is based on a series of transect
measurements at different discharge levels, usually at riffle sites where fish passage is likely
to be restricted (Gippel and Stewardson 1998). The Range of Variability Approach (RVA, see
Richter et al. 1997) uses an Index of Hydrological Alteration for setting benchmarks in river
flow by identifying elements of the natural flow regime indexed by magnitude, timing,
frequency and duration and identifying the deviation from ‗natural‘. This method is, of course,
reliant on the availability of unregulated flow data for a system.
A number of habitat-based assessment methods exist to develop environmental flows to
sustain populations or habitats of key fauna (Halleraker et al. 2007). The concept of weighted
usable area defined by physical variables such as depth and velocity led to a computer model
PHABSIM (Physical Habitat Simulation) developed by the US Fish and Wildlife Service
(Bovee et al. 1988). The majority of these methods focus on maintaining or restoring critical
habitats for specific life history stages or the entire life cycle of a species or multiple species,
mainly salmonids (Bernardo and Alves 1999). The Instream Flow Incremental Methodology
(IFIM) (Bovee et al. 1998) evaluates the effect of incremental changes in river discharge on
instream channel structure, water quality, temperature, depth and flow velocity and relates
this with known habitat preference data for key species. Similar methods to the IFIM are
presented in Jowett (1989) and Cardwell et al. (1996). IFIM techniques are occasionally
criticised due to the lack of consideration and maintenance of river channel processes such
as flushing flow requirements (Hudson et al. 2003). The Habitat Analysis Method for
determining environmental flow requirements (Burgess and Vanderbyl 1996) is very similar to
the IFIM in that it requires knowledge of species tolerances and hydrology.
There has been a move away from hydrological or habitat-based models towards holistic
models. Because current evidence about river ecosystems function in relation to flow regime
still largely exists as a series of untested hypotheses, it is crucial that future research focuses
on experimentally evaluating the success of flow restoration on river ecosystems (Bunn and
Arthington 2002). The Building Block Method is based on the premise that riverine species
are reliant on basic elements of the flow regime (Tharme and King 1998). It uses a team of
experts across a diversity of disciplines to assess available and modeled data to develop the
building blocks (flows) required for a system. In Australia, several holistic methods have been
developed including the Expert Panel Assessment Method (Swales and Harris, 1995), the
Scientific Panel Approach (e.g. Thoms et al 1996), and the Benchmarking Methodology
(Brizga et al 2002). As with the Building Block Method, these methods use experts drawn
from multiple disciplines to make judgments on flow requirements. A progression from the
combination of numerous holistic methodologies is the Downstream Response to Imposed
Flow Transformations (DRIFT) process. DRIFT is a structured process for combining data
and knowledge from a range of disciplines to produce flow-related scenarios for water
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managers to consider. DRIFT‘s basic philosophy is that all major abiotic and biotic
components constitute the ecosystem to be managed; and within that, the full spectrum of
flows, and their temporal and spatial variability, constitute the flows to be managed (King et al.
2003). Most recently, a technique termed the Ecological Limits of Hydrologic Alteration
(ELOHA) has been developed for setting regional environmental flow standards that are
based on the concept of scientists using available data, modelled data and new field data to
determine flow regimes of specific hydrological and ecological character (Arthington et al.
2006). ELOHA is intended to assist the development of flow guidelines for river classes or
hydro-climatic regions rather than undertaking river-by-river environmental flow studies.
Each method has advantages and disadvantages that make it suitable for a particular set of
circumstances. Criteria for method selection include the type of issue (abstraction, dam
release, hydropower), the management objective (pristine or ‗working river‘), expertise, time
and money available, and the legislative framework within which flow management must be
set.

Monitoring of environmental flows
There are a number of long-term programs developed for the assessment of environmental
flows or ecological condition of river systems in eastern Australia. The Integrated Monitoring
of Environmental Flows (IMEF) is a systematic scientific program designed to assess the
ecological benefits of the environmental flow rules in the regulated Gwydir, Namoi,
Macquarie, Lachlan, Murrumbidgee, and Hunter River Valleys and the Barwon-Darling River.
The program was established in 1997 and aims to test hypotheses on the response of algae,
biofilms, low flow habitat, terrestrial organic matter, wetlands, fish and estuarine nutrient
supply (Chessman and Jones 2001).
The CRC for Freshwater Ecology developed a framework for designing environmental flows,
which includes a monitoring and assessment framework (eWater CRC 2005). This framework
was to be applied by the Wimmera Catchment Management Authority (eWater CRC 2005),
however the 2007 Wimmera Waterway Health Strategy makes no mention of this, but rather
discusses broad monitoring ideals within an adaptive management framework (WCMA 2007).

Monitoring of river health and water quality
As discussed in section 3.1, water management governance is complex, and state
governments have each responded to Commonwealth of Australian Governments (COAG)
directives for water planning in different ways. Compounding this, each state also has its
unique history of monitoring and evaluating various aspects of river ‗health‘, with a variety of
schemes overseen by state agencies, regional management bodies and other organisations.
Some of these have been developed or modified to align with the COAG endorsed National
Water Quality Management Strategy (NWQMS) developed by the Agriculture and Resource
Management Council of Australia and New Zealand (ARMCANZ) and the Australian and New
Zealand Environment and Conservation Council (ANZECC). This water quality monitoring
follows the Australian Guidelines for Water Quality Monitoring and Reporting (ANZECC and
ARMCANZ 2000). Specific monitoring activities were also initiated or supported by the
National River Health Program, which was funded substantially by the Australian
Government. The Australian River Assessment System (AusRivAS) commenced in 1994 as
part of the National Monitoring River Health Initiative, and this is one of the few monitoring
programs undertaken throughout Australia.

4.2.2 Implications of current monitoring and evaluation for
understanding pulsed flows
The various state water quality frameworks or activities generally aim to provide some
indication of changes to stream or reach ‗health‘, or to track progress towards river 'health'
targets. These help with understanding medium to long-term trends in surface waters, and
can alert authorities of impending problems. In previous decades, this type of routine
environmental monitoring has been the role of state agencies. However, opportunities to learn
via baseline monitoring are being depleted by government budget cuts. Regional Authorities
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and regional natural resource management groups have not been allocated funds for
monitoring, though in NSW a monitoring and reporting strategy was funded by partnership
agencies and catchment management authorities through the Natural Heritage Trust Strategic
Reserve Fund. The development of indices of resource condition, such as the Index of
Stream Condition, which underpins river health assessment in Victoria, is proposed in NSW
(NSW Natural Resources, Monitoring, Evaluation and Reporting strategy, 2006), but such
resource condition assessments will not be able to provide information that can separate the
effects of pulsing from other drivers of change.
As made explicit or implicit in many of the current monitoring and evaluation plans and
strategies, adaptive management requires long-term thinking and longitudinal studies that can
track trends and support predictive models. However, many of the resource condition
assessments undertaken to track surface water health trends will not be able to provide
information that can separate the effects of pulsing from other drivers of change. To
understand the impacts of pulsed flows, monitoring of individual events or a series of events
is needed. The following section discusses how learning about pulsed flows has occurred
within the constraints of current governance and management arrangements.

4.3 Sources of learning about pulsed flows
Deliberately pulsing flows in rivers is not currently a standard practice, and there is much to
learn about the costs and benefits of pulsing flows in a variety of contexts. The
implementation and monitoring activities collated for this report suggest that better
understanding about the impacts of pulsed flows can be developed by:






opportunistic enquiry:
– learning from water management actions that happen for reasons other than
deliberately learning about pulsed flows
– research into other aspects of river function which may have an unintended
pulsed aspect
field experiments specifically designed to learn about some aspect of pulsed flows:
– enquiries associated with a river reach or longer section
– smaller scale enquiries, conducted both within and outside of operational
constraints
social learning:
– local or operational scale
– policy scale.

Adaptive learning about pulsed flows is happening at a number of these scales and levels,
with different forms of, and uses for, information—all against a background of policy
constraints, regulations and operational goals and rules. Despite this apparent complexity, the
potential for learning about the risks and benefits of pulsed flows can be conceptualised
diagrammatically (Figure 12).
.
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Figure 12: A summary of how understanding about pulsed flows is currently developing, and how that understanding influences policy and
management

The green ovals in this figure
represent opportunities to
learn, but learning will have
occurred only if appropriate
monitoring and evaluation
was undertaken.
The following section
provides some examples of
how learning about pulsed
flows is happening.
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4.3.1 A review of current practice in monitoring and evaluation
of pulsed flows
Opportunistic enquiry
There have been many opportunities to learn from management actions that create pulsed
flows, such as the supply of consumptive water or bulk water transfers. An example of
learning from a bulk water transfer is research undertaken on biota during water transfers
from Windermere to Burrendong reservoirs July to September 1996 as part of a wider study
on environmental flows (Boey and Chessman 1997). The stated purpose of this study was to
determine some of the impacts of two different pulsed events on macro-invertebrate
communities downstream of Windermere dam. Monitoring of selected invertebrates was
undertaken before and after a one gigalitre per day release and a 1.6 gigalitres per day
release at different sites in the river profile, and at locations just downstream, and at 50
kilometres downstream of the dam. Boey and Chessman (1997) found that macroinvertebrate communities were greatly affected by the two releases, but that the story was not
straightforward. Impacts on invertebrates depended on the time of sampling, position in
channel, and location in the reach. Evaluation of these data enabled the researchers to
conclude that the magnitude and duration of releases dictate the impact on aquatic biota.
Presumably this learning outcome helps to inform the rules of management for bulk water
transfers from Windermere, although this link is assumed rather than explicit. The 2005 Rules
of Management (DIPNR 2005), state the following, but cite only the water sharing plans and
‗best science‘ as a guide for these recommendations:
When making a determination of how the required volumes will be transferred, State Water Corporation
will consider the best available science for:
– Seasonality of flows
– Total duration of events
– Maximum discharge rates and their duration
– Rates of rise and fall in flow heights
– Access and agronomic requirements of land holders
– Geological and geomorphologic benefits
– Likely effects on native species and their habitat, particularly platypus and threatened aquatic
species, and
– Any other matters that may impact on the riverine environment or community.

There is also the opportunity to learn about aspects of pulsed flows from research into other
aspects of riverine function, which may have an unintended pulsed flow aspect. Take, for
example, an adaptive management program currently operated by the NSW Murray Wetlands
Working (Nias 2005). This project has a clear purpose to actively learn about how best to use
scarce water to maintain wetland function and biodiversity along the Murray River. The
monitoring and evaluation following experimental watering of individual wetlands is focused
on impacts on plant and animal species in the wetlands themselves. However, there was no
monitoring within that project of the in-channel impacts of delivering the wetland watering
flows. In theory, however, lessons could be learned from these flows through additional,
pulsed flow related research programs, or, in the longer term, through reference to baseline
resource condition assessments used for river health reporting.

Field experiments specifically designed to learn about pulsed flows
There are some enquiries in Australia and overseas that specifically focus on pulsed floods.
These are mostly field experiments and thus usually require cooperation of dam operations
managers to release water in certain ways. These enquiries are generally undertaken with the
intention of informing dam operations rather than the policy makers.
Some of the recent enquiries into the impacts of pulsed flows have occurred at a river reach
or larger scale. Examples of these reach scale enquiries have been provided in the previous
chapters, including narrowly focused projects that considered the effects of pulsed flows
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disturbance frequencies on in-channel bryophytes (Downes et al. 2003), and algal matts
(Nichols et al. 2006). Two foreign studies are of particular note because of the wider scope of
their monitoring and evaluation of pulsed flows, and each of these has been discussed in
some detail in case studies in the previous section. The enquiry on the Spöl River in
Switzerland (section 3.5.6) involved monitoring and evaluation related to eleven flood pulses
released between 2000 and 2002. The aim was to test the ability of pulsed flows to restore
degraded riverbed, but the opportunity was taken to monitor water quality, invertebrates,
periphyton and vegetation (Jakob et al. 2003; Murle et al. 2003; Robinson et al. 2003;
Robinson et al. 2004; Scheurer and Molinari 2003). The monitoring and evaluation of pulsed
flows in the Glen Canyon in the USA was an even more ambitious undertaking (section
3.5.7). The number and range of monitoring and evaluation projects associated with the 1996
experimental flood was impressive: although, as in the Spöl example, the primary
investigation was related to sediment movement, monitoring of water quality parameters, the
aquatic food base, distribution and abundance of native fish and the impacts on a population
of an endangered terrestrial snail. These last two examples are notable for the breadth of the
studies undertaken and indicators used, and for governance mechanisms that enable learning
from the enquiry to influence river operations.
Smaller scale enquiries are also conducted both within and outside of operational constraints.
The Mitta Mitta Case study (section 3.5.4) exemplifies the type of information that can be
obtained by such work. River Murray Water has used several opportunities for incorporating
pulses into bulk water transfers from Dartmouth Dam on a trial basis since 2001. The
ecological responses to these pulsed flows have been monitored in a series of four small
research consultancies designed to inform decisions made by the managers (Watts et al.
2008). The environmental monitoring has included water quality and river productivity
measurements. Each time a report on the impacts of pulsing was presented, the lessons
learned prompted requests for new studies, so each of these short consultancies has led to
more directed and useful enquiries. The River Murray Water managers are seeking an
operational environment that is ecologically friendly, and they have expressed a desire for the
information from the consultancies to be synthesised into broader lessons for decision
making, preferably in the form of principles and rules for operators. This example is also
noteworthy because the river managers are at pains to inform the Mitta Mitta River
community—through newsletters such as ‗Bush and Bulldust‘ and the Murray–Darling Basin
Authority Weekly Report—of upcoming flow events and lessons from the environmental
monitoring. This transparent and inclusive approach is in keeping with recommendations from
the Hume and Dartmouth dams operations review, which suggested that the Murray
environmental flows processes would fail without community ownership (Hume and
Dartmouth Dams Operations Review Reference Panel 1999).

Social learning
Scientific monitoring and evaluation undertaken as part of specific projects, or as baseline
monitoring, can provide information about responses to pulsed flow events, and some
generalisations can be developed from these to inform operational and policy decision
making. However, the economic, social and even unimagined ecological impacts of delivering
water in pulses are also important. Social learning may be how these parameters are best
developed and understood. Social learning is a broad term covering many models of public,
collaborative, participatory or community governance—that is it is about learning to govern
and manage together (Mostert et al. 2007). Social learning is seen as another way of
managing complex socio-ecosystems, along with the more traditional approaches of
regulation, incentives, government information programs and markets (Ison and Watson
2007). The most obvious example of social learning in relation to pulsed flows is from the
previously mentioned Glen Canyon adaptive management program (section 3.5.7). More than
25 stakeholder representatives, including some from first nation, tourist, and conservationist
groups, are involved with actively evaluating, and making decisions about the use of, the
monitoring information coming from the Grand Canyon Monitoring and Research Centre,
including information from experimental floods.
Examples of systematic social learning about pulsed flows are rare in Australia at present,
and they are restricted to the management of flows in small, operationally focused systems,
such as that described for the Mitta Mitta River. However, throughout Australia various
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systems for inclusive learning and decision making are being created and ‗trialled‘. Many of
these social and institutional systems are discussed in the previous chapter; for example,
water sharing plans (see Figure 13) have been the key mechanisms used in NSW to achieve
some balance between people with competing interests in water (including those ‗speaking‘
for the environment) (Gentle and Olszack 2007). These are but one attempt to develop a
more collaborative learning and decisions making environment.
Figure 13: Social learning: consultation during ‘macro’ water sharing planning

Photo David Hoey

4.4 Conclusion
Adaptive management provides a framework for efficient and effective monitoring and
evaluation; it is a sound approach in systems of high socio-ecological complexity such as the
management of water in regulated, drought prone regions. Adaptive management requires
monitoring programs that can provide both biophysical and social information to inform
practice, the impacts of which can then be monitored and evaluated in turn. This chapter has
demonstrated that current monitoring and evaluation of parameters relevant to understanding
pulsed flows is highly variable in Australia, with some information and learning coming from
specific small experiments, some from opportunistic learning associated with standard
operating practice, and some from selective application of the wide range of historical
ecological health monitoring.
Opportunistic learning is constrained by the variable and discontinuous nature of the various
monitoring and evaluation activities happening around surface waters in Australia. The data
warehouses in Victoria and Tasmania provide examples of how a variety of data can be
collated in once place for access by individuals interested in trying to ‗join the dots‘ between
pulsing events and ecological impacts. The fundamental tension between current long-term
monitoring for river health trends, and the event based nature of pulsed flows, remains as a
further constraint on learning about the direct impacts of pulsed flows.
Despite the identified constraints, the potential exists for increased learning from specific
pulsed flow enquiries, by adding to other environmental water research, and by broadening
the focus of enquiry to incorporate social learning and coordination rather than simply
monitoring ecological parameters. These points are discussed in greater detail in chapter 5.
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5. Looking to the future
5.1 Introduction
Flow regulation and water extraction have significantly modified the flow regimes of most
major rivers in Australia and they have contributed to the decline in the biophysical condition
of these rivers. While there is a strong argument to limit the regulation of the few remaining
unregulated river systems in Australia in the future, it would be unrealistic to aim to restore
most regulated river systems system to pre-regulation condition. However, it is realistic to aim
for an improvement in the condition of regulated rivers by restoring key elements of the flow
regime at the same time as implementing other management strategies to improve improving
river and catchment health. This has led to the concept of a healthy working river, which has
been defined as (Jones, 2002):
a river that has been brought into service for the benefit of human kind, while retaining an ‗ecological
character‘ that is generally accepted as being ‗healthy‘.

To ensure our regulated rivers are functioning as healthy working rivers, many of them will
need to have more variable flows than they have at present.
To ameliorate the decline in the health of regulated rivers, environmental flows have been
implemented in, or are being considered for, many rivers around Australia. The restoration of
some of the components of the natural hydrological regime can be achieved by pulsing flows.
As discussed in Chapter 2, pulsed flows have the potential to restore some of the critical
elements of river ecosystems, such as restoring lateral connection between the river and its
riparian zone and floodplain, restoring the trophic dynamics of river ecosystems by improving
conditions for primary producer communities, and by providing appropriate conditions for
migration, reproduction and recruitment of biota. The review of environmental costs and
benefits of pulsed flows (Chapter 2) and the review of current practice (Chapter 3)
demonstrate that there are environmental benefits to be gained from pulsing flows, lessons to
be learned, and opportunities to build on current practices to develop best practice in
delivering pulsed flows.
It is unlikely that all regulated rivers in Australia will have sufficient allocation of environmental
water to adequately sustain all environmental assets in these systems, even with the
implementation of the Australian Government Water for the Future scheme. To achieve a
significant improvement in the condition of regulated rivers, it is essential that all water
(environmental and consumptive) is delivered with consideration for environmental outcomes.
Elsewhere in this report, we have provided examples of how consumptive water is currently
delivered while concurrently achieving environmental benefit. The challenge for river
managers is to alter the operation of dams and weirs to deliver environmental outcomes at
the same time as sustaining the industries and communities that rely on water from these
systems. Introducing changes into the operation of dams and weirs is not straightforward, as
the social, economic and environmental impacts of proposed changes need to be considered.
Sustainable changes to the operation of dams and weirs will most likely be achieved through
an integrated adaptive management approach, where organisations responsible for water
policy, river operations and river health partner with multidisciplinary research teams and
actively engage communities (Poff et al. 2003).
It is important to acknowledge that an improvement in the environmental condition of rivers
will not be achieved by pulsing flows alone. Other aspects of the flow regime must also be
considered and water allocated accordingly. Environmental responses to pulsed flows will be
influenced by other factors, such as infrastructure improvements, land use management and
habitat restoration projects. For example, improvements to dam infrastructure to mitigate coldwater pollution would enable flow pulses to have considerably more ecological benefit than
releases of cold water pulses. Improvements in data acquisition (e.g. SCADA) would enable
river managers to better deliver and monitor flow pulses and would facilitate better learning
from managed releases. The modification or development of mid-river en route storages may
facilitate more appropriate timing of pulsed flows by increasing the options for delivering
pulses from the storages upstream without loss of water to downstream irrigators. Similarly,
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many catchment management and river restoration activities undertaken by agencies and
landholders will enhance the outcomes of pulsed flows. For example, re-snagging of river
reaches will enhance the recruitment of aquatic biota that may have been triggered initially by
a pulsed flow event. Similarly, limiting stock access to riverbanks and to wetlands would
increase the long-term benefits of pulsed flows.
In addition, it is important to acknowledge that there are alternatives to flow pulsing that have
the potential to deliver improved environmental outcomes for rivers. Some examples include
salt interception ponds, weir pool manipulation for algal blooms, carp harvesting, and native
fish breeding programs. However, many alternative strategies focus on a single outcome,
whereas pulsed flows have the potential to deliver a range of environmental benefits. River
managers need to make decisions about the costs and benefits of pulsed flows relative to
other actions so they can prioritise river management activities. This highlights the importance
of managers having appropriate information on the potential outcomes of pulsed flows and
emphasises the importance of monitoring and evaluation, so we can learn from case studies
and improve our predictions of the outcomes of future flow changes.
Finally, it should be acknowledged that managers will be considering the implementation of
pulsed flows and attempting to predict outcomes of pulsed flows at a time when there are
other changes occurring in river catchments. There are changing patterns of water supply
(e.g. due to climate change, land use change, farm dams) and changing patterns of demand.
These factors may enhance or limit the opportunities for delivering pulsed flows.
In this section we raise issues that will contribute to the development of best practice for the
management of pulsing flows and identify areas where future work can contribute to the
planning, operation and understanding of the environmental benefits and costs associated
with pulsed flows.

5.2 Developing best practice: policy, planning
and operation
5.2.1 Opportunities for pulsing flows using all sources of
water
An attractive feature of pulsing flows is that some environmental benefits can be achieved by
changing the pattern of storage release without the allocation of more water to the
environment. In times of increasing water scarcity (see Box L), there is added urgency to
develop pulsing flow methodologies that can provide environmental benefit without the use of
more water, or with minimum additional environmental allocation.
Box L: Reduction in overall water availability
Risks to the shared water resources of the Murray-Darling Basin have been assessed by CSIRO (Van Dijk et
al. 2006). Land use changes that reduce runoff include: interception by farm dams; increase in afforestation;
groundwater extraction that reduces the baseflow of rivers; reduction in groundwater levels through drought
that reduces baseflow; bushfires that result in increased understorey growth that increases uptake of rain; and
reduced irrigation drainage returns as system water use efficiency increases.
The total risk from all these impacts and climate change is estimated to be 2500–5 500 gigalitres (or 10–23
per cent of the average annual flow of 24000 gigalitres) within 20 years. Several other sets of data show that a
small change in rainfall (say 10 per cent) has resulted in large reduction in runoff to storages (30 to 50 per
cent). This reflects a range of interacting factors including land use, increase in temperature (and
evaporation), and change in seasonality of rainfall in the southern basin from autumn to summer. Additional
pressures on scarcity are caused by substantial evaporation and seepage losses during conveyance of water
through long and leaky river systems. After several years of drought it is predicted that above average rainfall
will be required to fill the groundwater and storage systems before water is again available for overbank flows
or for outflow to downstream wetland such as the Coorong (Young and McColl 2008).
Retrospective data and projections for different emission and land development scenarios are now available
for all Murray-Darling Basin catchments (CSIRO 2008). Major risks of water scarcity are identified especially
in the southern part of the basin. CSIRO reports that the majority of the impact of climate change will be born
by the environment rather than consumptive users.
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In earlier sections, we explore the opportunity to achieve environmental benefit by pulsing
with different types of water. Most current thinking and legislation appears to assume that
environmental and consumptive water are entirely separate and compartmentalised. At a time
where there is increasing demand for water, it is imperative to maximise environmental
benefits of all water delivery, whether it is environmental water or not. We highlight the need
to optimise environmental benefits during the delivery of all water, both consumptive and
environmental. Opportunities for pulsing different classes of water for environmental benefit
are described in Table 15 together with barriers that might be removed by adjustment of river
operating rules.
Table 15: Opportunities for pulsing different types of water for environmental benefit
Environmental water

Water is that acquired on behalf of the environment and which is licensed
(‗environment as a customer‘) provides opportunities for pulsing. The
environment is emerging as a substantial licence holder for water. Trusts and
government programs include the six icon sites of the Living Murray initiative,
Water for Rivers (undated), RiverBank (DECC 2006), RiverReach (MI 2006),
the Nature Conservation Water Trust (NCC 2007), Waterfind Environment Fund
South Australia (Waterfind undated), and the Commonwealth government‘s
Water for the Future (DEWHA 2008). Managers of environmental water are
expected to need a more complex pattern of delivery than irrigators, including
pulsed water at lower flows, and storage beyond the annual cycle to allow
piggybacking onto unregulated flow events to achieve wetland watering.
Water that is delivered to icon wetland sites could be pulsed during
conveyance. Currently conveyance of environmental water to icon sites does
not routinely use pulsing strategies, though it could be introduced as a
requirement of delivery pattern through the operating licences of bulk water
suppliers.
Currently, end-of-system flow rules are components of environmental water
share in NSW and are statutory volumetric flows that are constant on a daily
basis. Change in rules to bulk flows on a weekly or monthly basis would
increase opportunities for pulsing of this water.
‗Countercyclical trading‘ (English et al. 2004) or ‗piggybacking‘ is currently being
practiced in Australia. For example, the Murray Wetlands Working Group uses
water savings made by Murray Irrigation to water wetlands and floodplain by
‗piggybacking‘ on tributary inflows in wetter years. The water is sold in drier
years (Nias 2005). The River Reach initiative of the Murrumbidgee irrigation in
partnership with the catchment management authority is an innovative proposal
that requires irrigators to lease water to the environment in an up-front
agreement. Allocation to the environment is to be triggered at higher water
allocations in exchange for greater security for irrigators at low allocations
(Heaney et al. 2005; MI 2006). Pulsing for wetland benefit needs longer-term
(decadal) strategies and modelling (see case study at section 3.5.1).

High security water

Generally high security license holders have critical timeliness for watering
crops, power generation or urban and industrial supply so pulsing could be
limited to situations where storage is currently sufficient or alternatively will
require investment in on-farm and town reservoir storage. Note that the critical
demand of some customers (e.g. water for cooling power stations) may limit the
opportunity for pulsing high security water in some situations.

General security water

Pulsing of releases during conveyance to irrigators and other consumptive
users is a major opportunity to achieve ecological benefits. As noted in Section
3.4.2, State Water Corporation in NSW has practised pulsing of general security
water to improve conveyance efficiency during the drought by agreement with
irrigators. However, the extent to which agreement can be achieved between
consumptive users at critical times (e.g. to achieve seasonally dependent fish
spawning) needs to be tested.
Pulsing upstream of irrigation offtakes will need the agreement of groups of
growers to bulk their water demand. For pulsing downstream of offtakes, they
will need to agree to forego extraction during the passage of a pulse. This will
be easier if the growers are organised in privately-owned enterprises or
cooperatives because they have a common off-take from the river and
communication can be more easily managed through a single agreement with
the Company or Cooperative. NSW State Water Corporation‘s valley-based
Customer Service Committees are able to communicate with their local
irrigators to reach agreement on these issues. With a customer base of some
6000 irrigators, such agreement might otherwise prove to be a daunting task.
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Riparian rights

Pulsing of baseflow is a major opportunity that needs further examination.
Community expectation of continuous supply for stock and domestic water is a
deterrent to bulk allocation or pulsed flow that has been practiced by State
Water Corporation in NSW to improve efficiency of conveyance during drought.
Note that substantial investment in Water for the Future will provide pipelines in
some effluent creeks and stock and domestic supply channels to reduce
conveyance losses in the future.

Supplementary
water/floodwater

Pulsed flows can be achieved if the ‗first flush‘ of a natural flow event is
protected from extraction. The re-seeding of rivers and wetlands with seeds,
eggs and propagules from unregulated tributaries, the floodplain or river
benches may be dependent on the protection of the first flush from consumptive
use. Supplementary water (alternatively named off-allocation water, floodwater,
sales water, unsupplemented water or unregulated tributary flow) is protected
from consumptive use in some catchments, and provides natural pulsing
patterns (see the case study in section 3.5.5). For example, protection of the
first flush has been adopted in Queensland‘s water resource plans. However,
water sharing plans throughout Australia vary considerably on how this water is
to be protected from, or shared with, consumptive use. Policy could be
strengthened to protect these natural flow pulses.

Dam spills

Methods for capacity sharing may be needed to cope with storage of larger
volumes of environmental water and carryover from previous years if
continuous accounting is adopted. Rules about the ownership and priority
allocation of dam spills may be needed to safeguard water for environmental
pulsing. ‗Capacity share‘ (Dudley 1993) an old idea, is a concept that may have
merit.

Floodplain harvesting and
interception

On-farm storages are reported to be increasing, resulting in substantial
reduction of river flow (van Dijk et al. 2006). Dam policy in NSW allows only 10
per cent of rainfall runoff to be harvested in on-farm storages, but this is difficult
to police. In northern NSW, overland flow to significant wetlands (e.g. Gwydir,
Macquarie Marshes) is being prevented by levee banks. This practice would
need to be curtailed if the benefits of pulsing flow and piggybacking to achieve
river-wetland connection are to be fully realised.

Conveyance water

There are licenses for conveyance for some irrigation companies (eg
Coleambally Irrigation Cooperative Ltd and Murrumbidgee Irrigation). Allocation
of a conveyance licence to river operators would provide an economic incentive
for more efficient operation in delivery that could lead to more opportunities for
pulsing flows. An indication of the opportunity to increase efficiency of running
the rivers in provided in Box M.

Rainfall rejection

Rainfall rejection (water not extracted from the river even though it was ordered
and allowed to flow downstream) provides some pulsing patterns downstream
of irrigation offtakes. This applies only to southern river valleys in NSW, since in
northern regions, irrigators are able to fill on farm storages and are charged for
all water ordered whether or not rainfall occurs.

Groundwater

Groundwater dependent ecosystems need to be considered in the overall water
balance. Pulsing may help to recharge groundwater, though at the cost of
reduced conveyance efficiency. Note that in some situations in NSW, surface
and groundwater are managed together as conjunctive licenses (e.g. the Hunter
macro water sharing plan). In irrigation areas, effects of increased groundwater
usage during drought is affecting river baseflow through reduction in recharge
to rivers and increasing leakage from river to aquifer (Evans 2007).

See Section 3.2 and Table 10 for a description of these different types of water
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Box M: Opportunities for improved conveyance efficiency by pulsing
An indication of the opportunities to increase efficiency of running the rivers is provided by the snapshot
(2004–05) of water balance by catchment (NWC 2007), where ‗unaccounted difference‘ is a term that reflects
river evaporation, seepage, overbank flows (expected to be negligible), theft and measuring errors.
Table M1. Valley Water balance 2004-5 (from NWC, 2007)
River Valley
Unaccounted difference
% of total
GL
Namoi
19
83.9
Hunter
4
12.7
Lachlan
25
608.1
Macquarie
20
137.7
Murray Lower Darling
21
369.2
Murrumbidgee
23
355.4
Substantial losses (‗unaccounted flows‘) from the Murrumbidgee River (downstream from Wagga Wagga) are
also reported by CSIRO (2005). Estimated losses are 460 gigalitres averaged over 100 years, equivalent to
about 11 per cent of total inflow; and in selected specific years are: 604 gigalitres for 1991, a wet year; 497
gigalitres for 1995, an average year; and 304 gigalitres for 1994, a dry year. In the Northern River Valleys in
NSW, there is a very large range in conveyance efficiency from year to year (D Berry and S Sritharan pers.
comm.), and greater losses in drier years as might be expected. Of course, some of this water is not a true
loss to the system, but seepage to groundwater.
Pulsing during conveyance is currently driven by the imperative of reducing water losses during drought, and
to achieve supply to consumptive users that are far downstream (e.g. towns such as Broken Hill that would
otherwise be starved of water). Other ecosystem benefits have not been considered in operating protocols so
far. Pulsing in spring may be particularly advantageous for native fish and will be aided by the use and
development of mid-river en route storages.
Figure M1 shows the additional release of water (y-axis) that must be made to achieve the water sales shown
on the x-axis. It shows there are very large conveyance losses in dry years (e.g. 2006–07). Further information
on the potential for pulsing during conveyance is given by ACIL Tasman (2008) for water consumption of
major working rivers and regions using data from the National Water Commission for 2004–05.
Figure M1: Macquarie valley total water sales versus essential requirements for a number of years

Information provided by Sri Srilanthan and Dan Berry, State Water Corporation (pers. comm.)

A simplified approach
As noted in Chapter 3, Young and McColl (2008) have recently proposed a simplified
approach to classification of water (maintenance water, floodwater and shared water) as a
basis for water planning into the future. In terms of pulsing flows we suggest that:
The use of ‗maintenance water‘ for stock and domestic supply should be reviewed in terms of
the expectation and accountability of users. (In NSW supply of water for basic landholder
rights or riparian rights does not require a works approval or water meter and there is an
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expectation of continuous supply that inhibits bulk allocation and pulsing flows in running the
rivers.)
The definition of ‗floodwater‘ needs to be clarified. Does it include water from unregulated
tributary flow that is currently captured by irrigators (especially in the north of NSW)? Any
proposal to remove or restrict access to this ‗supplementary water‘ will have substantial
economic impacts for irrigators. Another issue is that dam spills may increase through
continuous accounting, storing water for the environment over several years, a more
conservative approach to water allocation and use and storage of water for South Australia in
Murray–Darling Basin headwater storages. While dam spilling may help to restore some
natural flow variability, it may disadvantage (i.e. reduce) the carryover of water for
piggybacking over several years.
For ‗shared water‘ water, demands from different users (towns and industry, power
generation, traded water and environmental delivery) should be integrated to achieve pulsing
benefit during conveyance. Protocols to achieve pulsing flows should be incorporated in water
policy, water plans and operational manuals.

5.2.2 Opportunities in infrastructure investment
The physical constraints of infrastructure on the delivery of pulsed flows were discussed in
section 3.3. Substantial investment in the upgrade of major storages is currently driven by
more stringent approaches to safety and increased risks of storm events through climate
change. Amelioration of environmental impacts (such as barriers to fish migration and cold
water pollution) is currently central to planning and approval of major infrastructure assets.
However, at present the capacity for pulsing releases is not a priority or routine consideration
during planning for infrastructure upgrades. Increasing the size of outlet valves (to permit
large environmental flow releases combined with irrigation water orders) and inclusion of
variable level release facilities could possibly attract some private investment, for example
from hydropower companies who could improve electricity generation from improved
infrastructure. Opportunities for pulsing flows should be a standard component of future
reviews of river infrastructure.
Bulk water transfer might also be improved through infrastructure enhancements. SCADA
(Supervisory Control and Data Acquisition) is already used on some weirs and storages to
control releases remotely and an expanded system is being explored. Water that is traded
could also be delivered by pulsing. Web-based information on water transfers is being
automated through national and state initiatives (e.g. Water Resources Observation Network
and Water Information Exchange) initiatives.

5.2.3 Incorporating pulsing into water policy, regulation and
operation
River operators are constrained by an operating licence that is issued and reviewed by a
regulator. The Independent Pricing and Regulatory Tribunal (IPART) in NSW, Queensland
Competition Authority, Essential Services Commission Victoria and Economic Regulation
Authority Western Australia, determine water pricing and, in the case of IPART, issue
operating licences and audit them against performance targets that include efficiency and
effectiveness of operations. Note the Water Act 2007 (C‘wth), which came into effect on 3
March 2008, creates new functions for the Australian Competition and Consumer
Commission within the Murray-Darling Basin (ACCC 2008). Incorporation of pulsing into
operational manuals and protocols may increase river operators‘ costs through increasing
complexity of storage, water release and consumptive extraction patterns. These costs might
be attributed to the consumer, to the environment, or to the community through a community
service obligation payment.
The State Water Corporation Environmental Management Plan (EMP) provides insights into
the aspirations and limitations of the regulatory environment and extent of consultation and
review undertaken (SWC 2007). Appendix C lists 20 legal instruments, many of which are
relevant to the potential for adoption of pulsing strategies.
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Part of a series of eleven objectives is to:
Manage weir pools and regulated flows so that they more closely mimic the natural variability that occurred
pre-regulation and thereby improve instream and riparian habitat as well as minimise riverbank and bed
erosion‘. Relevant strategies include
Investigate the reinstatement of more variable flows in rivers where possible, consistent with the delivery
of water to customers;
Identify the times when release of water for consumptive use could be timed or pulsed to enhance the
release of environmental water pursuant to a Water Sharing Plan;
Gradually taper off bulk water releases to mimic the shape of a natural hydrograph and thereby minimise
riverbank slumping, fish stranding etc; and
Investigate opportunities to achieve efficiency improvements through operational and asset management
mechanisms in consultation with stakeholders.

The flow and timing of release of water is established in NSW by the statutory water sharing
plan for each valley. Unfortunately the implementation plans were never undertaken. Instead,
it is foreshadowed that the Department of Water and Energy will soon develop ‗works
approvals‘ under the Water Management Act 2000. These approvals will be part of the
Operating Licence and will specify operational protocols, including monitoring and reporting.
There is a critical opportunity to include flow pulsing in operational protocols in all states and
territories of Australia
A pilot Statement of Approval was recently issued by the NSW Department of Water and
Energy (DWE 2008) to State Water Corporation for the Upper and Lower Namoi Regulated
Water Sources for water supply works under the Water Management Act 2000. The approvals
cover the operations of Keepit and Split Rock Dams and six weirs. Notably:
State Water Corporation is required to develop a protocol for bulk water transfer from Split Rock to Keepit
Dam in consultation with the Department. The protocol must contain operating considerations for
minimising adverse impacts.
Whenever the operation forecasts indicate a deficiency of resources, the Approval Holder (i.e. State Water
Corporation) must within 15 working days of the start of each month prepare proposals for the Minister for
drought contingency matters. The proposals must address whether water orders should be grouped and
released periodically. In preparing the proposals, the Approval Holder should consult with irrigation
industry representatives regarding the circumstances under which these actions should be taken and the
manner of manangement.

Liaison between policy agencies and operators is needed to manage and optimise flow
pulsing. Some examples of areas needing collaboration include:


measurement of unregulated tributary flow



measurement and monitoring of the benefits of pulsing



priority setting and costing because of added complexity of water releases
from storages and weir pools



agreement on management of additional storage that is likely for use in
water banking and piggybacking



agreement on managing dam spills through the increased use of carryover
(continuous accounting) as a strategy for dealing with natural variability and
climate change



investment in non-flow options that will optimise benefits of pulsing such as
fish ladders and mitigation of cold water pollution



development of implementation manuals or ‗works approvals‘
(see notes above) that include protocols for water release and shepherding
down the river system. This may involve coordinated pulsing of weirs along
a river.

Assessment of environmental benefit from pulsing and support for a flow pulsing strategy will
require input from several agencies in each state. For example, the lead agency in NSW for
planning is the Department of Water and Energy, the Department of Environment and Climate
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Change will manage environmental water, and the Department of Primary Industries provides
policy on inland fisheries. These agencies work through a Heads of Water forum and also, as
part of the operating licence for State Water Corporation, have memoranda of understanding
with the operating agency. Additionally catchment management authorities have developed
catchment action plans and report annually on water sharing plans (Figure 14) to the NSW
Natural Resources Commission, which in turn allocates a share of resources to the catchment
management authorities. Reviews are scheduled after five and ten years—again this is an
opportunity for incorporation of pulsing strategies. Details of agency responsibilities and
review arrangements in other states have been summarised in Table 8 (Chapter 3).
Water supplied during conveyance is probably the greatest opportunity for pulsing but, as
noted above, it is not currently recognised in operating manuals or protocols. The demand for
water for various purposes (for consumptive use, for trading, to achieve end of system flows
and increasingly to deliver purchased environmental water to its target site) will affect pulsing
opportunities. These demands need to be collated in ordering systems that are timely for
consumptive users and that can be integrated with tributary inflow from unregulated sources.
Figure 14: Mechanism for review of water sharing plans in New South Wales

Source: DNR (2005)
Additionally, river operators need to be supplied with ecological and geomorphological
information for each river reach so that they can optimise the opportunities for pulsing.
Ecological information includes information on the characteristics of beneficial pulsing
hydrology such as the importance of seasonality, for example the potential benefits of pulsing
in late winter and spring, and possible deleterious impact of pulsing in midsummer in southern
Australia. Geomorphological information is needed to determine likely travel distance and
time from a regulating structure and prospects for bank slumping. This information has been
reviewed in Chapter 2.
In a review of impediments and challenges for managing environmental water, Allan and
Lovett (2007) suggested that the use of volumetric allocations of water are better suited to
wetlands and floodplains and operational procedures are better suited to instream systems.
However, in considering the benefits that can be achieved from various approaches to pulsing
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flows, we suggest that both volumetric allocations and operational use rules are needed in
tandem. Volumetric allocations are clearly needed for ‗piggybacking‘ strategies, but
operational procedures are important to ensure coincidence of pulsing with conveyance or
tributary flow and to ‗massage‘ water pulses along the river system. The introduction of
pulsing into delivery regimes is also critically dependent on operating protocols but volumetric
measures of supply and demand also need to be considered. These will determine the type of
pulsing that can be achieved, such as extent and size of rise and fall, turbulent energy and
scouring potential and travel distance.
We note that the water accounting system for Australia was recently announced by the
National Water Commission (WADC 2008). Pulsing flow opportunities in conveyance are
dependent to a large extent on the place and timing of consumptive demand so that the
accounting system could be helpful, but not sufficient to deal with the important aspect of
operational flow opportunity (pulsing) to achieve environmental benefit. Additional information
on opportunities for conveyance pulsing might be included in the design of the accounting
system.

5.2.4 Monitoring and selection of indicators
Considerable monitoring and evaluation of river condition (river health) is currently undertaken
in Australia, but there is relatively little information about the benefits and impacts of pulsed
flows that can be drawn from these programs because they have not been designed to
enable causal inference. The mismatch between current long-term monitoring of river health,
and the event-based nature of pulsed flows needs to be recognised. Long-term improvements
in river health following the implementation of pulsed flows can be assessed by the existing
monitoring programs. However, river managers will need to implement some event-based
monitoring in addition to the current long term monitoring programs. Coordination and
management of data are also important, with the water quality data warehouses in Victoria
and Tasmania providing an example of workable centralised systems.

5.2.5 Evaluation, review and learning
The National Water Initiative calls for transparency in planning and decision making (Cullen
2006, NWC 2006a). Socio-economic and environmental assessment of changes needs to be
quantified before embarking on pulsing as a central strategy. Decision-making frameworks
that could be used in such assessments are described in Chapter 4. Specific methods include
weighted multi-criteria analysis (Hajokowicz 2004) and a decision support system and
‗ecological response modelling framework‘ (Marsh et al. 2007). Economists favour contingent
valuation or extended choice modelling analysis (e.g. Bennett and Morrison 2001). Agentbased modelling (Nancarrow 2005) and stakeholder analysis and profiles (e.g. Nancarrow
and Syme 2001) will also be valuable in developing assessments of pulsing impact and
priorities. A suite of approaches for social analysis and public participation is being developed
by Griffith University (2008). A variety of participatory learning and participatory governance
for water management are being used at various scales in many developed countries. Ison
and Watson (2007) discuss the social learning process currently used for planning of
Scotland‘s water resources, other European Union examples are provided by Pahl-Wostle et
al. (2007), and Gunderson and Light (2006) demonstrate how participatory learning is
implemented in the Everglades of the USA. Crase et al. (2005) explore similar concepts for
the Murray-Darling Basin.
For instream pulsing at least, the economic costs are likely to be small and social costs for
most irrigators could be overcome by targeted consultation and planning as already
demonstrated in the bulk allocation and conveyance approaches of State Water Corporation
during the current drought. Some stock and domestic users may be faced with storage costs
to enable pulsing to occur.
River operators recognise the importance of pulsing flow through the requirements of
environmental management plans and have experience in pulsing (bulk allocation) to improve
conveyance efficiency in long rivers during drought. Our interviews with several river
operators suggested that they were experienced and motivated to use pulsing for
environmental benefit where infrastructure and demand were suitable, but the absence of
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manuals and protocols means that there is a high reliance on their local and corporate
knowledge. Restructuring of agencies and corporations at present is a threat to effective
implementation of effective pulsing strategies and increases the possibility that important
knowledge about the potential for flow pulsing from different storages will be lost. There is an
urgent need to capture the knowledge from river operators and water managers as well as
from scientists.

5.3 Knowledge gaps and future work
This review of environmental costs and benefits of pulsed flows has identified key knowledge
gaps that limit the ability of water managers to assess the benefits and risks of implementing
pulsed flows. Some of the knowledge gaps relate to specific issues or practices and could be
addressed through focused discipline-based field research, desk-top studies collating existing
information, or surveys/interviews or workshops with river operators and water managers.
Other knowledge gaps involve more complex issues and may be better addressed through an
integrated Australia-wide field-based research program incorporating trial implementation of
pulsed flows.

5.3.1 Key information gaps and future research in individual
disciplines
Geomorphology
One of the key knowledge gaps identified in section two is the extent to which bank slumping
can be attributed to pulsed flows. Several Australian research papers and government reports
note that rapid drawdown of flow can result in diminished bank stability and subsequent
failure in stream channels and weir pools (Walker 1992; Tilleard et al. 1994; Young 2001;
Gippel and Blackham 2002; Thoms et al. 2002; MDBC 2004; RMW 2006; DRAG 2007).
Although this assumption is based on sound physical principles (Casagli et al. 1999), little
scientific evidence exists on the precise conditions under which this process is likely to occur.
In particular, we know little about critical rates of drawdown causing slumping and the
importance of failure resulting from drawdown compared to that resulting from other fluvial
processes, including exposure to prolonged high water levels and bank undercutting by high
velocity flows). Nation and Ladson (2008) have argued recently that rules of drawdown
presently applied in Australia may be excessively conservative and result in significant water
wastage and adverse environmental impacts. To assess the potential adverse geomorphic
impacts of pulsed flows, there is an urgent need for scientific studies seeking to establish the
relationship between water drawdown and bank erosion under a range of channel and flow
conditions (DWE 2008).

Modelling pulsing
There is a range of modelling packages available worldwide that have been used to model
environmental flows and facilitate scenario testing. A single modelling platform is to be
established as part of CoAG Water Reform (CoAG, 26 March 2008), and eWater CRC are
developing a ‗Rivermanager‘ suite of tools. We suggest that modellers be encouraged to
include functions to assess pulsing strategies on short-term and also long-term (decadal at
least) timeframes for prediction and modelling in order to inform the development of optimum
operating protocols for pulsing.

Ecology
Despite wide recognition of the environmental costs of river regulation, a number of
knowledge gaps exist in our current understanding of biological communities and their
responses to altered flow regimes. An important goal of river management aimed at delivering
pulsed flows in Australian regulated rivers is the maintenance of water quality for sustainable
ecological communities. Further research is required to develop hydro-ecological models that
will provide more reliable predictions of system changes in response to a range of
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management options, including the provision of small, large and overbank pulsed flows. For
example, the development of models for predicting algal blooms would permit the testing of
management strategies without disrupting river discharge patterns and are resource neutral.
The importance of an evidence-based approach to reducing the occurrence of algal blooms in
regulated rivers is that sound data and robust models enable economic, social and biological
trade-off analyses to be undertaken for all flow scenarios. Models based on non–site-specific
attributes such as critical velocities will best facilitate the prediction of algal bloom occurrence,
but at present they are constrained by the lack of existing baseline data resulting in reduced
confidence in risk-based assessments.
Improving knowledge of the properties and distribution of potential sources of contaminants,
such as saline and sulfidic soils in the floodplain, and developing risk-based predictive models
to determine the likelihood of them being mobilised under different flow scenarios, is essential
for effective management of pulsed flows. Options such as pulsed irrigation flows rather than
sustained releases could deliver water for extractive use and alleviate many salinity issues in
times of low rainfall. Where insufficient water is available for successful dilution, the
decision-making process will need to include an assessment of the social, economic and
ecological value of impacted reaches to decide if pulses should be released. Hart et al. (2003)
developed and tested a disturbance–response conceptual model for assessing risks from
increased salinity in a catchment context, but this approach could easily be adapted to model
risk-based assessments for a range of water column contaminants such as nutrients and
algal blooms. However, at present information on the resilience of an ecosystem to
disturbances, how to better quantify the linkages between the key stressors and the biotic
components, and how to better handle uncertainties are required to further the riskassessment approach.
It is important to note that managing pulsed flows for positive environmental outcomes, such
as diluting saline flows, also carries the risk of diluting potentially beneficial transport of
nutrients downstream and highlights the importance of a thorough understanding of nutrient
cycles in each system. Overbank floodwaters delivered by pulsed flows are expected to
induce ecological responses of floodplains in accord with the Flood Pulse Concept (Box B). In
line with this hypothesis is the practice of piggybacking environmental flow releases onto
catchment runoff events in many rivers. The philosophy is that ‗more is better‘, and that an
increased quantity of water will yield increased environmental benefits. However, Australian
researchers have demonstrated that catchment runoff events in lowland rivers have a
different chemical character and metabolic response to pulsed releases from impoundments.
Topping up rainfall driven events with managed releases that do not connect with the
floodplain and entrain organic material may dilute potentially ecologically beneficial nutrients.
Further to this, the contribution of floodplain productivity to biogeochemical processes in rivers
through the transport of labile materials from floodplains to the main channel is largely
untested in Australian systems. More research is needed to demonstrate the applicability of
the Flood Pulse Concept to regulated floodplain systems in an Australian landscape of
severely degraded floodplain habitats.
Biofilm communities make a significant contribution to the primary productivity that sustains
riverine food webs. However, little is known about the role of flow variation such as low flow
pulses and desiccation as mechanisms that regulate the structure and function of biofilms.
Only a few studies in Australian systems have examined the effects of flow velocity from
floods or managed flow pulses on biofilm scouring or productivity. Although the transferability
of these outcomes to other river systems have not been fully tested, recommendations for
scouring benthic algae from riverbeds are common targets in many environmental flow
strategies (e.g. Snowy River Benchmarking Report 2001). Further research to better
understand the mechanisms regulating benthic algal resilience and resistance to flow velocity
are required for designing pulsed flows that aim to effectively scour biofilms. Identification of
thresholds for the response of biofilm biomass and algal taxa to flow velocity should be based
on knowledge of antecedent flow conditions regulating biofilms. These thresholds require
validating in field situations across a range of systems to explore the transferability of findings
from one river type to another. This approach is central to the ELOHA approach (Arthington et
al. 2006)
In order to develop effective predictive models of the responses of aquatic communities to
flow pulsing options, improved baseline ecological data are required for a range of Australian
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plant and animal species. For example, there is limited published information on the water
regime requirements of important plant species that commonly occur in the riparian zone and,
the responses of aquatic invertebrates to river management initiatives are generally poorly
documented. Additionally, further studies on the effects of pulsed flows on fish habitat
requirements, breeding, and recruitment are essential to improve decisions about the delivery
of environmental flows as some pulsed flows have the potential to be detrimental to certain
species or life stages (Pusey et al. 2004). Therefore, more data are required on the flow
preferences of a range of Australian riverine biota, with the acquisition of these data best
achieved through the use of controlled experiments.

Socio-economic studies
Decisions about how, when and why to use pulsed flows as part of river management are
only partly influenced by biophysical parameters. The various water needs/desires of society
clearly constrain actions by water operators, and there are wider issues around the social
acceptance of actions, and social learning about the impacts of pulsed flows. It is tempting to
treat social and economic information needs as simple data gathering exercises that feed into
conventional management paradigms, but it is useful to step back and ask ‗how best can we
learn?‖ This review has shown the complexity of the socioecological system that drives water
management in Australia, suggesting that an adaptive, participatory, social approach to
learning and management is required (see Poff et al. 2003). Institutional structures currently
exist, or can be modified, to facilitate communication of information and understanding. These
include:


Regional and valley based consultation—Existing consultative processes could
be explored, with the caveat that they are provided with the capacity to be integrated
and adapted (and maybe charged with the responsibility) for considering pulsing
flow. For example, these may include State Water Corporation Customer Service
Committees (that now include environment as a customer in NSW regulated river
valleys) and a state wide Community Consultative Committee that is required as part
of operating licence.



State level consultation—It may be possible to promote and facilitate partnerships
between NGOs such as the NSW Nature Conservation Council, and the state
agencies responsible for environmental policy, environmental water management,
fisheries, and river operators to ensure the best environmental benefit with scarce
water. This is already being considered in NSW with the Department of Water and
Energy, Department of Environment and Climate Change, Department of Primary
Industries (fisheries), and State Water Corporation. The opportunity to incorporate
pulsing provisions during the review of water sharing plans in the various states and
territories could be investigated.



National and cross-jurisdictional approaches—A national approach to pulsing
water could be facilitated by partnership between the new Murray Darling Basin
Authority and state jurisdictions through organisations such as the Australian
Conservation Foundation and World Wide Fund for Nature.
The capacity to use national registers on water balance and trading to include
potential for pulsing delivery should be investigated. Processes to break down the
current separation of reporting for environmental and consumptive use would
facilitate opportunities for pulsing all water during conveyance, and would increase
the opportunities for learning about the impacts of pulsing.

Case studies of large (e.g. Glen Canyon) and small (e.g. the Mitta Mitta River) adaptive
management approaches to pulsed flows have been provided in this review. Despite the
difference in scale, these two projects show that actively seeking new knowledge, combined
with transparent operations which encourage input from a variety of stakeholders can enable
water managers to use emerging information and knowledge promptly. The challenge for
water policy is to build on this knowledge to develop institutional processes that support
nested cycles of adaptive management and learning. Pulsed flows may provide a focus for
testing emergent institutional process.
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Achieving this is likely to need various kinds of studies, including:


Standard economic valuation approaches—such as cost benefit and cost
effectiveness analysis. The costs of pulsing may include the need for more storage
for consumptive users or increased use of mid-river en route storages or weirs
leading to evaporation losses. Impact on recreational users is another consideration.
Assessing the economic benefits of pulsing requires considerable research and is
constrained by the small investment in monitoring and evaluation. We suggest that
reaches of rivers are selected for hypothesis testing.



Social impact assessment (SIA) of changes to operating procedures and
deliveries—SIA explores how particular actions will affect people‘s way of life, their
culture and their community (Bronstein and Vanclay 1995). SIA uses a range of
social science disciplines to anticipate the consequences of proposed actions or
possible events, and explores alternatives and possible mitigating activities. SIA may
be needed if a large change to river operations is proposed either as a test pulse
(that may have large impacts) or as a long-term change.
It is unlikely that many activities undertaken around pulsed flows will have sufficient
impact to warrant a full scale SIA. It is suggested that participatory or collaborative
action research models would provide the necessary platform for social learning. For
example participatory action research brings a variety of stakeholders into the
enquiry process itself (Allan, Davidson and Curtis 2007). Adopting participatory
action research in pulsing flows could involve, for instance, agency representatives,
river operators, local residents, local river users, environmental group
representatives, and a variety of biophysical and social scientists working together to
develop hypotheses, use acceptable changes to river operations to test them,
consider and analyse the results, and develop new guidelines or operating rules and
possibly new hypotheses. The advantage of this approach is that the lessons are
more readily available and socially acceptable for implementation than may be the
case with conventional scientific enquiry. This approach could be tested in
demonstration reaches.

5.3 2 Integrated studies
Adaptive management can provide the framework within which the value of different studies
and forms of knowledge can be collated, assessed and used. Developing integrated, adaptive
studies will be expensive, as some human resources must be expended in maintaining the
communication and decision making structures. There is sufficient understanding of rivers,
pulsed flows, governance and participatory learning to develop firstly a set of criteria for
selecting trial catchments or reaches for integrated studies, and then for initiating integrated,
adaptive projects with pulsed flows as the learning and management focus. Lessons learned
from the management of these integrated projects could then be shared with other projects in
the water management discipline.
We have found that river operators are keen to implement pulsing to achieve environmental
benefit, and environmental management plans explicitly recognise the importance of restoring
hydrological variation in supply. Information to inform decision making could be provided in
suitable format for river operators so that they can use their best judgment on where and
when to pulse. There is a need for an integrated engineering, hydrological and biophysical
review to map the potential for pulsing from all major storages and weir pools. This would
identify infrastructure and physical constraints within river systems and identify where it is
feasible to deliver pulses of different magnitude. Biophysical information required would
include ecological constraints on timing of flow pulses, the travel distance and time from a
regulating structure to the target site, and potential for bank slumping and other adverse
consequences. The review should also incorporate information from current dam operators,
who have a wealth of knowledge about the opportunities to pulse flows that could be lost due
to retirement, re-structuring and workforce mobility. A decision tree for each major storage
could help river operators optimise the opportunities for instream pulsing; this could be
incorporated into operating protocols for bulk water suppliers. To date this has been
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undertaken in only a few river systems, such as the Brisbane River e-flows study for
Wivenhoe Dam (Arthington et al. 2000).
An integrated program of field-based research is needed to identify, assess and test ways of
using flow pulsing to increase environmental benefits without compromising water delivery
efficiency. Due to the complex nature of introducing change into dam operations, this
research program should integrate the environmental and socio-economic dimensions of
pulsed flow management. Case studies or demonstration reaches from several different river
systems should be established to explore the transferability of findings. This research
program should:
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trial principles of better dam management and operation and provide river managers
with knowledge and tools for changing the operation of large dams and weirs to
optimise environmental benefits



identify methods to engage stakeholders and implement active adaptive
management



demonstrate an integrated approach to trade-off and win-win options (minimisation
of socio-economic impact and maximisation of environmental benefit).
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Glossary
Abiotic

Non-living (see biotic).

Acid sulfate soils

Sulfate-rich soils, common in low-lying coastal regions, that when
exposed to aerobic conditions (e.g. by clearing and drainage for
agriculture) can yield extremely acidic runoff

Adaptive
management

Deliberate learning from the implementation of policy through
management actions

Algal bloom

A dense proliferation of algae in a wetland, often due to eutrophication

Alkalinity

An expression of the buffering capacity of water, measured as the
milliequivalents of hydrogen ions neutralised by a litre of water
(expressed as CaCO3 in mg/L)

Allochthonous

Created outside the ecosystem. Commonly used to refer to organic
matter produced from photosynthesis in the catchment rather than
within the wetland (cf. Autochthonous).

Anaerobic

Without air

Anion

A negatively charged particle (e.g. Cl ).

Anoxic

Without oxygen

Autotroph

Primary producer—an organism that uses sunlight (photosynthesis)
and inorganic chemicals to make its own nutritive substances (e.g.
plants). Some autotrophs use chemical energy sources
(chemosynthesis). Primary production is synonymous with autotrophy

Autochthonous

Created within the ecosystem. Refers usually to organic matter
produced from photosynthesis within the wetland (cf. Allochthonous)

Benthic

Bottom-dwelling. Usually refers to organisms living on the substrate at
the bottom of a wetland. This assemblage is collectively known as
benthos

Biofilm

Living layer of microorganisms, micro-algae, and other tiny biota
coating substrates such as gravel particles, rocks, plants, etc.

Biomass

The total mass of living material occupying a specific part or the whole
of an ecosystem at a given time. Usually expressed as live or dry
weight per unit area)

Blue-green algae

Members of the Cyanobacteria (or Cyanophyta), characterised by bluegreen pigmentation and a lack of cellular organisation

Chemocline

A density gradient formed by a difference in salt concentrations

Conductivity

Or specific conductance, an indirect measure of charged particles
(electrolytes) in water. Conductivity can be used to estimate salinity but
requires caution because charged organic acids can contribute to
conductance

Diatom

Member of the algal division Bacillariophyta, characterised by a cell wall
of two siliceous valves
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DOC

Dissolved organic carbon not retained by membrane filters < 0.45 µm

DOM

Dissolved organic matter not retained by membrane filters < 0.45 µm

Epilimnion

The layer of water above the thermocline in a stratified lake. This
surface mixed layer is usually of uniform water temperature and is wellilluminated

Epiphyton

The biofilm occurring on plants (epi = on, phyton = plants). Epiphytes
can be plants or animals that grow attached to plants, using them as
support rather than as a direct source of organic matter

Eukaryotes

A major group of single-celled and multicellular plants and animals
characterised by cells that have a nucleus with a membrane around it
and with their DNA within chromosomes (see prokaryotes)

Euphotic zone

The upper section of a water mass penetrated by light of sufficient
intensity and of suitable wavelength to promote photosynthesis by
aquatic plants. For convenience, this zone has been defined as the
water down to a depth where 99% of the light during the period of
maximum illumination has been absorbed. Sometimes also called the
photic zone or photozone)

Eutrophication

The nutrient enrichment of a waterbody, usually leading to growth and
proliferation of large masses of plant material (phytoplankton,
macrophytes, or both

Green algae

Members of the algal division Chlorophyta characterised by green
chloroplasts. May be unicellular (e.g. desmids), filamentous (e.g.
Spirogyra), colonial (e.g. Volvox) or macrophytic (e.g. Chara)

Gross stream
power

(Ω) = ρgqs (units Wm ), where ρ is the density of water, g is
gravitational acceleration, Q is discharge and s is water surface slope.
Clearly, large streams on steep slopes have high values of Ω

Heavy metals

Metals with high atomic weights (e.g. Pb, Zn). Usually, these metals
are toxic at low concentrations to most plant and animal life

Heterotroph

A consumer - an organism that obtains energy by degrading organic
molecules originally made by autotrophs

Hydroperiod

The period of time during which a wetland is covered by water

Hypolimnion

The water mass below the thermocline in a stratified lake. Often this
water is poorly illuminated and chemically distinctive

Hyporheic zone

The wetted interstitial zone among sediments below and alongside
rivers; inhabited by many animals specialised for a hypogean
existence (termed the ‗hyporheos‘)

Irrigation salinity

Accumulation of salt (usually NaCl) in soil, water and groundwater due
to irrigation practices. Differeing in origin from dryland salinity, which is
the accumulation of salts (usually NaCl) in soils, soil water, and
groundwater, often as a result of clearing native vegetation
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Labile

Readily available for breakdown, when used in reference to organic
matter, in contrast to refractory organic matter. Most labile dissolved
organic matter (DOM) comprises low molecular weight compounds
such as simple sugars

Limiting nutrient

Nutrient limiting growth and/or potential standing crop.

Macronutrients

Nutrients required in large amounts (e.g. N, P)

Macrophytes

Large aquatic plants, including submerged, floating and emergent
plants

Metalimnion

The layer between the epilimnion and hypolimnion of a stratified lake,
occupied by the thermocline

Micronutrients

Nutrients required in small amounts

Periphyton

The biota attached to submerged surfaces

pH

The hydrogen ion concentration. Acidic solutions have ph<7, basic
solutions have ph >7

Photoautotropic

Capable of using light to synthesise food from inorganic substances

Photosynthesis

Process whereby plants use solar energy, water and carbon dioxide to
generate organic molecules. Key nutritive pathway for autotrophs

Phreatophytic

Deep-rooted, groundwater-using plants

Phytoplankton

The photosynthetic plankton (algae and Cyanobacteria)

Producers

General term given to organisms that fix carbon into organic matter,
usually via photosynthesis; autotrophs

Prokaryotes

Major group of organisms whose cells lack nuclei and whose DNA is
not organised into chromosomes. They include bacteria and
Cyanobacteria (blue-green algae)

Redox potential

The ability of a solution to oxidise or reduce; usually measured with
specialised electrodes

Shear stress

(τ) = ρgds (Units Nm ), where d is the flow depth

-2

Shear stress is a force per unit area and expresses the component of
the weight of water that acts parallel to the bed (ie, in a downstream
direction). Studies of sediment entrainment often use shear stress as
the controlling parameter
-2

Specific stream
power

(ώ) = ρgqs/w (Units Wm ), where w is channel width

Stratification

In wetlands, the separation of different layers of water due to different
densities. Densities may vary because of temperature, salinity,
suspended sediment, or a combination of these
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Specific stream power measures power per unit area of the channel
perimeter and is therefore useful in the comparison of streams of
different size
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Stream velocity (v)
in m/s

Is the rate of flow usually expressed as the mean for a given cross
section or as some value in the water column immediately above the
sediment to be entrained (e.g. the mean velocity 1 m above the bed)

Thermocline

The steep vertical temperature gradient between two of the layers in a
stratified lake. Typical of temperate-climate lakes during the summer,
but commonly found under less definable circumstances in many
tropical lakes

Turbidity

The cloudy appearance of water due to suspended material

Wicked problems

Problems which are difficult to define, and for which impacts of possible
solutions may be worse than the original problem. Addressing wicked
problems always requires the input of multiple actors
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Acronyms
ACCC
ANCOLD
ANZECC
ARMCANZ
AUSRIVAS
BBM
BWQMP
CAP
CMA
COAG
CPOM
CRC
CSIRO
CSU
DEC
DECC
DIPNR
DLWC
DNR
DNRE
DNRW
DOC
DPIW
DRAG
DRIFT
DSE
DWE
DWLBC
ELOHA
EMP
EPA
EWA
FPC
GCMRC
IFIM
IHA
IMEF
IPART
IQQM
ISC
MDBC
MDBMC
MER
MI
MOU
NCC
NRC
NRM
NWC
NWI
NWQMS
PAR
PBH
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Australian Competition and Consumer Commission
Australian National Committee on Large Dams
Australian and New Zealand Environment Conservation Council
Agriculture and Resource Management Council of Australia and New
Zealand
Australian River Assessment System
Building block method
Baseline Water Quality Monitoring Program
Catchment Action Plan
Catchment Management Authority
Council of Australian Governments
Coarse particulate organic matter
Co-operative Research Centre
Commonwealth Scientific and Industrial Research Organisation
Charles Sturt University
New South Wales Department of Environment and Conservation
New South Wales Department of Environment and Climate Change
New South Wales Department of Infrastructure, Planning and Natural
Resources
New South Wales Department of Land and Water Conservation
New South Wales Department of Natural Resources
Victorian Department of Natural Resources and Environment
Queensland Department of Natural Resources and Water
Dissolved organic carbon
Tasmanian Department of Primary Industries and Water
Darling River Action Group
Downstream response to imposed flow transformations
Victorian Department of Sustainability and Environment
New South Wales Department of Water and Energy
South Australian Department of Water, Land and Biodiversity Conservation
Ecological limits of hydrologic alteration
Environmental Management Plan
Environment Protection Authority
Environmental water allocation
Flood pulse concept
Grand Canyon Monitoring and Research Centre
Instream flow incremental methodology
Index of hydrological alteration
Integrated monitoring of environmental flows
New South Wales Independent Pricing and Regulatory Tribunal
Integrated Quantity and Quality Modelling
Index of stream condition
Murray-Darling Basin Commission
Murray-Darling Basin Ministerial Council
New South Wales Natural Resources Monitoring, Evaluating and Reporting
Strategy
Murrumbidgee Irrigation
Memorandum of understanding
New South Wales Nature Conservation Council
New South Wales Natural Resources Commission
Natural Resource Management
National Water Commission
National Water Initiative
National Water Quality Management Strategy
Participatory action research
Pressure-biota-habitat
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PHABSIM
POC
POM
RHSS
RMCWMB
RNWS
RPM
RVA
SCADA
SEDNET
SIA
SIMRAT
SKM
SWC
SWS
TSS
UNE
VRHS
WADC
WIST
WSP

Physical habitat simulation
Particulate organic carbon
Particulate organic matter
Regional River Health Strategy
River Murray Catchment Water Management Board
Raising National Water Standards
Riverine productivity model
Range of variability approach
Supervisory control and data acquisition
Sediment river network modelling software
Social impact assessment
Salinity impact rapid assessment tool
Sinclair Knight Merz
New South Wales State Water Corporation
Sustainable water strategy
Total suspended solids
University of New England
Victorian Rivers Health Strategy
Water Accounting Development Committee
Water Information System of Tasmania
Water sharing plan
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