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Executive summary 

Rivers, lakes, wetlands and other freshwater ecosystems in many regions of Australia have suffered 
severe degradation from the combined effects of over allocation of water and drought. Our ability 
to protect, restore and sustainably manage these ecosystems and the biodiversity within them has 
been limited by a lack of information about how changes in flows affect these ecosystems. There is 
an urgent need for longer-term, whole of system, integrated ecosystem science to provide decision 
makers with the information required for sustainable water resource management in Australia. 

To address this need, CSIRO and its partners developed the Ecological Responses to Altered Flow 
Regimes Cluster: the Cluster brought together Australia’s leading freshwater ecologists from five 
universities – Griffith, Monash, Charles Sturt and La Trobe Universities and the University of NSW – 
and the Arthur Rylah Institute for Environmental Research.  

With a focus on the Murray-Darling Basin, the Cluster’s research addressed key ecological 
knowledge gaps relating to environmental flow management, including: analysis of flow regimes, 
ecological assets, key habitats and refugia; research on flow-dependent ecological responses; 
assessment of aquatic habitat condition and trend, and; the development of ecological models to 
integrate information for conservation and resource delivery planning.  

The research outcomes synthesised in this report are organised around five questions: 

1. What are the different types of freshwater ecosystems and where are they?  

2. What are the flow-related threats to freshwater ecosystems, and how do they differ across 
the Murray-Darling Basin?  

3. How do freshwater ecosystems respond to these flow-related threats and what is the 
likelihood they will respond to environmental flows?  

4. Can river managers optimize delivery of environmental flows to improve environmental 
outcomes? 

5. How can river managers measure the success of the application of environmental flows?   

To understand the types of freshwater ecosystems and their spatial distribution, the Cluster 
developed a basin-scale classification of freshwater ecosystems and assessed how these 
ecosystems have been affected by threats such as water resource development and land use 
change. As expected, impacts are not uniform across the Murray-Darling Basin – different 
components of the flow regime are affected in different regions and some freshwater ecosystems 
are affected more by water resource development than others. In some regions, the cumulative 
effect of bores, farm dams and levees pose a greater threat to freshwater ecosystems than large 
dams. 

Combining new research with previous research findings, the Cluster quantified the response of 
freshwater ecosystems to flow-related threats. This work provides a high-level of scientific 
confidence that flow alteration is a major driver of the observed changes in freshwater ecosystems 
and demonstrates with high confidence that degradation in freshwater ecosystems can, at least 
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partially, be addressed through the provision of environmental flows. Case studies demonstrate the 
benefits of environmental water allocations that deliver important aspects of the flow regime – 
addressing seasonality, low flows, high flows, floodplain inundation and flow pulses.  

Optimizing the delivery of environmental flows to achieve the best outcomes for the least cost is an 
ongoing challenge for natural resource managers. Using optimization modelling, the Cluster has 
developed an approach for delivery of held environmental water1 that provides greater confidence 
in the delivery of environmental flows. Optimisation allows multiple ‘solutions’ to be explored, 
which promotes flexibility in the planning of environmental flows, and provides opportunities for 
stakeholder involvement in the decision-making process.  

The provision of environmental flows from held environmental water will address some, but not all 
of the flow-related threats to freshwater ecosystems in the Murray-Darling Basin. Environmental 
flow releases from dams cannot reach all parts of the Basin and there are also limits to the types of 
flows that can be practically delivered. The Cluster estimated the proportion of each type of aquatic 
habitat that can receive environmental water from regulated river flows. Using predictive models 
for species, the proportion of the habitat of key aquatic species that can be influenced by held 
environmental water was estimated. This work highlights that, for many species and aquatic 
habitats, interception and pumping rules and other forms of flow management will be important. 

The Cluster’s research findings contribute to the ongoing national effort to increase the 
understanding of flow-ecology relationships. New and improved tools provide natural resource 
managers with access to information for the conservation of important freshwater species and 
ecosystems as well as for prioritizing management actions to mitigate threats and restore 
environmental assets and values; these include: 

• Basin-scale classification and mapping of ecological assets and flow related and non-flow 
related threats to their ecological condition.  

• Flow-ecology response models for different components of the flow regime.  

• Optimization modelling of environmental flows to inform the delivery of environmental 
water.  

• Methods for monitoring and assessing the outcomes of environmental water allocations. 

 

 

 

 

 

 
 

                                                           

 
1 This is water available under an access, delivery or irrigation right that is managed to achieve environmental outcomes 
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Key messages:   

• The effects of water resource development and changes to flow regime are not uniform across 
the Murray-Darling Basin. The Cluster has produced a basin-scale classification and mapping of 
freshwater ecosystems and assessed how these ecosystems have been affected by water 
resource development and land use change. 

• Impacts to freshwater systems are not only due to flow regulation and the impact of large dams 
– bores, farm dams and levees are a significant issue in many parts of the Murray-Darling 
Basin. The Cluster has mapped these threats at the basin-scale and quantified the proportion of 
each freshwater ecosystem that may be affected. 

• While multiple stressors impact freshwater ecosystems, flow alteration is a major driver of 
observed changes and these changes can be addressed through provision of environmental 
flows. The Cluster has refined optimization modelling to give greater confidence in the delivery 
of environmental water to achieve the best outcomes and address important aspects of the 
flow regimes (seasonal flow reversal, low flows, high flows and floodplain inundation and flow 
pulses).  

• Environmental flows from held environmental water will not address all of the flow-related 
threats to freshwater ecosystems in the Murray-Darling Basin. The Cluster has estimated the 
proportion of each type of aquatic habitat that can be watered from regulated river flows and 
the impact this is likely to have on key aquatic species.   

• Monitoring the success of environmental flow interventions has proven to be a major 
challenge. Work within the Cluster has identified robust indicators that are responsive to flow 
alteration. These will prove useful in measuring success of environmental watering in the 
future. 
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1 Introduction 

Water management context 

A major challenge for society is to meet human needs for water, food and energy without 
degrading the essential goods and services that healthy rivers and wetlands provide. Meeting this 
challenge requires water managers to understand the threats to freshwater ecosystems and be 
able to identify the most effective management actions to protect biodiversity and ecosystem 
health and, where necessary, to rehabilitate degraded systems. This is complicated because 
freshwater ecosystems are often impacted by multiple stressors; including pollution from urban 
areas and agriculture, modification of riverine and floodplain habitats, invasive species, fishing and 
harvesting, loss of connectivity due to barriers (such as weirs, dams and road crossings) and the 
alteration of natural flow regimes (Vörösmarty et al., 2010). These in turn are compounded by 
changing climate (Settele et al., 2014). Given these pressures, it is not surprising that freshwater 
ecosystems are considered to be among the most threatened on the planet (Dudgeon et al., 2006). 

Rivers, lakes, wetlands and other freshwater ecosystems in many regions of Australia have suffered 
severe degradation from the combined effects of over-allocation of water and drought. Within the 
Murray-Darling Basin (MDB), only 1 of 23 river valleys assessed by the Sustainable Rivers Audit in 
2008 was described as being in ‘Good’ condition while 13 were classed as ‘Very Poor’ (Davies et al., 
2008). The ecological condition of wetlands of international significance in the MDB – those listed 
under the Ramsar Convention2 – was also in decline with 3 of the 16 listed wetlands the subject of 
reports to the Ramsar Convention Bureau due to changes in ecological character. Drought-breaking 
rains in 2009–10 brought welcome flows to many of these wetlands; however, CSIRO projections 
suggest that future conditions are expected to be drier than the past for most of the MDB (CSIRO, 
2008).  

Addressing river degradation and over allocation of water, and improving water resource 
management became national priorities (NWC, 2007) and the focus of the Australian Government’s 
Water for the Future initiative. One of four priorities of Water for the Future, was ‘supporting 
healthy rivers and wetlands’ through sustainable diversion limits for the MDB (to address over 
allocation of water), purchasing of water entitlements for the environment and allocating water to 
the environmental assets that most need to be protected or restored (DSEWPC, 2010). These 
priorities are now reflected in the Murray-Darling Basin Plan through specific objectives in relation 
to environmental outcomes (s5.03, Australian Government, 2012).  

                                                           

 
2 Convention on Wetlands of International Importance especially as Waterfowl Habitat commonly referred to as the "Convention on Wetlands 
(Ramsar, Iran, 1971)". 
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Freshwater ecosystems in Australia 

The ability to protect, restore and sustainably manage environmental assets – that is, freshwater 
ecosystems and the biodiversity within them – in line with the objectives of the Commonwealth 
Water Act 2007 (Water Act), has been constrained by a lack of information. In particular, 
information is needed to understand how changes in flows due to stressors such as over allocation 
of water, alteration of flow regimes and drought affect these ecosystems and the organisms within 
them, and consequently how allocating water under the Murray-Darling Basin Plan may support 
healthy rivers and wetlands.  

The flow regime is a primary determinant of the structure and function of freshwater ecosystems – 
‘the maestro that orchestrates pattern and process’ (Walker et al., 1995). Understanding natural 
patterns of flow in time and space and the associated ecological consequences of altering patterns 
of flow variability is fundamental to the management of environmental water allocations for river 
and wetland ecosystems (Arthington, 2012). Riverine and wetland scientists have a good 
understanding of how ecological processes and ecosystem structure and function depend on 
hydrologic variation (Bunn and Arthington, 2002; Lytle and Poff, 2004) and this provides a strong 
foundation for addressing information and knowledge gaps. 

Unfortunately, the detailed knowledge of freshwater ecosystems required to support water 
resource management has not kept pace with the increasing problems caused by past management 
approaches (Likens et al., 2009), and is currently inadequate to meet the objectives of the Water 
Act. There are few studies where ecological responses have been quantified in response to various 
degrees or types of flow alteration. Empirical models that directly predict ecological responses to 
various types and degrees of flow alteration such as timing, quantity, and duration are not readily 
available (Poff et al., 2010). Similarly, while scientists have some knowledge of the role of specific 
flow events, they have much less information about the influence of flow regimes and how the 
antecedent flow conditions, within which an event is embedded, affects the ecological response to 
that event (Leigh et al., 2010). The ecological integrity of rivers is also known to depend on factors 
other than the flow regime (Lytle and Poff, 2004); however, quantitative understanding of how flow 
interacts with these other factors is limited and insufficient to support the objectives of water 
management plans and processes (e.g. Kennard et al., 2007).  

Addressing the research need 

Policy makers and river managers, including the Commonwealth Environmental Water Holder, state 
agencies and the Murray-Darling Basin Authority (MDBA), require ecological knowledge to inform 
and assess decisions in relation to environmental water allocations.  

The Ecological Responses to Altered Flow Regimes Cluster was formed to address these knowledge 
gaps and develop tools for environmental monitoring, risk assessment and managing 
environmental water allocations in the MDB building on the comprehensive hydrologic modelling 
undertaken as part of the MDB Sustainable Yields Project (CSIRO, 2008). The Cluster brought 
together Australia’s leading freshwater ecologists from Griffith, Monash, Charles Sturt and La Trobe 
Universities, the University of NSW and the Arthur Rylah Institute for Environmental Research 
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(Department of Sustainability and Environment, Victoria), to work with CSIRO to address some of 
these knowledge gaps.  

The Cluster’s research was specifically focussed on the ecological knowledge needed to support the 
management of environmental water allocations in the MDB. Due to a combination of over 
allocation of water and recent drought, freshwater ecosystems in the MDB are among the most 
stressed in Australia.  However, approaches developed here are likely to be transferable to other 
regions of Australia.  

The Cluster undertook research and development around four main areas – discussed in detail in 
accompanying technical reports3– each addressing key ecological knowledge gaps relating to the 
management of environmental water allocations: 

• Flow regimes, ecological assets, key habitats and refugia, which used spatial data to 
characterise and classify water resources and environmental assets across the MDB. An 
important output is an inventory of the hydrology, ecology, land use activities, climate and 
physical characteristics of freshwater ecosystems in the MDB – a precursor for planning.  

• Flow dependent ecological responses, in which new field data describing the responses of a 
wide range of plants and animals to changes in river flows were collected and synthesized. 
This work improves our knowledge of the water requirements of a range of key species and 
ecosystems.  

• Optimisation models for environmental flows and freshwater conservation planning, which 
integrated information from the subprojects into water allocation models for conservation 
and rehabilitation planning. This allows water managers to optimise the delivery of 
environmental water allocations for conservation values.  

• Assessing aquatic habitat condition and trend, which described priorities and protocols for 
monitoring the response of ecosystems and organisms to current and future changes in 
flows. This work ensures that water managers are able to measure the effectiveness of the 
delivery of environmental water.  

  

                                                           

 
3 The technical reports for each of the four areas addressed by the Cluster may be downloaded from the CSIRO website 
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Synthesis of research findings 

A summary of the research undertaken by the Cluster and key findings are outlined in this Synthesis 
Report. Outcomes arising from the research are summarised in Sections 2 to 6 and these are 
organised around five core questions:  

1. What are the types of freshwater ecosystems and where are they? A classification of 
freshwater ecosystems is presented in Section 2.   

2. What are the major flow-related threats to these assets, and how do they differ across the 
MDB? An assessment of the threats to freshwater ecosystems and quantification of how 
these vary across the MDB is presented in Section 3.  

3. How do freshwater ecosystems respond to these flow-related threats and what is the 
likelihood they will respond to environmental flows? Section 4 presents new information on 
ecological responses to changes to flow regime along with an assessment of scientific 
confidence based on the evidence in the scientific literature and level of agreement.  

4. Can we optimize flow delivery to improve environmental outcomes? Section 5 presents new 
approaches to managing environmental flows based on optimization modelling and 
predictive distribution modelling of key aquatic species.  

5. How can we measure the success of the application of environmental flows? Section 6 
presents robust indicators that are responsive to flow alteration.   

Finally, Section 7 provides recommendations on what is needed to continue to build our 
understanding of important flow-ecology relationships to guide environmental water management 
and prioritize investment in protection and rehabilitation.  

The findings from this research should be viewed as a work in progress – a part of a larger effort of 
knowledge generation to underpin water management – illustrating new approaches to analysing 
existing datasets and identifying data limitations and knowledge gaps.  

Tools developed by the Cluster for use in managing environmental water allocations allow water 
managers and policy makers to access and utilise new information. These include: 

• Ecological assets are classified and mapped at the Basin scale, together with flow related 
and non-flow related threats to their ecological condition.  

• Flow-ecology response models are tested for different components of the flow regime, 
integrating new and existing knowledge.  

• New developments in optimization modelling of environmental flows provide guidance for 
the delivery of environmental water allocations.  

• Methods are provided for monitoring and assessing the outcomes of environmental 
watering. 
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2 Classifying freshwater ecosystems  

Key messages 

This section addresses the question: What are the types of freshwater ecosystems and where are 
they?  

• The Cluster has produced a basin-scale classification and mapping of freshwater ecosystems 
known as the ‘Murray-Darling Basin Aquatic Assets and Environmental Attribute 
Geodatabase’ (the Cluster Geodatabase). 

• For the first time, ecological assets are classified and mapped across the entire MDB using a 
comprehensive and consistent approach. 

• Modelled predictions of fish species distributions have been mapped for the entire MDB. 

• The modelled data layers provide high quality biodiversity surrogate datasets that can form 
the basis for further quantitative spatial prioritisation activities; such as, the development of 
conservation management plans for the MDB. 

• This work provides critical knowledge to support implementation of the Basin Plan, and 
informs the development of sustainable diversion limits and appropriate environmental 
watering strategies to protect and restore the MDB’s ecological assets. 

Water management context 

The MDB is home to a range of freshwater ecosystems, including rivers, lakes, wetlands and 
floodplains. These ecosystems not only provide clean water, food and recreational values (e.g. 
angling, boating), but have important cultural and intrinsic ecological values, including many unique 
species of water-dependent plants and animals that are important in the maintenance of local, 
regional and continental biodiversity. The Murray-Darling Basin Plan (Basin Plan) sets out specific 
objectives4 relating to the protection and restoration of the water-dependent ecosystems and 
biodiversity of the MDB (s5.03, Australian Government, 2012).  

In order to achieve Basin Plan objectives, water managers require knowledge of the types of water-
dependent ecosystems present in the MDB and their biota. Climate, natural flow regimes, river 
habitats and catchment attributes differ substantially across the vast area of the MDB; 
consequently the types of freshwater ecosystems also differ substantially across the Basin. 
Differences in the landscape influence the character of freshwater ecosystems, their flow regime 
requirements, and the way in which they are likely to respond to altered flow regimes and climate 
change. Despite this inherent variability, a comprehensive and spatially explicit characterisation of 
ecological assets across the Basin has been lacking. An important prerequisite for achieving the 

                                                           

 
4 Commonwealth Water Act 2007, Basin Plan (2012) Section 5.03 Objectives and outcome in relation to environmental outcomes, (1) a, b, c, d.  
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objectives of the Basin Plan is to be able to characterise and map the distribution of ecological 
assets throughout the Basin.   

Identification and characterisation of freshwater ecosystems  

A basin-scale interim classification of freshwater ecosystems (rivers, lakes, wetlands and 
floodplains) was undertaken using the spatially consistent mapping and environmental attribute 
information generated from the Cluster Geodatabase (see Box A). The aim was to develop a 
physical classification of freshwater ecosystems, that was relevant for understanding the ecology of 
freshwater ecosystems, and that could be consistently applied across the Basin.  
 

Box A: The Cluster Geodatabase 

The Cluster Geodatabase integrates the best currently available, spatially consistent Basin-wide mapping products 
and environmental attribute information. The Cluster Geodatabase incorporates processes for updating and 
validating of information about water bodies and perenniality. Once compiled and validated, this knowledge was 
used to quantify the biophysical and hydrological determinants of freshwater species distributions in the Basin, 
and to quantify how these biophysical factors, especially flow, have been modified by human activities. 
Collectively, this knowledge is critical for efforts to prioritise freshwater ecosystem management in the MDB, 
especially to maximise the benefits from the delivery of environmental water. 

 

Hierarchical data structure for the MDB Aquatic Assets GeoDatabase and steps involved in the identification and 
classification of freshwater ecosystems. 

More detail is provided in Section 1 of Flow regimes and Ecological Assets, the technical report from Sub-Project 2 
of the Ecological Responses to Altered Flow Regimes Cluster. 

Classification approach 
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The classification approach was data driven and ‘bottom-up’ (as opposed to ‘top down’, rules based 
approaches, such as those used in the Australian National Aquatic Ecosystem classification 
scheme5), whereby statistical methods are used to define classes according to environmental 
similarities. Specifying a priori the boundaries between classes (i.e. a ‘top-down’ approach to 
environmental classification) has been criticized because it assumes all possible classes are already 
known (Olden et al., 2012). A ‘bottom-up’ approach to the environmental classification results in 
classes that are an emergent property of the data and reflect the shared similarities of important 
environmental attributes.  Although there are still subjective choices (e.g. which environmental 
attributes to use, the different weightings applied to each, and the numbers of groups to include), 
these decisions are explicit and therefore transparent and repeatable. 

Data sets that have Basin-wide coverage (e.g. 1:250,000 scale mapping) were used in this 
classification. Using spatially consistent scale mapping and attribute data meets the needs of the 
intended application of the classifications (i.e. spatial comparisons over broad scales). However, 
this omits a large proportion of freshwater ecosystems that only become apparent at finer scales 
(e.g. 1:50,000 or 1:100,000). The classifications are based on the data structures and environmental 
attributes assembled in the Cluster Geodatabase using a non-hierarchical distance based clustering 
technique (the ‘Partitioning around Medoids’ algorithm) that is well suited to large datasets. This 
resulted in 14 classes for river systems (167,682 stream segments), 15 classes for lake systems 
(5,359 lake polygons), 13 classes for wetland systems (3,208 wetland polygons) and 20 classes for 
floodplains (65,118 floodplain polygons). Example maps showing the spatial distribution of these 
different freshwater ecosystem classes in the MDB are shown in Figure 1 and Figure 2.  These 
classifications are included in the Cluster Geodatabase.  

The classification of freshwater ecosystems described here was used to analyse the nature, 
intensity and distribution of threats on different kinds of freshwater ecosystems (Flow-related 
threats). Policy makers and natural resource managers may also use the classification to assess the 
comprehensiveness, adequacy and representativeness of the application of Commonwealth 
environmental water (for example, the number and frequency of watered assets per freshwater 
ecosystem class), or to form the basis for further quantitative spatial prioritisation activities, 
including informing the development of conservation management plans. 

                                                           

 
5 Available at www.environment.gov.au (<http://www.environment.gov.au/resource/aquatic-ecosystems-toolkit-module-2-interim-australian-
national-aquatic-ecosystem-anae>)  

http://www.environment.gov.au/
http://www.environment.gov.au/resource/aquatic-ecosystems-toolkit-module-2-interim-australian-national-aquatic-ecosystem-anae
http://www.environment.gov.au/resource/aquatic-ecosystems-toolkit-module-2-interim-australian-national-aquatic-ecosystem-anae
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Figure 1: Distribution of the 14 riverine environmental classes across the MDB. These include large lowland rivers (e.g. classes 14, 
7, 8, 6 and 5) to small headwater streams (classes 11, 12, 3, 2 and 13). 

 

 

Figure 2: Distribution of floodplain, wetland and lake environmental classes across the MDB. 

Riverine classes
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Development of predictive models of species distributions 

In order to understand freshwater ecosystems, it is insufficient to rely on the mapping and 
classification of rivers, lakes, wetlands and floodplains, as described above. It is also necessary to 
determine what ecological assets are present in the MDB and where, including important 
freshwater species. The distribution patterns of individual species can influence how different 
habitats are managed. For example, there is a strong interest in using species distribution data to 
test or support bioregionalisation efforts, and to prioritise areas for conservation management 
(Linke et al., 2011a; 2012). Distributional models can also be used to predict species responses to 
future environmental change, for example due to future land use or climate change, localised water 
resource development, or implementation of environmental flows (Bond et al., 2010; 2011). 
Because empirical knowledge of species distribution patterns comes from localised sampling efforts 
that are spatially incomplete, we typically do not have a full picture of where different species 
occur. This is most easily addressed through the development of predictive models, which can be 
used to extrapolate species presence/absence data to make predictions for sites that have not been 
sampled. These model predictions then provide input to more systematic landscape-wide 
evaluations and planning of biodiversity management. This section describes predictions of fish 
distribution patterns across the MDB. 

Fish distribution models were fitted to presence/absence data from state fisheries databases using 
environmental data describing climate and catchment physiography (using the Cluster 
Geodatabase), and modelled flow indices (see Section 3). The model predictions were tested using 
data from the Sustainable Rivers Audit (SRA), with the overall predictive accuracy of the distribution 
models being high. However, estimates of model sensitivity and specificity varied considerably 
depending on the threshold probability that was used to infer species presence or absence. This 
reflects a common problem in species distribution modelling, with sensitivity and specificity often 
being compromised for very rare or common species. The approach described here seeks to 
preserve the prevalence rates in the observed data in the model outputs. This provides an unbiased 
estimate of predicted occupancy rates, but also reduces model sensitivity (probability of correctly 
detecting if a species is present) for rare taxa. These details do not affect the predicted distribution 
maps, which illustrate modelled probabilities of occurrence (Figure 3). 

Together, the modelled predictions of fish species distributions for the MDB developed as part of 
this project, and the basin-wide classification and mapping of freshwater ecosystem types 
(described above), represent high quality biodiversity surrogate datasets that can form the basis for 
further quantitative spatial prioritisation activities, such as the development of conservation 
management plans for the Basin. 
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Figure 3: Maps showing the predicted distributions of Murray Cod (Maccullochella peelii) (upper) and river blackfish (Gadopsis 
marmoratus) (lower), quantified as the probability of occurrence. 
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3 Flow-related threats  

Key messages 

This section addresses the questions: What are the major flow-related threats to these assets, and 
how do they differ across the MDB? 

• The Cluster Geodatabase (see Box A) was used to assess how freshwater ecosystems in the 
MDB have been affected by water resource development and land use change.  

• These threats were mapped at the Basin-scale and quantified the proportion of each type of 
freshwater ecosystem that is affected. 

• The effects of water resource development and changes to flow regime are not uniform 
across the MDB.  

• Impacts to freshwater systems are not only due to flow regulation and the impact of large 
dams – bores, farm dams and levees are a significant issue in many parts of the MDB.  

• Environmental flows from held environmental water will not address all of the flow-related 
threats to freshwater ecosystems in the MDB.  

• Water stored in large dams has the potential to be delivered to 45% of the floodplains, 46% 
of lakes and 61% of wetlands in the Murray-Darling Basin. Alternative strategies are 
required for those freshwater ecosystems that fall outside of these areas.  

• To address limitations of existing hydrology modelling, predictive models were developed to 
provide a spatially continuous representation of hydrologic characteristics across the MDB.  

• The proportion of each type of aquatic habitat that can be watered from regulated river 
flows was estimated, along with the impact this is likely to have on key aquatic species.   

Water management context 

Flow regimes are a key driver of freshwater ecosystem structure and function (Bunn and 
Arthington, 2002). Changes to the natural patterns of river flows due to human activities can have 
important consequences for the long term sustainability of freshwater ecosystems and the goods, 
services and long-term benefits they provide for people (Arthington, 2012). In areas threatened by 
flow regime alteration, active environmental flow management (i.e. managing the quantity, quality 
and timing of river flows) is required to maintain and restore the health of freshwater ecosystems. 

Patterns of runoff across the MDB are extremely diverse, from highly ephemeral arid zone rivers 
with unpredictable flooding regimes in the north, to predictable annually flooding of lowland rivers 
in the south (prior to river regulation), and relatively stable base-flow dominated rivers in high-
rainfall upland regions. These unique parts of the MDB are each subjected to distinctive 
combinations of water use, such as interception by farm dams, direct extraction, and storage in 
large on-channel reservoirs. Each of these different forms of consumptive water use is further 
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associated with distinctive changes in the downstream flow regime, such as decreased flood 
magnitude and duration, altered seasonality in flow and changed intervals without flow. Effectively 
managing the effects of flow alteration in a particular location requires knowledge, not only about 
how the flow regime has changed, but also the relative contribution of different types of water use. 
In this section, we describe runoff patterns across the MDB and document the extent to which 
various factors contribute to flow regime alteration in different sub-catchments.  

Flow alteration and hydrologic responses 

Alteration of flow regimes can be caused by many human impacts. Perhaps the best understood is 
flow alteration caused by large dams and, as a consequence, environmental flow planning 
concentrates on the management of downstream releases to meet the needs of freshwater 
ecosystems. However, there are many threats to natural flow regimes in the MDB ranging from 
those that directly impact on stream flows (such as dams, weirs and water abstraction) to those 
that indirectly alter stream flow by altering run-off processes and groundwater-surface water 
exchange (for example, land use change or runoff interception). These threats impact on the 
hydrology of rivers on a range of temporal scales ranging from the flood pulse (days to weeks), flow 
history (weeks to years) and the long-term flow regime (decades or longer).  

The Cluster Geodatabase provides information on flow-related threats to freshwater ecosystems, 
and shows that the spatial distribution, intensity and impacts of threatening processes vary 
substantially across the MDB (Figure 4).  Selected aspects shown in Figure 4 are discussed in more 
detail below. 

WATER INFRASTRUCTURE AND USE 

Water control structures put in place to secure or utilise water supplies, or for many other intended 
water uses (such as transport, energy supply or flood retention), are numerous and varied. These 
include hundreds of dams, weirs, locks, and floodplain levee banks, canals, as well as intra- and 
inter-basin water transfer schemes. The nature and extent of flow regime changes and hydro-
ecological consequences depend on the water infrastructure characteristics, operating strategy 
(e.g. flow releases), natural flow regime characteristics, local geomorphology and other factors. 
Major hydrologic changes associated with large dams, weirs and water extraction include 
reductions in overall flow volume, reductions in flooding (especially medium-sized pulses), reduced 
flow variability and alterations to flow seasonality (with the delivery of water-released for 
irrigation).  

Farm dams are numerous and widespread and their impacts on stream flow, especially in small to 
medium-sized catchments, can be substantial. These include reductions in runoff volume and the 
duration of low and medium flow events, but with minimal impact on high flow events. For 
example, across the MDB, it is estimated that interception by farm dams reduces annual runoff on 
average by more than 2,000 GL (compared with the average annual total runoff of 32,500 GL) 
(CSIRO 2008). Thus, farms dams can reduce the provision of low flows and amplify the changes in 
seasonal pattern of flow. Similarly, riparian water abstraction, primarily for water supply for stock 
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and domestic and agricultural uses, is likely to alter flow regimes and often occurs at times of 
critical low flows, where impacts on the freshwater environment are maximised. 

LAND USE 

There are very few areas of the MDB that are not, in some way, affected by human activities that 
may alter the local hydrology. The extent of change in the natural vegetation of the MDB is 
profound, with approximately 84% of the total area of the Basin being used for agricultural 
purposes (MDBA, 2009). Reduction in transpiration from vegetation and changes in the speed at 
which water moves across the landscape alters the rates at which rainfall enters the subsoil and 
groundwater reservoirs in a complex dynamic. This can result in changes in stream yield, the 
frequency of spates and the rates of rise and fall of such events. Reduced tree cover, soil 
compaction and increases in the extent of the stream networks all act to increase both the speed 
and volume of runoff. In addition, urbanisation and the expanding road network have created areas 
of impervious surface, which can alter flood hydrographs, particularly peak magnitudes and rates of 
rise and fall. 

Cumulative impacts of multiple flow threats  

Flow modification is a large-scale and widespread pressure affecting freshwater ecosystems in the 
MDB. Flow modification is, however, produced by a variety of water management activities that 
lead to a range of flow regime modifications or stressors. It is difficult to disentangle the influence 
of these activities from natural variation, disturbances and processes (which can also act as 
stressors depending on the environmental context) and the combination response can be 
antagonistic, synergistic and/or additive (Tockner et al., 2010). Restoration effectiveness is likely to 
be improved if the causes of flow regime modification are understood and management 
approaches are developed to address underlying stressors. 

Detailed knowledge of the spatial distribution of threats to ecological assets in the MDB is an 
important first step to meeting this challenge. For example, the Cluster Geodatabase shows that 
threats to flow regimes due to runoff interception by off-channel water storages occur in more than 
70% of the MDB, whereas the spatial extent of bores, irrigation channels and on-channel storages 
(dams and weirs) is less widespread (Figure 5). Only a relatively small proportion (20%) of 
subcatchments in the MDB is unaffected by these threats to flow, with the majority of 
subcatchments experiencing one (60% of the basin), two (14%) or more (6%) different flow-related 
threats (Figure 5 inset). Threats to flow accumulate with progression downstream through the river 
network but this varies spatially (Figure 6). For example, 90% of off-channel storages (e.g. farm 
dams) are within 100 km of the headwater stream sources, whereas the majority of runoff 
interception from large dams and reservoirs occurs further downstream (Figure 6).  It is important 
to note that although some threats to flow are very widespread in the MDB, the magnitude of their 
effects on various ecologically important flow regime components differs substantially. In addition, 
the complex ways in which these flow threats interact and accumulate downstream throughout the 
river network (Figure 6) will have a major influence on the nature, intensity and spatial extent of 
changes to natural flow regimes in the MDB.   
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Figure 4: Spatial distribution of threats to flow regimes in the MDB posed by water infrastructure development and human land 
use. 
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Figure 5: Spatial extent (% of total Basin area) of flow-related threats in the MDB posed by different types of water infrastructure 
development and water use. Inset chart shows the number of different flow threats occurring within each of the 176,548 fine-
scale subcatchments in the MDB. 

 

 

Figure 6: Downstream accumulation of flow-related threats through the river network in the MDB. 
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Extrapolation of hydrologic indices to ungauged catchments 

Understanding natural spatial and temporal patterns of hydrology, as well as the associated 
ecological consequences of altering these patterns of flow variability, is fundamental to the 
assessment and management of environmental water allocations for river and wetland ecosystems 
(Bunn and Arthington, 2002; Richter et al., 2006). Our current understanding of flow regime 
patterns in the MDB is restricted to particular locations in the river network (i.e. from stream gauge 
data and from modelling undertaken for the MDB Sustainable Yields project, CSIRO, 2008).  In 
addition, such hydrology models were not designed to capture the magnitude, timing, frequency, 
duration, and variability of flows, which are of key ecological importance. 

To address the limitations of existing hydrology modelling, predictive models were developed to 
provide a spatially continuous representation of hydrologic characteristics across the MDB. This 
modelling focussed on the spatial extrapolation of statistics describing the hydrologic 
characteristics of rivers calculated from the network of gauging stations and modelling nodes 
distributed across the basin. In total 33 separate hydrologic indices from five types of flow were 
examined: baseflows, high flows, cease-to-flow, low flows and flow variability. There was 
considerable variation in the ability of the models to accurately predict individual indices, but at 
least one of the indices from each of the five flow types could be well predicted, thus allowing 
hydrologic indices to be extrapolated across the river network (Figure 7). 

 

Figure 7: Mean daily flow (ML/day) and percentage of time with cease-to-flow (% CTF) as predicted using boosted regression tree 
models. These predictions allow empirical survey data from anywhere in the basin to be linked to indices describing the long-term 
hydrologic regime. 
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Spatial coverage of held environmental water in the MDB 

The MDBA, Commonwealth Environmental Water Office and State Water Management agencies 
are working to mitigate the ecological impacts of hydrologic alteration by returning water to the 
environment through managed flow releases from dams, water buy-backs to reduce water 
extraction/interception and groundwater management (MDBA 2010, 2011 and Murray-Darling 
Basin Plan, Australian Government, 2012). Evaluation of the comprehensiveness and adequacy of 
these water management strategies is limited by available knowledge. For example, we lack a 
thorough understanding of the spatial scale and extent of influence associated with each of these 
water management strategies (and to what extent they overlap with one another). This knowledge 
could help identify gaps in the current environmental watering strategy and prioritise areas and 
actions to restore flows to sustain freshwater ecosystems in other parts of the MDB. 

As an important first step to addressing these knowledge gaps, the spatial distribution of areas that 
could potentially receive the benefits of managed flow releases from dams was mapped using 
Cluster Geodatabase data (Figure 8). This was based on a simple set of rules that included 
identifying those parts of the MDB that are downstream of large reservoirs (i.e. that can store > 
50% of mean annual runoff) and are within the lateral extent of a 10 year return interval flood 
event, and assumes there are no other constraints to water delivery (e.g. floodplain infrastructure, 
roads and bridges etc.). This analysis highlights that water stored in large dams has the potential to 
be delivered to a relatively large proportion of the environmental assets in the MDB (i.e. 
floodplains, lakes, wetlands and rivers). For example, around 45% of the floodplains, 46% of lakes 
and 61% of wetlands could receive the benefits of managed flow releases from dams (Figure 9). 
This is an essential strategy to maintain these freshwater ecosystems and the biodiversity they 
support (such as waterbirds and other wetland-dependent biota).   

Importantly, only about 12% of the entire river network (totalling approximately 439,000 km) can 
be watered through environmental flow releases from dams, yet rivers and streams provide 
essential habitat for many species of fish and other aquatic biota (Figure 9). In addition, the 
majority of rivers that could potentially be managed by held environmental water releases are the 
larger lowland and main channel rivers, whereas only a small fraction (< 10%) of the medium and 
smaller sized upland rivers and streams can be watered in this way (Figure 10).  

It is important to note that these are likely to be overestimates given constraints on water delivery 
(MDBA, 2012; 2013). This analysis does also not imply that there would be sufficient water to meet 
the environmental flow needs for the entire area in any single event.  Rather, we show areas that 
may be inundated over time through a coordinated program of environmental flow releases of held 
water throughout the Basin, which would be associated with regional water availability. 

Some regions in Figure 8, including the Lower Balonne and Upper Darling systems, indicate a large 
waterable area lying far from upstream storages.  While there are some relatively large storages in 
this region, they are either too small to qualify for display here, or their tenure (such as the 
privately owned, off-channel storage on the Lower Balonne Floodplain) means that they are usually 
not amenable for environmental flow releases.  Our analysis indicates that these areas are 
waterable with the storages shown, however, because runoff along the main river channel draining 
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into these areas is relatively small compared to the storage capacity of the dams located some 
distance upstream.   

These findings emphasise the need to not just focus on environmental delivery of held 
environmental water from large dams but also on other water management strategies and natural 
resource management activities to sustain these assets. Further work at a finer spatial scale is 
required to estimate how much of the MDB’s ecological assets can benefit from the various flow 
management strategies such as managed releases from dams, water shepherding, water buy-backs 
to reduce water extraction/interception and groundwater management. The comprehensive and 
spatially-explicit information described provides important knowledge for setting environmental 
flow targets, defining spatial priorities for environmental flow management, and approaches to 
deliver and manage water to sustain ecological assets in the MDB. 

 

Figure 8: Spatial extent of areas potentially able to be watered by environmental flow releases from large on-channel water 
storages (that can store > 50% of mean annual runoff) if there were no other constraints to water delivery (e.g. floodplain 
infrastructure, roads and bridges). Note: this analysis excludes large off-channel irrigation storages because they are generally not 
amenable for environmental flow releases.   
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Figure 9: Proportion of different freshwater ecosystem types in the MDB that are potentially able to be watered by environmental 
flow releases from large on-channel water storages (if there were no other constraints to water delivery) versus other forms of 
environmental flow management. 

 

 

Figure 10: The percentage of the river network in different environmental classes in the MDB that has the potential to be watered 
by environmental flow releases from large on-channel water storages if there were no other constraints to water delivery. River 
classes were defined using a statistical classification of hydroecologically relevant environmental characteristics (see Figure 1). 
River classes are arranged in decreasing catchment area (from left to right) ranging from larger lowland rivers (e.g. classes 14, 7, 8, 
6 5) to smaller headwater streams (e.g. classes 11, 12, 3, 2 and 13). The total length of rivers in each environmental class is shown 
in the upper plot. 

Large lowland 
rivers

Small headwater 
streams



20   |  Ecological responses to altered flow regimes 

4 Flow-ecology responses  

This section addresses the question: How do freshwater ecosystems respond to flow-related 
threats and what is the likelihood they will respond to environmental flows?  Here, we draw on 
relevant literature and expertise within the Cluster to assess the current understanding of, and 
confidence in, these response relationships.  This section also tests flow-ecology response models 
for different components of the flow regime, integrating new and existing knowledge, and 
providing examples from Cluster work where possible. 

We have adopted a similar approach in the use of ‘confidence’ and ‘likelihood’ language to that 
adopted by the Intergovernmental Panel on Climate Change (Mastrandrea et al., 2010), where: 

• Confidence is a measure of the amount, quality and consistency of evidence and the degree 
of agreement (expressed as “low”, “medium” or “high”), and 

• Likelihood is expressed in probabilistic terms (where “unlikely” <33%, “likely” >66%, “very 
likely” >90% and “virtually certain” >99% probability). 

Key messages 

While multiple stressors impact freshwater ecosystems (section 3), flow alteration is a major driver 
of observed changes in freshwater ecosystems, for example: 

• Artificially stable high flows in summer are likely to reduce the spawning and recruitment 
success for native fish (medium to high confidence)  

• Reversed seasonality of flows is likely to reduce recruitment of riparian plant species, 
including river red gum, and increase the risk of blackwater (low oxygen) events in-channel, 
if flood flows inundate floodplains rich in organic matter during summer (high confidence).  

• In highly regulated rivers, it is very likely that wetlands will be disconnected from rivers for 
longer periods than under natural conditions which will have impacts on tree health, 
waterbird breeding and the abundance of some fish and frogs species (high confidence). 
Conversely, it is also very likely that low-lying wetlands will be more permanently inundated 
than under natural conditions, leading to tree death and impacting waterbird breeding. 

Changes to freshwater ecosystems that result from changes to flow regimes can be addressed 
through provision of environmental flows:  

• Although there are practical constraints, restoration of a natural seasonal flow regime is 
likely to allow for the recovery of some native fish, improve recruitment of riparian 
vegetation and reduce the potential for blackwater events (high confidence). 
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Flow-ecology relationships 

The flow regime is a fundamental driver of river and floodplain wetland ecosystems and their 
biodiversity (Bunn and Arthington, 2002). Large flow events shape and scour stream and river 
channels and are a major determinant of physical habitat, which affects biotic composition. Many 
aquatic species have evolved life history strategies in response to the natural pattern of flow and 
rely on these cues to trigger movement or breeding. Flow is also important to maintain the natural 
patterns of longitudinal and lateral connectivity, essential to the viability of populations of many 
riverine species (Figure 11). Loss of longitudinal and lateral connectivity through altered flows or 
construction of dams and other barriers can fragment habitats, isolate populations, and cause 
recruitment failure and local extinctions. There is also evidence that the invasion and success of 
exotic and introduced species in rivers can be facilitated by the alteration of flow regimes (e.g. 
Gehrke et al., 1995).  

 

Figure 11: The influence of the natural flow regime on aquatic biodiversity (from Bunn and Arthington, 2002). 

While these general principles are well accepted, it is more difficult to predict the direct effects of 
flow alteration and, more importantly, how systems respond to environmental flow releases (see 
Poff and Zimmerman, 2010; Webb et al., 2013). In part, this is because most systems are impacted 
by multiple stressors, but it also reflects the limited understanding of flow-ecology relationships for 
many aquatic species and important ecosystem processes.  

To address these knowledge gaps, the Cluster focused on improving understanding of ecological 
responses to key attributes of the flow regime, particularly those most affected by water resource 
development and land use change in the MDB. These include changes to seasonality (particularly in 
the mid-lower, regulated reaches), patterns of low-flows (including dry spells), overbank flows that 
inundate floodplains and wetlands, and in-channel flow pulses. 
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SEASONALITY  

Changes to the seasonal distribution of flows is one of the most profound hydrological alterations 
caused by river regulation. This usually occurs in reaches downstream of major storages when 
water is impounded during naturally high flow periods and then delivered later down the river 
channel, predominantly to supply downstream irrigation demand. At its most extreme, flows are 
delivered in summer, when natural flows would be at their lowest, and flows are kept low in winter 
and spring, when natural flows would be highest (Figure 12). Impacts on the hydrograph range from 
a reduction in the seasonal difference in flow between summer and winter to a reversal of the 
timing of maximum flows from winter to summer. Changes in the seasonality of maximum flows 
and in the patterns of variability between seasons as a result of flow manipulation are common in 
the southern part of the MDB, where large dams provide the storage capacity to capture high 
winter flows, predominantly delivered in summer (Figure 13). 

  

Figure 12: Modelled median monthly flow volumes (GL) downstream of Yarrawonga weir on the Murray River under natural and 
1988 development conditions, indicating the changes in seasonality of flows (Adapted from: ‘Rivers as Ecological Systems: The 
Murray-Darling Basin’). 

Changes in the timing of maximum flows can have major effects on a number of fish species, which 
rely on combinations of water temperature cues and high flows to stimulate breeding. The changes 
to seasonality can decouple water temperature and flow causing the failure of some fish species to 
be exposed to the necessary combination of temperature and flow cues for breeding (King et al., 
2009; 2010). Also, seasonal flow reversal can inundate riparian vegetation during the warm months, 
an occurrence they are not normally adapted to. For some plant species, new seedlings may die 
from flooding. The presence of water on the floodplain or in vegetated areas in summer also 
increases the rate of decomposition of organic material due to high water temperatures. This can 
produce low dissolved oxygen levels, leading to a higher risk of hypoxic black water events. 
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Figure 13: Map of the areas of the MDB where changed seasonality of flows is identified as a major ecological process. Dark blue 
indicates river segments that show higher flows than natural in summer. 

Artificially stable high flows in summer are likely to reduce the spawning and recruitment success 
for low-flow specialist small bodied fish species and for certain large-bodied native fish species 
(medium to high confidence; see Box B). Artificially stable high flows in summer may also alter 
rearing habitats for some species and the dispersal patterns for drifting eggs and larvae (low 
confidence). Reversed seasonality is likely to reduce recruitment of riparian plant species, including 
river red gum, and increase the risk of blackwater (low oxygen) events in-channel, if flood flows 
inundate floodplains rich in organic matter during summer (high confidence). There is less evidence 
of seasonal reversal effects on macroinvertebrate taxa, largely because there are few studies of life 
history responses, although some crustaceans are negatively affected by provision of high flows 
during summer (medium confidence). 
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Box B: Aligning environmental flows with season can be critical for spawning of some 
native fish 

Fish spawning activity (peak larval abundance) was 
examined fortnightly in four river reaches of the 
Edward-Wakool system from September 2011 to 
early April 2012. In-channel environmental flows 
were delivered to Colligen Creek in November 
2011 and February 2012 to support fish 
populations and ecosystem functions. These two 
environmental flows were of similar magnitude 
and duration. The November environmental flow 
was consistent with the historical natural flow 
regime in this system and the February 
environmental watering event followed a period of 
typically low summer flows. 

Spawning activity of native fish species peaked at 
different times of the year. Australian smelt 
spawning peaked in late winter and early spring, 
followed by Murray cod and carp gudgeon later in 
spring and early summer. Relatively few larval or 
juvenile fish were produced following the 
environmental flow in February 2012, despite the 
similarity in flow magnitude and duration to the 
event in November. This suggested that 
environmental flows should be targeted to provide 
spawning cues by aligning the seasonal timing and 
magnitude with the reproductive biology of the 
target species and the natural flow regime. 

More detail is provided in Section 2.6 of Flow 
Dependent Ecological Responses, the technical 
report from SubProject 3 of the Ecological 
Responses to Altered Flow Regimes Cluster. 

 

Median abundance of the three most dominant larvae and 
juveniles sampled in the Edward-Wakool system during 2011/12 
(from Watts et al. 2013). 

 

Restoration of a natural seasonal flow regime is likely to allow for the recovery of some native fish, 
improve recruitment of riparian vegetation and reduce the potential for blackwater events (high 
confidence). However, there are constraints on the potential for restoring timing of flow regimes, 
including the need to deliver irrigation flows during periods of high demand (summer), other 
consequences of flow delivery from large impoundments (such as cold water pollution from deep 
outlet structures), and alterations in flow regimes as a consequence of climate change (which 
predicts increased summer rainfall across the MDB). 
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LOW FLOWS AND DRY SPELLS  

Periods of low flow fundamentally help structure riverine ecosystems and can negatively influence 
systems by restricting habitat and imposing physiological stresses with declining water quality. They 
also critically link populations of water-dependent plants and animals between periods of high flow, 
and can act as important refugia (Thoms and Sheldon, 2000; Sheldon et al., 2002).  

Water resource development changes the natural low-flow regime of a river or stream in two 
contrasting key ways (Rolls et al., 2012).  First, increased water abstraction for irrigation increases 
the dry spell duration and the period of time the river spends under ‘low flow’ conditions. 
Conversely, in regulated river systems where channels are used to transport water for consumptive 
use, the dry spell duration can be completely lost, along with variability in low flows (Figure 14). 

 

Figure 14: Water resource development, through diversion of water and provision of low flow, can affect low-flow conditions in 
two opposing ways. 

Low flows are generally associated with a small wetted area and habitat volume, and low depth and 
flow velocity within river channels (Rolls et al., 2012). In floodplain rivers, low flows usually 
disconnect the floodplain from the river channel. In highly regulated rivers, it is very likely that 
chronic low to moderate flows extend periods that floodplain wetlands are disconnected from the 
river, leading to declining tree health due to stranding, reductions in breeding opportunities for 
waterbirds and the loss of key aquatic species such as wetland dependant native fish and frogs 
(high confidence). Conversely, it is also very likely that sustained low flows from river regulation 
causing increased permanence of low-lying wetlands leads to declining tree health, often ending in 
tree death, with subsequent declines in the quality of waterbird rookery habitats waterbirds (high 
confidence, Briggs and Thornton, 1999). Likewise, changes to the frequency of inundation alter the 
diversity and abundance of floodplain zooplankton community (Boulton and Lake, 1992; Jenkins 
and Boulton, 2003), with likely impacts on secondary consumers relying on floodplain productivity 
such as fish and waterbirds (low confidence). However, there is little direct evidence of the impacts 
of low flows on the productivity of in-channel environments. 
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Changes to the low flow regime and the frequency of dry spells also influence the spatial 
connectivity of river systems and are likely to threaten the persistence of waterbodies in the broad 
landscape (Hamilton et al., 2005) (high confidence). While it is relatively straightforward to model 
changes in connectivity and waterbody persistence that result from changes to the low-flow regime 
at broad landscape scales (see Bunn et al., 2006), the ecological impacts of these changes are less 
well understood. In unregulated rivers, with high levels of water abstraction, there is an increased 
disconnection and fragmentation of the aquatic landscape with likely consequences for the 
dispersal and recruitment of a range of native taxa (medium confidence). In contrast, in highly 
regulated rivers receiving constant flow deliveries the reverse is true and there are extended 
periods of low flow with no dry spells, increasing longitudinal spatial connectivity. The 
consequences of this are likely to be considerable but they are currently poorly understood (low 
confidence). 

The management of low flows in regulated and highly developed river systems is increasingly 
challenging for water authorities, particularly in times of natural drought (Marsh et al., 2012a,b). 
Furthermore, the increased variability and duration of dry spells projected by a range of climate 
change scenarios are likely to have a considerable impact on a range of freshwater ecosystems 
(high confidence). Understanding the ecological significance and role of low-flows is increasingly 
important in the future management of rivers and streams. This will happen in the context of other 
management challenges including, increased pumping pressure from remaining waterbodies to 
supply stock and domestic water and changed hydrology associated with mining impacts on surface 
and alluvial water sources. 

OVERBANK FLOWS AND FLOODPLAIN INUNDATION  

Rivers naturally inundate floodplains and other wetlands when flow volume exceeds the capacity of 
the channels (known as ‘bankfull’) at which point water flows out onto floodplains or down 
distributary systems to wetlands. These flows have distinct characteristics, including timing, time 
since last flooding, duration, extent and rate of rise and fall (Figure 15). These characteristics 
determine the amount and quality of habitat created for different organisms to complete their life 
cycles, as well as providing opportunity for exchange of carbon and nutrients between the river and 
floodplains (Figure 15, Bunn and Arthington, 2002).  

 

Figure 15: Conceptual diagram showing a) when overbank flows occur and inundate floodplains, triggering life history processes 
(e.g. bird breeding) and b) part of the flood pulse and its characteristics, critical for overbank flooding of floodplains and other 
wetlands. 
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River regulation reduces the frequency and size of flood pulses (Figure 15) and reduces the extent 
and duration of flooding, which affects the ability of flood-dependent organisms to complete their 
life history. Consequently, long-term changes in wetland area alter the distribution and abundance 
of floodplain plants and animals (Kingsford, 2000; Boxes C and D). All regulated river catchments in 
the MDB are affected by decreased overbank flows and flooding regimes of wetlands (CSIRO, 2008). 
Reduced flooding has increased terrestrialisation of wetlands and floodplains, allowing terrestrial 
plants to invade freshwater ecosystems (Catford et al., 2011).  

Box C: Variable inundation of floodplain habitats promotes a diverse vegetation community 

The Cluster investigated how understorey vegetation responded to inundation, using a mesocosm/seed 
germination approach in three broad floodplain habitat types on the Lower Murrumbidgee River 
floodplain: black box woodland, red gum forest and temporary open water wetlands. Above and below 
ground biomass, number of seedlings germinating (abundance), species richness and community structure 
were affected by season, depth and duration of inundation, but their response varied among habitat types. 

  
Effects of inundation depth on the vegetation community, comparing an open wetland habitat inundated for 12 
weeks to a depth of 15 cm (left), supporting submerged species (e.g. Myriophyllum spp) and the same habitat (right) 
with only saturated sediment but supporting more species and producing a significantly different community. 

More detail is provided in Section 2.12 of Flow Dependent Ecological Responses, the technical report from 
SubProject 3 of the Ecological Responses to Altered Flow Regimes Cluster. 

 

The restoration of flow by improving the frequency and duration of flooding will help recover 
populations of some affected organisms. However, the extent to which environmental flows will be 
able to reinstate overbank flooding regimes will depend on the amount of water recovered for the 
environment, and constraints to its delivery. Constraints include infrastructure protection; for 
example, environmental releases from dams may be curtailed because the quantity of water 
required for optimal floodplain inundation downstream will inundate bridges or roads. Deep, 
eroded channels can also be a constraint to floodplain inundation as greater quantities of water are 
required for the river to overtop its banks. In addition, many floodplains in the MDB have levees 
and channels, which either disconnect or change the flooding regimes, impacting flow dependent 
organisms (Steinfeld and Kingsford, 2013). Grazing by livestock (Jansen and Robertson, 2001) and 
other land uses that alter the floodplain (e.g. cropping, and logging) also can restrain recovery of 
flood dependent organisms.  
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Box D: Waterbirds breed after the inundation of large wetland complexes 

Large colonies of waterbirds are triggered to breed when high flows inundate key complex wetlands in the 
MDB (e.g. Macquarie Marshes, Narran Lakes). The size of the breeding event and its subsequent success is 
positively related to the size of flows. River regulation reduces flow and flood size, effectively reducing the 
size of colonies. Environmental flows can augment flows, potentially increasing breeding frequency and size.  

  
Narran Lakes (left) receives large flows when the Condamine-Balonne river system floods, stimulating the breeding of 
large colonies of straw-necked ibis (right). Increased development upstream has reduced the frequency of flooding, 
which affects the frequency of breeding events on Narran Lakes. 

More detail is provided in Section 2.11 of Flow Dependent Ecological Responses, the technical report from 
SubProject 3 of the Ecological Responses to Altered Flow Regimes Cluster. 

IN-CHANNEL FLOW PULSES  

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 flow regime (decades or longer). Flow 
pulses are one of the key factors influencing the ecology of large rivers (Tockner et al., 2000). The 
term ‘pulsed flow’ describes managed water releases and natural pulsed flow events that range 
from in-channel flows to overbank floods. In this section, we focus on in-channel flow pulses, 
ranging from small short-term pulses that exceed baseflows but inundate only small areas of 
riverbank, up to large flow pulses that extend for days to weeks and inundate geomorphic features 
such as in-channel benches.  

Flow pulses influence riverine ecology through four interrelated ecosystem characteristics: habitat 
availability, ecosystem processes, connectivity, and disturbance regimes. Flow pulses can increase 
the availability of habitat types, particularly the area of bench habitat and slackwater, affecting 
populations by influencing survival, mortality and recruitment. Flow pulses also influence 
ecosystem processes (e.g. primary production), increasing or decreasing the availability of 
resources. Furthermore, they alter landscape connectivity (e.g. upstream-downstream passage and 
lateral connections), affecting the ability of individuals to access these resources. Finally, pulsed 
flows change the disturbance regime by scouring the substrate and altering the availability of 
different habitat types; thus altering connectivity and affecting the ability of a system to recover 
after disturbance. 
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There are potential environmental costs and benefits of pulsed flows (Watts et al., 2009) including: 
(i) the flushing of sediment, saline water and algal blooms; (ii) the restoration of lateral (floodplain) 
connections; (iii) sustenance of refuge pools; (iv) restoration of food webs; and (v) the provision of 
cues and conditions that stimulate migration, reproduction and recruitment of biota. Costs include: 
(i) the transfer of algal blooms downstream; (ii) bank erosion; (iii) downstream displacement or 
mortality of invertebrate and fish larvae; (iv) enhanced dispersal or breeding of nuisance species; 
and (v) damage to plants due to inundation, burial or erosion. Although there is some international 
evidence for effects of in-channel flows on ecosystem responses (e.g. test flood in the Colorado 
River below Glen Canyon Dam, Shannon et al., 2001; experimental flows in the River Spöl, 
Switzerland, Scheurer and Molinari, 2003), there are still relatively few studies documenting 
ecosystem outcomes of in-channel environmental flow pulses (Watts et al., 2009).  

Information from the Edward-Wakool River system (see Box E) and the Barmah-Millewa Forest (Box 
F) provides information on ecosystem outcomes of in-channel environmental flow pulses:  

1. Ecosystem function (primary production and decomposition): there is strong evidence that 
in-channel pulses influence these processes and underpin aquatic foodwebs. However, 
responses are expected to vary in ways that are less well understood, due to antecedent 
flow conditions and system characteristics. As a consequence there is limited capacity to 
predict the outcomes of in-channel flows on ecosystem functions (low confidence).  

2. Lateral connectivity and availability of slackwater habitat within the river channel: In-
channel flow pulses influence the availability of shallow inundated habitat (slackwaters) and 
resources that are necessary to sustain ecosystem processes and populations. Most studies 
of in-channel pulses have relied on daily discharge as a measure of change in lateral 
connectivity, yet in most systems we have low confidence in the relationship between 
discharge and area of shallow inundated habitat within the river channel (Box E). 

3. Fish spawning response: In-channel flow pulses are important for the reproduction of some 
fish species. In these species it is likely that fish movement and breeding activity will 
respond to in-channel pulses (high confidence). However, the response is also driven by 
other environmental factors such as water temperature (Box F). In contrast, there is limited 
information on fish recruitment in response to in-channel pulses. 
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Box E: Lateral connectivity and availability of slackwater habitat in the Edward-Wakool system 
during in-channel pulsed flows 

Slackwaters provide habitat and food for different fish species. Hydrodynamic models were used to 
calculate the change in wetted benthic surface area and the change in area of slackwater (0-0.02 m/sec) 
and slow flowing water (0.02-0.3 m/sec) for six discharge scenarios, ranging from low flows up to bankfull 
flows, in reaches of four rivers in the Edward-Wakool system.  

The relationship between discharge and wetted surface area in these four rivers was non-linear and 
strongly influenced by geomorphology. The area of slackwater decreased with increasing discharge until 
there was inundation of higher-elevation geomorphic features, such as in-channel benches. Hydrodynamic 
modelling of slackwater habitats under different flow scenarios can be used to: i) better understand the 
relationship between in-channel flows and ecosystem responses, ii) predict the consequences of in-
channel flows on slackwater dependent biota and ecosystem functions, and iii) facilitate better planning 
and management of the future in-channel environmental flows. 

 

Spatial coverage of the water surface in Colligen Creek, Yallakool Creek, Wakool River and Little Merran Creek under 
different discharge scenarios. Environmental watering occurred only in Colligen Creek and Yallakool Creek. 

More detail is provided in Section 2.2 of Flow Dependent Ecological Responses, the technical report from 
SubProject 3 of the Ecological Responses to Altered Flow Regimes Cluster. 

 



Ecological responses to altered flow regimes  |  31 

 

Box F: Fish spawning responses to flow in the main channel at Barmah-Millewa Forest 

Research on fish spawning over a five-year period at Barmah-Millewa demonstrated the importance of 
multiple factors in the design and management of environmental flows. Water temperature was the over-
riding factor governing the timing of spawning for the four species examined (Murray cod, trout cod, 
golden perch and silver perch); however, high flows also increased the spawning intensity (amount of eggs 
and larvae present) for golden perch, silver perch and trout cod, while Murray cod spawning was not 
affected by flooding.  

As the spawning response to environmental factors varied across species even within the same life history 
modes, this study demonstrates the importance of testing conceptual models, using sound statistical 
approaches over multiple and hydrologically very different years. This research suggests that restoring and 
sustaining native fish diversity requires longer-term variation in the delivery of environmental flows within 
an adaptive management framework.  

 

Predicted probability of occurrence (left) and detection (right) of spawning for four species in the Murray River for 
four key variables, temperature, number of flood days in previous 90 days (Flood days), change in weekly 
temperature (Chwtemp) and discharge (flow). The light grey is the 90% probability region and the dark grey is the 
60% probability region. 

More detail is provided in Section 2.7 of Flow Dependent Ecological Responses, the technical report from 
SubProject 3 of the Ecological Responses to Altered Flow Regimes Cluster. 
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5 Optimising environmental flow delivery  

Key messages 

This section addresses the question: Can we optimize flow delivery to improve environmental 
outcomes?  

• The Cluster has refined optimization modelling to give greater confidence in the delivery of 
environmental water to achieve the best outcomes. 

• Optimization modelling allows river managers to address important aspects of the flow regimes 
– including seasonal flow reversal, low flows, high flows and floodplain inundation and flow 
pulses.  

• New developments in optimization modelling of environmental flows provide guidance for the 
delivery of environmental water allocations from held environmental water.  

• Optimisation allows multiple solutions for environmental watering to be explored, which 
promotes flexibility in flow planning and opportunities for stakeholder involvement in the 
decision-making process. 

Optimisation modelling 

Optimisation methods are used to explore options for conservation planning for nature reserve 
design, hydrology applications for storage operations, emission scenarios for climate change, and 
cropping decisions in agriculture (e.g. Ascough et al. 2008; Rani & Moreira 2010; Hermoso et al. 
2011; Linke, Turak & Nel 2011; Probert et al. 2011; Hermoso et al. 2012; Wintle et al., 2011). 
Increasingly, optimisation approaches are being used in natural resource management to guide 
large-scale investments from governments and non-government organisations for protection or 
rehabilitation of species or ecosystems. In conservation planning, optimisation tools such as 
Marxan6 have been widely used in decision-making contexts.  

Recent advances have been made in using optimisation methods to explore management of 
environmental flows in regulated river systems. The key principle behind optimisation techniques is 
to maximise the ecological benefits from finite water resources, while minimising the impact on 
stakeholders. Optimisation for conservation purposes typically applies principles originating from 
systematic conservation planning (Margules and Pressey, 2000) which aims to identify an optimum 
set of areas that cost-efficiently represents desired conservation features, using complementarity-
based approaches and incorporating cost in the selection process. Complementarity is defined as 
the gain in representation of biodiversity when a site is added to an existing set of areas 
(Possingham, Ball & Andelman 2000). 

                                                           

 
6 Marxan - <http://www.uq.edu.au/marxan> 



Ecological responses to altered flow regimes  |  33 

 

Figure 16.   The key steps in conservation planning are: 1. Collect data on biodiversity attributes, state clear objectives about 
desired conservation outcomes; 2. List the management options, their costs, and the impacts on stakeholders; 3. Set constraints 
(maximum cost or impact on stakeholders) and try to maximise representation of biodiversity features under these constraints; 
and 4. Present plan to stakeholders and re-evaluate plan after considering stakeholder input (from Linke et al. 2011a).   

 

Linke et al. 2011 developed a prototype tool for optimisation of environmental flows tool that 
translated systematic conservation planning principles to environmental water allocations, with a 
focus on the Murrumbidgee Catchment, NSW. This prototype considered (i) multiple taxonomic 
groups (waterbirds, frogs, water-dependent plants and an environmental classification), and (ii) 
both regulated and floodplain wetlands, for which watering actions were either manual watering or 
dam releases respectively. 

To make the optimisation tool fit-for-purpose for managing held environmental water, the 
conservation planning algorithm from Marxan was modified. The algorithm was required to 
accommodate temporal allocations (monthly time-step) and two wetland types, being regulated 
and unregulated. Given the complexity of the optimisation problem, it was necessary to simplify 
the underpinning hydrology. The ecological response models used were based on habitat hectares 
(the area of suitable habitat for a species or community, here based on the preference curves) with 
data inputs being species mapping and inundation commence-to-fill volumes (see Box G).  

The optimisation framework searches a range of solutions for water delivery from storages to 
maximise species habitat in wetlands. To do this, a target is set. For the prototype, a habitat target 
was set for each species and the optimiser searched for water release solutions to meet this habitat 
target. As an example, for a target of 800 habitat hectares per frog species, the modelled solution 
(Figure 17) requires wetlands to be inundated for at least 3-days for habitat water requirements to 
be met.  
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Box G: The flow optimisation tool 

To facilitate uptake of optimisation methods, a mapping interface that displays the timing and location of 
inundated wetlands, as well as habitat hectares gained for different species and water delivery schedules 
for each of the optimisation solutions. This optimisation framework is one of the first platforms that can be 
used to inform environmental watering of a complex system, considering temporal dynamics and spatial 
complexity. It allows users to explore opportunities for releasing held environmental water, and has the 
potential to be applied widely within the MDB. 

 
 

The optimisation tool shows volumes of water to be released per month for a given flow optimisation scenario (left) 
and the wetlands inundated under that flow scenario in blue (right). 

More detail is provided in Optimisation Models for Environmental Flows and Freshwater Conservation 
Planning, the technical report from SubProject 1 of the Ecological Responses to Altered Flow Regimes 
Cluster. 

 

 

Figure 17: Comparing target habitat hectares to actual achieved habitat. 
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Optimising environmental flows 

Planning to optimise environmental flows for multiple waterbodies across a river system is likely to 
achieve both better environmental outcomes as well as water savings compared to planning water 
deliveries for individual wetlands.  An optimisation solution can be used to evaluate watering 
options given different prevailing flow conditions and antecedent and ecological responses.  

The Cluster furthered the development of optimisation models, improving the associated 
hydrology, flexibility in setting prevailing flow conditions and the representation of repeat watering 
and species with migratory requirements.  

HYDROLOGY 

Optimisation tools run thousands of iterations, searching for a solution. Underpinning models often 
are simplified to be sufficiently representative of the system. However, the computational intensity 
of existing hydrological models limited their integration in the optimisation tool. To solve this 
problem, a fit-for-purpose hydrologic model7 was developed to underpin the hydrologic 
components of the optimisation tool. The Source Murrumbidgee catchment model was developed 
so that it can be used to derive simple relationships between volumes of environmental water for 
release from storage, river flows and commence-to-fill flows for regulated and unregulated 
wetlands on the main stem of the Murrumbidgee River (Figure 18). 

 

Figure 18: Examples of empirical relationships between environmental water releases and background flow scenarios. 

                                                           

 
7 Source model: <http://www.ewater.com.au> 



36   |  Ecological responses to altered flow regimes 

PREVAILING FLOW CONDITIONS 

In planning a release of environmental water from storage, the existing flow conditions within a 
river system, which can change temporally, need to be considered. To characterise this temporal 
variation in the optimisation framework, different flow conditions were considered as states: dry, 
medium and wet. These flow states were calculated using historical dry, medium and wet 
conditions, for each month. The optimisation prototype used a deterministic approach to selecting 
different flow environments. The Cluster project modified the optimisation tool to allow for a 
probabilistic treatment of flow scenarios, assigning probabilities of dry, medium and wet months 
along a multi-year time horizon. 

ANTECEDENT CONDITIONS AND MIGRATORY SPECIES 

The Cluster developed a new algorithm to consider how habitat hectare requirements are 
calculated for migratory and non-migratory species (Figure 19). This solution better accounts for 
antecedent conditions, ensuring that optimisation outcomes are representative of the life histories 
of species. The optimisation algorithm ensures that successful events for non-migratory species, 
such as frogs, or non-migratory species, such as birds, are only counted when wetlands are 
inundated at the appropriate frequency.  

 

 
Figure 19: In optimisation frameworks, persistence of non-migratory species is only accounted for if a drought never occurs. 

 

Incorporating antecedent conditions highlights the need for strategic water planning to consider 
multiple watering events. To meet environmental flow requirements in floodplain wetlands, 
optimisation runs show that large volumes of water must be released (which is not possible in dry 
periods) or releases need to ‘piggy-back’ environmental water onto existing high flows. To meet 
environmental flow requirements for all species at a catchment-scale, watering regulated as well as 
watering unregulated wetlands is required to give complete coverage. Optimisation allows multiple 
solutions for environmental watering to be explored, which promotes flexibility in flow planning 
and opportunities for stakeholder involvement in the decision-making process.  
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6 Measuring success  

Key messages 

This section addresses the question: How can we measure the success of the application of 
environmental flows?  

• Cluster gradient analysis using fish data suggests that:  

• Traditional indicators of ambient condition may not be suitable as indicators of flow 
alteration.   

• Indicators will likely be species specific, and some indicators may provide better models 
for native species than exotic species.   

• It may be important to use region-specific indicators if climatic conditions vary 
substantially or species have evolved region-specific life-history characteristics.  

• Work within the Cluster has identified robust indicators that are responsive to flow alteration. 
These will prove useful in measuring success of environmental watering in the future. 

• Methods are provided for monitoring and assessing the outcomes of environmental watering. 

Water management context 

Experience around the world suggests that assessing the effectiveness of flow restoration requires 
a dedicated diagnostic monitoring program. However, most existing riverine and floodplain 
assessment programs, including the Murray-Darling Basin (MDB) Sustainable Rivers Audit (Davies et 
al., 2010), have been designed to evaluate aquatic condition, often in response to land use change, 
rather than to provide specific insight into responses to flow change or the results of environmental 
watering. This project sought to identify flow-response indicators that could be incorporated into a 
monitoring program that would report on the effectiveness of environmental flow deliveries across 
the entire MDB. 

Flow restoration at the scale of the MDB will occur via a number of mechanisms: managed water 
releases from reservoirs, strategic buybacks of water allocations for the environment, and the 
return of flow to rivers and wetlands via a reduction in abstraction, either through licence changes 
or increases in irrigation efficiency.  These mechanisms operate over a range of spatial and 
temporal scales, and influence individual flows and the longer-term flow regime.  Accordingly, 
monitoring programs and associated indicators need to work across a range of spatial and temporal 
scales to be sensitive to short-term responses from targeted releases, as well as longer-term 
responses from basin-scale water management (see Box H). 

Although there may be great spatial and temporal complexity in the delivery of environmental 
water, in most instances some general similarities in ecosystem response can be identified (Figure 
20).  A key ecosystem response to an increase in flow or inundation in a floodplain river is a system-
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level increase in productivity; therefore measures of productivity can be used to link population 
characteristics (e.g. growth, biomass) with community level diversity and ecosystem processes (e.g. 
energy flux) (Benke and Huryn, 2010) and can be potentially useful for bioassessment (Dolédec and 
Statzner, 2010).  When floodplain inundation is sustained as a result of an environmental watering 
event, the result is a “boom” in productivity. Therefore, it is logical to use measurements of 
increased productivity as ecosystem response indicators to measure the success, or otherwise, of 
an individual environmental watering event.  

 

Box H: Different measures of fish response to flow events can be used as indicators across 
multiple time scales 

In the short-term (directly after a flood pulse), indicators are based on individual fish responses to flow. For 
example, how ‘fat’ they are and how many young they produce; however, in the medium-term (months to 
years) indicators describe the health of fish populations and the distribution of age classes, suggesting 
successful recruitment events. It is only in the long-term that ‘traditional’ indicators of ambient condition 
such as diversity would be appropriate.  

 

Conceptual model using fish as an example of how different metrics can be used to assess short-term, medium-term 
and long-term responses to flow change.  Note that long-term responses will only be apparent through 
environmental watering that aims to restore the flow regime to a more natural condition. 

More detail is provided in Section 1 of Assessing Aquatic Ecosystems Condition and Trend, the technical 
report from SubProject 4 of the Ecological Responses to Altered Flow Regimes Cluster. 
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Figure 20: Conceptual model of the successional ecosystem response to single flow events that inundate floodplain surfaces. The 
magnitude of the processes identified will vary according to the degree of floodplain inundation and antecedent flow history. 

Literature Review and Conceptual Modelling 

The results of a global literature review to identify flow response indicators, their application at 
varying temporal scales and their relevance over a range of criteria, are summarised in Table 1. This 
information was used in conceptual modelling of a range of flow response indicators, incorporating 
varying spatial and temporal scales, within a Basin-wide monitoring program. The results of the 
literature review and the conceptual modelling were combined to provide the background for the 
development of the gradient analysis. 

Gradient Analysis 

A “gradient analysis” can be used to identify a subset of environmental indicators that respond 
predictably to environmental disturbance gradients (USEPA, 2000). These techniques have 
previously been used to measure the impact of land use change (Bunn et al., 2010) but assessing 
the ecological effects of flow alteration is more difficult because climatic, topographic, and land-use 
characteristics can have an over-riding effect on flow, and consequently on the physical and 
ecological processes in rivers. Here we provide a case study using modelled flow change metrics 
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and a fish dataset to demonstrate how a gradient analysis can be used to validate indicators of flow 
alteration and gain a better understanding of flow-ecology relationships at broad spatial scales. 
Although we chose to focus on fish, these methods could be applied to other types of flow-sensitive 
indicators.  

FLOW CHANGE METRICS 

Thirty-three pre- and post-development flow characteristics representing flow variability, 
magnitude, frequency, duration, and timing were generated for every stream segment in the 
National Catchment Boundaries dataset (Stein et al., 2010). Predictions from these data were used 
to calculate the percent, absolute, and raw change between pre- and post-development flow 
characteristics, which represent the deviation from the natural flow regime (i.e. the flow-
disturbance gradient). The percent change in the pre- and post-development inundation areas at 1, 
2, 5 and 10 year return intervals were also calculated based on the CSIRO MDB Flood Inundation 
Model (Chen et al., 2012). Additional flow disturbance metrics were extracted from the Cluster 
Geodatabase (Ward et al., 2012) or obtained from the National Environmental Stream Attributes 
dataset (Stein et al., 2010) including number of farm dams upstream, irrigation channel length, and 
a variety of river disturbance indices (Stein et al., 2002). Other environmental variables were 
primarily used to account for natural variability in fish distribution and included measures such as 
mean annual temperature, elevation, or percent sand in the soil ‘A’ horizon. Hydrologically active, 
exponentially distance-weighted attributes were also calculated for seven land-use classes using a 
simple modification of the inverse-distance weighted methods described in Peterson et al. (2011). 
We used this suite of variables to quantify the influence of the flow-disturbance gradient on 
potential fish indicators, after accounting for the influences of natural environmental gradients and 
land-use impacts. 

FISH DATA 

Four types of potential indicators were calculated from Sustainable Rivers Audit (SRA) fish dataset 
and used to assess medium-term responses to managed flow regimes:  

1. Abundance  

2. Biomass  

3. Recruit count, and  

4. Fulton’s body condition (although body condition could also be used as a short-term 
indicator [Bolger and Connolly, 1989]).  

Potential indicators were calculated for four species, including two native species: golden perch and 
bony bream, and two alien species: common carp and goldfish. These potential indicators were 
assessed against metrics of flow disturbance using two-part zero-inflated negative binomial models 
(Zeileis et al., 2008) for the abundance and recruitment data, and linear regression models for 
biomass and body condition data, where fish were present.  
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Table 1.  Summary of potential indicators and their conceptualized response to flow release across a range of scales.  Criteria are adapted from Cairns et al. (1993) including (1) whether 
the indicator is biologically relevant; (2) whether the indicator is socially relevant; (3) whether the indicator is diagnostic of the stressor(s) of interest; (4) whether it is cost effective to 
monitor; (5) whether it is integrative over relevant spatial and temporal scales; and, (6) whether it is interpretable and their status as essential biodiversity variables (EBVs). 

COMPONENT/ PROCESS PREDICTED RESPONSE TO FLOWS 
THAT INUNDATE FLOODPLAIN OR 
CHANNEL SURFACES 

SHORT-TERM RESPONSE 
INDICATORS 

MEDIUM-TERM RESPONSE 
INDICATORS 

LONG-TERM 
RESPONSE 
INDICATORS 

CRITERIA ESSENTIAL BIODIVERSITY 
VARIABLES (AFTER 
PEREIRA et al. 2013) 

Hydrology  Area inundated 
(important for 
floodplain wetlands) 

 SRA or similar 
metrics 

 Ecosystem structure 

  Duration of pulse    Ecosystem structure 

  Magnitude of pulse    Ecosystem structure 

Water  quality Mostly short-term, ecosystem 
specific, and depend on 
antecedent conditions 

Conductivity/ salinity, 
pH, Nutrient 
concentrations, 
dissolved oxygen (24 
hour DO change) 

 Metric of frequency 
of adverse events 
(e.g. hypoxic 
blackwater events, 
algal blooms) 

Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 
Cost effective  
Integrative  
Interpretable  

Ecosystem structure 

Riparian and Floodplain 
Vegetation 

Generally an increase in 
biomass and flowering / seed 
set; however, likely to be 
species specific and also related 
to antecedent flow conditions, 
season and rainfall. 

Increased biomass and 
growth  

NDVI -  changes in 
vegetative biomass and 
growth; increased 
recruitment and 
biomass; flowering and 
seed production 

Structural 
complexity metrics  
Diversity metrics 

Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 
Cost effective  
Integrative  
Interpretable  

Ecosystem function 
Community comp. 

Phytoplankton Short-term increase in biomass 
of phytoplankton with 
floodplain inundation and 
decrease in proportional 
abundance of nuisance algal 
species in channels. 

Phytoplankton 
productivity Water 
column chlorophyll a, 
presence of nuisance 
algal blooms 

  Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 
Cost effective  
Integrative  
Interpretable  
 

Ecosystem function 

Benthic algae Decrease in biomass with an 
increase in flow and reduced 
light climate, potentially 
ecosystem specific.  Medium to 

Benthic biofilm 
productivity  
Biofilm chlorophyll a 

Functional metrics 
Diversity metrics 

Functional metrics 
Diversity metrics 

Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 

Ecosystem function 
Community comp. 
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COMPONENT/ PROCESS PREDICTED RESPONSE TO FLOWS 
THAT INUNDATE FLOODPLAIN OR 
CHANNEL SURFACES 

SHORT-TERM RESPONSE 
INDICATORS 

MEDIUM-TERM RESPONSE 
INDICATORS 

LONG-TERM 
RESPONSE 
INDICATORS 

CRITERIA ESSENTIAL BIODIVERSITY 
VARIABLES (AFTER 
PEREIRA et al. 2013) 

long-term changes in diversity 
and functional composition. 

 Cost effective  
Integrative  
Interpretable  

Zooplankton Short-term responses to 
floodplain inundation include 
increase in biomass, long-term 
responses   

Water column biomass 
Egg bank hatching 
biomass  
Egg bank viability 

Assemblage 
composition 

Assemblage 
composition 

Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 
Cost effective  
Integrative  
Interpretable  

Species traits, species 
pop., Community 
comp. 

Macroinvertebrates Increase in rheophilly index and 
increase in biomass and 
abundance 

Abundance and biomass 
of pelagic invertebrates 
 

Rheophilly index, 
population structure of 
large taxa (eg. prawns 
and shrimps) 

Diversity metrics Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 
Cost effective  
Integrative  
Interpretable  

Species traits, species 
pop., Community 
comp. 

Fishes Increase in all indicators with 
floodplain inundation; species 
specific and may relate to 
season of flow. 

Biomass (native) 
Body condition 
% Young of Year (YOY) in 
population 
Larval abundance 
Body size 

Age structure, 
% recruits in population 

Diversity metrics 
such as Species 
Richness, modelled 
O/E 
Fish allelic diversity 
(e.g. measure of 
connectivity through 
system) 

Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 
Cost effective  
Integrative  
Interpretable  

Species traits, species 
pop., Community 
comp.  
Genetic composition 

Waterbirds, turtles Increase in both breeding 
activity and recruitment.  
Increase in body condition. 
Species specific and may relate 
to season of flow. 

Breeding onset; 
Recruitment, body 
conditions (turtles); 
nesting activity (turtles 
and waterbirds) 

Age structure – 
suggesting successful 
recruitment  
 

Diversity metrics 
such as Species 
Richness 

Biologically relevant  
Socially relevant  
Diagnostic of stressor 
 
Cost effective  
Integrative  
Interpretable  

Species traits, species 
pop., Community 
comp.  
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ASSESSING MODEL PREDICTIVE ABILITY 

There are a number of characteristics to look for when selecting indicators that respond to flow 
disturbance. First, does the model have significant predictive ability?  In addition, the potential 
indicator must also have a significant statistical relationship with flow disturbance metrics.  Once a 
model with a strong flow-disturbance component has been identified, the next step is to assess the 
individual contribution of each flow-disturbance metric. Finally, the statistical relationship between 
the potential indicator and the flow-disturbance gradient must make ecological sense based on 
evidence gained in previous studies. 

The suitability of potential indicators 

The suitability of each potential indicator was assessed based on the predictive accuracy of the 
models and the strength of the relationships with flow-disturbance variables. The predictive ability 
of the models for recruit counts tended to be stronger than other indicators (Figure 21), but most 
of the variability was explained by environmental variables such as climate. This was a common 
characteristic of the abundance and recruitment models, where land-use and flow disturbance 
explained little of the variability. In contrast, the relative importance of flow in the fish biomass and 
body condition models (Figure 22) was more significant and generally had an equal or greater 
influence than land-use metrics.  Across all models, flow disturbance metrics representing timing, 
variability, and magnitude were most often found to be significant.  

 

Figure 21: Suitability assessment for potential indicators of flow alteration based on the predictive accuracy of the models and the 
strength of relationships with flow-disturbance gradients. Green and orange dots represent relatively strong and weak 
relationships, respectively, with flow-disturbance gradients, while the arrows represent high and low predictive ability of the 
model. 

Recruit count
Body 

Condition Abundance Biomass

Bony bream

Golden perch

Carp

Goldfish

?

Strength of relationship with flow-disturbance gradients

Overall predictive ability of models

No evidence that it will make a suitable indicator
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Figure 22. Relative importance of variables by group including flow disturbance, land use, and environmental (i.e. climate, 
topography, and substrate type) for the fish biomass and body condition models. 

 

A summary of the key results from this case study is as follows:  

1. Traditional indicators of ambient condition may not be suitable as indicators of flow 
alteration.   

Overall there was no overwhelming evidence supporting one potential indicator type over another, 
though flow-specific indicators (body condition, biomass, and recruit counts) tended to perform 
better than abundance measures.  Abundance is a traditional measure of ambient condition and 
represents carrying capacity at a site. However, under the highly variable hydrological and climatic 
background of the MDB, this measure will be strongly influenced by short-term responses of fish 
breeding and recruitment whereby high numbers of juveniles will inflate abundances at individual 
sites (Balcombe et al. 2011). Hence, biomass is more likely to represent true carrying capacity of 
individual species as it tends to be less influenced by short term spikes in abundance. 

2. Indicators will likely be species specific, and some indicators may provide better models for 
native species than exotic species.   

Flow specific indicators tend to provide stronger relationships for native species than exotic 
species.  Although all four species examined here could be considered ecological generalists, the 
exotics are additionally opportunistic and their presence and dominance is often due to their ability 
to persist in habitats unsuitable to native species.   

3. It may be important to use region-specific indicators if climatic conditions vary substantially 
or species have evolved region-specific life-history characteristics.  

Although body condition and recruitment are likely to be useful indicators of fish response to flow 
in Australian dryland rivers (Balcombe et al. 2012; Balcombe and Sternberg 2012), there may be too 
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many environmental gradients (i.e. climate, topography) influencing them to tease-out the specific 
impact of flow disturbance; as evidenced from the inconsistent results. Consequently, the strength 
and even the direction of the relationship between body condition or recruitment and flow 
alteration may vary by region and the temporal scale at which the change in flow is measured. This 
suggests that region-specific indicators and indicators reported at correct temporal scales may be 
more suitable.  

Conclusions 

This analysis was likely limited by our use of the SRA dataset, which was not designed to represent 
the full range of flow-disturbance, land use, and environmental gradients. The models used to 
generate the flow-disturbance gradients were fit to the MDB-SY modelled hydrology data, which 
adds an additional level of uncertainty. These models were designed to predict annual yield rather 
than to capture the magnitude, timing, frequency, duration, and variability of flows, which many 
species are sensitive to.  

Deterministic models are notoriously poor at predicting low flows (e.g. Wenger et al., 2010; Ren 
and Kingsford, 2011) and we found that to be the case with the MDB-SY data as well.  Nevertheless, 
this issue is not unique to the MDB or Australia; it is a world-wide problem in studies of 
environmental flows (Carlisle et al., 2011; Poff et al., 2010). Despite these data-related challenges, 
our results indicate that a gradient-analysis approach shows promise for selecting a variety of 
indicators specifically designed to assess the ecological effects of altered flow regimes.  

Here we have outlined a process for identifying indicators appropriate for the major disturbance of 
interest, in this case flow change. We have shown how the selection of these indicators needs to be 
based on a conceptual understanding of their response to the disturbance of interest and how this 
response can be tested using a disturbance gradient approach. These appropriately selected and 
tested flow-response indicators could be incorporated into a monitoring program that would report 
on the effectiveness of environmental flow deliveries across an entire river basin. 

By monitoring and using scale-appropriate indicators, such as those discussed here, we can 
determine the extent to which environmental outcomes have been achieved through the 
restoration of natural flow regimes. This information will contribute to both an adaptive-
management framework and a MDB monitoring programme. This knowledge is essential for the 
sustainable management and restoration of flow-affected floodplain rivers and wetlands. 
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7 Future directions  

Analysis and synthesis of existing datasets together with field-based observations, experiments and 
modelling undertaken by the Ecological Responses to Altered Flow Regimes Cluster, have 
significantly advanced the science needed to underpin environmental water management in 
Australia. However, the task is far from complete and important knowledge gaps and data 
limitations have been identified during the course of the project. Some of the modelling 
approaches developed here also require refinement and validation to be applied in the MDB, 
particularly at finer spatial resolution. 

The spatial data layers compiled within the Cluster Geodatabase, together with improved predictive 
models of species distributions and hydrological alteration, will provide the essential building blocks 
for a systematic conservation plan at the Basin-scale. There is a need to take a more spatially-
explicit approach to environmental water management, especially in the unregulated parts of the 
MDB and for assets other than the large iconic wetlands: How many kilometres of each river class 
or hectares of each wetland type should we aim (can we afford) to protect or restore? Similarly, 
what length or area of important aquatic species habitat do we need? Are there important aquatic 
refugia during dry spells? Where are they and how often do they need to be connected? More 
detailed spatial mapping of threats to ecological condition (current and future) will also be 
important. 

Environmental flows are a critical restoration tool being used to achieve river valley and Basin scale 
environmental and social objectives. Environmental flows operate over relatively short time frames 
and often fine spatial scales. We need to improve our understanding of how both short term 
localised responses to environmental flows are influenced by the condition of the system at the 
time of the flow and then how restoration of flow will have longer term and broader scale 
environmental outcomes. For example, recovery from drought may take several ‘good’ years. Key 
to this will be an improved understanding of the way that changes in key processes (e.g. patterns of 
production, dispersal etc.) affect population viability, community composition, ecosystem resilience 
and recovery time frames and trajectories. 

The ecological response to flow restoration is likely to be influenced by other (non-flow) pressures 
and stressors. It is therefore important that these interactions are better understood, so that future 
management of environmental flows can be coordinated with other ‘complimentary’ natural 
resource management activities. Well-designed, broad-scale, flow restoration ‘experiments’ are 
required with appropriate infrastructure and monitoring, so that we can learn from actual flow 
events (implementing adaptive management). This will require further development of indicators 
for assessing the effectiveness of flow restoration, noting that those related to growth, 
reproduction and recruitment show particular promise; especially when they are region specific. 
Flow restoration experiments also need to be sufficiently long-term, to experience the variety of 
environmental flow types and conditions. Much of our current knowledge is based on research 
within the southern MDB and there is a need to explore differences and similarities in the northern 
MDB. 
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Questions of this kind cannot be successfully addressed by individual researchers working in 
isolation on short-term studies at fine spatial scales. Freshwater ecology research in Australia is 
highly fragmented and few universities and government organisations, including CSIRO, have 
sufficient breadth of skills and capacity to make substantive progress on their own in the science to 
underpin environmental water management. The Ecological Responses to Altered Flow Regimes 
Cluster demonstrates what can be achieved through effective collaboration. Future research on 
environmental flows must be planned and executed in a more integrated and coordinated manner, 
in partnership with management agencies.  
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Glossary  
Term Description 

Alluvial  soil deposited by a river. 

Antecedent flow conditions character of the flow regime prior to the period under 
study.  

Anthropogenic  man made, not natural. 

Asset / ecological assets  features of the natural environment that provide 
environmental functions or services. 

BACI design  Before – After, Control – Impact (in relation to 
experimental design).  

Bankfull when the flow volume reaches or exceeds the capacity of 
the active river channel.  

Baseflow  the sustained low flow in a river during dry periods, 
generally derived from seepage from ground-water. 

Bioassessment / Biological Assessment  using biological data to evaluate the condition or health 
of ecosystems. 

Bioregionalisation / Bioregion  a geographically distinct area that has a similar climate, 
geology, landform, and vegetation and animal 
communities. 

Blackwater event / hypoxic blackwater  a water quality event caused when high loads of organic 
matter in a waterbody combine with low flow creating 
low oxygen conditions.  

Classification  a scientific method of grouping like organisms, landscape 
features, ecosystems, etc. 

Commonwealth Environmental Water Holder  holds title to permanent water entitlements purchased 
from irrigators under the Commonwealth's water buy 
back scheme. 

Ecosystem services  the benefits that people receive from ecosystems, 
including provisioning, regulating, and cultural services 
(Millenium Ecosystem Assessment).  

Environmental assets (with respect to the Murray 
Darling Basin Plan)  

water dependent ecosystems, ecosystem services and 
sites of ecological significance. 

Environmental water  held environmental water or planned environmental 
water. 

Environmental watering  the process of managing water to achieve environmental 
outcomes.  

Ecological integrity  the structure, composition, and function of an ecosystem 
operating within the bounds of natural or historic range 
of variation. 

Environmental flow  the quantity, timing and quality of water flows required 
to sustain freshwater ecosystems and the human 
livelihoods and well being that depend on these 
ecosystems. 

Flow pulses / high flow pulses the component of an instream flow regime that 
represents short duration, in channel flow events.  

Flow regime  the long-term pattern of flow in a river.  

Geodatabase  a framework/architecture that combines spatial data 
with a data repository.  

Geomorphology (and geomorphic) the study of landforms and the processes that shape 
them.  
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Term Description 

Held environmental water  water available for the environment under a water access 
right, a water delivery right or an irrigation right. 

Hydrodynamic models physical or computer models that describe or predict the 
motion of water.  

Hydrograph  the graphical representation of a flow variable, such as 
gauge height or flow rate. 

Hydrology (and hydrologic)  the study of the distribution and movement of water. 

Hypoxia  a deficiency of dissolved oxygen; in freshwaters this 
means an inadequate concentration of oxygen to 
maintain a healthy aquatic ecosystem.  

Interbasin transfer  the physical transfer of water from one catchment/basin 
to another.  

Lacustrine pertaining to lakes.   

Macroinvertebrate  invertebrates visible to the naked eye, such as insect 
larvae. 

Macrophyte  an aquatic plant large enough to be seen with the naked 
eye; either emergent, submergent, or floating. 

Palustrine non tidal wetlands characterised by the presence of 
trees, shrubs or macrophytes. 

Pelagic in open water. 

Perenniality / perennial streams  streams which flow continuously. 

Ramsar Convention  the convention for protection of wetlands of 
International Importance especially as Waterfowl Habitat 
/ Convention on Wetlands (Ramsar, Iran, 1971) 

Recruitment  influx of new members into a population or habitat by 
reproduction, immigration or settlement. 

Refugia  habitat for species to retreat to and persist in. 

Regulation / river regulation  an imposed alteration of flow regime, most commonly 
caused by the construction of a dam and the control of 
water releases to the channel downstream from the dam.  

Resilience  an ecosystem's resilience includes how completely or 
quickly it is able to recover from disturbances such as fire, 
flood, drought, deforestation or invasion by exotic plants 
and animals. 

Riparian zone  the area along the bank of a river or a stream, which has 
water-dependent vegetation; the ecology of the area 
adjacent to a river of stream.  

Slack water  as applied to river systems, is runoff or streamflow that is 
prevented in some manner from maintaining normal 
velocity and becomes ponded / still. 

Spawning reproduction, depositing of eggs by fish.  

Transpiration  the process of water movement through a plant and 
evaporation from leaves, stems and flowers. 

Water dependent ecosystems ecosystems that depend on periodic or sustained 
inundation, waterlogging or significant inputs of surface 
water or groundwater to continue functioning. 
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Species list: 

Black box – Eucalyptus largiflorens 

Bony bream – Nematalosa erebi 

Carp gudgeon - Hypseleotris klunzingeri 

Common carp – Cyprinus carpio 

Flatheaded gudgeon - Philypnodon grandiceps 

Golden perch – Macquaria ambigua 

Goldfish – Carassius auratus 

Murray cod - Maccullochella peelii 

River blackfish – Gadopsis marmoratus 

River red gum – Eucalyptus camaldulensis 

Silver perch - Bidyanus bidyanus 

Trout cod - Maccullochella macquariensis 

Wrinkled toadlet - Uperoleia rugosa 

Bibron's Toadlet - Pseudophryne bibroni  

Spotted Marsh Frog - Limnodynastes tasmaniensis 
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