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Prelude

This document contains 27 generic cause and effect diagrams (CEDs) which form the basis of the LTIM Project ecological understanding. This document accompanies, and should be read in conjunction with the LTIM Logic and Rationale document (Gawne et al. 2013).

Cause and effect diagrams
The cause and effect diagrams (CEDs) are a simplified representation of the complex relationship between flow and ecological responses in freshwater aquatic systems. The CEDs do not attempt to explain all possible relationships or contain all possible factors that influence the specific objective, but try to simplify reality by containing only the most relevant information (Gross 2003). 

Each CED is a box and arrow diagram and a description of the relationship between flow and the nominated expected outcome. The objectives of the LTIM Project CEDs are to:

· Illustrate visually the key influence of flow on ecological variables
· identify important processes and variables 
· identify key links between flow, causal factors and expected outcomes 
· facilitate selection and justification of monitoring variables 
· facilitate evaluation of data from the monitoring program 
· clearly communicate the complex influence of flow on the environment to technical and non-technical audiences.
In developing the CEDs and ensuring the balance between simplicity and accurately representing ecological relationships, the following principles were followed:

· the focus is on the influence of flow, omitting all non-flow related influences. In some instances, this required a judgment about whether a minor or indirect influence warranted inclusion in the CED 
· alignment with the objectives hierarchy 
· utility within adaptive management. The CEDs recognise the complex relationship between flow and expected outcomes but are designed to facilitate the ongoing process of improvement essential to the success of adaptive management.
The Diagrams
The general form of all the diagrams (except hydrological connectivity, and nutrients and carbon cycling) is the same with flow at the top of the CED influencing one or more causal categories (habitat, connectivity, processes, disturbance or cues) or subsidiary CEDs (Figure 1). Within each causal category is a list of causal factors. The CEDs are nested within the objectives hierarchy and references to other CEDs are included as yellow boxes.



[image: ]
[bookmark: _Toc354062884]Figure 1. Generic structure of cause-effect diagrams, illustrating the influence of flow on an expected outcome through the action of causal factors that are grouped within a causal category. A related CED is identified within a yellow box. The expected outcome is the major influence on identification of effect indicators while causal factors facilitate identification of causal indicators.
The Description
Each CED is associated with a description that provides a concise summary of the evidence supporting the relationships illustrated in the diagram. The summaries are not full literature reviews although they may provide a basis for a formal literature review at a later stage. Where available, the evidence refers to water dependent ecosystems in the Murray-Darling Basin (MDB), however, in a number of areas, there is only limited evidence available and so the international literature has been used. The use of overseas evidence is associated with an increased level of uncertainty in terms of applying the knowledge to the MDB, however, gathering evidence to either reduce the uncertainty or modify the CED are key steps in the adaptive management process. The CEDs are generic and provide a starting point for predicting environmental outcomes in water dependent ecosystems throughout the MDB. In many instances, the application to a specific Selected Area will require modification of the CED. This will be an important part of adaptive management and records of the changes will help identify important differences among regions and ecosystems.

The CEDs have been used to develop expected outcomes for the seven Selected Areas. It is expected that they also be used to inform the development of the detailed Monitoring and Evaluation Plans for the seven Selected Areas.

In a number of instances several related CEDs have been combined into one description where the literature content was inter-related and overlapping.

Importantly, a good cause-effect diagram needs to explicitly state the underlying assumptions and the level of uncertainty associated with the links (King et al. 2003). As the CEDs are further developed, the assumptions will be articulated and the uncertainty expressed.
Overall, the CEDs presented here provide evidence of the relationship between flow and Basin Plan objectives, but perhaps more importantly in the long-term, provide a resource to support the application of our understanding of freshwater ecosystems to the management of environmental water.
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A system is a set of interacting or interdependent components forming an integrated whole. The components in an ecosystem are the biota (plants, animals, microbes) and the physical environment (air, water, soil). The components interact through the exchange of nutrients and energy; with carbon, in many cases, representing both a nutrient and a source of energy. While the designation of ‘ecosystem’ is often applied to a limited area of land, the nested nature of landscapes means that the term ecosystem can be applied at a variety of scales. A wetland that could be considered a separate ecosystem at one scale may be considered to be a part of an ecosystem at a larger scale. At either scale our understanding is that the ecosystem forms some integrated whole that interacts with other systems. 

The Basin Plan seeks to protect or restore ecosystem diversity as part of the broader goal of protecting biodiversity more generally. There are several reasons why ecosystem diversity is important. First, as the definition implies, ecosystems are comprised of interdependent species, including in some instances, species that Australia has committed to protect such as migratory waterbirds. The principles of ecosystem management suggest that ecosystem management has a much higher probability of protecting valued species than individual species management. Second, because ecosystems are comprised of the biota and physical environment (and the physical environment is heterogeneous) we need a diversity of ecosystems in order to provide ecosystem services across the entire landscape. The following section describes how landscape ecosystem diversity (Figure 1) and within ecosystem diversity (Figure 2) are affected by river flow and geomorphology through its influence on habitat, area, disturbance and connectivity.

[image: ]
Figure 1. Cause and effect diagram depicting the influence of flow on landscape ecosystem diversity.

While the description above may suggest that ecosystem diversity is determined by variation in the physical environment alone, ecosystems are controlled by both the physical environment and the biota that have the capacity to influence the physical environment. There are therefore, a number of interacting factors that sustain ecosystem diversity. An important consideration is that the use of the term ‘system’ has connotations of having a fixed purpose and structure when in fact ecosystems are constantly responding to changes in both the physical environment and biotic interactions.

[image: ]Figure 2. Cause and effect diagram depicting the influence of flow on within ecosystem diversity.

Habitat heterogeneity: Habitat is the environment inhabited by a particular species, or more commonly in freshwater systems, the physical and chemical environment that surrounds, influences and is utilised by individuals within a species. There are a great many physical, chemical and biological characteristics that combine to define a species’ preferred habitat or niche. For example, species can only persist within a certain range of salinities, pH, current speed or depth of water. Variation in these habitat characteristics across the landscape and through time provide opportunities for other species who prefer a different habitat or are better able to compete under those conditions. Ecosystems are characterised by the combination of physical, chemical and biological characteristics (habitats) and variation in habitat both between and within ecosystems is a significant driver of ecosystem diversity.
 
In freshwater systems, the importance of habitat has been long recognised and so, many models of freshwater systems use physical habitat availability to predict the outcomes of environmental management. Examples include PHABSim (Souchon et al. 2008; Petts 2009) and the Murray Flows Assessment Tool (MFAT) (MDBC 2004; Norton and Andrews 2006) which was a modification of an environmental flow decision support system (Young et al. 2000). The rest of this section will review some of the major habitat characteristics influenced by flow. 

Flood frequency has been found to be a significant influence on vegetation communities where it influences species composition distributions (Chesterfield 1986), productivity (Robertson et al. 2001) and condition (Overton et al. 2006). River regulation has been found to decrease flood frequency which may extend the dry period beyond the tolerance of flood dependent species (Bren 1991) or provide an opportunity for more terrestrial species to become established (Stokes et al. 2010; Catford et al. 2011). Decreases in flooding frequency may also lead to accumulations of salt which may act as a disturbance to floodplain vegetation (Overton et al. 2006).

Flood frequency influences the presence of fish (Bunn et al. 2006; Lubinski et al. 2008) through its influence on the presence and quality of refuges. For microinvertebrates that rely on an eggbank to persist through dry periods, extension of the dry phase will reduce the viability of the eggbank and reduce the diversity of the community (Boulton and Jenkins 1998). In a landscape context, this will mean that less frequently inundated wetlands are likely to have a different species composition to more frequently inundated wetlands (Nielsen et al. in press).

Water depth is an important influence on species present within an ecosystem. For vegetation, water depth has been found to be a significant influence on species composition (Howell and Benson 2000; Murphy et al. 2003; Wolters et al. 2005; Elsey‐Quirk et al. 2009) and so a water regime that creates a mosaic of water depths is likely to increase ecosystem diversity. Water depth is important for birds (Taft et al. 2002; González-Gajardo et al. 2009) and fish (Irz et al. 2004; Lubinski et al. 2008), with many birds reliant on shallow water to forage. Fish depth preferences may be influenced by the influence of depth on water quality, wetland permanence or in some cases, bird predation (Gawne and Scholz 2006). 

One of the effects of river regulation has been a reduction in the duration of inundation of many ecosystems (Bren 1991; Frazier and Page 2006). At a landscape scale, this may mean that ecosystems that once experienced long periods of inundation may now be lost or under stress. For vegetation, the period of inundation has a significant influence on species composition (Furness and Breen 1980; Casanova and Brock 2000; Pettit et al. 2001; Baker and Wiley 2004). For invertebrates, wetland inundation initiates a gradual change in species composition (Lake et al. 1989; Gawne and Scholz 2006). For fish, reductions in inundation duration may preclude the use of floodplain habitats (King et al. 2003) or undermine the value of ecosystems as refuges (Bunn et al. 2006). Duration of inundation also influences the bird species that utilise wetlands, with ephemeral wetlands supporting a different suite of birds to permanent billabongs (Parkinson et al. 2002).

The timing or season of inundation will also influence the species within an ecosystem. Season of inundation has been found to influence the species of annual plants that emerge (Howell and Benson 2000; White et al. 2012) and their capacity to complete their life cycle (Warwick and Brock 2003). Season is also an important influence on the invertebrate community, primarily through its influence on temperature (Nielsen et al. 1999), and in some instances, due to the effects of temperature on processes and water quality (Watkins et al. 2011). Fish response is also influenced by timing (Nielsen et al. 1999; Górski et al. 2010; White et al. 2012). Once again, temperature is a key influence on species’ dispersal response and reproductive behaviour (Humphries et al. 1999). For fish to take advantage of the habitat and productivity associated with inundation, the season and temperature need to coincide with other dispersal and breeding cues and these are known to vary among species (Humphries et al. 1999; Beesley et al. 2010). In terms of protecting or restoring ecosystem diversity, the key considerations are that inundation at inappropriate times of year may not achieve their objective, but also that within the appropriate seasons, the timing of inundation should be varied to ensure that species with different seasonal requirements are provided with opportunities to complete their life cycles.

Several water quality parameters are known to influence vegetation species occurring in an ecosystem including; nutrients (Kleinebecker et al. 2010), salinity (Nielsen et al. 2003; Overton et al. 2006), turbidity (Blanch et al. 1998; Best et al. 2001; Tremp 2007) and pH (Porter et al. 2007). For invertebrates, key water quality influences include; salinity (Growns et al. 1992; Bonada et al. 2005), nutrients (Growns et al. 1992; Bonada et al. 2005; Kleinebecker et al. 2010), pH (Growns et al. 1992) and dissolved oxygen (Watkins et al. 2011). Similarly, fish community composition has been found to be influenced by salinity (Wedderburn et al. 2008) and dissolved oxygen (McNeil and Closs 2007). Each of these water quality parameters will vary over different spatial and temporal scales in response to in-channel conditions, connection with the main channel and local conditions including connection with regional groundwater. Protecting or restoring ecosystem diversity would require an understanding of the expected range and combinations of water quality characteristics within wetlands. 

Hydraulic conditions also have a significant influence on species occurrence within ecosystems. The effects of depth have already been described, but current speed and turbulence also influence the occurrence of species and their distribution. Current speed is acknowledged as being a major influence on macrophytes (Biggs 1996), invertebrates (Lancaster and Downes 2010) and fish (Crook et al. 2001). 

Area: the species-area relationship is the relationship between the area of an ecosystem or habitat and the number of species found within that area. As the area increases, so does the number of species found and this is one of the most widespread and consistently observed ecological patterns. The size of an ecosystem has been found to influence the number of bird (González-Gajardo et al. 2009), fish (Alimov 2001; Aigo et al. 2008), frog (Parris 2006), invertebrate (Briers and Biggs 2005; Ryberg and Chase 2007), algal and vegetation (Murphy et al. 2003) species. In the case of fish, a relationship has also been found between discharge, which is broadly related to the amount of habitat, and fish diversity (Xenopolous et al. 2005).

A number of hypotheses have been proposed to explain the species-area relationship, including that as the number of individuals increase so does the probability of an increased number of species. Larger areas are more likely to include a greater variety of habitats that will support a greater diversity of species. 

Disturbance: The cycles of flooding and drying influence habitat and connectivity but they also impose a disturbance regime on biota that, if altered, will affect the species present in the system. This has been observed when the frequency of floods is reduced or when dry phases are lost (Casanova and Brock 2000; Gawne and Scholz 2006). 

Floods represent a disturbance for many plant species as they have limited or no tolerance for inundation (Siebentritt et al. 2004). Even some species considered to be flood dependent (e.g. river red gum) have limits to the period of time that they can tolerate inundation (Steinfeld and Kingsford 2013). 

Drying is also a disturbance that eliminates aquatic species and as the dry period increases, fewer and fewer flood dependent species persist (Barrett et al. 2010; Nielsen et al. in press).
In some instances, the effects of the disturbance are linked to changes in water quality associated with the drying process including; salinity, temperature and dissolved oxygen (McNeil and Closs 2007; Hladyz et al. 2012).

Connectivity heterogeneity: Connectivity is the exchange of water, energy, nutrients and biota among ecosystems in the landscape. Connectivity is increasingly being recognised as a major influence on ecosystem character through both hydrological connectivity that is a major influence on habitat characteristics and its influence on the distributions of species. While from a single species perspective limitations to dispersal may not appear beneficial, from an ecosystem perspective variation in connectivity excludes some species from some systems and this creates opportunities for other species to persist, thereby increasing ecosystem diversity. An example of this occurs between fish and frogs, where fish predation on tadpoles can exclude frogs from some wetlands.

The importance of spatial variation in connection reflects temporal variation in connections that are a key characteristic of floodplain ecosystems. Floods are associated with widespread connectivity that tend to homogenise floodplain ecosystems and the drying phase is then associated with diversification as connectivity is lost and local habitat characteristics influence survival (Angeler et al. 2000; Lewis et al. 2000; Miranda 2005; Thomaz et al. 2007; Balcombe et al. 2012).

This section will focus on the influence of connectivity on the distribution of species. Connectivity is particularly important in dynamic systems like floodplains where biota need to disperse to access areas of high productivity or refuges and the system goes through periods of boom and bust. In general, reduced connectivity is associated with a loss of species (Ward and Tockner 2001; Brinson and Malvárez 2002). Patterns of connectivity have been found to influence invertebrate (Leigh and Sheldon 2009; Obolewski 2011) and vegetation (Keruzoré et al. 2012) distributions. Fish appear to be most strongly influenced by connectivity (Bright et al. 2010; White et al. 2012).

Far less is known about the characteristics of connectivity that influence the dispersal of different groups but there is some limited information. Observations of fish movements through regulators and fish-ways have provided evidence that the type of connection can influence the species that will disperse (Beesley et al. 2010). The duration (Stoffels and Humphries 2003) and timing of connection (Davis et al. 2012) are also emerging as important with different species entering wetlands at different times. 

One of the major influences management has wrought on water dependent ecosystems has been the installation of infrastructure including weirs, regulators and levies that significantly alter patterns of connectivity. The importance of longitudinal and lateral connectivity to at least fish has been widely acknowledged through the installation of fish-ways through programs such as the Hume to the Sea fish-way program and the modification of wetland regulators to ensure they are fish ‘friendly’. 

Finally, landscape position has an important influence on the capacity of biota to disperse to an ecosystem. Ward and Tockner (2001) found that the diversity of different groups of biota peaked at different distances from the river channel but that overall, diversity peaked at intermediate levels of connectivity. An additional observation was that ecosystem diversity, (that is, the difference in species composition among ecosystems) was greatest in the most fragmented systems (Tockner et al. 1999).  

Knowledge gaps: Freshwater ecology has had an emphasis on species responses to the physical environment at relatively small spatial and short temporal scales. As a consequence, our understanding of connectivity and the forces that sustain species and ecosystem diversity at larger scales could be considered one large knowledge gap.
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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)In the context of this report, landscape vegetation diversity is the diversity of plant species and vegetation communities present in rivers, wetlands and floodplains through all phases of the flow regime relevant to the particular ecosystem (i.e. dry, base flow, fresh, bank full, overbank). The distribution and abundance of wetland and floodplain vegetation is strongly influenced by hydrology and the availability of water (Brock and Casanova 1997; Blanch et al. 1999; Casanova and Brock 2000; Brock 2011; Roberts and Marston 2011). Changes in flow regimes are therefore likely to significantly impact vegetation assemblages.
Landscapes, however, are not uniform and the way vegetation communities respond to changes in flow regimes will also be influenced by the interaction of the flow regime with the landscape (Thoms et al. 2006). Geomorphological factors, such as; the shape, depth and size of rivers, wetlands and floodplains; the type of sediment present on which plants establish; the relative location of ecosystems within the landscape; and the connection between ecosystems will all influence the range of vegetation communities supported. The range, size and abundance of vegetation communities supported at any given time will also be dependent on the area of specific types of habitat available. It has been demonstrated that vegetation communities and the presence of plant species can vary substantially between wetlands, with many plant species only found in a few wetlands (Alexander et al. 2008). This ‘uniqueness’ of plant species can be partially attributed to differences in water regime and morphology at individual sites. Wetland and floodplain plant biodiversity within the landscape can be promoted and maintained by providing a diversity of wetland types with varying flood regimes within the landscape (Alexander et al. 2008; Barrett et al. 2010). The following section describes how wetland and floodplain vegetation diversity are affected by river flow through influences on connectivity and habitat (Figure 3).
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[bookmark: _Ref217386453]Figure 3: Cause and effect diagram depicting the influence of flow regime and geomorphology on landscape vegetation diversity
Habitat heterogeneity: Water regime is a major determinant of wetland plant germination and distribution (Brock and Casanova 1997; Casanova and Brock 2000). Maintaining a mosaic of habitat types within the landscape is likely to lead to high diversity of wetland vegetation communities and plant species, as the habitat requirements of a wide range of species or functional groupings of species is being catered for.
Flow variables, such as frequency, duration, depth and timing all influence the types of habitats that are available. For example, flood frequency has a significant influence on the growth of River Red Gum (Eucalyptus camaldulensis) (Rogers and Ralph 2010). While different studies suggest different ranges of frequency required or experienced by River Red Gum trees, the frequency of inundation required is greater than for other types of vegetation communities such as Black Box (Eucalyptus largiflorens) (Rogers and Ralph 2010; Roberts and Marston 2011 and references within). There is also some indication that the abundance and possibly presence of particular wetland understorey species or groups of species may be influenced by the frequency of inundation events experienced in wetlands (unpublished data). The role that cumulative environmental watering events play in determining the diversity of wetland vegetation communities requires further investigation.
Variations in the duration of inundation will be required for and favour different types of vegetation communities. For short-lived wetland species which germinate and grow on damp mud following the recession of floodwater, the duration of inundation needs to be such that adequate soil moisture is maintained to enable species to complete their life cycles (Nicol 2004). Spiny Mud Grass (Pseudoraphis spinescens), which grows after flooding from rootstock, requires a duration of inundation of seven months on average. Lignum (Muehlenbeckia florulenta) appears to achieve vigourous growth after three to seven months inundation, however it will not tolerate continuous flooding. In contrast, the shoots of Spiny Sedge (Cyperus gymnocaulos) will only tolerate inundation of two to four weeks (Roberts and Marston 2011 and references within).
As for duration of inundation, different vegetation communities require and occupy different depth zones. Submerged macrophytes, such as Ribbonweed (Vallisnaria australis) require water to grow, ideally from 50cm to 1m depending on water temperature and turbidity (Roberts and Marston 2011). A broad range of species occupy the wet-dry ecotone around the waterline, while other species are typically found above the waterline or germinating on exposed mud and will not tolerate continuous inundation (Brock and Casanova 1997). 
The timing of both inundation and drying will affect the diversity of vegetation, through changes in the availability of propagules in different seasons as well as cues for germination. Different species may be cued to germinate at different times of year, whether by changes in temperature or day length. Different wetland vegetation assemblages have been recorded in different seasons (Campbell et al. 2012a), however little is known about the specific germination cues for individual plant species. For Lignum, timing is critical; flooding for dispersal and post-flood recession germination needs to be within a few months of seed release which occurs in autumn (Roberts and Marston 2011). Variable water regimes, which result in the presence of inundated, damp and dry habitats in different seasons, are likely to maximise the diversity of vegetation in the long-term and across landscape scales (Campbell et al. 2012; Campbell et al. 2012; Hayward et al. 2012). 
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)Water quality variables, such as salinity, turbidity and temperature, will also influence the availability of different habitat types. Different species have different requirements and tolerances to water quality variables. As mentioned in relation to disturbance, changes in salt concentrations will result in changes in community composition. While an increase in salinity in naturally fresh systems is a detrimental disturbance, the maintenance and protection of naturally saline ecosystems, such as the Lower Lakes and inland saline wetlands is an important consideration in the maintenance of landscape scale diversity. These environments support saline specialist plant species which in turn provide habitat for other organisms (Wedderburn et al. 2007).
The availability of various habitats will be influenced by aspects of geomorphology, such as shape, depth, size and sediment type as well as by flow variables such as frequency, duration, depth and timing. The complexity of systems, for example the range of wetlands types, from near-permanent to ephemeral, present within an ecosystem will also influence the availability of habitat types. In order to maintain vegetation diversity on a landscape scale it is important to maintain as many habitat types as possible, through the maintenance of variable watering regimes (Alexander et al. 2008). To successfully achieve management goals such as the protection of biodiversity, it is important to acknowledge the inherent variability of many Australian aquatic ecosystems and the importance of preserving such variation in space and time (Boulton and Brock 1999).
Disturbance: Disturbance is a key driver of change in vegetation communities as it opens up new areas of habitat. The understorey vegetation of the Murray Darling Basin (MDB) is adapted to periodic disturbances including flooding that creates bare ground for plants to colonise (as referenced in Nicol and Weedon 2006). The majority of the floodplain understorey species in the MDB are short-lived and will die when flooded; however flooding is required to promote regeneration from seed and provide appropriate soil moisture for growth and recruitment (Cunningham et al. 1992; Nicol 2004). These species are adapted to regular disturbance by floods and will be replaced by drought tolerant species if flooding frequencies are reduced (Nicol and Weedon 2006).
Both the period of inundation (hydroperiod) and period of drying are important components of disturbance. The hydroperiod is required to provide habitat for submerged macrophytes that require the presence of water for growth. The hydroperiod needs to be sufficient to enable growth and the completion of life-cycles to ensure replenishment of seeds and propagules (Nicol 2004; Nielsen and Brock 2009) and to recharge soil moisture (Rogers and Ralph 2010). The drying phase promotes oxygenation, nutrient transformation and consolidation of sediments (Boulton and Brock 1999).
Particular vegetation communities and plant species have varying requirements and tolerances to water quality and salinity (Cramer and Hobbs 2002; Nielsen and Brock 2009 and references within). As such, changes in both of these will influence the survival of particular species and will promote or exclude competition between communities. A shift to more saline conditions (both within the soil and water column) may result in the loss of many wetland and floodplain plant species unadapted to high salt concentrations. However it may lead to an increase in species adapted to saline habitats such as Sea Tassel (Ruppia spp.) in aquatic environments or Rounded Noon-flower (Disphyma crassifolium ssp. clavellatum) in dry floodplain habitats. 
Changes in water quality variables such as turbidity, affecting the euphotic depth and availability of light for plant growth (Boulton and Brock 1999; Porter et al. 2007), will also impact on the distribution and hence landscape diversity of aquatic macrophytes. Turbidity may be influenced by runoff and sediment mobilisation, and the destructive action of Carp (Cyprinus carpio) (Parkos et al. 2003; Gell et al. 2009). The distribution and hence landscape diversity of aquatic and floodplain vegetation is also likely to be influenced by distrubances such as grazing pressure (selecting for particular species and impacting on recruitment and regeneration) and surrounding landuse impacting on water quality in terms of nutrient loads and chemical inputs. 
Connectivity heterogeneity: Flow regime, coupled with geomorphological factors such as the shape, depth, size and location of ecosystems, are the drivers behind the connectivity between rivers, wetlands and floodplains. The loss of floodplain to river channel connectivity results in a progressive transition from aquatic ecosystems to terrestrial ecosystems (Kingsford 2000). Flow variables, such as depth and duration, will affect the extent of connection possible between river-to-wetland-to-floodplain. The magnitude of the flow as well as the position of particular ecosystems or habitats within the landscape (i.e. their commence-to-flow level) will create a mosaic of ecosystems of varying depths, inundated for varying lengths of time. 
The duration of the connection will also influence the amount of movement or interchange that is possible between different ecosystems within the landscape. In theory, the longer the connection between two locations exists, the more opportunity there will be for the dispersal of propagules, which may lead to increased diversity of particular vegetation communities or plant species within the connected landscape. Similarly, the timing of connection is likely to impact on the development of wetland plant communities. The availability of seeds and other propagules will vary during different seasons (refer to Rogers and Ralph 2010; Roberts and Marston 2011 and references within), thus the timing or season of connection will influence which particular plant species are available to be dispersed through the connected landscape. 
The way in which a connection occurs (e.g. the type of connection) is likely to have an impact on observed outcomes (Wallace et al. 2011) including the diversity of vegetation. The type of connection can be natural and vary in its form such that the connection is direct from river to wetland or river to floodplain, or via a different flow path (e.g. river to creekline to wetland all inchannel, or river to wetland via overbank flooding of the floodplain). The extent to which the connection type engages the floodplain will alter the degree to which nutrients and carbon are mobilised and input into the system (Junk et al. 1989; Walker et al. 1995; Kingsford 2000).
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)The connection type can also be ‘artificial’ or ‘manipulated’ through the use of infrastructure (e.g. controlled releases, manipulation of structures, or pumping). Manipulated connections are likely to impact on nutrient cycling, dispersal and fill patterns. It is currently unknown what impact the type of flow connection is likely to have on biotic and abiotic responses (Wallace et al. 2011). 
Where a particular location or ecosystem is situated in the landscape will influence how frequently it is connected, how much area is connected, as well as the duration and depth of the connection. To maintain a landscape mosaic of vegetation communities it is desirable to maintain a mosaic of ecosystems in different hydrological stages. For example, to maintain sites at any given time in varying degrees of inundation from overbank or above full-supply-level, through degrees of drawdown to complete drying for intermittent or ephemeral ecosystems.
Knowledge gaps: The influence of connectivity on landscape scale diversity is not well understood. Neither are the processes or cues that determine when and where particular plant species establish across the landscape. Few landscape-scale studies have been undertaken in Australia looking at the influence of flow regime on vegetation diversity. 
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin.
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The vegetation community within a freshwater ecosystem is an important determinant of the ecosystem’s function and condition. The vegetation community contributes to the freshwater ecosystem diversity by increasing flow heterogeneity, binding soils and substrate, and reducing erosion and trapping suspended sediments. Plants in freshwater ecosystems contribute either directly or indirectly to water quality parameters such as dissolved oxygen, carbon and nitrogen levels, providing direct and indirect food resources to invertebrates, waterbirds, amphibians, fish and other animals; and providing structure for other biota to live on or around. As the distribution and abundance of vegetation within freshwater ecosystems are influenced by hydrology, any alterations to these cycles are likely to impact on the composition and structure of the ecosystem (Wallace et al. 2007), influencing community and individual condition and reproduction of plants within that community. The following section describes how vegetation condition and reproduction are affected by river flow through its influence on habitat, cues and connectivity and (Figure 4).
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Figure 4. Cause and effect diagram depicting the influence of flow regime on vegetation condition and reproduction.
Habitat: Flooding of wetlands, rivers and floodplains is a natural process producing a number of environmental benefits. Alternating periods of drought and flooding are responsible for changes in wetland productivity and plant communities (Euliss et al. 2004). Flooding increases soil moisture and contributes silt and nutrients to the flood plain soils stimulating the germination and growth of aquatic plants and the inundation and decomposition of terrestrial plants (Casanova and Brock 2000). As the duration of flooding increases the condition of aquatic plants increases through the uptake of nutrients. These nutrients become re-available during periods of drought when the accumulated plant litter decomposes (Euliss et al. 2004; Boulding and Baldwin 2009). Nutrient enrichment of a water body, particularly in the case of nitrogen and phosphorus, may lead to algal blooms to develop and the abundance of submerged aquatic plants to decrease (Kosten et al. 2009).
The volume, duration, and frequency of flooding influences the abundance and richness of aquatic plant communities (Nielsen and Chick 1997). Communities that grow in ephemeral habitats are more species rich and abundant when subjected to frequent, short, shallow flooding rather than the low frequency of long deep floods (Casanova and Brock 2000). In comparison, submerged aquatic plants such as Vallisneria americana need floods to persist for several years before flowering is initiated and require floods that are of a longer duration and depth (Roberts and Marston 2011).
 
In more permanently wet or dry systems, both terrestrial and aquatic species may be more abundant over the amphibious plant groups, which respond to wetting/drying cycles (Brock and Casanova 1997; Nielsen et al. in press). Changes in the dominant functional groups and condition of vegetation communities, may be a direct result of lack of water (i.e. submerged species unable to tolerate dry areas), increase in salinity in the soil and/or water, drought conditions, frequency of wetting events and oxygen deficiency in the soil and/or water (Durant et al. 2009). 

Alternatively, by altering water regimes, flow regulation can facilitate plant invasion by providing conditions that directly benefit invading species or by reducing competition from native species unsuited to the modified conditions (Catford et al. 2011). During dry periods while moisture is still prevalent in the soil, Eucalyptus camaldulensis can germinate and establish within a creek bed. As seedlings become established, as root systems extend and sapling height increases, seedlings can survive flooding up to six months (Roberts and Marston 2011). This expansion of emergent species and E. camaldulensis saplings can restrict the growth of other emergent, submerged and understorey species. 

Wetland and floodplain sediments contain seed banks composed primarily of species produced during previous climate cycles. As water levels decrease during drought, part or all of the sediment is exposed and seeds from terrestrial, amphibious and emergent plants germinate. When wetlands re-flood, amphibious and terrestrial plants are replaced by emergent and submerged macrophytes adapted to more aquatic conditions. Extended dry periods also influence the viability of the seed banks present and can have a substantial impact on the biodiversity the ecosystem can subsequently support (Nielsen et al. in press). However, the seed bank is not long-lived and declines in both species richness, the abundance of seeds germinating begins to decline after 10 years (Leck and Brock 2000; Brock 2011; Nielsen et al. in press).

Desiccation, high temperatures, increased salinity and environmental changes that may often accompany drawdown, may limit the re-establishment of communities from the seed bank. Seed reserves on some species within a freshwater ecosystem may be naturally very low and/or all seeds present germinate in response to a single wetting and therefore, on subsequent wettings, are no longer encountered (Brock et al. 2003).  Germination of plants from the seed bank is inhibited by increasing salinity with a substantial decline in germination occurring as salinity rises above 1000 mg L-1 with few species capable of germinating or surviving once salinity approaches 5000 mg L-1 (Nielsen et al. 2003; Brock et al. 2005). Similarly, very few species will germinate from the sediments of wetlands that have become acidic (Ning et al. 2011). 

Different rates of velocity flows into wetlands affect the condition and breeding of vegetation communities and their habitats in different ways. Frequent high velocity flows cause sediment scour that impedes the establishment of aquatic vegetation by breaking and uprooting plants but they can promote high bio-diversity by hindering competitive exclusion, while low velocity flows often deposit finer sediments impeding seed development through deep burial (Barrett et al. 2010).

In terms of individual condition, one of the best known influences of flow and habitat on vegetation condition is the response of River red gum.  Widespread declines in condition have been observed in response to changes in flow (Mac Nally et al., 2001) or through a combination of changes in flow and rising saline groundwater (Slavich et al., 1999, Overton et al., 2006).  The response of River red gum to changes in flooding have enabled identification of River red gum flow requirements that suggest that the frequency and duration of inundation are important, but vary among habitats (Wen et al., 2009).

The condition of individual seeds is also an important influence on vegetation communities as seed viability will influence the response to environmental flows.  Observations of seed viability has shown that it declines with the duration of the dry period (Brock 1998, Brock et al., 2003).

Cues: Many riparian plants have life cycles adapted to seasonal timing components of natural flow regimes through their ‘emergence phonologies’ – the seasonal sequence of flowering, seed dispersal, germination and seedling growth (Poff et al. 1997). Seasonal adapted reproductive patterns have been reported for macrophytes inhabiting unpredictable wetlands within temperate regions of Australia (Greet et al. 2011).

Flow timing has also been shown to influence productivity of vegetation communities, with riparian forests showing increases in growth during short-duration flooding that occurs in the growing season (Poff et al. 1997) and aquatic macrophyte’s growth was greater following a spring rather than summer flood (Roberston et al. 2001).
Connectivity: 
Vegetation condition is affected by hydrological connectivity as the connection between an individual plant’s habitat and the source of water will influence key habitat characteristics including the frequency and duration of inundation.  The connectivity between surface water and groundwater may also be a key influence on the condition of trees that rely on groundwater.  

Connectivity can influence both sexual and asexual reproduction.  The timing of connection has been found to influence flowering among macrophytes with variation among groups.  Amphibious species and native annuals flowered only in response to inundation in spring, while emergent macrophytes flowered in spring or summer and introduced annuals flowered only in summer (Greet et al., 2013).  The influence of connectivity on overall moisture levels also influences the species that will reproduce with many exotic species reproducing only under dryer conditions (Stokes et al., 2010). Asexual reproduction occurs when part of a plant becomes separated from the parent and is then able to develop into an independent plant.  The movement of water can be an important influence on both the fragmentation process and the subsequent dispersal of the propagule to appropriate habitat where it can establish (Santamaria, 2002, Nilsson et al. 2010).

Knowledge gaps: Most research into wetland vegetation has focused on over story trees or large shrubs. Very little is known about smaller understorey species, such as sedges, rushes, herbs and forbs, in relation to ideal germination timing, flood timing, flood duration and flood depth (Rogers and Ralph 2011). These understorey species make up a significant component of the diversity observed within wetlands. Little is also known about the potential cues that trigger seeds to germinate or the effects that artificial connection types are likely to have on both biotic and abiotic processes. The maintenance of wetland vegetation diversity requires an understanding of the conditions required for the growth and successful regeneration of wetland vegetation. It also requires an understanding of the links between the conditions required for growth and successful regeneration and the flow variables (such as inundation, drawdown, timing, frequency and duration) that create those conditions. 
Use of the cause and effect diagram: This generic diagram is applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or species would require additional information and potential modification of the model.
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Patterns of dispersal have a profound influence on the diversity of plant communities (Jansson et al. 2005; Brederveld et al. 2011), community dynamics (Hopfensperger and Baldwin 2009), distribution (Santamaría 2002) and the outcomes of restoration initiatives (Hopfensperger and Baldwin 2009; Brederveld et al. 2011).

Plants disperse in a variety of ways as either seeds or fragments that are capable of developing into an independent plant. Together seeds and fragments are called propagules. Propagules may be dispersed by wind (anemochory) or water (hydrochory) or by animals by either sticking to their bodies or by surviving passage through their gut (Figuerola and Green 2002). Different species have different dispersal strategies with some being heavily reliant on flow while others are more reliant on wind (e.g. cumbungi). Flow has the potential to influence dispersal either directly or indirectly through its influence on animals. This description will focus on the direct influences of flow on propagule dispersal as a main component of vegetation recruitment and extent (Figure 5).
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Figure 5. Cause and effect diagram depicting the influence of flow on vegetation recruitment and extent.
Connectivity: Flow is one of the major influences on dispersal with velocity determining whether a seed will be entrained (Gurnell et al. 1998) and how far it is carried (Groves et al. 2009). Hydraulic conditions may also influence the distance dispersed and deposition (Merritt and Wohl 2002; Nilsson et al. 2002). Floods are believed to be particularly important (Cellot et al. 1998) due to their ability to disperse propagules large distances (Moggridge and Gurnell 2010). Floods are associated with increases in the arrival of seeds (Jansson et al. 2005). Rising flows tend to entrain propagules (Merritt and Wohl 2002) and move seeds out of storage (Gurnell et al. 2008) while low flow and descending flow promotes settlement (Merritt and Wohl 2002). 

Timing of flows is also an important influence (Greet et al. 2011) as different species reproduce at different times of the year and so the timing of the connection will influence dispersal of individual species (Moggridge and Gurnell 2010). For example, the period of peak seed-fall for river red gum is September to November, so floods during this period will favour dispersal, while many annual species reproduce later in the year, for example cumbungi, requiring flows to disperse seeds in summer and autumn (Roberts and Marston 2011). In some instances, the seeds will reside in the seedbank before being entrained by flow (Roberts and Marston 2011), in which case the flow velocity will once again be an important influence. In some instances, the timing of flow will still be important as establishment, once deposited, requires favourable conditions and if flows occur at the wrong time, establishment may be constrained (Stella et al. 2006).

Infrastructure, such as dams, has been found to influence dispersal (Andersson et al. 2000; Merritt and Wohl 2002; Jansson et al. 2005) reducing the dispersal of propagules and, over the long term, influencing the vegetation community composition (Jansson et al. 2005). The presence of vegetation within flow pathways will also influence dispersal by creating areas of low flow and potentially trapping seeds (Soomers et al. 2010).

Cues: Seed germination and the establishment of a healthy seedling are fundamental features for the propagation of plant species (Rajjou et al. 2012). Germination is regarded as the most critical stage in the plant life cycle due to its high vulnerability to injury, disease, and environmental stress (Rajjou et al. 2012). Flow alterations have contributed to a decline in the germination of many aquatic and semi-aquatic plant taxa through the modification and/or removal of plant germination cues and a decline in seedbank abundance and viability (Brock and Rogers 1998; Siebentritt et al. 2004). The following section describes how plant germination is affected by river flow through its influences on cues and seed availability. 

Climatic conditions (Baskin et al. 1998), soil characteristics (Greenwood and MacFarlane 2006) and hydrology/flow regime (Blanch et al. 2000; Ning et al. 2012) all play an important role in cuing germination. Climatic conditions relating to season, including temperature and light, are regarded as fundamental germination cues (Baskin et al. 1998). Seeds need to respond to seasonal environmental cues to germinate at appropriate times of the year to maximise their chances of establishment (Donohue et al. 2007). 

The soil characteristics of soil moisture, oxygen (Bewley 1997) and salinity (Greenwood and MacFarlane 2006) have also all been widely recognised for their important role in germination. Suitable soil moisture and soil oxygen concentrations are required to break seed dormancy (Bewley 1997), whilst excessive salinity concentrations can slow down water uptake by seeds, inhibiting germination and root elongation (Greenwood and MacFarlane 2006). 

Hydrological cues, particularly inundation timing, inundation duration and drawdown rates/depth changes, are believed to be the major forces shaping plant germination in wetland habitats (Nielsen and Chick 1997; Blanch et al. 2000; Casanova and Brock 2000; Nicol and Ganf 2000; Ning et al. 2012). A number of studies have reported a reduction in plant diversity in wetlands that have been artificially permanently flooded (Nielsen and Chick 1997), as well as in weir pools with stabilised water levels (Blanch et al. 2000). These studies have all attributed the response to the removal of hydrological germination cues.

In many cases, the alteration and/or removal of germination cues in response to flow alterations has been found to be detrimental to the germination of native species and/or favourable to the germination of weedy species (Greet et al. 2011). Environmental flows offer the potential to reinstate and/or ameliorate the affected germination cues for native taxa; however, the use of such flows remains hampered by a lack of knowledge regarding the specific cue types, combinations and thresholds required for the successful germination of target species. Indeed, most of the knowledge regarding cues for germination relates to terrestrial species and much less is known for aquatic and semi-aquatic taxa, particularly at the species level. 

In addition to the alteration and removal of germination cues, the seedbanks in many aquatic ecosystems have become impoverished and/or undergone a reduction in viability. Flow alterations associated with river regulation in particular, are thought to be responsible for reducing seedbank abundance and viability in some systems:

· directly through the effects of a reduced flooding frequency in limiting opportunities for flood-tolerant and responsive taxa to replenish this reserve of seeds (Brock and Rogers 1998; Siebentritt et al. 2004) and/or reducing the viability of the seedbank (Nielsen et al. 2012)
· indirectly through their effects on sediment and water physico-chemistry (e.g. sulfidic sediments (Ning et al. 2012). 
Seed bank studies have generally shown that once the period of time a wetland remains dry exceeds 10 years, there is a decline in both the abundance and richness of plants germinating largely due to a reduction in seedbank viability (Leck and Brock 2000; Brock et al. 2003; Brock 2011; Nielsen et al. 2012). Comparatively less remains known about the effects of flow-mediated changes to sediment or water physico-chemistry on the resilience of plant seeds. Nonetheless, the few studies that have been undertaken suggest that such physico-chemical changes may be just as influential on seedbank abundance and viability as flow alterations themselves (Ning et al. 2012).

Following successful germination of plant species, continued growth and survival is required to ensure plants reach maturity. Established plants affect a range of processes and trophic interactions from provision of a range of structural habitats, to nutrient cycling and altering of microclimates and water quality (Warfe and Barmuta 2006; Mokany et al. 2008; Colloff and Baldwin 2010). Environmental conditions have to be suitable for plant growth and survival to be successful in the short and also long term. Suitable environmental conditions for growth and survival will vary between species; however, the provision of suitable habitat for the growth and survival of target plant species will likely lead to an increase in the extent of these species or communities over appropriate time scales. The following section describes how vegetation growth and survival are affected by river flow through its influences on connectivity, cues and habitat which ultimately leads to an increase in extent (Figure 5).

Habitat: The habitat available for plant species to grow in will determine the type of vegetation communities present, the growth and survival of those communities and, across longer timeframes, the spatial extent of vegetation communities. Flow influences the available habitat for plant species growth and survival in terms of water regime variables such as water depth, velocity and available soil moisture; and access to adequate and appropriate levels of nutrients, salt and oxygen in both the water column and the soil. Competition with other vegetation supported by the flow regime will also influence the growth and survival of individual plants.

High levels of flow in riverine areas can, in many cases, lead to flooding. The water depth associated with flooding can be either an important disturbance or requirement for plant growth and survival (Banach et al. 2009). The likelihood of a flood disturbance becoming a stress for vegetation depends on the characteristics of the flood, the initial condition of the vegetation and the water requirements of the individual species. Peak performance of a species in response to flow disturbance depends on the species unique adaptations to flood and drought as well as the characteristics of the flow such as depth, duration, velocity and water quality (Rogers and Ralph 2011). 

The flood tolerance of species’ determines their distribution along flooding gradients of the river (Brock and Casanova 1997). Amphibious wetland plants tolerate or respond to the fluctuating presence or absence of water, whereas true aquatics cannot tolerate drying and terrestrial plants will not tolerate flooding. Vegetation zones on the floodplain often reflect differences in flooding tolerance and requirements at the individual plant level. Pioneer (or colonising) plants are able to establish in open environments left bare by recent inundation. Species from elevated sites that are rarely flooded mainly belong to later successional stages and may invade lower elevations during times of extended drought. Species from the mid-successional stages occur in the intervening zones (Blom and Voesenek 1996).

The water regime requirements for plant growth and survival vary depending on the individual species. For example, species such as river red gum (Eucalyptus camaldulensis) which occur relatively low on the floodplain at the edge of rivers and wetlands, require flooding every one to four years for approximately two to seven months. Whereas, black box (Eucalyptus largiflorens), which occurs much higher on the floodplain, requires flooding every three to seven years for three to six months (Roberts and Marston 2011). The way in which particular water-regime variables, such as water depth, affect growth and survival is also closely linked to life-history. Larger tree species, such as river red gum and black box require only intermittent inundation, where the depth of inundation is important through its influence on flood duration (except where flood depth overtops individual plants, which can occur in the earlier stages of growth post-germination). However, true aquatic species that cannot tolerate drying, such as the submerged macrophyte ribbon-weed (Vallisnaria australis) requires the presence of water, typically between 50cm to 1m to grow and survive (Roberts and Marston 2011).

Water depth is also directly related to soil moisture/flooding. Floodwaters recharge soil moisture and can be retained in soils for up to one month after inundation (Rogers and Ralph 2010). Soil flooding causes displacement of gases when soil pores are filled with water. This leads to a limitation of oxygen availability for plant roots, soil micro-organisms and chemical processes, and leads to a switch in metabolism from aerobic to the less efficient anaerobic fermentation causing a fast depletion of carbohydrate reserves and eventually death for some species (Banach et al. 2009). Under these conditions, important oxygen-dependent microbial processes, such as nitrification, will no longer take place (Blom and Voesenek 1996). However, many wetland and floodplain plant species have developed strategies to tolerate or respond to inundation. Survival during flood submergence will depend largely on the timing, frequency, depth and duration of the flood events and will vary for individual species. Much of what is known about the water requirements and tolerances of wetland and floodplain plants is summarised by Roberts and Marston (2011) and Rogers and Ralph (2011).

Flooding of soils also facilitates a number of chemical and biological processes likely to be beneficial to plant growth and survival. Re-wetting of sediments can release significant amounts of nutrients such as nitrogen, phosphorus and carbon, influencing microbial activity and the availability of energy to foodwebs (Boulton and Brock 1999). Nutrients such as phosphorus, nitrogen and silica are essential for plant growth. However, in excess, they can encourage the growth of algae (Shafron et al. 1990) which, depending on the type, can be toxic to humans and other animals or may limit the development of other macrophytes. The direct links between chemical and biological processes that occur post-flooding and their impact on vegetation growth and survival is not well understood. 
The velocity, or current speed, of flows may also influence vegetation growth and survival. Very high velocities may displace vegetation, such as submerged macrophytes, as well as mobilise sediments affecting water quality factors such as turbidity and euphotic depth (light penetration). Very low velocities, or no flow, may impact on vegetation growth and survival through changes in water quality factors such as temperature and oxygen (Naiman et al. 2005).

Floods and droughts have long-term consequences for biota. Low flows (droughts) have equally important long-term effects on plant growth and survival as high flows (flooding), through fundamental changes to biogeochemical processes and to plant distribution. Conditions deteriorate as drought severity becomes acute. Plant biomass and production decline and palatable plant species are often overgrazed in riparian corridors. This leads to litter quality and nitrogen availability being reduced, fires may become more frequent and terrestrial plant species extensively colonise the river corridor (Stromberg et al. 2007). When flood frequency decreases, trees, particularly river red gum, are likely to exhibit signs of stress and a decline in reproductive ability (Rogers and Ralph 2010). Growth of river red gums is significantly influenced by flow and the frequency of floods. Numerous studies have found accelerated growth of river red gums in association with abundant surface waters (Rogers and Ralph 2010). The ability of vegetation such as river red gums and black box to respond (in terms of growth and survival) to a disturbance event, such as flooding, appears to also be closely related to the health or condition prior to flooding (unpublished data). Trees in poor condition (less than 40% crown condition) having a greater likelihood of mortality post-flooding than trees in better condition (unpublished data).

Altered flow regimes can also affect the competition between plant species, especially with respect to introduced species. The success of non-native species in rivers is facilitated by the alteration of flow regimes and the impacts are manifest across broad taxonomic groups including plants (Stromberg et al. 2007). An individuals’ ability to access adequate soil moisture, nutrients and light to sustain growth and survival will be influenced by the competition it receives for those resources from other surrounding vegetation (Bonser and Reader 1995), both exotic and native.

Where floods are reduced in frequency, salts can accumulate in floodplain soils, reaching particularly high levels if the groundwater also has a high salt content. Salinity influences riparian vegetation patterns, with high salt availability favouring certain species adapted to these conditions, while reducing the germination, productivity and survivorship of others (Stromberg et al. 2007). Salt in both the soil and the water column can affect plants in a number of ways. Even though plants have the ability to exclude salt from the water they absorb out of the soil, if the salinity of the soil water rises this process becomes more difficult and plants are more likely to suffer from stress. At very high levels, salt has toxic effects on many plants. Salinity can also change soil structure and reduce its permeability, reducing the moisture and air available to plant roots (Close and Chandler 1990). Submerged vegetation species are also adapted to particular levels of salt in the water column. Changes in the concentration of salt in the water column will change the habitat type available, favouring species adapted to saline conditions while excluding or limiting those requiring fresh water. In certain areas and circumstances, flow levels and salinity are closely related. When flow or water levels are low, salinity can rise to very high levels, but usually falls to low levels during floods (Nielsen and Brock 2009). Where soil salinity is increased and access to groundwater is limited or saline, the frequency of flows to sustain vegetation growth and survival are likely to increase.

While saline conditions are typically considered unfavourable, naturally saline waterways, such as the Lower Lakes and inland saline wetlands, are an important habitat component within the Murray-Darling Basin (MDB). These habitats support saline specialist plant species such as sea tassel (Ruppia spp) which in turn supports fish species such as the threatened Murray hardyhead (Wedderburn et al. 2007).

The extent or distribution of an individual plant species or vegetation community is the culmination of dispersal, germination and subsequent growth and survival of the individual plants. The vegetation associated with water-dependent ecosystems in the Murray-Darling Basin has been subjected to a wide variety of disturbances (Mac Nally et al. 2011) that have wrought significant changes to the distribution and extent of the great majority of plant species. Efforts to protect and restore water dependent ecosystems in the MDB will require that the extent of native vegetation be expanded. While flow restoration is only one of the disturbances and flow restoration by itself may not be sufficient, flow restoration that supports the dispersal, germination, growth and survival of native vegetation is critical.

Knowledge gaps: Dispersal - Much of our knowledge of propagule dispersal is reliant on research undertaken overseas. The effects of flow change on dispersal in wetlands of the MDB are poorly understood as are the consequences of changes in dispersal. It seems likely that dispersal will be important in the restoration of many wetlands due to the degraded nature of both their vegetation community and associated seedbanks. Overseas research has demonstrated that dams have a significant influence on dispersal; however, the effects of other connectivity changes such as levies, regulators, pumps and reduced flooding have not been investigated. While it is important we understand the dispersal of native species it will also be important to understand the dispersal of invasive species if we are to avoid situations in which flows facilitate the spread of invasive species to the detriment of native plants and animals.

Germination - This is a generic diagram based on an aggregation of knowledge of the effects of flow on a limited number of species at a limited number of sites across the Basin. There are many species of aquatic plants for which there is only limited information available on their germination requirements and even less on their germination in response to flow. Also, whilst flow is acknowledged as a major influence on aquatic plant germination, it is only one of a suite of influences and there are significant knowledge gaps concerning the effect of other factors such as alterations in sediment or water physio-chemistry. Furthermore, much of the extant Australian research undertaken on aquatic plant germination has arisen from general seedbank studies (Nielsen et al. 2003; Ning et al. 2012). Whilst these studies have been beneficial in demonstrating the overall response of aquatic plant communities to various environmental stressors, very few (if any) have successfully determined whether the overall response was being driven by effects on reproduction or seed viability, inhibition of germination cues, and/or mortality soon after germination. Future research should be directed at teasing out some of these underlying causal mechanisms. Such information could help determine for example, whether poor germination rates in many obligate submerged Australian plant species from a wetland seedbank are attributed to an inadequate inundation period for their reproductive organs to form (Warwick and Brock 2003) or from a lack of suitable germination cues. This would inform management of environmental flows.

Growth and survival - Much of what is known about the water requirements and tolerances of wetland and floodplain plants is summarised by Roberts and Marston (2011) and Rogers and Ralph (2010). However, this applies to a limited number of species and relatively little information is known about the flooding requirements/tolerance of many plant species. Some information regarding plant species’ water requirements can be inferred from the distribution of species along flood gradients (Rogers and Ralph 2010), but it is not always specific to flow, water depth and duration and may vary for different life-history stages of plant species. The direct links between chemical and biological processes that occur post-flooding and their impact on vegetation growth and survival is not well understood.

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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[bookmark: _Toc357082383]5	Within ecosystem macroinvertebrate diversity

Within ecosystem macroinvertebrate diversity is strongly influenced by the hydrological regime of the ecosystem and the key drivers of aquatic ecosystem biodiversity (e.g. Batzerr, 1999; Bedford et al. 2001; Bunn and Arthington 2002; Butcher 2003; Gallardo et al. 2008; Rolls et al. 2012), with depth, duration of inundation, onset of inundation and history of inundation all influencing biota. Riverine floodplain systems support an array of different ecosystem types, including temporary and permanent wetlands, channels, backwaters, shallow lakes, and the main parent river channel. All of these habitats contribute to the high biological diversity seen in these systems as a whole (i.e. gamma diversity, Thomaz et al. 2007) (see also 1 Landscape Ecosystem diversity CED).
Invertebrates are clearly one of the most diverse non-microbial components of aquatic ecosystem biodiversity (Palmer et al. 1997; Bedford et al. 2001).For the purposes of this model, aquatic macroinvertebrates are those which depend permanently or periodically on aquatic ecosystems or other water dependent organism living in ecosystems (Gopal and Junk 2000; Junk et al. 2006). The following cause-effect diagram describes how aquatic macroinvertebrate diversity is affected by flow through its influences on connectivity, condition and habitat (Figure 6).
[bookmark: _Ref340069718][image: ]
[bookmark: _Ref343505782]Figure 6: Cause and effect diagram depicting influence of flow on within ecosystem macroinvertebrate diversity
Habitat: Aquatic ecosystem type, which is largely determined by flow, has a strong influence on within ecosystem macroinvertebrate diversity. Flooding frequency, depth, timing and water quality are important for determining and selecting species which inhabit different ecosystem types. Equally the duration of time that the aquatic ecosystems are dry will also influence macroinvertebrate presence/absence (Fitz and Dobbs 2005; Garcia-Rogers et al. 2011). Macroinvertebrates in temporary streams can be influenced by annual factors which have immediate effects on colonization and abundance (e.g. floods, drought in a year) as well as historical factors including the length of dry period over several years to decades (Fritz and Dobbs 2005). Many species have evolved adaptations such as physiological tolerance and life history modification that enable them to persist in systems which are periodically flooded and dried. 
Physiological tolerance most often involves a form of diapause during the stage in the life cycle which coincides with the dry period. Arrested or retarded growth can result as a direct consequence of water loss from the organism's tissues. The animal then becomes dormant when dehydrated but continues growth when water is restored (Williams 1997).
Life history modification is controlled both by internal factors including physiology, behavior and morphology and also factors in the environment such as water loss, temperature, food, photoperiod and other biota. For the most part, the invertebrates of ephemeral aquatic ecosystems in particular exhibit traits of selected species such as high powers of dispersal, rapid growth, short life-span, small size and opportunistic/generalist feeding (Williams 1997).
 (
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)[image: Hyphydrus-larv_dors] Condition: Aquatic habitat and type and degree of connectivity strongly influence condition of aquatic ecosystems which ultimately determines within ecosystem macroinvertebrate diversity. Soil moisture, vegetation (both aquatic and terrestrial) and refuges are all significant aspects of condition affecting macroinvertebrates. Vegetation is particularly important for invertebrate diversity (Boulton and Lloyd 1991; De Szalay and Resh 2000), and wetland vegetation type and extent have been linked to flow regime (Bren 1992). Macrophyte diversity has been correlated with macroinvertebrate species richness (Della Bella et al. 2005) and is an important consideration when determining desired flow patterns. The maintenance of some suitable macroinvertebrate habitats, or refuges, within the landscape may be critical to reestablishment of invertebrate diversity at the ecosystem scale (Robson and Clay 2005). At the ecosystem scale, disturbances such as dry periods or floods typically only affect the populations within a landscape, not an entire species, with impacts lasting in the order of weeks to decades (Keppel et al. 2012; Robson et al. 2012). 
Other aspects of habitat condition which can influence macroinvertebrate diversity include soil moisture which may determine survival rates of egg and seed banks (Bond et al. 2008), and sediment organics which have been shown to influence macroinvertebrate species richness (Growns et al. 1992). 
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)Connectivity: Hydrological connectivity in riverine systems is a key determinant of macroinvertebrate diversity (De Szalay and Resh 2000; Quinn et al. 2000; Bunn and Arthington 2002; Hillman and Quinn 2002). Duration and frequency of inundation, both in terms of temporal and spatial connectivity (e.g. lateral, longitudinal and vertical - see X Hydrological Connectivity CED), influence macroinvertebrate community structure and diversity. During periods of low hydrological connectivity in floodplain systems, isolated aquatic habitats can be structured by local features which induce heterogeneity. Such forces include (from Thomaz et al. 2007):
· water inputs from lateral tributaries and/or seepage leading to localised physical and chemical characteristics that are basin-specific 
· wind and animal induced sediment re-suspension, which affects water bodies according to their morphometry
· differences in ecological succession. 
These local forces act with different intensities in the floodplain landscape, creating distinctive aquatic habitats and biotic communities (Thomaz et al. 2007).

Dispersal of some species is also dependent on the timing, duration and depth of inundation while landscape position of the wetland and spatio-temporal heterogeneity may be important to others (Boulton and Lloyd 1991; Sheldon et al. 2002). 
Invertebrate diversity in aquatic ecosystems can be driven by active transfers such as migration and dispersal and also by passive flood driven transfers (Williams 1997), both of which are dependent on longitudinal and lateral connection to rivers (Douglas et al. 2005). Invertebrate colonisation, especially by opportunistic species, is usually rapid following inundation (Lake et al. 1989).  
Knowledge gaps: Habitat and hydrological connectivity requirements for macroinvertebrates are, for floodplains and wetlands in particular, relatively poorly understood. Understanding of riverine macroinvertebrate diversity and assessment techniques are more advanced than for floodplain and wetland systems.
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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[bookmark: _Toc357082384]6	Landscape fish diversity

[bookmark: _Ref335904310][bookmark: _Toc336423215]Landscape fish diversity is influenced by a large number factors that operate across a range of spatio-temporal scales. At regional scales, historical and bio-geographical factors are important determinants of the species that are present and thus define the regional pool of species that are available (Jackson et al. 2001; Schweizer and Jager 2011; Stendera et al. 2012) but at smaller scales, including the landscape scale, the quantity (i.e. area), heterogeneity and accessibility (i.e. connectivity) of resources (i.e. food and habitat) are the main drivers of biodiversity (Schlosser 1991; Bunn and Arthington 2002; Ward et al. 2002). In addition, the degree and type of disturbance events may affect biodiversity patterns either directly (e.g. by eliminating sensitive species) or via effects on temporal habitat heterogeneity (Ward 1998; Lake 2000; Stanford et al. 2005). The following cause-effect diagram describes how landscape fish diversity is affected by river flow through its influences on habitat, disturbance and connectivity (Figure 7).
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Figure 7. Cause and effect diagram depicting flow influences on landscape fish diversity
Habitat heterogeneity: Key habitat attributes for fish include hydraulic habitat (i.e. velocity and depth), physical structure (e.g. instream vegetation, substrate) and water quality, in particular, water temperature, dissolved oxygen and salinity (Mathews 1998). Different species and life-stages display clear habitat preferences and thus, high levels of spatial heterogeneity allows for spatial segregation and therefore co-existence of multiple species (Schlosser 1991; Schiemer and Zalewski 1992; Amoros and Bornette 2002; Bunn and Arthington 2002). In riverine systems, the key driver of habitat heterogeneity is the interaction between geomorphology and flow (Copp 1989; Schlosser 1991; Ward 1998; Lake 2000).
Area: As is the case for many biotic groups, relationships have been found between fish species richness and the area or volume of habitat (Angermeier and Schlosser 1989; Taylor 1996; Latta et al. 2008; Erös and Schmera 2010). A number of possible explanations have been put forward to explain this relationship and these include: 
· the larger the area the more diverse the habitat available (Rosenzweig 1995; Jackson et al. 2001)
· smaller habitats (i.e. small lakes and high order streams) have higher disturbance intensity than larger ones leading to higher extinction rates (Taylor 1996; Jackson et al. 2001)
· larger habitats contain more individuals and therefore more species will be collected with the same relative sampling effort than in smaller (Angermeier and Schlosser 1989; Schlosser 1991). 
Disturbance: The frequency of disturbance is thought to be a major regulating factor on species diversity (Lake 2000). Flow variability, resulting in periods of high and low flows; create disturbances within the riverine environment (Schlosser 1991; Lake 2000; Ward et al. 2002). In turn, these flow-related disturbance events may impact on fish biodiversity either positively or negatively as a consequence of changes to connectivity, food and habitat availability and water quality (Schlosser 1991; Ward et al. 2002; Stanford et al. 2005). 
[image: ]Connectivity heterogeneity: The ability of fish to move and disperse among habitats within the landscape is critical in maintaining biodiversity (Schlosser 1991; Amoros and Bornette 2002; Bunn and Arthington 2002). Maintaining and/or restoring connectivity between landscape elements is therefore important in preserving biodiversity. In riverine ecosystems, flow is the primary driver of connectivity (Ward et al. 2002) and modifications to flow regimes have altered the nature, timing and duration of connections between habitats within the landscape (Amoros and Bornette 2002; Bunn and Arthington 2002). Loss of connectivity may lead to reduced fish diversity as a consequence of the loss of both migratory species and species that require access to multiple habitats to complete their life-cycles; localised extinctions if access to refuge habitats is not available and lack of recolonisation opportunities if localised extinctions have occurred (Copp 1997; Jackson et al. 2001; Amoros and Bornette 2002; Boisclair et al. 2009; Sullivan and Watzin 2009). In floodplain habitats, the nature and diversity of connections between the river and floodplain water bodies are also drivers of fish diversity (Amoros and Bornette 2002; Ward et al. 2002; Boisclair et al. 2009; Sullivan and Watzin 2009). Strong links have been found between fish diversity and the degree of connectivity between the river and floodplain water bodies (Ward et al. 2002; Boisclair et al. 2009; Sullivan and Watzin 2009) and diversity in connection types is thought to be important as this results in increased habitat diversity on the floodplain (Amoros and Bornette 2002; Bunn and Arthington 2002; Ward et al. 2002). 
Knowledge Gaps: The specific habitat and connectivity requirements of the majority of fish species which occur within the Murray-Darling Basin are poorly understood. Similarly, species-area relationships have not been tested for fish in any Australian systems.
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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The ‘condition’ of a fish refers to a measure of the fish’s health or well-being. Healthy fish are relatively free from pathogens and have good resistance to environmental factors that may increase mortality or reduce growth and fecundity (Strange 1996). Poor condition is usually associated with poor habitat quality (Lambert and Dutil 2000). 

The condition of individual fish can be assessed through observation of factors including: damage to extremities, state of maturity, and the condition of gills and other organs (Strange 1996). Measures of fish condition based on weight at a given length are also considered to be reliable indicators of the energetic condition or energy reserves of fish (Lambert and Dutil 1997), with the assumption that fish in better ’condition’ (nutritional and health status) are more full-bodied and therefore heavier at a given length (Fulton 1911). More thorough observations of condition can include blood, histological, biochemical or toxicological examinations (Strange 1996).

Fish condition can have dramatic effects on a fish’s reproductive potential (Marshall and Frank 1999; Morgan 2004). The egg production of fish in poor condition may decrease through lower potential fecundity, atresia, or even skipped spawning. Larvae produced by fish in poor condition may be smaller and less likely to survive (Marteinsdottir and Begg 2002). A further potential impact of poor condition of spawning fish is that they may be at a greater risk of mortality following spawning (Lambert and Dutil 2000).
For freshwater fish, condition can be influenced by the availability of suitable habitat, connectivity between different habitats (e.g. stream channel and floodplain wetlands); and other processes including food availability, the presence and intensity of disease and competition or predation with other fauna. Flow is a major determinant of each of these factors (habitat, connectivity and ecological processes) and ultimately in the condition of fish in an ecosystem (Figure 8).



[image: ]
Figure 8. Cause and effect diagram depicting the influence of flow on fish condition.

Connectivity: The connectivity between a stream channel and its floodplain can have a significant influence on fish condition. Modified stream geomorphology and altered flow regimes affect connectivity by changing the frequency, timing and duration of connections among habitats (Walker 2006; Pratchett et al. 2011). Reduced flooding means highly productive floodplain areas which produce plankton blooms necessary for some fish, are not utilised (Koehn and O'Connor 1990). This influences productivity and habitat availability and ultimately the condition of fish. River regulation through the installation of dams and levees has also created barriers to movement which make it difficult for fish to migrate or relocate to habitat which may be necessary for feeding or breeding (Lintermans 2007). This can in turn lead to a deterioration in fish condition if food and habitat resources are in short supply. 
A recent examination of fish condition in wetlands along the Murray River revealed that fish condition was 11.6% higher in the wetlands and 7.8% higher in summer (Beesley et al. 2011). Limitations in lateral connectivity between the river channel and wetlands would restrict access to the wetlands that appear to provide a more productive habitat (Beesley et al. 2012).

Processes: Other ecological processes including; food availability, the intensity of competition with and predation by other organisms and disease will influence the condition of fish. Poor nutrition (low food availability or unsuitable types of food) can lead to reductions in the growth rate and condition of individual fish (Tonkin et al. (2008); Ning et al. (2012), which may make them more susceptible to predation or disease. Flow has a major influence on food availability and floods have been associated with improved body condition while periods of low flow are associated with poorer body condition (Balcombe et al. 2012). The response is not always as clear cut, with golden perch in the Moonie River showing no significant change in lipid and only a small increase in biomass in response to a flood driven increase in food (Sternberg et al. 2012).

High predation or competition intensity can influence the condition of fish in a particular habitat. Intense predatory pressure can reduce fish condition through injury from predator attacks and also through depletion of energy resulting from predator avoidance. Likewise, high competition pressure reduces the availability of food and habitat for fish, in turn reducing their capacity to maintain good condition. MacDonald et al. (2012) showed that the presence of eastern gambusia as a competing species influenced the condition (and abundance) of most common wetland fish in Murray-Darling Basin (MDB) wetlands. 
Disease can also affect the condition of individual fish, although infection of fish with disease is often secondary to degraded water quality or other environmental stressors (Strange 1996). Studies in insects, fish, amphibians and rodents show that infection occurrence and intensity are more probable and more severe in individuals with an underlying poor condition  (Beldomenico and Begon 2010).

Habitat: Fish habitat refers to the parts of an environment that fish depend on for feeding, shelter, and reproduction, and is a key determinant of fish condition. Fish habitat requirements vary between fish species and from one life stage of a particular fish species to the next (Koehn and O'Connor 1990; Lintermans 2007). Flow is a major determinant of habitat through its influence on river shape (geomorphology) and water quality that will influence habitat availability (Bunn and Arthington 2002). The following factors may influence habitat suitability as it affects condition for some or all species of fish, in some or all life stages:

· geomorphology: the geomorphology of a water-body will influence the depth, patterns of flow and other habitat characteristics (such as vegetation or water quality) in the water body 
· flow velocity: Flow velocity may influence other habitat characteristics such as aquatic vegetation, food availability and water quality 
·  depth: Some fish prefer the cover of deeper water, whilst others require warmer, shallow waters and the food sources it provides 
· vegetation: Many species of freshwater fish use aquatic vegetation for cover from predators, as a food source or as a substrate on which breeding occurs. 
· water quality: Water quality influences fish through the physiological responses individual species display to various water quality variables and the tolerance levels of species and individuals to extremes (SKM 2003). Different fish have different water quality preferences and tolerances, and changes in water quality parameters such as temperature, salinity and dissolved oxygen which approach the tolerance limits of a fish will inevitably result in reduced condition. In some cases, changes in water quality (e.g. increased salinity, occurrence of hypoxic blackwater) can result in fish deaths (McNeil and Closs 2007)
· sediment: different types of sediment will support different types of fauna and flora (e.g. plant germination), which may be important to the diet or recruitment of certain fish species. Sediment physico-chemistry may influence the chemistry or water quality in a given water body (e.g. acid sulfate sediments, saline groundwater intrusion), which can influence the condition of fish within.

Knowledge gaps: There is little literature available on the body condition of fish in the MDB, and of the direct influences of flow or habitat on condition. The specific influences of predation and competition on fish condition in the MDB is also poorly studied. 
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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Flow can have significant effects on the reproduction of riverine fishes. As depicted in Figure 9, flow affects fish reproduction, which produces larvae, through its impact on: spawning cues; connectivity to spawning habitats; and the suitability of the spawning habitat itself. In addition the spawning output (fecundity) of adult fish is strongly determined by the condition of those fish (left box), however the effect of flow on fish condition is the subject of a separate cause-effect diagram, and is not discussed further here (refer 7 Fish Condition CED).
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Figure 9. Cause and effect diagram depicting flow influences on fish reproduction
Cues: Reproduction cues are environmental stimuli that induce one of two responses associated with spawning: 
· movement to spawning habitats 
· the process of reproduction itself, including mate determination and courtship (King et al. in press). 
The cues that induce these responses include photoperiod, temperature, turbidity, water velocity, and possibly chemical composition of the water, which stimulate the fish’s highly sensitive senses of taste or smell. Only photoperiod is not affected by flow management.
 
The current understanding of the cues that trigger reproduction movements in river-floodplain networks is extremely poor. We do know that many riverine fishes may have relatively small home ranges and strong site fidelity during base flows (Rodriguez 2002; Crook 2004), but that these behaviours may be altered during floods, when species that have not exhibited significant movement for many months can suddenly exhibit substantial dispersal, which may be linked to reproduction. 

Freshwater fishes may be able to distinguish between large natural flows, and smaller and/or unnatural flows using their sense of smell; large flows arising from catchment-scale rainfall pulses may be associated with a distinct chemical signature resulting from catchment runoff on massive scales (DeBose and Nevitt 2008; Vrieze et al. 2010; Stoffels et al. in review). 

Riverine fish dispersal may also be triggered by non-chemical cues that are not necessarily caused by catchment-scale runoff. More specifically, changes in water temperature, discharge, velocity and turbidity have all been correlated with dispersal rates of riverine fishes (Fernandes 1997; Swanberg 1997; Rakowitz et al. 2008; Sykes et al. 2009; Tiffan et al. 2009; Nunn et al. 2010). Interestingly, however, all these studies show fish dispersal is triggered by some sort of change in the physical state of the river, and often a change associated with a flow pulse. 

Once fish have moved to a spawning site within theriverscape, the same suite of flow-related cues may act upon senses to induce reproduction of certain species (King et al. in press). However, it must be stated that within the MDB it appears that many fishes do not require flow-related cues to reproduce, and that flows may play a more important role in subsequent recruitment (Humphries et al. 1999; Humphries and Lake 2000; King et al. 2003). 

Connectivity: Available habitats within theriverscape are influenced by flow since river height determines the quantity and quality of ‘aquatic corridors’ through which fish move to spawn. The current understanding of reproduction movements of MDB fishes is very poor, however, it is clear that certain species can undertake significant movements associated with reproduction. Murray cod, Maccullochella peelii, for example, can undertake large-scale longitudinal migrations to access spawning habitats, after which they can return to their pre-spawning home-range (Koehn et al. 2009). Similarly, golden perch, Macquaria ambigua, and silver perch, Bidyanus bidyanus, have been shown to undertake large longitudinal migrations during the spawning season (Reynolds 1983). However, these studies do not show that spawning migrations are necessary for population viability, but that they can occur. 

Our understanding of lateral spawning migrations within the MDBriverscape is even poorer. Currently, it appears that no MDB fish species is an obligate floodplain spawner (Humphries et al. 1999; King et al. 2003). However, that does not preclude facultative floodplain reproduction. That is, it may not be absolutely essential for a species to access the floodplain for spawning, but when the floodplain is used it may increase the productivity of a population significantly (Beesley et al. 2012; Stoffels et al. in review). 

Flows interact with the geomorphology of ariverscape to shape the degree of connectivity among spawning habitats. Man-made barriers will also interact with flows to affect spawning migrations. The properties of a flow (timing, duration, magnitude, etc.) will affect the access different fishes have to particular habitats, as well as the survivorship of juveniles and adults following reproduction. For example, a reduction in flows while breeding dispersal is taking place may result in fish becoming stranded in sub-optimal habitats. This is particularly true for fish dispersal onto the floodplain, where fish may become stranded in a complex network of wetlands, all of which are susceptible to drying. 

Habitat: Freshwater fishes may have particular habitat requirements for reproduction. Water quality, for example, can influence spawning in many species. Temperature, in particular, has a very strong influence on spawning (King et al. in press), and so flow pulses provided at certain times of the year may be too cold and reduce spawning. 

Several MDB species may utilise either submerged or emergent aquatic vegetation as a spawning substrate. Certain glassfishes (Ambassis spp.), rainbowfishes (Melanotaenia spp.), hardyheads (Craterocephalus spp.), pygmy perches (Nannoperca spp.), and carp gudgeons (Hypseleotris spp.) can utilize plants as spawning substrates (Allen et al. 2002; Pusey et al. 2004; Lintermans 2007; King et al. in press). It follows that flows that enhance the health of aquatic plant communities will also benefit freshwater fishes. 

Sediment characteristics of the benthos are of great importance to freshwater fish spawning. Several species require hard substrates, such as rock, gravel or hollow logs, for spawning (King et al. in press). An excellent example is provided by the two-spined blackfish, Gadopsis marmoratus ( O’Connor and Zampatti 2006); this species swims under flat boulders and lays its eggs on the lower surface. Sedimentation of the substrate is a major threat to the viability of this species (Jackson 1978; O'Connor and Zampatti 2006), as well as the river blackfish, G. marmoratus (Jackson 1978). Sedimentation is heavily influenced by external pressures such as land use and riparian clearing, however, if river segments do not experience large flow pulses that scour the river bed then hard substrate availability will decline. 

Hydraulics such as current and velocity can have a significant bearing on the spawning success of native fishes. In particular, nest building species such as Murray cod (Humphries 2005), and freshwater catfish, Tandanus tandanus (Merrick and Midgley 1981), may suffer reductions in spawning success if large, high velocity flows occur during their nesting period. On the other hand pelagic broadcast spawners like golden perch may seek out higher water velocity for spawning (King et al. in press). Maintenance of geomorphological heterogeneity in the longer term will provide the diversity of hydraulic habitat—including depth—preferred for the complete native fish community of the MDB. 

Knowledge gaps: There is much work to be done to improve our understanding of how flows affect fish spawning, however, two broad questions may be of high priority: 
(1) Do flows activate cues that are necessary to stimulate the spawning of fishes, and if so, exactly what are they ie. chemical, thermal, or other?
(2) How does lateral and longitudinal connectivity, mediated by flows, affect the dispersal of fishes to spawning habitats? By extension, what are the key spawning habitats of native fishes? 

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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9	Fish larval growth and survival 

Understanding how the flow regime influences the growth and survival of larval fish is critical for managing native fish populations (King et al. 2010). This is true for the Murray-Darling Basin (MDB) where there is limited information available to date. The cause-effect diagram (CED) shown in Figure 10 describes the potential pathways for how flows influence larval fish growth and survival in the MDB. The CED proposes that flow influences larval growth and survival through its effect on: interspecific processes; habitat connectivity; and habitat suitability. 
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Figure 10. Cause and effect diagram depicting the influence of flow on fish larval growth and survival. 

Processes: When we discuss processes, we are referring to the ecological processes that arise from interactions among species. The process can be food production in which another species can be prey (food species), predation in which the subject of the model is consumed or competition in which two similar species compete for resources.

The larval stage of a fish’s life history is a critical stage for feeding or energy acquisition. Relative to later life-history stages, food availability plays a particularly important role in determining growth and survival of larvae due to:
· low energy reserves
· small gape size of larval fishes (Neill et al. 1994). Their small gape means larval fish require high densities of appropriately-sized prey in the form of zooplankton (Humphries et al. 1999). 
Larval fish that fail to feed sufficiently suffer higher mortality rates due to starvation as well as loss of fitness leading to increased susceptibility to predators (King 2004), and perhaps disease. 

Both high and low flows purportedly increase larval fish recruitment (Humphries et al. 1999). High, overbank flows may increase the availability of nutrients, thereby increasing production rates of zooplankton and other prey items for larval fishes, which in turn leads to increased recruitment (Junk et al. 1989; Winemiller 2004). Within the MDB, however, there is little published evidence to support this (Humphries et al. 1999; King et al. 2003; King 2004). High flows may also enable larval fishes to access higher prey densities on the floodplain, but again, the importance of prey in floodplain habitats to larval fish recruitment within the MDB is poorly understood (King et al. 2003). Beesley et al. (2012) recently showed that flooding of wetlands improves recruitment of Hypseleotris, a small native fish, however, the significance of wetland recruitment to overall population viability is unknown (Winemiller 2004; Closs et al. 2006). However, flow pulses do not necessarily have to inundate the floodplain to improve fish growth. Tonkin et al. (2011) recently showed that within-channel flow pulses may increase the growth of smelt, a small-bodied MDB fish. 

Humphries et al. (1999) proposed that the larvae of certain species of fish may recruit better during extended periods of low flow. Low flows may result in higher concentrations of zooplankton within slow-flowing pools, as well as reduce disturbance to fish nests and flushing rates of larvae, which may be poor swimmers (Humphries 2005; Dudley and Platania 2007; Tonkin et al. 2011). 

There are two types of competition in ecological communities: exploitation and interference competition. Exploitation competition occurs when one species depletes the resources (food, for example) of another species enough to indirectly affect its productivity. Interference competition occurs when one species directly and physically displaces another species. Exploitation competition in larval fishes is essentially a matter of food availability, which has been discussed above. However, it is worth mentioning that survival in riverine fishes can be density dependent, and sustained low flows in certain years may reduce survivorship by increasing competition for food within and between species (Heggenes et al. 1999; Jensen and Johnsen 1999; Parra et al. 2011). In a recent example from the MDB, Ho et al. (2012) demonstrated that spring flooding of wetlands may give a native species (Hypseleotris) a competitive edge over an alien pest species (mosquitofish). Unfortunately, is known concerning flow and competition in fishes comes from research overseas, and the understanding of flow and fish competition within the MDB is very poor.

Flows may affect interference competition in MDB larval fishes. For example, high, overbank floods generally promote the spawning of carp (Brown et al. 2005; Jones and Stuart 2009; Conallin et al. 2012), whose larvae and juveniles may be sufficiently abundant to physically displace juveniles of native fishes. This is speculation, however, and the effects of flow on competition between larval fishes is poorly understood. 

Flow rates, coupled with catchment geomorphology, directly affects water levels in floodplain river systems. In turn, water levels may determine the amount of suitable habitat functioning as predation refuges for larval fish. Low flows may reduce the avilability of slackwater and/or backwater habitats which may be a predation refuge for juvenile fishes (Humphries et al. 1999; Humphries and Lake 2000; Tockner et al. 2000; Winemiller 2004; Zeug and Winemiller 2008).

Floodplain wetlands may be particularly productive for certain small-bodied native fishes of the MDB (e.g. smelt and carp-gudgeons), not only due to potentially higher food production rates (Junk et al. 1989; Winemiller et al. 2000; Winemiller 2004; Zeug and Winemiller 2008), but also due to the the availability of refuges from predators such as native percichthyids (e.g. golden perch and Murray cod (King et al. 2003; Stoffels and Humphries 2003)). If fishes are to access the floodplain they require flows large enough to establish lateral hydrological connectivity between channel and floodplain habitats. 

Connectivity: River-floodplain ecosystems are comprised of a vast number of different habitats (channel, oxbow lake, paleochannel, etc.) that differ in their productivity to the larvae and juveniles of different species. However, larvae and juveniles cannot use these habitats if they cannot access them and, moreover, larvae and juveniles that have experienced enhanced growth in nursery habitats cannot contribute to population viability and subsequent generations if they are left stranded in those habitats and cannot disperse from nurseries to adult habitats. Thus connectivity among habitats within the riverscape is vital to the viability of fish populations (Tockner et al. 2000; Amoros and Bornette 2002; Fullerton et al. 2010). Flows mediate the hydrological connectivity between these habitats. Flow timing, magnitude, frequency and method of delivery are just four properties of the flow regime that will inlfuence the functional significance of hydrological connectivity in riverscapes.

The importance of flow- connectivity to larval and juvenile accessto feeding and refuge habitats has been discussed above ( see Interspecific Processes). Here we very briefly highlight the importance of flows in maintaining connectivity through their effect on geomorphology and barriers to dispersal. 

Over multi-decadal time-scales river flows have shaped the geomorphology of the riverscape; its permanent and temporary aquatic habitats, both within the main channel and on the floodplain, and the nature of all the connecting channels between these habitats. It follows that connectivity within the riverscape is heavily shaped by flow regimes over very long time-scales (Tockner et al. 2000; Winemiller et al. 2000; Amoros and Bornette 2002; Fullerton et al. 2010). Loss of medium to large flows, and flow heterogeneity through time, will gradually deplete connectivity among critical habitat units witihn theriverscape (Amoros and Bornette 2002).

At a very broad level, barriers to the movement of larvae and juveniles can be natural (e.g. dry channels between floodplain and river habitats) or man-made (e.g. weirs). The passage of fish through or over natural and man-made barriers is affected by flows. 
Natural barriers to dispersal can occur longitudinally and laterally. Examples of longitudinal barriers include shallow riffles, log-jams, and dry reaches between pools. Examples of natural lateral barriers include natural floodplain levees, bars that delineate slackwater and edge habitats from the main channel, and dry floodplain channels—and the dry floodplain itself—that restrict movement of larvae and juveniles laterally in the riverscape. Flow is the primary determinant of how easily fish negotiate these natural barriers in theriverscape (Amoros and Bornette 2002). Moreover, the properties of flow delivery—e.g. timing, magnitude—will be critical in shaping the success of natural barriers in limiting fish recruitment (Aarts et al. 2004; Fullerton et al. 2010).

Our understanding of how flows can be managed to improve the ability of larval and juvenile fish to negotiate man-made barriers is extremely poor. However, it is possible that flows could be managed to improve the efficacy of juvenile movement past man-made barriers. For example, high movement rates of fishes usually coincide with particular cues associated with flow pulses (Schlosser 1998; David and Closs 2002; Koster and Crook 2008; Nunn et al. 2010). Hence juvenile fish may be encouraged to negotiate man-made barriers with appropriate flow allocations. The management of flows to cue dispersal is an area in need of more research. 

Habitat: As mentioned above,riverscapes are comprised of a great diversity of habitats, which all differ in their value to larval and juvenile fishes. Flow not only mediates connectivity between these habitats, but it also creates these habitats on short and long time scales (Tockner et al. 2000; Amoros and Bornette 2002). 

We discussed earlier the importance of flow regimes in shaping the geomorphological features of riverscapes that maintain connectivity among habitats in the riverscape. Multi-decadal flow regimes also influence riverscape habitat diversity that has, in turn, formed a template for the evolution of riverine biodiversity (Ward and Stanford 1995; Winemiller et al. 2000). For example, any given floodplain is comprised of oxbow lakes of diverse ages, and the age of an oxbow lake interacts with flow to affect the structure and quality of habitat within that lake. Older oxbow lakes have, over many years, filled with sediment to some degree, are often further away from the current channel, and have gentle littoral gradients that support macrophyte assemblages (Winemiller et al. 2000). By contrast, younger oxbows are closer to the current channel and have steep littoral gradients that do not support as much macrophyte coverage. In turn, these oxbow ages then affect water quality—in addition to habitat structure—and consequently the composition of juvenile and larval fishes that occupy them (Winemiller et al. 2000). Other habitats on the floodplain important to larval and juvenile fishes are also shaped by flow regime, such as deflation lakes, anabranches, paleochannels and lateral connecting channels. Each of these floodplain habitats may have different values to the larvae and juveniles of different fish species, thus the maintenance of the medium to large flows that maintain floodplain geomorphology will also help to maintain fish recruitment, hence fish diversity (Ward and Stanford 1995; Aarts et al. 2004). 

Importantly, the long-term flow regime is what creates geomorphological (habitat) heterogeneity within the channel, too, such as channel depth, slackwater heterogeneity, and channel sediment scouring/depositional patterns (Ward and Stanford 1995; Tockner et al. 2000; Amoros and Bornette 2002; Tockner and Stanford 2002; Aarts et al. 2004). Thus long-term flow regime shapes riverine geomorphology, hence the physcial habitat template that then interacts with flow at shorter time scales to shape the habitat structure that affects recruitment of larval and juvenile fishes. 

While flow regimes on long time scales shape geomorphology, at shorter time scales flow interacts with geomorphology of the riverscape to shape macrophyte community structure, which in turn may influence recrutiment of larval and juvenile fishes. ‘We say flow ‘interacts’ with geomorphology to generate macrophyte community structure because neither flow nor geomorphology by themselves create aquatic habitat diversity. For example, on the floodplain macrophyte beds may form only in wetlands of certain shape and age (Winemiller et al. 2000), but those macrophytes cannot establish, let alone remain viable at longer time scales, without receiving water. 

Unfortunately, we have an extremely poor understanding of how macrophytes affect the recruitment of juvenile fishes within the MDB. Macrophytes may increase fish recruitment in several ways, such as through the provision of refuge from predators, critical feeding substrates and refuge from high water velocities. The functional significance of macrophytes to freshwater fishes of the MDB is a major knowledge gap.

Flows may directly influence water quality within floodplain river systems in various ways. Variables such as dissolved oxygen (DO), temperature, salinity and pH can all have large effects on fish growth and survival (Fry 1971). For each of these water quality variables, there will be a threshold value beyond which the juveniles of a fish species can no longer survive—the lethal level—but there will also be a range of values that significantly, and perhaps strongly, impair the growth and survivorship of individuals. DO, for example, can have many and varied detrimental effects on the growth and survival of juvenile fishes, even when DO is well above lethal levels (Chabot and Claireaux 2008). DO is an important driver of MDB fish production. For example, if an overbank flood occurs following a return-time that is unnaturally long, hypoxic blackwater flows may occur (Hladyz et al. 2011), resulting in substantial fish deaths or prolonged sub-lethal impairments to recruitment. Hypoxia could then be exacerbated if flows occur in the warmest months, late in the summer. On the floodplain, wetlands may turn hypoxic if flooding frequency is not high enough (Winemiller et al. 2000).

Flow management also influences water temperature, which also has a large effect on fish recruitment (Neill et al. 1994). Within the MDB the release of water cold water from large dams has been a source of great concern for its impact on native freshwater fish for some time (Todd et al. 2005). Larval fish communities immediately downstream of coldwater releases may potentially experience high mortalities through thermal shock. A recent population modelling study undertaken by Todd et al. (2005) suggests that cold water releases on post-spawning survival are a signficant threat to Murray Cod populations. 

Flow velocity may influence larval fish in several ways. The ability for drifiting larvae to settle in suitable areas may be minimised when they are exposed to higher than natural water velocities, due to irrigation releases (Jones and Stuart 2004; Dudley and Platania 2007) or poor management of environemntal water. In contrast, larval fish may be susceptible to stranding, in areas such as anabranch and irrigation channels, when regulator gates are shut (e.g. at the end of the irrigation season) (Jones and Stuart 2004; Koehn and Harrington 2005).

Knowledge gaps: Recruitment of larval riverine fishes into the juvenile stage—let alone later adults stages—is very poorly understood. This is true internationally, but particularly true in Australia. Much more research is required under all of the above sub-headings, but three questions are considered the highist priority: 
(1) How do flows affect the availability of micro- and macro-invertebrates to larval and juvenile fishes, and how does flow-mediated food supply, in turn, affect growth and survival of fishes during early life stages?
(2) How do flows affect the distribution of food in theriverscape (e.g. floodplain versus channel), and how does hydrological connectivity among different foraging habitats affect growth and survival?
(3) How important is flow in shaping the geomporphology of river reaches, and how important is geomorphological variation at multiple scales to fish recruitment?

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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Australian waterbirds are a highly valued group whose protection is the subject of international treaties such as JAMBA and CAMBA and are included in the criteria for nomination of Ramsar wetlands. Waterbirds have adapted to cope with highly variable habitat availability in time and space. Their ecology, as a consequence, differs in some aspects from waterbirds in other parts of the world (Kingsford and Norman 2002). For example, breeding is closely correlated with rainfall and can occur at any time of year (Frith 1965), which contrasts to waterbirds in the northern hemisphere (Kingsford and Norman 2002). While we have learned a considerable amount about the influence of flow on waterbird abundance and a limited number of species, the combination of the unique characteristics of Australian waterbirds and relatively little information concerning the major determinants of waterbird diversity mean that there remains significant uncertainty about the major drivers of waterbird diversity at the landscape scale.

What is clear is that the ability of many Australian waterbird species to maintain viable populations in a variable environment (e.g. through long-distance dispersal, habitat and diet shifts) has been reduced due to the exploitation of water resources and associated loss of habitat (Kingsford and Norman 2002). The following section describes how landscape waterbird diversity is affected by river flow through its influences on habitat, connectivity and disturbance (Figure 11).
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Figure 11. Cause and effect diagram depicting the influence of flow and geomorphology on landscape bird diversity.

Habitat: Habitat diversity is an important determinant of waterbird diversity for three reasons:
·  many species require different habitats for breeding, foraging, roosting and surviving harsh times
· different species have different habitat requirements (see Rogers and Ralph (2011)) for summaries of bird habitat requirements), so maintaining a mosaic of wetlands with different water depths (Colwell and Taft 2000; Kingsford et al. 2004) duration of inundation and vegetation is required to support diverse waterbird communities (Guadagnin et al. 2005) 
· the flooding and drying cycles of Australian rivers means that the value of specific wetlands will change through time as they fill and dry. Shallow wetlands may provide good foraging habitat during the flood peak, but will soon dry and lose their value. However, at flood peak, deeper wetlands may provide good habitat for birds such as cormorants, but as the wetland dries and its shape and vegetation changes, the bird community will change (Gawne and Scholz 2006).
Water depth is an important waterbird habitat characteristic with community composition varying with wetland depth: deeper water is favoured by diving and fish-eating birds (Scott 1997) and shallow wetlands generally support a greater diversity and abundance of waterbirds including waders and ducks (Colwell and Taft 2000). This is because shallow areas are foraging habitat for many species and are also believed to be more productive (Colwell and Taft 2000; Kingsford et al. 2004). Depth is also an important breeding cue with rapid falls in water level leading to nest abandonment in some instances (Brandis et al. 2011).

One of the key determinants of waterbird diversity at the Basin scale is the opportunity to breed. The frequency, duration and timing of flooding of wetland habitat influences the production of food resources and is important for waterbird breeding success and population persistence between breeding events (Arthur et al. 2011). Suitable breeding habitat must be made available at frequent intervals relative to species longevity (so that individual birds can breed before they die) and breeding habitat must remain suitable for long enough to enable fledging to occur (Brandis et al. 2011). The timing of floods influences the lag time between flooding and nesting for species such as darters, cormorants, herons, egrets and spoonbills (Briggs and Thornton 1999).

Wetland vegetation provides nesting, rearing and refuge areas for waterbirds, as well as being a direct food source for herbivorous species such as black swans and coots (Scott 1997). Floodplain trees are particularly important for nesting of species including darters, spoonbills, cormorants, herons and egrets (Briggs and Thornton 1999), while macrophytes such as typha, phragmites and spiny rush provide nesting habitat for Australasian grebes, swans, eurasian coot, purple swamphens and straw-necked ibis (Rogers and Ralph 2010). As a consequence, vegetation condition and diversity will influence the diversity of the bird community.

Area: The species-area relationship predicts that the more habitat available the more species will be present. Habitat availability is known to be a major influence on waterbird communities. Areas of extensive floodplain have been found to have a higher diversity of wetland habitats during times of flood and support high abundances of waterbirds at the catchment scale (Roshier et al. 2002). At an individual wetland scale, wetland size has also been found to be positively correlated with waterbird diversity (Colwell and Taft 2000). These results are similar to findings from overseas where the area of available habitat (Guadagnin et al. 2005), wetland size (Guadagnin et al. 2005; González-Gajardo et al. 2009) and length of shore-line (González-Gajardo et al. 2009) have all been found to influence waterbird diversity.

Disturbance: The disturbance regime is an important ecosystem characteristic that influences biodiversity and any change to a system’s disturbance regime is likely to have a significant effect on community composition (Kingsford et al. 2004). In the Murray-Darling Basin, water dependent ecosystems are characterised by periods of boom and bust over both annual and decadal time-frames. 

More permanent, regulated waterbodies may be important refuges during these times. The dry phase is however, essential to the hydrological variability that drives the ecology of floodplains within the Murray-Darling Basin (Kingsford et al. 2004; Gawne and Scholz 2006; Briggs et al. 2010). Waterbird density and diversity is positively correlated with hydrological variability (Kingsford et al. 2004) and ephemeral floodplain lakes provide abundant food resources for waterbirds that feed on invertebrates and plants, including grey teal, pink-eared duck and egrets (Scott 1997). In order to cope with this variability, some species switch diet during dry periods from plants to insects (e.g. Australian wood duck), others may move from fresh to saline areas (e.g. chestnut teal, grey teal) (Kingsford and Norman 2002).  
Over decadal time scales, dry periods are ‘press’ or ‘ramp’ disturbances (Lake 2003) that influence the distribution of waterbirds by reducing the area of wetland habitat available for feeding, nesting and refuge. Significant declines in waterbird abundance and diversity have been documented throughout the Murray-Darling Basin, particularly for highly regulated wetlands (Kingsford et al. 2012) (Kingsford and Thomas 1995). This suggests that while waterbirds are well adapted to dealing with extended dry periods, that our management of the system may make persistence through extended droughts more difficult, thereby affecting resilience.

Connectivity: For waterbirds in other countries, connectivity among wetlands is recognised as being an important determinant of wetland use by waterbirds (Amezaga et al. 2002); however, in Australia where waterbirds are known to move large distances, the influence of landscape pattern is less well understood. During times of high rainfall and flood, wetland habitat in Australia is extensive and waterbirds can disperse large distances to exploit temporary aquatic habitats for food, refuge and breeding (Kingsford and Norman 2002). Successful waterbird dispersal is influenced by the interaction between the distance a species can fly and the distance between suitable habitats such that changes to the spatial distribution of wetlands may affect species persistence (Kingsford and Norman 2002). There is also some information to suggest that dispersal patterns of some species vary in response to the landscape (Roshier et al. 2002), although the significance of these differences is not well understood. 

Connectivity also has the capacity to influence waterbirds indirectly through its influence on food resources. Connections among wetlands are known to influence the composition of fish, frog and invertebrate communities. As a consequence, maintaining a mosaic of wetlands with different connections is likely to maintain a mosaic of diverse food resources to support waterbirds.

Knowledge gaps: The ecology of many species of waterbirds remains a significant knowledge gap (Kingsford and Norman 2002). Broad-scale movement of Australian waterbirds is also poorly understood, including the triggers for movement and the interaction between individual species and their habitats (Roshier et al. 2002). In particular, species population structure and dynamics, including measures of juvenile and adult survival rates and drivers, are major knowledge gaps that together with lack of knowledge of dispersal and movement patterns (over both space and time) significantly hinder our ability to understand and manage waterbird populations and communities. One pertinent question for waterbird conservation in Australia is how do climate change, habitat loss and flow modification interact with waterbird population declines? (Kingsford and Norman 2002).

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model. 
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Sustaining waterbird populations requires that individuals survive to have breeding opportunities and also attain adequate condition to successfully fledge chicks. Accordingly, as survival and condition are strongly influenced by the hydrological regime, so too are waterbird populations. The frequency of flooding required to maintain food resources and habitats, promote recruitment and aid the survival of waterbird population is dependent on the mortality of individuals (Kingsford and Norman 2002; Rogers and Ralph 2010; Arthur 2011). More specifically, Rogers and Ralph (2010) estimate that, in the Murray-Darling Basin, at least two large floods should occur within the wild waterbirds lifetime, or four large breeding events within the captive longevity of waterbirds to account for waterbird population losses due to poor condition or predation. However, the age-structured model developed by Arthur (2011) of a generic egret, suggests a much higher frequency of breeding is required. Large populations of egrets are expected to require the occurrence of large breeding every one to two years to maintain the population (Arthur 2011). This inconsistency is largely due to the rarity of waterbird population studies in Australia (except for ducks) that detail survival/mortality rates (Arthur 2011). 

Droughts may result in poor condition and high mortality rates through the loss of food resources and reduced habitat (Scott 1997). These high mortality rates reduce waterbird abundance, however, the impacts of drought are exacerbated as negative breeding responses also result. This is because waterbirds often require flooding as a cue to breed along with an adequate food supply to allow birds to achieve pre-breeding condition (Scott 1997). Waterbird populations should then flourish from the increased condition and survival of individuals. The following section describes how the survival and condition of waterbirds are affected by river flow through its influences on the connectivity, process and quality of the waterbirds habitat (Figure 12). 
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Figure 12. Cause and effect diagram depicting the influence of flow on waterbird survival and condition.

Connectivity: Australian waterbirds are highly mobile with habitat and food resources often driving their movements. Some waterbird species take advantage of wetland connectivity which results from high rainfall and floods (Kingsford and Norman 2002). This connectivity can be extensive enough to enable continental-scale movements, allowing waterbirds to disperse large distances to exploit temporary aquatic habitats for food, refuge and breeding (Kingsford and Norman 2002). However, knowledge of the timing and the extent of movement by many species is underdeveloped (Kingsford and Norman 2002). While generally floods provide a boom in food availability, food availability between floods is also important for sustaining bird condition and minimising mortality.

Prolonged droughts can force waterbirds to move great distances in search of drought refuges (Scott 1997). These refuges are important for the survival of individuals; by providing critical food resources enabling them to endure until environmental conditions improve (Scott 1997). In the past, some wetlands of the Murray-Darling Basin have been drained for agriculture, urbanisation or flood mitigation reducing the number of drought refuges (Scott 1997; Kingsford and Norman 2002). Many wetlands are currently permanently inundated for water storage which may counteract this previous loss (Briggs 1990; Scott 1997; Briggs and Thornton 1999; Kingsford and Norman 2002). However, the quality of water storages and irrigated crops for waterbird habitat is disputable (Kingsford and Norman 2002; Richardson and Taylor 2003). Despite their availability, they may not provide the diversity or abundance of food resources required to support a variety of waterbird species over time (Kingsford and Norman 2002).This uncertainty of food resources is intensified when changes to flooding regimes kill floodplain vegetation (Kingsford and Norman 2002). 

Drought can also discourage movements of some species to small water bodies. This is because small wetlands and billabongs can become less suitable for waterbird feeding and breeding as they dry or become isolated from the main river channel (Scott 1997). Construction of levees on floodplains for crop irrigation or for town flood mitigation can also isolate small water bodies reducing their suitability for waterbird feeding (Scott 1997). Ultimately, the influence of flow on wetland connectivity can play a crucial role in the survival and condition of waterbirds.

Process: The probability of survival and the capacity for waterbirds to breed is strongly influenced by their condition. Waterbird condition is reliant on the availability and quality of food resources. Since many waterbirds specialise in particular food types, different geomorphologic habitats and hydrological regimes are likely to have diverse outcomes for each waterbird species. Access to these feeding locations is also important, particularly in severe drought.

There is currently only limited information on the relationship between food availability and waterbird condition.  Observations of cycles of wetting and drying have observed that extended periods of inundation have been associated with changes in the abundance of plant and invertebrates and increases in the numbers of fish and this leads to a bird community dominated by piscivorous fish (Kingsford et al., 2004).  Flooding has also been associated with large increases in invertebrate abundance which is associated with increases in bird abundance (Maher and Carpenter, 1984, Gawne and Scholz, 2006).  In light of these observations and the possible links between food availability and bird mortality (Arthur 2011), it appears likely that the process of food production is a key influence on waterbird survival and condition.


Habitat: The loss and degradation of habitat affects food availability and so is possibly the greatest influence on condition and survival (Kingsford and Norman 2002). Flow regimes influence the amount of foraging habitat available for waterbirds. For example, piscivorous species such as cormorants, darters, and terns require ongoing access to small-bodied fish (Scott 1997). Some herbivorous species such as dabbling ducks, black swans and coots may profit from permanent wetlands where aquatic macrophyte communities are well established (Scott 1997). However, permanent flooding results in wetland becoming less diverse(Nielsen and Chick 1997; Barrett et al. 2010; Nielsen et al. in press); which may disadvantage other herbivorous species like magpie geese, plumed whistling ducks and maned ducks which graze predominantly on seed heads, buds, leaves and other plant material of both wetlands and dry-land vegetation(Scott 1997). A large number of species feed on invertebrates and other small animals (e.g. frogs) such as some ducks, ibis, egrets, spoonbills, herons, etc. These species may share food resources but have a diverse range of feeding sites, from mud flats (wading birds) to the main river channel (blue-billed duck and musk duck) (Scott 1997). Even when sharing the same wetland each species may collect different food items, or may collect the same food item from different parts of the habitat (Scott 1997). As food source preferences are species specific, so too are hydrological requirements and habitat geomorphology. 

Flood characteristics (i.e. timing, recession, duration) impact bird condition and survival through their influence on food availability and the provision of roosting sites. These characteristics can affect the persistence and/or establishment of vegetation structure and condition within wetlands (Brandis 2010). Roosting sites in particular, are important for survival as they provide waterbirds with shelter and refuge from predators (Hattori and Satoshi 2001). Again a species specific interaction is seen with preferred vegetation for roosting sites. For instance, wetland vegetation such as reed beds, provides roosting sites and a direct food source for herbivorous species such as black swans and coots (Scott 1997), whereas littoral trees and shrubs are often utilised for roosting by herons and egrets (Hattori and Satoshi 2001). Plant structural diversity and vegetation richness is crucial for a diverse waterbird community (Hattori and Satoshi 2001; Leslie 2001; Overton et al. 2009), therefore the hydrological regime most suited for survival and condition of waterbirds is likely to be one that takes into account both the maintenance of vegetative habitat and other waterbird requirements. 

Habitat geomorphology is important to foraging as it affects the quantity and the availability of the food resource. Geomorphic requirements (e.g. depth and size) vary among species (Bolduca and Aftonb 2007) and are strongly correlated to the availability of food resources (Mažeika et al. 2006). For example, kingfishers tend to forage only in small streams with clear, relatively shallow water as larger deeper streams generally have fewer small sized fish, greater amounts of aquatic vegetation and can be more turbid (Mažeika et al. 2006). The preference of the piscivorous belted kingfisher (Ceryle alcyon) for this stream geomorphology was seen to improve foraging success (Mažeika et al. 2006). As geomorphology influences foraging success, accordingly condition and survival too are affected.

The hydraulics of flooding also affects waterbird foraging habitat. Current velocity affects water clarity and visibility while foraging, particularly where substrate sediment is composed of silt (Maccarone and Parsons 1994; Maccarone and Brzorad 2005). Trophic guilds have also presented preferences for different current velocities; presumably either due to the abundance of prey in these areas or the ability of the bird to forage there. For instance, diving piscivorous waterbirds have been seen to utilise stronger currents more often, whereas benthic foragers frequently foraged in areas with little or no current (Holm and Burger 2002). Research by (Holm and Burger 2002) however, revealed several exceptions to this pattern (Holm and Burger 2002). Still, the importance of flow to food availability and thus condition and survival of waterbirds is highlighted.

Other non-flow related factors affecting survival of water birds include waterfowl hunting, pollution, and the introduction of exotic flora and fauna. Clearing of vegetation (lignum) and floodplain trees (river red rum, coolabah and blackbox) along rivers is also a problem in many parts of the Murray-Darling Basin. Grazing of wetlands also degrades waterbird habitats and causes a decline in the abundance of more palatable species and can prevent the regeneration of river red gums (Scott 1997).

Knowledge gaps: Waterbird population studies in Australia detailing age structure, age-specific mortality rates and recruitment information are very rare. Filling these knowledge gaps would contribute significantly to assisting the waterbird population persistence within the MDB (Overton et al. 2009; Arthur 2011). 
Also, as discussed, the timing and extent of the movements of many waterbirds is not well understood (Kingsford and Norman 2002) and how environmental flows could be used to influence this. The use of satellite tracking of a substantial number of individuals may inform this, however, such studies may be biased by costs and small sample size (Kingsford and Norman 2002).

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model. 
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This cause-effect diagram (CED) describes the influence of flow on waterbird reproduction. Waterbird reproduction is often used as an indicator of environmental health due to its links to wetland productivity, however as birds are highly mobile their absence does not necessarily indicate unsuitable habitat (Baldwin et al. 2005). River flows and season affect waterbird reproduction directly by providing cues for reproduction behaviour and by affecting the condition of the birds and their breeding habitats (Figure 13). Environmental flow management is likely to have a significant influence on waterbird populations through the influence on flooding, which if improperly managed can result in a decline in the frequency of waterbird breeding (Leslie 2001; Arthur 2011). The following description refers to waterbird reproduction, which in this context encompasses breeding and hatching. Waterbird recruitment and fledging are described in separate CEDs, as is waterbird survival and condition.
[image: ]
[bookmark: _Ref217362369]Figure 13. Cause-effect diagram depicting flow influences on waterbird cues and habitat.
Cues: Waterbird reproduction can be cued by season (temperature and photoperiod), rainfall, flooding, or interactions between these, depending on the species – however in Australia most waterbirds are cued to breed by flooding (Briggs 1990; Scott 1997; Rogers 2010). Breeding success in many species is particularly sensitive to flood depth (Briggs 1990; Kingsford and Auld 2005) and premature lowering of water levels may cause abandonment of nests (Briggs et al. 1997; Scott 1997; Leslie 2001; Kingsford and Auld 2005; Brandis 2010; Brandis et al. 2011). This may be related to reduction in availability or quality of food resources, increased predation, loss of suitable habitat, or a combination of these.
Some waterbird species require an extended flooding period for successful breeding (Leslie 2001). For example the great egret requires a minimum flood duration of about 6-7 months, with an ideal flood duration of 12 months (Rogers 2010). This time allows for attainment of pre-breeding condition (nutritional and hormonal requirements), pairing, nesting, incubation and fledging (Briggs 1990; Brandis 2010; Rogers 2010). It is also essential to manage the time between floods, as prolonged droughts may not allow opportunity for waterbirds to reproduce within their lifetimes (Leslie 2001). Thus breeding opportunities are limited to the number of floods.
Timing of flooding is also important for waterbird breeding, as optimal breeding occurs when flooding coincides with favourable seasonal conditions (Chesterfield et al. 1984; Briggs, 1990; Scott, 1997). Many waterbirds tend to breed during the warmer months. Seasonal cues help to ensure that breeding coincides with plentiful food resources and minimised exposure to adverse weather conditions (Briggs 1990; Brandis 2010; Rogers 2010). Some species, such as the Musk Duck and the Blue-billed Duck, breed in response to season alone (Briggs 1990).
In summary, waterbird breeding can be stimulated by season, flooding, or a combination of the two (Briggs 1990). However the effect of these cues is likely to be due to their characteristics (Season- temperature, photoperiod; Flooding- timing, duration, depth, extent, rate of recession, frequency and inter-flood dry period). These factors also influence breeding success largely by affecting the condition of the waterbirds themselves and their habitat (Rogers 2010). 
Habitat: Rivers, wetlands and floodplains provide essential reproduction habitat. Waterbirds require breeding sites that will provide both suitable nesting habitat and reliable food resources. Wetland vegetation provides nesting, rearing and refuge areas for waterbirds, as well as being a direct food source for herbivorous species such as black swans and coots (Scott 1997). Floating and submerged macrophytes are essential breeding habitat for the whiskered tern, swans and coots (Reid et al. 2009). Rushes, reed beds and lignum beds are used by swamphen, moorhen, duck, ibis, spoonbills, and herons (Reid et al, 2009), and large riparian trees (dead and alive), particularly river red gums, are important for nesting habitat of darters, spoonbills, cormorants, herons and egrets (Briggs and Thornton 1999). This highlights the importance of managing for a diversity of nesting habitats to meet the reproduction requirements of a diverse waterbird community (Leslie 2001; Reid et al. 2009). 
The quality of waterbird breeding habitat is related directly to hydrological regime, as flooding is required for the provision and maintenance of vegetation structure and condition (Brandis 2010). The hydrological regime most suited to the maintenance of vegetative habitat may be quite different to that required for waterbird reproduction, however the provision of water to maintaining the health of nesting vegetation maybe just as important for breeding.
Flood duration, water depth and the rate of rise and fall are hydrological effectors of food and nesting availability (Herring 2005; Rogers and Ralph 2010). As the nests of many species are often established over water or on ephemeral islands, depth may be a crucial factor affecting breeding (Marchant and Higgins 1990; Rogers and Ralph 2010). However minimal information is available about the specific depth of water required for breeding success (Rogers and Ralph 2010). Even so, due to the relationship between flood depth and duration, it is likely that floods with a greater depth and duration will have enhanced breeding success (Rogers and Ralph 2010). 
Some waterbirds are fastidious with their food and habitat requirements for reproduction. Notably, waterbird reproduction can also be constrained by the spatial scale of nesting habitats and previous memory attachment to sites (i.e. some species habitually breed in certain locations) (Reid et al. 2009). With this acute selectivity of waterbirds to their nesting habitat, combinations of perfect flow conditions and ideal habitat elements may still not equate to predicted breeding responses (Reid et al. 2009). 
Knowledge gaps: The conditions and habitats required for successful waterbird reproduction for some guilds are generally well understood in some locations. However, whether this varies between different floodplains is less explicit. We also currently know very little about the exact mechanisms that drive successful breeding events and what survival rates are actually being achieved (Reid et al. 2009). Age structure, age-specific mortality rates, and recruitment information would contribute significantly to understanding and management of waterbird population persistence within the MDB (Reid et al. 2009). 
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. 
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Dotterel chick, Darling Anabranch NSW, October 2012
)[image: \\milserv\staff\MCKavanagh\My Pictures\top pics\IMGP3055.JPG]Chick recruitment and fledging is used as a measure of productivity; an important element in the study of avian demography (Nisbet et al. 1990). Fledging may be interpreted differently between authors and depending on species of waterbird. For example, in a study of breeding success of four egret species in Australia, young birds were considered fledged when able to fly from branch to branch or to a nearby tree (Maddock and Baxter 1991). It is likely that the most important factor in successful fledging of clutches is food availability (Maddock and Baxter 1991). At key waterbird breeding sites in the Murray-Darling Basin, food availability is strongly predicated by characteristics of flood events (e.g. timing, duration, spatial extent, depth) (Scott 1997). Adult waterbirds confronted by loss of foraging habitat due to sudden drop in flood waters may be cued to abandon nests en masse, thereby terminating potential chick fledging (Kingsford and Auld 2005).

The body of work on waterbird ecology in relation to the ecological health of wetlands in Australia, and particularly within the Murray-Darling Basin, is growing (Kingsford et al. 2004; Kingsford and Auld 2005; Overton et al. 2009; Brandis and Kingsford 2010; Rogers and Ralph 2010); however, specific studies of chick fledging and subsequent survival in Australia are scant (Maddock and Baxter 1991; Arthur 2011; Brandis et al. 2011) and more work is required to understand and manage flow related threats to successful waterbird chick fledging.

In the context of the Murray-Darling Basin, the cause and effect diagram shown in Figure 14 proposes that flow influences waterbird chick fledging through:
ecological cues
process (food availability)
habitat availability. 

[image: ]
Figure 14. Cause and effect diagram depicting influence of flow on waterbird recruitment and fledging.

Cues: Flood recession - Having achieved hatching of eggs, the major threat to breeding success then is abandonment of the nest or brood by the parent bird/s, preventing fledging. Flood recession, either natural or managed, can act as a cue for nest abandonment by colonially nesting waterbirds (Carrick 1962; Briggs et al. 1997; Scott 1997; Kingsford and Auld 2005; Brandis et al. 2011). Scott (1997), suggests that falling water levels are perceived by waterbirds as an indicator of declining food reserves and it is this impending food scarcity that drives the nest abandonment behaviour.
Process (Food): Flood area and duration - Breeding habitat needs to be inundated in sufficient area and over sufficient time to allow the accumulation of food resources for waterbird breeding through to successful chick fledging (Leslie 2001; Kingsford and Auld 2005; Arthur et al. 2012). Arthur et al. (2012) observed that the number of nests at Murray-Darling Basin study sites (Barmah-Millewa Forest, Macquarie Marshes and Lake Merreti) increased with the area of floodplain inundated and inferred that food availability for breeding and successful fledging of broods is correlated with inundation area. Using chick fledging as an indicator of breeding success, evidence suggests that the larger the flood the more successful the breeding event (Kingsford and Auld 2005; Arthur et al. 2012). Scott (1997) also notes that high volume floods inundating larger areas support chick fledging when a greater abundance of food is available over a longer time period. As chicks approach fledging and independent feeding behaviours are learned, food supply must be plentiful enough to maintain the parent birds and support foraging chicks whose foraging skills are not yet at peak efficiency (Arthur 2011).

A Canadian study has looked at population regulation in foraging waterbirds based on territory defence or food availability (Butler 1994) finding ‘it is possible that density-dependent effects may have gone undetected because they are not immediate or direct. For example, density-dependent effects on chick growth and quality might be manifested by increased mortality after chicks leave their nests …’. Density dependant effects such as low per-capita food availability can be linked to flood magnitude and duration.
Flood duration to support fledging of chicks has been studied and recommended periods of up to 10 months are known for a range of waterbird species (Briggs et al. 1997). 

Vegetation - Most Australian waterbirds obtain their food items in or on the edges of water bodies (Scott 1997). Aquatic and fringing plants are diet items for herbivorous waterbirds (i.e. swans and coots) and create habitat for the invertebrates and other small animals eaten by waterbirds from other feeding guilds. Characteristics of flooding such as source, timing and velocity can impact upon the establishment and/or persistence of vegetation within wetlands post-inundation. Absence or paucity of aquatic and fringing vegetation prior to and at the time of fledging may limit food availability for adults and fledglings, thereby undermining fledging success. 

Water quality - As with vegetation abundance, diversity and distribution; surface water quality can directly influence the success of chick fledging via impacts upon food availability. Salinisation of wetlands leads to clearer waters, which may allow greater macrophyte growth and associated strong communities of zooplankton and other invertebrates, with lower abundances of aquatic vertebrates (i.e. fish and frogs) (Scott 1997) which are key prey items for some waterbird species. Saline and freshwater lakes may support breeding success including fledging for different species of waterbird. Further, the transition from fresh to salinised water conditions associated with drying of a wetland may render the wetland unsuitable for the completion of a successful breeding event through the impact on food resources; making water quality part of the suite of factors driving nest abandonment upon sudden flood water recession.

Piscivorous waterbirds relying on fish stocks within a wetland to sustain them and their brood may be adversely affected by water quality issues including hypoxic blackwater events or algal blooms if the impact is to reduce availability of suitable prey items (i.e. fish and other biota moving out of an area to avoid poor water quality, or succumbing to inadequate oxygen levels or toxins in the water column).

Conversely, during adverse water quality conditions avoidance behaviour by freshwater invertebrate and vertebrate animals may increase waterbird food availability in the short term as organisms move to the edges and shallows to seek oxygen at the water/air interface.

Habitat: 
Geomorphology - Over time, flow will impact on geomorphology of wetlands. Changes in geomorphology may affect flooding duration, depth and extent at key bird breeding wetlands which in turn, may influence the spatial and temporal availability of nesting habitat (Leslie 2001; Overton et al. 2009) and foraging grounds.

Vegetation - As discussed in the ‘Food’ section above, suitable and adequate foraging area is a key habitat requirement to ensure successful fledging. Maintenance of nesting habitat for the duration of the fledging stage is also a requirement. Habitat utilised by waterbirds for nesting varies with species and includes floating macrophytes, emergent macrophytes, lignum, living trees and dead trees (Scott 1997; Leslie 2001). 

Water depth - In 1997, Scott (1997) commented that actual water depth is not an important habitat variable in determining the successful fledging of chicks (except in the case of fish-eating waterbirds), adding however, that water depth is indirectly an indicator of the extent of flooding and the likely duration of inundation. In a study of ibis breeding at Narran Lakes in 2008, Brandis (2011) found that water depth was a significant variable in deciding breeding success. Brandis (2011) postulates that the ibis’ response to water depth may be a determining factor in nest abandonment, or may be indicative of a surrogate cue such as reduced wetland area and therefore reduced food availability, and increased threat from land predators.

Imposed hydrological stability (constant depth) at regulated wetlands may have the effect of reducing the diversity of biota at all trophic levels while maintaining plentiful fish stocks to the advantage of piscivores such as cormorants, darters and Australian pelicans (Scott 1997). 
Continuous prolonged flooding of river red gum should be avoided to prevent premature death of trees which serve as nesting habitats (Briggs and Thornton 1999). Some colonial waterbirds will nest only in live trees (Scott 1997; Leslie 2001). 

Knowledge gaps: While falling water levels are recognised as a cue to nest abandonment, which can cause fledging failure, the significance of such details as rate of fall, timing of fall, threshold water depth and threshold area of inundation are not well known. Further, it is likely that different species react differently to changes in flow; a clearer understanding of species specific requirements would facilitate management action in support of targeted waterbird species at individual breeding sites.

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. 
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Other vertebrates reproduction
The Basin Plan seeks to protect or restore the diversity of the Basin’s water dependent ecosystems. In addition to waterbirds and fish there are a number of animal species listed as threatened or endangered that would be expected to respond to environmental watering actions. These include:
· frogs
· turtles
· bush birds such as a crowned babbler
· birds of prey such as a white breasted sea-eagle
· bats such as small footed myotis
· other small mammals such as brush tailed phascogale and yellow-footed antechinus. 
This section describes the relationship between flow and reproduction (Figure 15), and flow and growth and survival in these groups (Figure 16). Rather than attempt to describe the relationship for all of these groups, the description focuses on frogs and turtles.
The Murray-Darling Basin (MDB) supports 29 frog species (Wassens 2011) and four species of turtle. All of these species are reliant on water to persist and, in general, river regulation has had a significant effect on habitat availability and dispersal. This is not true for all frog species as some are capable of persisting in wetlands sustained by rainfall. Many frog and turtle species have undergone significant declines in abundance, although in some instances, flow modification is not considered to be the major threat. In these cases, flow modification may interact with land use and predation by introduced predators to threaten their persistence.
[image: ]
Figure 15. Cause and effect diagram depicting the influence of flow on other vertebrate reproduction.
Water is critical for frog breeding. Cues for reproduction include rainfall or floods. A survey of 67 species of frog in eastern NSW found 46 species had clearly defined calling periods in the warmer spring and summer months (Lemckert and Mahony 2008). This means that for many species, the timing of inundation may influence these species capacity to breed during wetland inundation. 

Once conditions are suitable, males and females will move to breeding sites where males will start calling to attract mates. In many instances, these movements occur across land, so connectivity, particularly vegetation condition between wetlands, is an important influence (Westgate et al. 2012) as is the landscape mosaic of wetlands (Hamer and Mahony 2007; Heard et al. 2012).

Fecundity is influenced in many species by the size of the female (Lauck 2005; Reading 2007; Tomasevic et al. 2008). In some species there is also variation in the size of eggs related to season (Cadeddu and Castellano 2012) and antecedent conditions (Tomasevic et al. 2008). Turtles mate and then lay eggs in a nest. The long-necked tortoise lays from six to 23 eggs on a river or wetland bank in spring or summer. Clutch size and the number of clutches per year is influenced by food availability in the period leading up to mating and so is flow dependent (Kennett and Georges 1990). The broad-shelled river tortoise is believed to lay eggs in autumn that subsequently hatch in spring (Cogger 1996). To date there is no evidence that turtles and tortoise use any cue other than season to initiate breeding, although poor body condition is believed to limit reproductive activity and output.

Other vertebrate growth and survival
There is limited information available on the growth and survival of vertebrates such as frogs and turtles. For frogs, much of the information of their requirements is based on records of their presence in wetlands (Lauck 2005). The growth and survival of frogs is most usefully divided into the tadpole and post-metamorphosis phase. For tadpoles, the key influence on their growth and survival is hydroperiod (Herrmann et al. 2005; Werner et al. 2007; Wilson et al. 2013), both because of its influence on the time available for them to complete the larval phase of their life, but also because of the influence that cycles of flooding and drying have on predators, vegetation and productivity (Gawne and Scholz 2006).


[image: ]
Figure 16. Cause and effect diagram depicting the influence of flow on other vertebrate growth and survival.
The time taken from hatching to metamorphosis varies among species (Wassens 2011) and with temperature (Williamson and Bull 1996). Some species such as the water-holding frog and the desert tree frog mature within one to two months, while at the other end of the spectrum, southern bell frogs mature over three to five months and the eastern banjo frog and giant banjo frog may take up to six months (Wassens 2011). This means that in order to successfully complete the tadpole phase, the duration of inundation needs to exceed the time required for development and the timing of inundation needs to align with the species’ temperature requirements.

As noted earlier, cycles of drying and flooding influence predator abundance, vegetation and primary productivity and these are all key influences on tadpole growth and survival. Predation is widely acknowledged to be a major influence on tadpole survival (Teplitsky et al. 2003; Werner et al. 2007) with predation by invasive species believed responsible for declines of some species (Gillespie and Hines 1999; Mahony 1999). 

Vegetation is also widely recognised as an important influence on tadpole survival and growth (Gillespie 2002; Vignoli et al. 2007; Werner et al. 2007). Aquatic vegetation within the wetland may provide refuge from predators and an additional source of food (Wassens et al. 2010). Riparian vegetation may also shade the wetland which has been found to reduce tadpole survival (Lauck 2005; Werner et al. 2007).

Food availability is also a major influence on tadpole survival and growth (Gillespie 2002; Lauck 2005). Tadpole diets vary among species (Wassens 2011), but cycles of wetting and drying influence the rates of both primary and secondary production (Gawne and Scholz 2006) thereby influencing food availability. Further evidence for the importance of food comes from observations of competition influencing growth and survival among tadpoles (Bardsley and Beebee 1998; Greenberg 2001; Gillespie 2002; Brodman et al. 2003).

Finally, tadpole growth and survival is influenced by water quality with salinity (Smith et al. 2007) silica, hardness, pH, alkalinity, turbidity and ammonia all having been found to have an influence (Boyer and Grue 1995; Brodman et al. 2003; Vignoli et al. 2007). Very few tadpoles appear to survive to metamorphosis (Greenberg 2001; Ryan and Winne 2001) and survival appears to be related to their growth rate (Bardsley and Beebee 2001) and size at metamorphosis (Williamson and Bull 1996).

Once metamorphosed, the distribution of frogs and turtles is influenced by the availability of habitat, connectivity and processes. Habitat characteristics vary among species, but some of the key characteristics include flow characteristics such as the length of time the wetland holds water (hydroperiod) and whether the wetland is permanent (Wassens 2011) or ephemeral (Pyke and White 1999). Vegetation is a major habitat characteristic with many species dependent on vegetation to persist (Hazell 2003; Wassens et al. 2010; Wilson et al. 2013). Vegetation modifies the micro-climate reducing temperature, increasing humidity and providing protection from predators. Other habitat characteristics that may be important include depth, water quality and current speed (Mahony 1999). 

Each of the three species of turtle has slightly different habitat requirements. The Murray turtle (Emydura macquarii) is associated primarily with riverine habitats with flowing water and associated backwater habitats where the main habitat characteristics include current speed, persistence during dry periods and turbidity (Chessman 1988). The long-necked tortoise (Chelodina longicollis ) prefers ephemeral wetlands such as anabranches, billabongs and swamps (Chessman 1988). By contrast, the broad-shelled river tortoise (Chelodina expansa) appears to be a generalist, occupying a wide variety of wetland types, but occurs in higher numbers in deeper wetlands close to the main river channel (Chessman 1988).

Connectivity is also important for the persistence of other vertebrates. For frogs, who are critically dependent on water in a highly variable and unpredictable landscape, this requires that they are able to deal with extinctions at individual wetlands. It appears that a key strategy to deal with this is to persist as a meta-population, that is, a number of isolated populations that regularly exchange individuals (Heard et al. 2012). For this strategy to work, frogs must be able to disperse among wetlands. For this reason, floods (Wassens et al. 2008) and the distance to nearby populations (Heard et al. 2012) influence the presence of frogs in wetlands.

For turtles, different types of connectivity are important for the different species. For the long-necked tortoise that prefers ephemeral wetlands, connectivity is important as they need to move back to refuges as their preferred habitat dries and into their preferred habitat when it fills (Kennett and Georges 1990; Roe and Georges 2008). For the short-necked tortoise, lateral connectivity between backwaters and the main channel is important and for males, longitudinal connectivity appears to be important with individuals moving up to 25km (Bower et al. 2012).  

While connectivity is important for both frogs and turtles, there is only limited understanding of the critical connectivity characteristics that may influence dispersal. Being cold-blooded it is likely that timing of connection will affect dispersal as cooler temperatures may mean the animals are not as active. It is less clear the extent to which the type, duration and depth of connection will influence dispersal as frogs and turtles are capable of crossing land; however, these characteristics do influence fish access and may therefore influence predation within a wetland. Barriers are also likely to influence dispersal during both wet and dry phases as frogs and turtles colonise wetlands or retreat into refuges respectively.

Ecological processes are key influences on the growth and survival of other vertebrates. For frogs, predation is known to be a key influence on survival, including the introduced gambusia (Mahony 1999; Pyke and White 1999) and foxes (Gillespie and Hines 1999). Frogs are also influenced by disease, with declines in many populations being attributed to chytrid fungus infection (Gillespie and Hines 1999). Food availability may also be important for both tadpoles and adults, but very little information is available (Gillespie and Hines 1999).

For turtles, predation by introduced predators such as foxes is believed to be one of the major threats to their persistence; (Spencer and Thompson 2005), although the degree to which this is influenced by flow is unknown. The main three species of turtle are omnivores, consuming a mix of vegetable and animal material including carrion(Chessman 1986), but the amount of food is believed to influence both body condition and dispersal (Kennett and Georges 1990). Kennet and Georges (1990) observed that competition for food appeared to reduce body condition when dry conditions forced large number of turtles into a limited number of refuges.

Knowledge gaps: Compared to fish, the ecology of other vertebrates are less well studied in the Murray-Darling Basin and as a result there are large knowledge gaps, dependent on the species examined.

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin.
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[bookmark: _Toc357082393]15	Hydrological connectivity

There are multiple definitions for connectivity, and hydrological connectivity in particular (Ali and Roy 2009). Hydrologists lack consensus on what connectivity is, how to identify and measure it, and how to relate it to existing research (Bracken and Croke 2007; Ali and Roy 2009; Phillips et al. 2011). Ali and Roy (2009) reviewed 100 recent papers and defined four broad categories of definitions of varying preciseness. Hydrologic connectivity can thus be defined from (i) components of the water regime e.g.(Pringle 2003), (ii) landscape features e.g.(Hooke 2003; Bracken and Croke 2007), (iii) spatial patterns of hydrological properties e.g. (Western et al. 2002) cited in Ali and Roy (2009), and (iv) flow processes (Ali and Roy 2009).

In terms of hydrology and geomorphology, connectivity can be further split into three broad types (Bracken and Croke 2007):

1. Landscape connectivity, which relates to the physical coupling of landforms (e.g. hill slope to channel) within a drainage basin

2. Hydrological connectivity, which refers to the passage of water from one part of the landscape to another and is expected to generate some catchment run-off response 

3. Sedimentological connectivity, which relates to the physical transfer of sediments and attached pollutants through the drainage basin and may vary considerably with, amongst others, in particle size.

Landscape connectivity is relevant at the watering area scale and at the Basin wide scale for certain taxa that have large distributions (i.e. waterbirds); however the focus of this cause-effect diagram (CED) is on hydrological connectivity, with a predominantly ecological context. Sedimentological connectivity is dealt with under a separate sediment transport cause-effect diagram. There is a high degree of overlap with several other cause-effect diagrams, notably the function cause-effect diagrams, and these should be referred to for greater detail. 

One of the original and most widely used definitions of hydrological connectivity is that of Pringle (2001), which uses an ecological context to refer to water mediated transfer of matter, energy and/or organisms within or between elements of the hydrologic regime. The Basin Plan defines connectivity as referring to the connections between natural habitats, such as a river channel, adjacent wetland areas and along the length of rivers, including connections above ground (surface water) or below ground (groundwater) (MDBA 2012). 

Connectivity in aquatic ecosystems is multidimensional and highly variable, with hydrological connectivity having four dimensions: lateral (riverine – floodplain), longitudinal (headwaters-estuarine), vertical (riverine – groundwater) and temporal connectivity (Ward and Stanford 1995; Poff et al. 1997; Amoros and Bornette 2002; Pringle 2003). Given an ecological context, hydrological connectivity relates to water mediated movement of biota (refer biotic dispersal cause-effect diagram), energy (refer nutrient and carbon cycling cause-effect diagram) and materials (refer sediment transport cause-effect diagram) through the landscape (Pringle 2001; Pringle 2003) and is a well-established principle in the maintenance of spatially structured populations (Bracken and Croke 2007).

Hydrological connectivity is influenced by floods, rainfall and run-off with all three influencing the transport of terrestrial material through the landscape. The amount of material (biotic and abiotic) transported and or deposited is related to the degree of connectivity, which is a function of both the energy generated by runoff and how this is dissipated and the level of connectedness (how far it reaches). The key flow elements of hydrological connectivity include duration, frequency, magnitude, timing and sequence of inundation (Figure 17). Fluvial morphology interacts with flow characteristics to determine the level of connectivity, including:

· commence to fill levels for water entering floodplains and wetlands 
· provision of hydraulic habitat in channel and on floodplains
· transport, deposition, and reworking of sediments in channel and on floodplains 
· vertical connectivity (also influenced by sediment type).

[image: ]
[bookmark: _Ref340691956]Figure 17. Cause and effect diagram depicting the hydrological connectivity influences of flow and fluvial morphology.
Hydrological connectivity is well established in riverine ecosystem management, and our understanding of this complex process has evolved along with the development of conceptual models such as the River Continuum Concept (Vannote et al. 1980), the Flood Pulse Concept (Junk et al. 1989), the Riverine Productivity Model (Thorp and Delong 1994) and Riverine Ecosystem Synthesis (Thorp et al. 2006). In Australian dryland river systems, unpredictable flows (Walker et al. 1995) are a key feature that drives ecological responses; spatial and temporal complexity in hydrological connectivity is a feature of many Australian river systems (Puckridge et al. 1998; Kingsford 2000).

Flow: Variation in the degree of hydrological connectivity will promote heterogeneity in physical habitat for biota, which in turn promotes diversity. Evidence to support this has been found from a range of studies and taxa. For example, Sheldon and Thoms (2006) found that there were strong associations between measures of flow variability and the macroinvertebrate assemblage composition within rivers, suggesting that flow variability, and therefore, variable levels of habitat connectivity, were possible determinants of broad-scale macroinvertebrate assemblage composition. Another example was a study of fish populations of the Coongie Lakes in South Australia, where fish populations were found to use wetlands with varying degrees of hydrological connectivity, and any reduction in the frequency of inundation could result in decreased fish diversity because of the sequential loss of less mobile species (Puckridge et al. 2010).

Bunn and Arthington (2002) identified four basic principles and ecological consequences of altered hydrology, with the impacts evident across broad taxonomic groups including riverine plants, invertebrates, and fish:

1. Flow is a major determinant of physical habitat in streams, which in turn is a major determinant of biotic composition 
2. Aquatic species have evolved life history strategies primarily in direct response to the natural flow regimes 
3. Maintenance of natural patterns of longitudinal and lateral connectivity is essential to the viability of populations of many riverine species
4. The invasion and success of exotic and introduced species in rivers is facilitated by the alteration of flow regimes.

Lloyd et al. (2003) found strong evidence that flow modification could result in ecological effects, but that the relationship between the degree of flow modification and ecological or geomorphological change was complex. Relationships between flow modification and ecological effect were rarely linear; even small changes to hydrological connectivity can have large ecological impacts (Lloyd et al. 2003). Lloyd et al. (2003) found evidence for all four of the principles put forward by Bunn and Arthington (2002) although studies relating to the second principle were limited at the time. 

The following provides some brief examples of how elements of the flow regime can affect connectivity and ecosystem response. 

Duration of inundation relates to the time that surface water is present and can range from days to months in wetlands (Roberts et al. 2000). Duration can also relate to the length of dry phases, with duration effectively existing as a gradient from rarely inundated/connected to permanently inundated/connected. Duration of connecting flows will dictate species-specific responses in dispersal, breeding and recruitment, as well as foraging for resources.
 
For example waterbird breeding and fledging on floodplain ecosystems will, for many species, be linked to the duration of inundation (lateral connectivity), with rates of rise and fall influencing the success of recruitment, timing of fledging and also the risk of nest abandonment. Wetlands with altered area and duration of inundation tend to have lower values for waterbird breeding, adult abundance, species richness, and number of species (Kingsford and Thomas 1995; Leslie 1995; Briggs et al. 1997) cited in Lloyd et al. (2003). 

The duration of inundation is critical for obligate aquatic species, as it influences life cycle stages such as growth, reproduction and recruitment. For example, extended inundation and change from intermittent inundation to permanent inundation can lead to death of long live vegetation such as River Red Gum, a common sight throughout the Murray Darling Basin e.g. (Thorton and Briggs 2010). The duration of inundation is also assumed to be important for fish, although the relationship between most flow components (duration, frequency and timing) and the benefit to native fish in wetland habitat is considered to be poorly understood     (Closs et al. 2006; Beesley et al. 2012). 

Frequency relates to all flow regime events (cease to flow, freshes, bankfull, flooding, and dry periods) and basically describes the number of events occurring over time. Aquatic biota responds to frequency of inundation in a number of ways. For example most annual and short lived plants are typically only inundated once in their lifespan, whereas perennial aquatic and woody floodplain species can be inundated numerous times but with varying inter-flood intervals (Roberts et al. 2000). Flood frequency has a strong role in determining vegetation structure, for example floodplain forests, most notably of River Red Gum, are more frequently inundated than woodland (Roberts and Marston 2011). Whilst River Red Gum woodland exists it is not as extensive as River Red Gum forest: Black Box and Coollibah are the most extensive floodplain woodlands in the Murray Darling Basin (Roberts and Marston 2011). Frequency of inundation is important in structuring long-term vigour and survival of perennial vegetation (Roberts and Marston 2011).

Magnitude relates to the volume or size of the flow event. Lateral connectivity is weakened through drying and drought as the frequency and magnitude of inundation is reduced. Magnitude is directly related to the four main flow types delivered in environmental watering with bank full and overbank flows being the ‘larger’ events. The magnitude of overbank flows will dictate the extent of floodplain inundation and is important in sustaining long lived vegetation such as that of Black Box woodlands, and increasing biodiversity through increased heterogeneity (i.e. inundation of greater number of different habitats). Large infrequent floods have the capacity to maximise connectedness but also have the capacity to reshape the floodplain environment. 

Timing of hydrological connectivity is another aspect of connectivity which can have both positive and negative consequences. In the case of blackwater events the unseasonal inundation of floodplains during summer months (often associated with peak irrigation periods) can result in the return of organic-rich, oxygen-depleted water to the river system which can have significant impacts on downstream ecosystems (Baldwin D et al. 2011). 
Sequence of flow events is also a driving factor in determining ecological response and in maintaining fluvial morphology. Many species of vegetation, for example, require a minimum dry period between inundation (Roberts and Marston 2011). Natural sequence of flooding in unmodified systems such as the Cooper Creek system indicate that the sequence of inundation can influence fish community structure and reduce or limit invasive fish colonisation (Puckridge et al. 2010). The sequence of large flow events can have significant influence on reshaping of in channel sediments and reworking of floodplain topography. 

Major geomorphic events such as lateral channel migration, and avulsions, which can either, create new channels or cut off meanders, are determined by the sequence and magnitude of flow events.

Fluvial morphology: Landscape setting and the configuration of a catchment shape geomorphic processes over a range of spatial and temporal scales, which ultimately determine the pattern and rates of water, sediment and nutrient movement or flux. Catchment topography dictates the gradients and path of the network of potential hydrological connections (Phillips et al. 2011). The relative rates of hydrological processes and variation in the energy required to drive these processes directly influence connectivity (Phillips et al. (2011) and references therein). Rates of water and sediment movement and nutrient flux in turn influence the biophysical processes that determine habitat viability, quality and quantity (Brierley et al. 2006). Fluvial action such as erosion, and subsequent sediment transport and deposition is the predominant agent of landscape evolution and is the primary natural disturbance regime responsible for sustaining a high level of landscape diversity in riverine systems (Ward et al. 2002).

As mentioned above hydrological connectivity is complex on both spatial and temporal scales and reflects the operation of different processes at different positions in a catchment (Brierley et al. 2006). The types of lateral, longitudinal and vertical connections that influence slope-channel-floodplain relationships and longitudinal and vertical transfer of flow, the processes they influence, and suggested measures of linkage are described in Table 1. 
Fluvial morphology influences hydrological connectivity by affecting physical connections between the river channel and floodplains, such as in terms of commence to flow levels, and the physical dimensions of connecting flow paths and waterways. However it is important to note that geomorphic outcomes will not always provide positive biological outcomes (Borg et al. 2007). While diversity in hydrological connectivity can increase habitats (e.g. hydraulic habitats) required for life cycles of different species, it can also produce ecological disturbances, even within the same waterbody (Amoros and Bornette 2002). For example, Stewardson and Gippel (2003) identified that connectivity can cause hydrological disturbance affecting the following physical phenomena:

· drying and inundation
· light attenuation
· mixing and advection of dissolved gases and solutes
· transport of inorganic sediments and organic matter
· direct effects on organisms including drag and abrasion.

Periodic disturbance associated with variable lateral and longitudinal connectivity creates topographic heterogeneity (Opperman et al. 2010), whereby small differences in topography and soils or substrate in the beds of river channels or floodplain surfaces can lead to significant differences in hydroperiod and the disturbance regime (Naiman et al. 2005; Opperman et al. 2010). Variation in fluvial morphology combined with dynamic flows results in aquatic ecosystems with a shifting mosaic of diverse habitat patches, which in turn supports a range of species, age classes, and physical structure, or high biodiversity (Ward et al. 2002). Studies illustrating the role of hydrological disturbance and cyclic geomorphic perturbation in regulating community structure include Townsend (1989), Lake (1995), Poff and Allan (1995), and Lake (2000) to name a few. Key processes in providing habitat patches include channel scour and the production of landforms produced by instability, such as bare sand and gravel bars and undercut banks (Gippel 2009). River morphology changes in response to flow variation, sediment supply and size and boundary conditions, or the relative resistance of the channel to change due to presence and type of vegetation, bank material characteristics, woody debris, and base level (downstream control on the bed level of the river) (Gippel 2009).

Connectivity: Lateral Connectivity relates to connectivity between the river channel and floodplain and associated wetlands. Three basic elements of connectivity are required for sustaining and preserving ecologically functioning floodplains: (i) lateral hydrological connectivity between the river and floodplain, (ii) a variable flow regime which incorporates a range of flow levels, and (iii) adequate geographical extent of inundation to allow key processes to occur (Opperman et al. 2010). Connectivity is a central concept in functional aquatic ecosystems (Bunn and Arthington 2002) and is a driver of floodplain diversity and productivity, with the periodic inundation of floodplains closely linked to floodplain productivity (Junk et al. 1989; Walker et al. 1995; Kingsford et al. 1998; Kingsford et al. 1999; Sheldon et al. 2002; Balcombe et al. 2005; Douglas et al. 2005) and high-energy flows driving geomorphic processes such as erosion and deposition, which in turn influences habitat heterogeneity and biodiversity (Salo et al. 1986) cited in Opperman et al.(2010); Ward et al. (1998); Bunn and Arthington (2002).

Water abstraction, alterations in flood frequency, duration and extent, and seasonal reversal of flows are the main impacts on flow regime in Australian rivers (Lloyd et al. 2003). In south eastern Australia rivers there has been a loss of short-term variation and an increased predictability of flows (Growns and Marsh 2000; Lloyd et al. 2003) both of which influence lateral hydrological connectivity. Lateral hydrological connectivity has also been strongly influenced by the construction earthworks built on floodplains (Kingsford 2000; Steinfeld and Kingsford 2011), which ultimately can lead to changes to the fluvial morphology and spatial distribution of flows (Thoms et al. 2005; Steinfeld and Kingsford 2011).
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[bookmark: _Ref340763278]Table 1: Forms of landscape linkage/connectivity and potential measures of their (dis)connectivity (modified from Brieley et al. 2006). Important flow characteristics are shown in bold.
	Type of linkage (connectivity)/Scale
	Process
	Measures used to assess strength of linkage
	Controls

	Within landscape compartment

	Landform scale analysis (alluvial lateral connectivity)
	Formation and reworking of floodplains. Sediment transport and deposition in channels.
	Characterise sediment storage and reworking on the valley floor. Appraisal of the mechanisms and rates of floodplain formation and reworking and sediment transport capacity of channels
	Valley confinement and slope. Sediment supply and the magnitude-frequency of flows.

	Surface-subsurface (vertical connectivity)
	Surface-subsurface exchange of water, sediment and nutrients. Infiltration and filtering. Maintenance of base flow.
	Characterise sediment and water exchange between surface waters and ground water compartments. Determine the presence, distribution and role of blankets that impede exchange between surface and subsurface compartments and their potential to be reworked.
	Bed material texture. Sediment transport regime of the channel. Recurrence of channel flushing flows (sequence, frequency). Groundwater mechanisms.

	Between landscape compartment

	Upstream-downstream (longitudinal connectivity)
	The transfer of flow through a system. The efficiency of supply, transfer and storage of sediments of variable calibre.
	Appraise the pattern and role of barriers and boosters to connectivity (i.e. e flows). How readily can these barriers be reworked (i.e. the threshold conditions and recurrence interval under which they are likely to be breached)? Estimation of the ration of transport capacity for a given range of events relative to sediment availability involves the examination of the degree of channel bed aggradation or degradation the distribution of bedrock steps along the longitudinal profile and the degree of channel and valley confinement
	Base level. Sediment transport regime of the system (i.e. sediment supply or sediment transport limited). 

	Tributary-trunk (longitudinal connectivity)
	The transfer of flow through a system. They supply, transfer and storage of sediments of variable calibre.
	Appraise the patterns of tributary (dis)connectivity by examining how often and over what length of river course tributaries are joined of disconnected from the trunk stream. Are buffers absent/present? Examine impact that tributary contributions have on the trunk stream at the confluence (e.g. aggradation or degradation).
	Shape of catchment (i.e. its elongation ratio). Drainage pattern and density.

	Channel-floodplain (lateral connectivity)
	Channel adjustment on the valley floor. Floodplain formation and reworking.
	Appraise the character and volume of materials stored on valley floors, and the contemporary flux (i.e. floodplain accretion or reworking). Determine whether the reach operates as a sediment source, transfer or accumulation zone. What is the channel size and shape? What is the degree of channel aggradation or degradation relative to floodplain height? What is the floodplain inundation frequency? Is there any evidence of channel migration, avulsion, expansion or contraction?
	Bed and bank material texture. Sediment transport regime of the channel relative to the floodplain. The magnitude of inundation and frequency of overbank events that drive mechanisms of channel adjustment and floodplain formation and reworking.

	Sub catchment scale

	Valley segment – valley segment
	The pattern and sequence of sediment source, transfer and accumulation zones along the valley floor
	Examine the pattern of upstream-downstream connectivity through the sub catchment as a whole. What is the sequence of valley settings (i.e. Confined, partly confined or laterally unconfined valleys)? Are these sediment source, transfer or accumulation zones? Appraise the pattern and role of barriers and boosters (i.e. e-flows for longitudinal connectivity). Interpret the capacity for downstream propagation of sediment release from primary sediment stores, and their likely off-site impacts. Assess whether this is a transport limited or a supply limited system.
	Valley confinement, valley slope, valley morphology which area controlled by underlying geology and landscape evolution.

	Land system assemblage
	Areas of relatively uniform topography measured in terms of relief, landform morphology, valley confinement and geology. Summarise slope–valley floor configuration.
	Appraise tributary–trunk, slope–valley floor and channel–floodplain in the sub catchment as a whole. The role of buffers to sediment conveyance is examined.
	Hillslope morphology, valley floor confinement, valley slope, valley morphology which are controlled by underlying geology and landscape evolution

	Catchment scale

	Catchment configuration
	How valley segments and land systems fit together and are connected across a catchment to explain across catchment variability in patterns of (dis)connectivity and flux.
	Measure the effective catchment area. Appraise how sub catchments fit together at the catchment scale through integration of sub catchment-scale relationships. Frame this in terms of analysis of how catchment shape, elongation ratio, etc. impact upon sediment conveyance, storage, etc. Determine the position of the most downstream blockage that impedes sediment output from the system. Predict the sensitivity of the landscape to change, where change will occur and be propagated from, and likely geomorphic responses
	Sub catchment variability in patterns of valley segments and land systems which are controlled by underlying geology and landscape evolution.




Longitudinal Connectivity relates to the transport of materials, dispersal of organisms and flow of energy from the upper catchment to the lower. Different flows types also affect variation in the degree of spatial and temporal connectivity. For example, connectivity associated with base flow and flow freshes can influence the water quality of refuges, provide limited sediment transport and allow limited dispersal, all of which affects the quality of refuges for aquatic biota. Longitudinal connectivity is particularly important for fish dispersal, reproduction and long-term population dynamics (Fullerton et al. 2010). A range of range of migration strategies (i.e. migration within freshwater, freshwater to estuarine, sea to freshwater) are exhibited by Australian native species, with barriers to longitudinal connectivity a significant threat to fish populations. Many fish species migrate long distances within inland river systems e.g. Murray Cod, Koehn et al. (2009) and base flows and freshes are believed to be important elements in maintaining connectivity for such migrations.

Temporal Connectivity-the temporal dimension of connectivity is crucial and operates across all three spatial dimensions of connectivity (Ward 1989; Kondolf et al. 2006; Boulton et al. 2010). Temporal changes in connectivity underpin most river ecosystem processes, varying according to the organism(s) or process of interest, ranging from the time required to elicit a behavioural response through to the time required for evolutionary change (Ward 1989). For example, the timing and duration of streambed desiccation in intermittent streams affects the function of biofilms. Timoner et al. (2012) found that autotrophic biomass decreased by 80% with the drying of the streambed, but recovered rapidly after the resumption of flow. Heterotrophs were more resistant to water stress, notably in hyporheic biofilms where bacterial cell density decreased only by 20% (Timoner et al. 2012) .The temporal dimension is also central to recovery from hydrological disturbance. 

Vertical Connectivity relates to the connection between surface water and groundwater and is considered a very important dimension of hydrological connectivity, due to the dependence of some surface ecosystems on groundwater or the exchange of biota (Stanford and Ward 1988). The hyporheic zone is the site of significant exchange of water, nutrients and organic matter. Determinants affecting rates of change include responses to variation in flow, bed topography and porosity (Boulton et al. 1998). Upwelling and downwelling transports water, dissolved oxygen and organic matter to microbes and invertebrates with highly variable gradients (e.g. redox, uptake of dissolved organic carbon, and nitrification) existing at all scales and temporally (Boulton et al. 1998). Boulton et al. (1998) state that across all scales, the functional importance of the hyporheic zone relates to its activity and degree of connection with surface waters. The interactions which occur in the hyporheic zone are highly influential in surface water functions, affecting stream primary productivity and nutrient cycling (Mulholland and Webster 2010) cited in Boulton et al.(2010). 

Knowledge Gaps: Understanding of hydrological connectivity is limited in Australia due to the high degree of spatial and temporal complexity. For example, there is only a poor understanding of how hydrological connectivity affects the structure and functioning of food webs (Reid et al. 2012), and even the role of connectivity in riverine fish ecology (Fullerton et al. 2010; Beesley et al. 2012). Variability in the sequence and degree of connectedness is also poorly understood. Knowledge gaps include the relationships between spatial structure of streams, scale of dependence of connectivity, the complexity of life histories of obligate aquatic species (fish) and quantifying anthropogenic influence on connectivity and aligning management goals (Fullerton et al. 2010). 

Grove et al. (2012) state that the influence of environmental flows on floodplain geomorphology is unclear and that additional research into this field is required. Notably the effect of reduced suspended sediment loads in water released from dams on floodplain geomorphology is poorly understood.

Use of the cause and effect diagram: These are generic diagrams applicable across both the northern and southern parts of the basin. There applications to particular circumstances or species would require additional information and potentially modification of the cause-effect diagram
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[bookmark: _Toc357082394]16	Biotic dispersal

Dispersal is the movement of biota from one habitat patch to another. Individuals disperse in an attempt to optimise their fitness but their movement may influence population abundance, resilience or distribution. Patterns of movement vary widely among species depending on their life history, dispersal capacity and changes in their environment. Patterns of movement also vary within a population in response to individual circumstances and their experience of a heterogenous environment.

Dispersal is particularly important in the water dependent ecosystems of the Murray-Darling Basin (MDB) that are characterised by variable and unpredictable flows, and periods of boom and bust. The variation in flow over multiple time-frames means that species need to move to either avoid disturbances or to take advantage of abundant resources or breeding opportunities.
This CED describes the influence of flow on dispersal with a focus on fish, as their dispersal is most heavily influenced by flow. Fish passage is also one of the most common subjects of environmental watering decisions concerning connectivity and dispersal. The following section will describe how flow influences fish disperal through condition, cues and connectivity (Figure 18). Vegetation dispersal is discussed in a separate CED called vegetation recruitment and extent.
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Figure 18. Cause and effect diagram depicting the influence of flow on biotic dispersal.




Fish dispersal: Most of our current knowledge of fish dispersal in the MDB concerns the larger native species and carp. The large natives appear to follow the restricted movement model in which the majority of individuals spend much of their time in a home range but there are usually some individuals who are mobile (Rodriguez 2002). Periodically, individuals will disperse from their home range to either reproduce (Koehn et al. 2009) or identify an alternate home range (Koster and Crook 2008). This model appears to apply to adult Murray cod (Jones and Stuart 2007), trout cod (Ebner et al. 2009), golden perch (Crook 2004b; Crook 2004a) and river blackfish (Koster and Crook 2008). While carp also appear to have a home range (Crook 2004b; Jones and Stuart 2007) they appear more mobile than natives and have less specific habitat requirements (Jones and Stuart 2007). For some species, including Murray cod, trout cod, golden perch, silver perch and bony herring, their movements occur along the river (Baumgartner et al. 2008) making longitudinal connectivity important. For other species such as river blackfish and carp or golden perch, the movements may be lateral onto floodplains or into wetlands (Jones and Stuart 2007; Koster and Crook 2008; Conallin et al. 2011).

While the restricted movement model appears to apply to adult large native fish, dispersal is also important for some species to complete their life cycle. Very little is known about the habitat requirements of the juveniles of large bodied natives but it is possible that dispersal may be an important part of the life cycle of some of these species. One example of where movement appears important is the eel-tailed catfish that may spend the first year of its life in a wetland before moving into the river channel and then after it matures, moving back to a wetland to reproduce (Stoffels et al. In review). A further example may be golden perch who presumably at some point in their life need to find an area to use as a home range (Crook 2004a). In addition, golden perch juveniles have been recorded in ephemeral wetlands (Ebner et al. 2009) and if these individuals are to contribute to the adult population, they will need to disperse back to the river. The extent to which large native fish use floodplains and wetlands remains an area of significant uncertainty (King et al. 2003).

The extent to which the restricted movement model applies to small fish is also uncertain. Evidence to date suggests that small natives such as carp gudgeon, smelt and the invasive gambusia will readily move into wetlands during base flow conditions (Conallin et al. 2011) and in response to increased discharge (Beesley et al. 2010; Lyon et al. 2010).

Condition: Dispersal of water dependent biota is influenced by the condition of the individuals and their habitats, the cues available and the connectivity between habitats. In the case of fish, there has been little work done on the influence of condition on fish movement in Australia but work overseas has found that conditon influences the distance moved (Schrank and Rahel 2006), the rates of mortality among adults and larvae dispersal (Duong et al. 2011; Markle 2011). In long-necked turtles, habitat condition and food availability have been found to influence dispersal (Roe and Georges 2007; Roe et al. 2009). For waterbirds, dispersal is often associated with food availability (Roshier and Watson). 

Cues: Cues are a stimulus to move and can be provided by a range of factors including flow, daylight, temperature or specific tastes or smells. Both increases and decreases in flow are believed to be cues for fish movement (Jones and Stuart 2007; Koster and Crook 2008; Lyon et al. 2010). It is not clear whether the change in flow is the actual cue or whether it is some associated chemical signal that provides the cue. There are abundant examples among both marine and freshwater fish that chemical cues are important . Other changes in water quality are also believed to act as cues, including declines in dissolved oxygen and temperature (Nunn et al. 2010). For frogs, cues include rainfall and season (Hauselberger and Alford 2005) and inundation (Wassens et al. 2008). 

Connectivity: Geomorphology provides the physical template that interacts with flow to influence the characteristics of the hydrological connection. Key connectivity characteristics for fish include the type of connection. For dispersal along rivers, undershot weirs are associated with much higher rates of mortality than overshot weirs (Baumgartner et al. 2006) and fish ladders facilitate fish movement (Stuart et al. 2008; Broadhurst et al. 2012; Keller et al. 2012). Lateral dispersal is also influenced by the type of connection, with pipes and pumps limiting dispersal (Beesley et al. 2010).

The duration of connection is also important with longer connections being associated with more species and individuals being able to disperse (Stoffels et al. In review). This can have unfortunate consequences when connecting channels are controlled by regulators, as increased numbers of fish and turtles may end up stranded behind the regulator (Jones and Stuart 2007).
A site’s location within the landscape will also influence a fish’s capacity to disperse to that site (Grant et al. 2007). As a consequence, landscape position will influence the recolonisation of sites (Albanese et al. 2009; Crook et al. 2010) which is important in frequently disturbed systems and may limit the distribution of species such as pygmy perch (Tonkin et al. 2008). Landscape position has also been found to be an important determinant of frog(Hamer and Mahony 2010; Heard et al. 2010) and turtle distributions (Chessman 1988).  

Knowledge gaps: Developments in radio-tagging, otolith microchemistry and genetics have enabled significant advances in our understanding of fish dispersal; however, the significance of movements to populations remains uncertain. In addition, the cues that initiate dispersal are relatively poorly understood. Finally, dispersal among small native fish remains poorly understood.

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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[bookmark: _Toc357082395]17	Sediment transport

Sediment transport arises from erosion and deposition of sediment that affects the shape of the river channel, wetland or floodplain. The shape of the water-body then interacts with the flow regime to influence key habitat characteristics. For example, erosion of fine sediments is important to the maintenance of gravel or cobble river-beds which are important habitats for macroinvertebrates. Conversely, sediment deposition will influence the depth of pools (Prosser et al. 2001) within the river channel or wetlands which will influence the pool or wetlands habitat value to fish and macrophytes. 

Sediment transport also influences nutrient transport (Prosser et al. 2001) as nutrients such as carbon, nitrogen and phosphorus are attached to or incorporated into sediment particles. Sediments act as both a source and sink for nutrients and contaminants such as heavy metals and agri-chemicals. The amount of suspended sediment influences turbidity which affects both the rate and type of primary production with some species of macrophyte being limited by turbidity (Blanch et al. 1998). 

One of the major drivers of sediment transport in rivers is the input of sediment from the surrounding catchment and river banks. Floodplain development has led to a significant increase in sediment inputs to rivers in the Murray-Darling Basin (MDB) (Scott 2001; Olley and Wasson 2002; Bond and Lake 2005). Despite the importance of these processes to sediment transport, they are largely beyond the influence of water managers and so this cause and effect diagram focuses on in-stream influences on sediment transport. The following section describes how sediment transport is affected by river flow through its influences on connectivity, morphology and vegetation (Figure 19).
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Figure 19. Cause and effect diagram depicting the influence of flow regime and geology on sediment transport

Connectivity: Barriers and infrastructure for water resource development has required the construction of a large number of weirs\dams and levies that have significantly altered connectivity (Steinfeld and Kingsford 2013) and this has had an effect on sediment transport. For example, sediment loads immediately downstream of dams are considerably reduced due to sediment storage within the dam (Stewardson and Jin 2009) and this influence can extend many kilometres downstream. The reduced sediment transport means that the water has a greater potential to erode the bed and banks which can lead to channel enlargement and bed degradation. This leads to wider channels and in some instances a change in sediment composition, reduced bed and channel complexity (Stewardson and Jin 2009).  

Historically, flooding was associated with both erosion and deposition of sediment on floodplains (Wallbrink et al. 1998; Thoms et al. 2007). River regulation has reduced this lateral connectivity and affected the associated transport and storage of sediment (Olive and Olley 1997). The effects are complicated because the change in flow regime interacts with changes in land use such that although floods are less common, generally there is less vegetation to stabilise sediments and reduce current speeds that would otherwise promote deposition.

Fluvial morphology: Channel geomorphology is the physical shape of the channel, wetland or floodplain and it ultimately determines flow velocity, which is a major factor in sediment transport. Changes in discharge are associated with changes in sediment transport. Generally, as flow increases, the shape of the channel and floodplain influences the areas of high and low current velocity and therefore the capacity to erode and carry sediment. Suspended sediment is under stable flows in slack-water areas along the channel margin and in pools during periods of low flow or on the floodplain during floods. If stable flow conditions are maintained for extended periods of time, considerable fine sediment will be deposited in slow flowing areas, such as slack-waters and pools. 

Stable flow conditions have also been reported to cause the erosion of benches and banks although the mechanisms for this are unclear. It is common to see a break in the bank angle, or ‘notch’, at a stage equivalent to elevated summer flow releases with a steeper bank angle below this level. Stable flows are also associated with increased channel stability, the removal of bars and the accumulation of fine sediments on the bed in slack-water zones. These changes in sediment transport will adversely affect benthic habitats.

As discharge increases, erosion increases and the sites of deposition move. The greater the increase in flow the greater the increase in erosion and so the rate of morphological change also increases, which in turn affects flow. As a consequence, bankfull discharge and flooding are considered important flows due to their influence on geomorphology and ultimately habitat availability. The interaction between flow and geomorphology is however, complex. In channel features such as benches are created by bankfull and flood flows that interact with the channel form, to create areas of low flow or reverse flow. These areas are sites of sediment deposition that slowly accumulates to form an in-channel bench that will influence the surrounding hydraulic environment (Vietz et al. 2006) and habitat (Arthington et al. 2010).

River regulation may also lead to channel enlargement through widening or bed degradation. These geomorphological changes increase channel capacity and reduce flood magnitudes and frequencies, reducing the frequency of floodplain-channel connection with the associated degradation of floodplain habitats.

Vegetation: Flow and geomorphology interact to create habitat for plants, but once established, the plants further influence sediment transport by stabilising sediments and promoting further sediment deposition by slowing water flow (Sandercock et al. 2007; Gurnell et al. 2012). Sediment stabilisation is achieved through the proliferation of roots through the sediment that bind sediment particles (Murray and Paola 2003; Clarke et al. 2004). Flow reduction is influenced by the amount of resistance provided by the plants which is influenced by the density of stems (Barkow and James 1992; Madsen et al. 2001; Larsen et al. 2009) and the structure of the leaves or canopy (Sand-Jensen 1998). 

There are two broad situations in which vegetation is of significance in environmental flow management. The first is consideration of riparian and floodplain areas where vegetation has been removed or is in poor condition. In these circumstances, there is an increased likelihood of sediment erosion (Saynor and Erskine 2006; Sandercock et al. 2007; Jansen and Nanson 2010) and little capacity to predict the consequences.  

The second situation is where either stable flows or the elimination of high flows has slowed the downstream transport of sediment enough to provide opportunities for plants to become established within what was previously the river channel (Erskine et al. 1999; Bejarano and Sordo-Ward 2011). Vegetation encroachment in channels will have complex outcomes, but is likely to reduce channel capacity or promote channel migration.

Knowledge gaps: Very little is known about what levels of sediment transport are desirable or the environmental consequences of too much or too little sediment transport during different flow events. There is also very little known about the influence of flow regulation on sediment transport and what the longer term effects of this will be on the system.

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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Primary productivity is the formation of organic matter by plants (macrophytes and algae). Algae and macrophytes perform important roles in aquatic ecosystems providing a source of food (Bunn et al. 2003; Zeug and Winemiller 2008; Hladyz et al. 2012), and habitat for invertebrates and fish (Humphries 1996; Warfe and Barmuta 2006). The organic matter produced by plants and consumed by invertebrates and fish is then consumed by larger fish, birds and humans which means that primary producers provide the base of aquatic ecosystem food webs.
The following cause and effect diagram describes potential pathways for how flows can influence primary production (Figure 20). Primary productivity in ecosystems influences not only plant biomass but consumer species richness, abundance and nutrient cycling (Mokany et al. 2008). The diagram separates two important aspects of the flow – primary productivity relationship: 
· Flow effects on the composition, condition and extent of the plant community; and
· Flow effects on rate of primary productivity.
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[bookmark: _Ref217369170]Figure 20. Cause and effect diagram depicting the influence of flow on primary production.
Community: The plant community composition and extent can have a profound effect on primary productivity. Robertson et al. (2001) reviewed the available information on primary productivity from different plant communities in Australian floodplain aquatic ecosystems. For example, wood production rates for river red gum riparian and floodplain forests were estimated at between 85 and 360 gCm2/year (Bacon et al. 1993). By comparison, primary productivity from phytoplankton within the water column, even under algal bloom conditions, is estimated to be in the order of just 3 gCm2/year (Robertson et al. 1996). The community composition of emergent wetland plants can affect primary productivity, with some species, such as Typha orientalis, capable of high rates of primary production (up to 38 gDWm2/year, while other species such as Baumea articulata have lower rates of production (Froend and McComb 1994). 
The effect of flow on aquatic ecosystem plant communities is therefore one mechanism by which flows can influence primary productivity. These flow influenced factors are represented in the upper box in Figure 1 and briefly described below.
Disturbance - The frequency and magnitude of disturbance in aquatic ecosystems is a regulating factor on species diversity and community composition (Lake 2000). Flow variability (i.e. periods of high, low and no flow) creates disturbance in aquatic ecosystems, which in turn influences vegetation communities. Biofilms, for example, are heavily influenced by flow related disturbance (Burns and Ryder 2001). Biofilms are a mixture of algae, bacteria and fungi that grow on submerged substrates such as wood. Biofilms provide a major energy source for aquatic food webs by contributing organic material to the river (Burns and Ryder 2001). Although relatively low in biomass compared to aquatic macrophytes, their high turnover rates contribute significantly to instream productivity and they are an important food resource for grazing invertebrates. Under constant flows, biofilms can thicken and become less productive. An increase in velocity can scour biofilms leading to the release of nutrients and an increase in productivity. Similarly, a reduction in discharge can lead to the drying and death of biofilms which, when flows increase, once again leads to the release of nutrients and development of a more productive biofilm. Newly established biofilms tend to be more productive than older thicker biofilms (Burns and Ryder 2001). 
Salinity and other aspects of water quality (such as acidification as a result of activation of acid sulphate soils) are also types of disturbances that can affect plant communities. As mentioned above, plant species have varying tolerances to salinity and acidity, and composition will change in response to these variables.
Connectivity in aquatic ecosystems is related both to the movement of water (hydrological connectivity) and the dispersal of biota (biological connectivity). These are both described in detail in separate CEDs (insert cross-reference). In terms of aquatic plant community composition, both hydrological and biological connectivity are important. Hydrological connectivity has four dimensions: lateral (riverine – floodplain), longitudinal (headwaters-estuarine), vertical (riverine – groundwater) and temporal connectivity (Poff et al. 1997). This can facilitate the dispersal of propagules (seeds, spores and vegetative propagules) within the water, along rivers and between rivers, wetlands and floodplains (Santamaria 2002). Aquatic plants are also dispersed through biological means, with waterbirds recognised as important carriers of seeds, algae and other propagules) between wetland ecosystems (Figuerola and Green 2002).
Habitat water regimes in aquatic systems are the major determinant of plant community composition and distribution (Roberts et al. 2000). Aquatic plant species zonation occurs predominantly in response to water depth, with different species and associations occupying niches from the shallow littoral zone to deeper water (Boulton and Brock 1999). Frequency of flooding, as with depth, also influences community composition, with the inter-flood (dry) interval critical for the survival of some species intolerant of constant water logging and aerobic sediments (Roberts et al. 2000). Both depth and frequency of inundation are strongly influenced by the shape of the landscape and geomorphic processes. 
Velocity and its variation through time influence habitat availability for both algae and macrophytes (Blanch et al. 1999; Blanch et al. 2000). Velocity influences the volume of water available for floating algae to grow. Velocity also influences the area of river bed, wood and macrophyte on which attached algae (biofilm) can grow.
Water quality can also effect plant community composition through a number of mechanisms. Suspended sediment concentrations affect underwater light availability and the ability for submerged plants to grow. Plants species have different tolerances and responses to salinity, pH and nutrient concentrations. For example, the introduced cape water lily (Nymphaea caerulea) is tolerant of acidic conditions and often dominates in aquatic ecosystems influenced by acid sulphate soils (Sammut et al. 2010). Similarly Typha orientalis has been shown to be competitively advantaged in systems with nutrient enrichment (Froend and McComb 1994). 
Rates: The rate of primary production in aquatic ecosystems is spatially and temporally variable. Although there are a myriad of factors, which can affect rates of primary production, this discussion is limited to those that are influenced by flow. This is represented in the bottom box in Figure and described briefly below.
Light within the water column of aquatic ecosystems is strongly influenced by turbidity, which is influenced by river flows and run-off. Flow influences turbidity and consequently the light regime by increasing the amount of suspended particles in the water column. Turbidity reduces the depth to which sunlight penetrates into water and the higher the turbidity, the greater this effect (Davies-Colley and Smith 2001). Primary production is light limited (Kromkamp et al. 1995) and a substantial amount of the variation in primary production within the water column of aquatic systems can be explained by turbidity (Bunn et al. 2003). The depth to which light penetrates is the photic depth of the waterbody, which is the depth below which there is insufficient light for plants/algae to photosynthesise. Rates of primary production in turbid deeper areas can be a magnitude lower than in shallow edge areas (Bunn and Davies 1990). It should be noted that primary productivity of emergent plants is not influenced by flow – turbidity relationships.
Nutrients in particular the macro-nutrients of nitrogen and phosphorus are important regulators of growth and primary productivity in aquatic ecosystems (Boulton and Brock 1999). Water inflows to aquatic ecosystems transport nutrients and facilitate the exchange of dissolved nutrients for uptake and use in photosynthesis. Aquatic plants may uptake nutrients from either the water column or the sediment, depending on species adaptations, and so sediment nutrient concentrations and loads are also important in regulating primary productivity in systems dominated by emergent macrophytes. In general, increased nutrients, result in increased rates of primary production (Boulton and Brock 1999). The relationship between nutrients and flow is provided in a separate CED (insert cross reference).
Water and flow influence primary production through changes in water quality, nutrient availability and the movement of sediments. The productivity of aquatic systems relies on water from river flows and groundwater from a large underlying aquifer, which are highly connected. Increased sedimentation will change the light regime and lead to potential increases in chemical such as salts. Increasing salt will reduce the amount of primary production by decreasing plant growth (Nielsen et al. 2003). The amount of water will also influence the availability of groundwater. Riparian trees utilise ground water are susceptible to changes in the quality and quantity of ground water (Johns et al. 2009)
CO2 is essential to photosynthesis and primary production and is taken up mostly by the leaves of aquatic plants. For plants with their leaves in the air, CO2 is not limited. However, for submerged aquatic macrophytes and algae, CO2 must be sourced from the water column. The rate of supply of CO2 in the water column is influenced by diffusion from eh air and from decomposition of organic matter and respiration of plants and animals within the water column. Flooding can increase the availability of inorganic carbon in the water column, facilitating primary productivity (Roberts et al. 2000).
Knowledge gaps: This CED is generic, based on an aggregation of knowledge of the effects of flow on a limited number of species at a limited number of sites across the MDB. There are many species of aquatic plant for which there is only limited information available on their habitat requirements and even less on their productivity in response to flow. While flow is acknowledged as a major influence on aquatic plants and biofilms, it is only one of a suite of influences and there are significant knowledge gaps concerning the influence of other influences such as grazing, water quality or invasive species and their interaction with flow.
The majority of research on biofilms has been on the algal component. Further research needs to be undertaken on how flow influences the other structural components (fungi and bacteria)
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. Its application to particular circumstances or species would require additional information and potentially modification of the cause-effect diagram.
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Decomposition is the breakdown of complex organic material into smaller carbon-based compounds, culminating in mineralisation to carbon dioxide and methane (Tank et al. 2010). Decomposition requires a source of organic carbon, available electron acceptors (oxygen or, under anaerobic conditions, alternate oxidants such as nitrate, iron(III) or sulfate) and moisture. Decomposition can occur abiotically (Austin and Vivanco 2006; Smith et al. 2010) but is primarily driven by biota (Vossbrinck et al. 1979), particularly bacteria, fungi and invertebrate shredders (Hieber and Gessner 2002), which derive energy from the decomposition process. Energy can then be transferred up the food chain as larger organisms consume the biota that directly consume organic material.
The following cause and effect diagram shows factors that directly influence decomposition in aquatic environments and describes potential pathways for how flow can influence these (Figure 21). The interactions between flow and decomposition are complex; however, outlined the key factors that are likely to be altered by flows. Hydrological connectivity, primary production and sediment transport are described in separate CEDs.
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Figure 21. Cause and effect diagram depicting the influence of flow on decomposition. 
Organic matter: A source of organic matter is required to drive decomposition. Autochthonous organic matter is formed within the waterway by algal and macrophyte primary productivity. Allochthonous organic matter is formed in the riparian and floodplain zone by photosynthesis of terrestrial or wetland plants. The rate of primary productivity in either environment is therefore the initial control on the amount of organic material available for future decomposition. The impacts of flow on primary productivity are considered in a separate cause and effect diagram.
Flow determines the transport of allochthonous organic matter (as particulate or dissolved material) into the water body (for example, during floodplain inundation (Junk et al. (1989)) and also influences the location of autochthonous and allochthonous organic matter decomposition (Webster et al. 1999). Flow contributes to physical degradation of organic material by abrasion (Wipfli et al. 2007), releases organic matter from the soil matrix (Findlay and Sinsabaugh 1999) and controls habitat quality for macro-invertebrates (Gore et al. 2001) that consume or shred organic material (Graça 2001). Photodegradation will be promoted by low, shallow flows but inhibited by highly coloured or turbid water (Amon and Benner 1996). 
Flow may also influence organic matter quality by influencing the type of organic matter formed by primary productivity and by influencing decomposition processes. Groundwater inputs stimulated by the impacts of flow on local groundwater tables may also contribute dissolved organic matter to the aquatic system (Webster and Meyer 1997; Baker et al. 2000).
Nutrient: Decomposers generally require a source of available macro- (nitrogen, phosphorus) and micro-nutrients to sustain the decomposition process, therefore decomposition may become nutrient-limited in some environments (Zweifel et al. 1995). Flow influences nutrient transport, both in dissolved and particulate-bound forms (Tockner et al. 2000; Heffernan and Sponseller 2004). The influence of flow on nutrients is described in a separate cause-effect diagram.
Water: Decomposition requires a source of moisture so will be limited in dry floodplain environments and dry channels, particularly during drought periods (Austin et al. 2004; Baldwin et al. 2012), although the relative importance of photodegradation may increase during these periods (Smith et al. 2010). Flows over floodplains will promote decomposition not only during the period of inundation but also for the duration of the persistence of moisture in the soil profile.
Interactions between flow and shallow groundwater tables may also influence decomposition by providing a source of moisture to the base of incised ephemeral channels or other groundwater outflow points.
Oxygen: Organic matter decomposition requires an oxidant and generally proceeds most rapidly when oxygen is available as an electron acceptor (Kristensen et al. 1995), although some studies have shown that anaerobic oxidation can be equally rapid (O'Connell et al. 2000). The dominant microbial community that drives the decomposition process will also be affected by the oxygen concentration (O'Connell et al. 2000). Increased flows promote high oxygen concentrations by increasing the rate of water column re-aeration and hindering stratification, which can otherwise lead to anoxia in bottom waters. However, in some instances increased flows may lead to oxygen depletion by mobilising reactive anaerobic sediment (e.g. rich in Fe2+, or S2-; Bush et al. (2004)).
Oxygen concentration will also be influenced by flow seasonality. As water temperatue increases, oxygen solubility decreases, thereby lowering the maximum potential oxygen concentration. The rate of decomposition also increases as temperature increases and, under high organic loading, this can deplete oxygen from the water column more rapidly than it can be replenished (Howitt et al. 2007). Once oxygen has been depleted, the rate of decomposition depends on the availability of alternate electron acceptors.
Watering actions may influence local groundwater tables and interactions with saline groundwater may increase the availability of sulfate as an alternate electron acceptor. Decomposition via the sulfate reduction pathway leads to the formation of toxic reduced sulfur compounds (Whitworth and Baldwin 2011).
Nitrate is the second major alternate electron acceptor that may be influenced by flow management (Cornwell et al. 1999; Burgin and Hamilton 2007). Flooding tends to mobilise nutrients, including nitrate, and may therefore increase the importance of denitrification as a decomposition pathway.
Decomposer habitat: Although decomposers exist in a broad range of aquatic environments, alteration to flow may impact on the activities of some groups. Microbiota living in sediments, biofilms or macrophyte beds may be disturbed by high flows. Larger biota that consume or shred organic material also require appropriate habitat, according to their life form . The impact of flow on macroinvertebrates and fish is considered in separate cause-effect diagrams.
Sediment mobilised in high flows may smother biofilms or aquatic macrophyte communities, reducing both primary production and decomposition rates.
Flow seasonality and temperature: Flow seasonality and water depth influence water column temperature. As temperature increases, the rate of carbon leaching and decomposition increase (Howitt et al. 2007). Altered flow seasonality may also affect the type of carbon formed during primary production. Seasonal variations in litterfall may also result in variations in the average age of litter inundated with flood pulses in different seasons, which can in turn influence the composition and bioavailability of leachates (Baldwin 1999). Recent literature also suggests that the precise timing of wet and dry phases in intermittent systems may be crucial for determining decomposition rates (Bruder et al. 2011).
Knowledge gaps: Little literature exists that directly links flow to decomposition. This mini-review is based primarily on the indirect effects of flow on decomposition, by means of a consideration of the likely impacts of flow on processes that in turn impact on decomposition.
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. 
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The macro nutrients nitrogen (N) and phosphorus (P) are important regulators of growth of aquatic organisms and therfore are important in the functioning of river systems. The following cause-effect diagram (CED) describes how nutrients are affected by river flow through its influences on nutrients (Figure 22). Primary production, decomposition, sediment transport and hydrological connectivity are described in separate CEDs. 
[bookmark: _Ref217472255][image: ]
Figure 22. Cause and effect diagram depicting the influence of flow on nutrient and carbon cycling.
The relationship between nutrients and flow: The movements of nutrients in lowland river systems is quite complex with multiple pathways for the movement of nutrients between uplands, riparian zones, wetlands and river channels (Figure 23). The extent and importance of each pathway will vary in time and in space. 
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[bookmark: _Ref217472265]Figure 23. Schematic diagram showing the key pathways that nutrients may take within catchments. 
The key flux pathways include: 
Surface Fluxes:
1. Longitudinal flow within the river channel (see below) including errosional proceeses;
2. Bi-directional overland fluxes between the uplands to the riparian zone; 
3. Fluxes from the river channel to the riparian zone (often associated with flooding);
4. Flood recession with flood water coming off the floodplain back into the river; and
5. Fluxes from upstream riparian zones – i.e. flood waters moving along the riparian zone 

Subsurface Flows:
6. Subsurface flows from the uplands. Upland subsurface flows can be intercepted by low points on the riparian zone or can enter the river channel;
7. Subsurface flows from the river channel to the riparian zone – again these subsurface flows can be intercepted by low points in the riparian zone; and
8. Overbank floodwater penetrating through the soil profile to the underlying groundwater.

Aerial Fluxes:
9. Aerial deposition of material fixed on the floodplain into the adjacent water course (this encompasses, but is not necessarily limited to, leaf fall);
10. Gaseous fluxes from the riparian zone to the atmosphere; and
11. Aerial deposition from the uplands to the riparian zone (e.g. dust).

Most of these pathways will either be directly or indirecly influenced by flow. Some but not all of these pathways will be dependent on flows. Two important interactions between nutrients and flow are longditudinal flow within the river channel (1 in Figure 23) and the mobilisation of nutrients during floods (3, 4 and 5 in Figure 23).
In Channel processes - Nutrient Transport: Conceptually nutrients in the aquatic environment can be viewed as residing in one of four pools (i) dissolved in the water column, (ii) associated with suspended sediments, or (iii) bed sediments or (iv) incorporated into to the biota. These ‘pools’ are shown diagrammatically in Figure 24. The arrows in the diagram indicate the exchanges between each of these ‘pools’. Upstream inputs (arrow A) into a water body (river reach or lake) can add nutrients into any of the four defined pools. Water and sediment chemistries and biological activity then control the exchange between each of the pools in the water body. Adsorption and desorption exchanges occur between the dissolved pool and the sediment bound pools (arrows B and C). Nutrients are also released from the sediment pools to the dissolved pool by the mineralisation of organic matter present both in the bed and suspended sediments. Nutrients are incorporated into the biological pool from the dissolved pool through the growth of algae, bacteria and aquatic plants (arrow E). For simplicity, organisms further along the food chain have been omitted from the diagram. The release of nutrients from the biological pool back to the dissolved pool occurs either through direct excretion (arrow E) or mineralization during decomposition following the death of the organism (arrows F through C and G through B). Exchange between the bed sediment and the suspended sediment pools occurs through the processes of sedimentation and re-suspension (arrow D). Finally, in the case of nitrogen there can be exchange out of the water column through denitrification (the conversion of reduced forms of nitrogen to dinitrogen gas) or into the water column through nitrogen fixation. 
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[bookmark: _Ref217472335]Figure 24. Exchanges nutrients may follow within river channels. 
Over bank flows and nutrients: Overbank flows can have a number of effects on nutrient dynamics both from the river to the floodplain or from the floodplain back to the river:
Source of nutrients to the river channel: On flooding (flux pathway 2), dry riparian soil can immediately release a pulse of nutrients (N and occasionally P) into the overlying water column; a phenomenon known as the Birch effect (Birch 1960; Baldwin and Mitchell 2000). After prolonged inundation of riparian soil, anoxia can occur which then favours the microbially mediated reductive dissolution of iron minerals and concomitant release of any adsorbed phosphorus (Boström and Pettersson 1982; Caraco et al. 1989; Mitchell and Baldwin 1998). A proportion of the nutrient pulse can be transferred to the river channel on flood recession (flux pathway 3) either as dissolved nutrients or fixed into organic matter (e.g. phytoplankton). 
Deposition of particulate nutrients from floodwater: As well as being sources of particulate and dissolved nutrients, the riparian zone can also be a sink. During floods (flux pathway 2), incoming floodwater can deposit particulate nutrients onto the riparian zone from upstream sources (Junk et al. 1989). Dissolved nutrients can be fixed into biomass or adsorbed onto sediments during the flood and hence enter riparian biogeochemical cycles (Baldwin and Mitchell 2000). 
However the effects of flooding on nutrient dynamics may be much more subtle than direct transport for example iron minerals have a high affinity for phosphorus and are important in a soils ability to sequester inorganic P. As iron mineral phases age they become more crystalline and the number of sites on the mineral surface that can adsorb phosphate declines (e.g. (Baldwin 1996). Therefore as iron rich riparian soils age they potentially have less of an ability to sequester phosphate. During flooding, following the onset of anoxia, microbially mediated reductive dissolution of redox active mineral phases like iron occurs. While this results in the release of phosphate in the short term, it also allows renewal of the iron phases. When reduced dissolved iron (Fe2+) encounters an oxic environment, is Fe2+ is oxidised to Fe3+ which rapidly precipitates out of solution as amorphous iron oxyhydroxide (FeOOH). Amorphous oxyhydroxides have an enhanced capacity to sequester phosphate compared to more crystalline forms. Hence periodic flooding of riparian zones can increase the soils ability to adsorb P, therefore enhancing its ability to buffer phosphate coming from upslope. 
Knowledge gaps: Despite decades of research, there are still many unknowns regarding nutrient dynamics, particularly in lowland river systems. These include:
· Shifting Baselines. Although it has been assumed that changes in land use and river regulation has changed the way that nutrients cycle in the environment, there has be no attempt to qualitative or quantitatively assess what those changes have been and what the subsequent impact on the aquatic environment have been 
· Changes in hydrology. The effects of wetting and drying on nutrient dynamics in floodplains is still not well understood (Baldwin and Mitchell 2000) – especially the processes underlying observed effects
· Organic nutrients: Despite the fact that organic nitrogen and phosphorus species can account for the majority of N and P in both the water column and in the sediment the ecological significance of these compounds is still unclear. In particular the pathways for transformation of these compounds into forms more readily utilised by biota are still unclear
· Carbon sequestration. Although nutrients and soil moisture have been identified as important determinants on whether or not carbon undergoes mineralisation (creating greenhouse gases) or humification (carbon sequestration) in soils (Prescott 2010) the inter-relationship between flows, nutrients and soil and sediment carbon is still for the most part unknown.
Use of the cause and effect diagram: These are generic diagrams applicable across both the northern and southern parts of the basin. There applications to particular circumstances would require additional information and potentially modification of the model.
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Riverscapes of the Murray-Darling Basin (MDB) experience highly variable flow regimes, with periods of flooding when dispersal rates among spatial units may be high, through to periods of drought when dispersal rates of many aquatic organisms may be extremely low. The resistance and resilience of populations to drought is determined by (a) properties of the riverscape and (b) properties of the populations themselves. Refuges are an important property of the riverscape that determine resistance and resilience to drought. However, refuges are also important to population viability during non-drought periods too, such us during hypoxic blackwater flows or other bouts of extreme physicochemical harshness (extremes of pH or salinity, for example). Essentially, refuges are spatial units within the riverscape that retain the appropriate quantity and quality of water to support some subset of the animal and plant community, during periods of harshness within the broader riverscape. The individuals within refuges are those that will repopulate the riverscape following periods of harshness, and are therefore pivotal to the resilience of the MDB; using metapopulation terminology, they are sources of colonists within the riverscape (Hanski 1999; Magoulick and Kobza 2003). By extension, refuges themselves are pivotal spatial units that promote resilience within the MDB.

A cause-effect diagram of how flow affects individual refugia within riverscapes is presented in Figure 25 and how flow affects landscape refugia is presented in Figure 26. The cause-effect diagram assumes flow interacts with geomorphology to shape the structure and dynamics of refuges.
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Figure 25. Cause and effect diagram depicting influence of flow on individual refugia. 
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Figure 26. Cause and effect diagram depicting influence of flow on landscape refugia. 

We have assumed refuges are defined by three classes of variables:
1. the spatial structure of the refuges, or the geometry of the refuge arrangement in the riverscape
2. the degree of connectivity among refuges
3. the quality of the habitat within individual refuges.

Within each of these classes we have listed some variables, shaped by flow, that we feel are particularly important to population resistance and resilience.

Spatial structure of refuges: Inter-refuge distance - Refer to Figure 2; inter-refuge distance is the minimum distance between a refuge of interest and another refuge within the riverine network. The inter-refuge distance of Refuge 1 in Figure 2 is the minimum of distances A + B or A + C. Theoretically, the smaller the mean inter-refuge distance, the greater the resilience of animal populations within the riverscape (Hanski 1999). Ideally, flows would be managed so the average inter-refuge distance did not decline to levels that significantly erode the resilience of flora and fauna to flow (Lowe et al. 2006; Davey and Kelly 2007). Flow variables such as ‘method of delivery’ will affect inter-refuge distance. For example, if we choose to allocate flows to a very low number of sites on the MDB floodplain, thereby increasing inter-refuge distance, we propose that resilience will erode.

Refuge density - Refer to Figure 2; refuge density at some spatial scale is the number of significant refuges per unit area (e.g. 1 per 100 km2). Where the refuges lie within the river channel, refuge density is simply the average inter-refuge distance. However, on floodplains, refuge density is not some function of mean inter-refuge density, as shown in Figure 2, Boxes A and B. Average inter-refuge distance between floodplain refuges in Box A is approximately the same as that between refuges in Box B, but refuge density in Box A is clearly higher than density in Box B. Riverscapes with low refuge density should have less resilience than those with high refuge density. Flow variables such as ‘pulse height’ will affect the surface area of floodplain inundated and therefore result in higher refuge density and higher resilience (Davey and Kelly 2007; Vermaat et al. 2008; Arthington et al. 2010; Pires et al. 2010; Chester and Robson 2011). 

Shape diversity - The shape of spatial units or patches has long been of fundamental importance to population resilience in landscape ecology (Hanski 1999). Similarly, in the ecology of riverscapes, the shape diversity of waterbodies will be important to community resilience (Pires et al. 2010). The MDB riverscape comprises waterbodies of enormous diversity; large channels, paleochannels, oxbow lakes, deflation lakes, etc. These all vary in their depth, surface area, lateral shape (dendritic, circular, etc.) and bathymetry. Shape diversity in the riverscape promotes the diversity of ecological communities (Matthews 1998; Arthington et al. 2010; Pires et al. 2010) and, by extension, the resilience of those riverscapes. For example, large carnivorous fishes often don’t persist in small refuges during drought (Schlosser 1982); however, they do persist during the drought in large, deep refuges. Their presence in such refuges may drive certain small-bodied prey species to be locally extinct, however they can persist during droughts in smaller refuges without large carnivores (Schlosser 1982). Flow variables such as pulse height will inundate a greater diversity of refuge shapes, thereby promoting resilience.

Connectivity: Channel density - Refer to Figure 27; channel density is the number of channels that connect a refuge with neighbouring refuges. Box A and Box C both contain four refuges; however, the average channel density in Box A is three channels per refuge, while average channel density in Box C is only two channels per refuge. A higher channel density may increase the probability of organisms successfully dispersing from one refuge to the other as conditions change, thereby promoting community resilience. Long-term patterns of flow management that maintain channel complexity on the floodplain will maintain or increase channel density. 
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Figure 27. Conceptual model demonstrating certain aspects of refuge spatial structure and connectivity that shape resilience of communities within ariverscape.

Channel hydrology - Channel hydrology is pivotal to the dispersal of organisms within the riverscape and therefore the resilience of communities to flow variability. Three variables may be particularly important; timing, duration and method of delivery (Datry 2012; Steward et al. 2012). The timing of flows that reconnect units within the riverscape may have a large influence over the dispersal rates of species and how those rates vary among species. For example, flows allocated in colder months may result in less movement through the riverscape than those allocated in warmer months.

Due to the species-specific timing of dispersal response, duration of connection flows affects the composition of the community moving through the landscape (Stoffels et al. In review). Certain species, such as carp, may move on and off the floodplain extremely quickly, while others, such as catfish, may have a delayed dispersal response. A diversity of connection durations may promote the resilience of communities in river-floodplain systems. 

Method of delivery refers to how channels connecting refuges within the riverscape are inundated. Pumped reconnection events may select for certain species, while natural reconnection events and those induced by opening regulators may be less selective. Method of delivery will affect the composition of species within refuges and hence the resilience of the riverscape community as a whole. 

Channel water quality - The quality of the water within the channels of a riverscape should affect the dispersal rates of organisms (Fry 1971). For example, if channels have not been inundated in some time, inundation may result in a period of localised channel hypoxia (Hladyz et al. 2011), restricting passage of certain species. In such situations longer connection durations may promote dispersal of a higher diversity of species between refuges, thereby increasing resilience in the long-term.

Refuge quality: Water quality - is defined by variables such as temperature, dissolved oxygen, salinity and pH. Refuges within the riverscape can vary immensely in their water quality (Schlosser 1982; Capone and Kushlan 1991; Lake 2003; Magoulick and Kobza 2003; Higgins and Wilde 2005; Cucherousset et al. 2007; Chester and Robson 2011). Species vary significantly in their tolerances of water quality variables, which in turn means that the water quality of refuges will affect the composition of the communities within them, hence the spatial patterns of diversity within the riverscape and resilience of that riverscape to change (Pires et al. 2010; Schooley and Branch 2011). One way that managed flows may affect water quality is through the frequency of inundation events. If inundation events of refuges on the floodplain are not of sufficient frequency, water quality within floodplain refuges may become so harsh that numerous species are driven locally extinct in those refuges. A diversity of inundation frequencies may promote the greatest diversity of communities among refuges.

Habitat diversity - The diversity of habitat types within refuges will affect the species that a refuge can support. For example, refuges containing macrophyte beds and other structurally-complex structures (e.g. fine, woody debris) may support certain species that would otherwise be vulnerable to predation (Bond and Lake 2005). Higher habitat diversity within and among refuges should promote resilience of ecological communities within the riverscape. Long-term regimes of water delivery will affect the composition of macrophytes, for example, that a refuge can support, through its effect on seed banks, among other things. 

Major knowledge gaps: Much of our understanding of how refuges should be managed and their effects on population viability is actually theoretical (Fagan 2002; Grant et al. 2007), so there is much research to be done to determine how flow interacts with geomorphology in riverscapes to affect population viability. 

Some example questions include: 
· How does the allocation of water to refuges affect the viability of populations in the medium- to long-term? 
· How many refuges are required to maintain some minimum level of biodiversity? 
· How does the spatial structure of managed refuges affect biodiversity response following resumption of flows? 
· How does the method of water delivery (timing, duration, infrastructure utilised) affect the colonisation of refuges or persistence of fauna in refuges?

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin.
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This cause-effect diagram describes the relationship between flow resilience and recovery as it relates to biotic condition (Figure 28 and Figure 29). Resilience and resistance are two terms often used in the management of ecosystems in the face of stressors. Resilience can be defined as the capacity of a system to respond to disturbance (resist, recover and adapt) while undergoing change so as to still retain essentially the same function, structure and feedbacks and therefore identity (Gawne 2012). The concept of resistance, as a component of resilience, in floodplain ecosystems may be explained as the capacity to resist changes associated with fluctuations between wet and dry phases without loss of overall ecosystem functionality and provision of services (Colloff and Baldwin 2010). Implicit in this concept is the importance of biotic resistance to abiotic perturbation such as flood, drought, fire, salinity, acidity and blackwater. In other words, the resilience of an ecosystem is dependent in part on the resistance of its components to changes in environmental stressors and conditions. 
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Figure 28. Cause-effect diagram depicting the effect of flow on ecosystem resistance.
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Figure 29. Cause-effect diagram depicting the effect of flow on ecosystem recovery.
It is proposed that the less resistant the component biota of an ecosystem is to environmental fluctuation then the greater the potential the ecosystem will move to an alternate state i.e. a new state of resilience with altered functionality (Colloff and Baldwin 2010). In this context, floodplain ecosystems of the Murray-Darling are considered more resilient than those with less extreme abiotic disturbance (e.g. coral reefs) because they are composed of biota that have evolved physiological, behavioural and dispersal characteristics to persist within a highly variable environment. Nevertheless, marked changes in the magnitude of environmental stressors are likely to compromise ecosystem function as species are lost or decline in condition. Once a driver such as permanent inundation or very long drying exceeds a particular threshold, the system may move to an alternate state (Figure 30) (Scheffer and Carpenter 2003; Wallace et al. 2011; Scheffer et al. 2012). It is thought that the ability of individuals, communities or ecosystems to resist this continuous disturbance, and not move into a ‘catastrophic’ alternate state from which they can’t recover, is closely related to their condition.
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Figure 30. Conceptual model of the dynamic regime in which floodplains are always drying or flooding and the potential for excessive pressure to cause a transition to an alternate state (taken from Wallace et al. 2011).
The status of component biota with respect to their relative contribution to the ecosystem is also important (Baldwin et al. In Press). For lower order components, for example those involved in primary production, pollination and decomposition, the effect on ecosystem functionality of reduced condition or species loss may be compensated by niche overlap. For ecosystem engineers (Wright and Jones 2006) such as river red gums, for which there is minimal niche overlap, a reduction in condition, size structure or abundance may have a significant effect on ecosystem function. As resistance thresholds for key flora and fauna are exceeded, there is increased potential for the system as a whole to move to a more resilient, less desirable stable state characterised by reduced species diversity, altered functionality and reduced provision of ecosystem services.

Resistance strategies for native floodplain biota have evolved in association with a pre-regulated hydrological system. The extent to which floodplain biota are affected by alterations in hydrology is dependent on species-level strategies of resistance such as physiological tolerance, behavioural plasticity and dispersal strategy. The cause-effect diagram (Figure 29) shows potential pathways for how system hydrology can influence biotic and population condition. This model infers that ecological condition of biota may be used to indicate the level of physiological stress (i.e. the extent to which resistance is being compromised) and therefore as a measure of how suitable a particular hydrological regime is for the maintenance of a desirable resilient floodplain ecosystem. 

Habitat and Condition: The type and quality of available habitat will influence the condition of individual species or ecosystems and hence their ability to resist disturbances such as flooding and drought. It is thought that the ability of individuals, communities or ecosystems to resist this continuous disturbance, and not move into a ‘catastrophic’ alternate state from which they can’t recover (Figure 3), is closely related to their condition and hence the condition of the habitat that supports them.

In terms of maintaining the condition of aquatic and floodplain ecosystems, habitat can be considered in two broad categories: the habitat provided through conditions in the soil and the habitat provided through conditions in the water column. For aquatic organisms (requiring the presence of water) factors such as water depth, temperature, available food, oxygen and salt concentrations will all impact on species and community condition. The condition of the habitat provided in the soil will be influenced by factors such as soil moisture content, and nutrient, oxygen and salt availability (refer to cause-effect diagrams relating to ‘vegetation condition and reproduction’, ‘macroinvertebrate adult aquatic and terrestrial’, and ‘fish condition’ for discussions on the effect and interactions of flow and habitat on species and community condition). 

An example of how condition can affect the ability of biota to resist flow disturbance comes from floodplain trees. The ability of river red gum (Eucalyptus camaldulensis) trees to respond favourably, in terms of increased crown condition (MDBA 2012), to flooding following an extended period of drought is closely related to the condition of the tree prior to flooding (unpublished data). river red gum already in ‘poor’ condition (less than 40% crown condition) were less likely to respond favourably post-flooding and had a greater chance of dying than trees with greater than c.a. 40% crown condition (unpublished data). Tree condition is related to factors such as soil moisture content (linked to rainfall and time since last inundation), access to groundwater and the concentration of salt within the groundwater and soil (Jolly and Walker 1996; Overton et al. 2006; Roberts and Marston 2011 and references within). 

However the condition of ecosystems is not solely dependent of the condition of constituent species but relies on abiotic factors as well. Abiotic parameters like nutrient status, water availability, light, pH, salinity, oxygen concentration and temperature impact on a relatively small suite of physiological processes that drive growth, reproduction and development (Colloff and Baldwin 2010). In well connected (functioning) ecosystems there are many feedback mechanisms as well as species that function as ‘ecosystem engineers’ (Wright and Jones 2006; Colloff and Baldwin 2010) that influence the resilience of species and ecosystems. Long-lived tree species, through physical and chemical means, affect a whole range of processes and trophic interactions from provision of habitat, sediment accumulation, erosion mitigation and soil stabilisation to altering microclimates (Colloff and Baldwin 2010). 

In terms of feedback mechanisms high soil moisture leads to a healthy cover of vegetation and abundant litter to the soil. High soil carbon concentrations from the breakdown of this litter leads to better retention of water in the soil (Colloff and Baldwin 2010), which is likely to lead to healthier vegetation during dry phases. Recent work at Yanga has highlighted the importance of both the wet and dry phases to the resistance of floodplain ecosystems, through the reciprocal provisioning of carbon (Baldwin et al. In Press). Carbon fixed during the dry phase is important for driving biogeochemical transformations upon the next wet phase, however the carbon fixed during the wet phase (in the form of aquatic macrophytes) is also an important source of energy for the dry phase (Baldwin et al. In Press). Maintaining the processes that sustain feedback mechanisms, support ‘ecosystem engineers’ like long-lived tree species, as well as maintaining energy transfer between the fluctuating wet and dry phases, is likely to improve the condition of wetland, river and floodplain ecosystems and improve the resistance of these systems to disturbances such as flooding and drought (Colloff and Baldwin 2010).

 (
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Connectivity: Historical connectivity has, through evolutionary process, engineered the resistance strategies of extant floodplain biota. Resistance strategies include physiological tolerance, behavioural plasticity and dispersal mechanisms. Excessive disruption to the rates of rise and fall, timing, duration, extent or frequency of connectivity may exceed resistance thresholds of affected biota.

The importance of the connectivity between the lowland rivers of the Murray-Daring basin and their floodplains is captured in the Flood Pulse Concept (Junk et al. 1989) and more recently in the Reciprocal Provisioning Concept (Baldwin et al. In Press). These concepts reason the importance of two-way transfer of carbon and nutrients between terrestrial and aquatic pools and the key role of flooding regime as a determinant of productivity and ecosystem maintenance. Implicit is that the abatement of environmental stressors likely to exceed resistance thresholds is achievable through the provision of flow characteristics appropriate for the maintenance of soil and water habitats.

Connectivity may also be important as a dispersal vector for biota whose resistance strategies include maintenance in refuge pools during times of extended flood and drought prior to dispersal into suitable habitats upon the return of suitable environmental conditions (Jenkins and Boulton 2003) (see also CEDs relating to Resilience-Refugia and Connectivity-Biotic Dispersal). ‘Boom and bust’ cycles typical of Australian floodplain ecosystems are characterised by a period of intense productivity and dispersal followed by a period of habitat contraction and fragmentation (Bunn et al. 2006). Changes in hydrological connectivity may affect dispersal capacity, maintenance of spatiotemporal extent and genetic exchange.

Groundwater can also be considered an agent of connectivity. Groundwater is known to play an important role in the maintenance of key ecosystem biota such as river red gums and black box at Chowilla in South Australia (Mensforth et al. 1994; Overton et al. 2006). Groundwater recharge is affected by rainfall and/or flooding where flooding may be necessary to freshen otherwise saline groundwater aquifers (Holland et al. 2006). There is also a more direct link between surface and groundwater resources for the maintenance of biota that rely on both. River Red Gum are known to not only opportunistically utilise surface and ground water sources but to redistribute water throughout the soil profile (groundwater to surface soils and surface water to deeper root zone) using their root systems (Burgess et al. 1998; Burgess et al. 2001; Holland et al. 2006). This hydraulic redistribution resistance strategy has implications, not only for the maintenance of floodplain trees but also for the maintenance of understorey, soil condition and the fauna that depend on them.

Knowledge gaps: Most of the understanding of resistance, resilience and recovery in inland aquatic ecosystems is theoretical; there have been very few research projects that specifically have addressed the question of resistance, resilience and recovery in aquatic ecosystems. This is in part due to the question of resistance, resilience and recovery to what? To address the question first needs an understanding of the stressor of interest and the systems response when that stress is imposed, which requires a thorough understanding of the systems condition prior to the stress; as well as the systems response once the stress has been removed. It also requires some predictive capacity of when the stress will be imposed – which, for climatic stresses such as drought, may be difficult to predict; other stressors, such as change in land-use, may never be reversed. There is also the question of choice of indictors (resistance and resilience of what to the stress). Candidate indicators must possess feature or features that make them critical in the functioning of the ecosystem in question. However, these issues are not insurmountable. There is a real and specific need for hypothesis based research programs to address the questions of resistance and resilience of aquatic ecosystems to specific stressors.

Use of the cause and effect diagram: These are generic diagrams applicable across both the northern and southern parts of the basin. There applications to particular circumstances or species would require additional information and potentially modification of the cause-effect diagram.
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Salt, in a variety of forms, is a natural occurring component of the Australian landscape and has been deposited from a variety of sources over millions of years. The cycles of wetting and drying have been associated with a salinity regime to which biota have become adapted. Salt enters aquatic systems from groundwater, terrestrial material via the weathering of rocks or from the atmosphere, and is transported with wind and rain (Williams 1987; Baldwin 1996). Development of the Basin’s land and water resources has influenced the movement of water and salt through the landscape. These include vegetation removal and managing the river resource, altering the natural flow regime. The effects of management include 1) increases in average salinity levels in some systems, and 2) higher peak salinities in soils and water bodies. 
Rising salinities are recognised as one of the most challenging environmental problems to freshwater ecosystems and it is estimated that by 2020, the Murray River’s salinity will exceed drinking water standards for nearly 150 days a year (Lovett et al. 2007). The following cause and effect diagram describes how salinity is modulated by the key influences of catchment, connectivity; channel conduits; and in-stream process (Figure 31). 
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Figure 31. Cause and effect diagram depicting flow influences on salinity.

Catchment: Groundwater is located beneath the earth’s surface being stored in aquifers (porous rock and soils) with the top portion of the aquifer called the water table. Groundwater is fed from surface waters (rivers and rain) when infiltration is possible and stops when it reaches impervious layers. Geological types however, characterize a range of aquifer types. For example, unconfined aquifers lack a ‘confining’ low permeable geology above them so water passes easily through them. They are characteristically near the surface and often follow the surface topography of the land and can form natural springs and wetlands. Alternatively, confined aquifers are deeper and are better sealed from the surface by a less permeable geology. They can be fed from recharge sources a great distance away where infiltration occurs more readily. These artesian aquifers do not necessarily follow the topography of the surface lands. 

The significance to the cause and effect diagram is two-fold, 1) different geologies translate to differences in water yield, recharge rates and accessibility or potential to be connected to surface water systems and the transport of salt between the two systems, and 2) many ecosystems are either groundwater dependent or dependent some of the time. 

Salt can be stored and transported through groundwater systems, with large regional groundwater systems making the greatest contribution to stream salinity in the drier basin lowlands (Van Dijk et al. 2008). They cover about a third of the Murray-Darling drainage area (LeBlanc et al. 2011). Saline groundwater is also naturally rich in sulfate that contaminates soils and sediments especially where it concentrates through evaporation. The concentration of sulfate further increases the potential for acidification. Groundwater is vulnerable to salt contamination from catchment land use and modifications. Practices such as irrigation, vegetation clearance, the presence of dams and weirs and mining operations can influence salt concentrations in groundwater. These are issues of connectivity and will be addressed below.

Connectivity: Connectivity is the major avenue by which salt enters water dependent ecosystems. The Basin’s floodplain-river system contains a myriad of water bodies and adjacent lowland floodplains with lateral and longitudinal hydrological connections. These occur at a variety of heights on the floodplain. Regulating the main channel volumes directly affects river height and therefore the extent of lateral connections with anabranches, wetlands and floodplains. Furthermore, the duration and magnitude of connection will directly affect how salt is transported or retained in the system as detailed in Figure 32. 
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[bookmark: _Ref214787825]Figure 32. The relationship between flow and salinity in (A) non-modified and (B) modified water regimes. Solid blue line indicates the variation in water level over time. Solid black line indicates the variation in the mean salinity over time. Red dashed line indicates biotic threshold level above which the loss of biota may occur or strategies to either avoid or tolerate increased salinity occur. Green dashed line indicates mean salinity over time (Reproduced from Nielsen et al. 2003).

Under a modified or regulated water regime, many high flow events are removed from the system which can allow a shift in the balance between salt accumulation and removal leading to salt accumulation over time. 

Hydrological, vegetation and salt movement wetlands act as salt ‘sinks’ because they are often the lowest point on the floodplain. Surface water connection through floods will pick up salt that has been discharged into wetlands or concentrated in floodplain soils and potentially export this back to the river. When groundwater discharges to wetlands it may lead to the development of saline lakes or swamps unless it can discharge to rivers for export from the system. Similarly, wetlands can increase in salt content over time when the frequency and magnitude of hydraulic connection decreases with consequences to biota when salinity tolerances are approached (Figure 32). 

River regulation often means that floodplains and wetlands are flushed less frequently, but water carrying salt is still delivered into these systems increasing the concentration of salt in the sediments and this will influence biota such as aquatic plants and animals (Bailey and James 2000). Under natural conditions, salt in surface soils is transported down to groundwater aquifers and then transported to areas of groundwater discharge. Clearing of native vegetation and irrigation practices has led to the raising of salty water-tables in the soil profile that then evaporate leaving concentrated salts at the surface (LeBlanc et al. 2011) (Figure 33). Shallow water tables can also increase river salinity through groundwater seepage. The removal of vegetation contributes to increases in surface runoff that can increase erosion and the increased movement of terrestrial surface salts to aquatic systems. 
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Figure 33. Movement of salt within the landscape. Top - unmodified catchment, Bottom - modified catchment (Watson et al. 2008).

While a modified catchment can increase groundwater salinity, groundwater can also become saline if extraction from aquifers exceeds natural recharge rates. Saline groundwater moves into aquifer zones that previously contained only fresh water (NWC 2012).

Dry Duration increased dry periods reduce the frequency of flushes to the system and lead to the accumulation of salt in the landscape. These dry periods can be caused by reductions in storm activity and river regulation. Under natural flow regimes these salts would have been removed by the flushing associated with overbank flows. Coupled with less frequent high flows characteristic of a managed system, a new relationship between salt and the environment emerges and salts in sediments gradually increase over time (Figure 34).

One consequence of this salt accumulation is that return floodwater from first inundations will transport greater loads of salt than would occur after more frequent flooding events (James et al. 2003). If these rare floods are also smaller, then salt concentrations in rivers are likely to be much higher as a consequence. Where water is delivered as a pulse, first run-off transports an initial ‘slug’ of highly saline water in the leading edge (Nielsen et al. 2003).
 (
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)

Figure 34. The relationship between wetting and dry cycle on the accumulation of salts in wetlands. Solid line indicates the variation in water level over time with intermittent dry periods. In this model, salinity levels are reset but at higher than previous levels post flushing (over time, due to the increase in dry duration relative to a modified river regime). Large-dashed line indicates mean salinity over time. Solid rectangle indicates the accumulation of salts in the sediment as a consequence of reduced flushing. Threshold is a nominal level of biotic tolerance. (Nielsen et al. 2003).

Long dry periods reduce the quality and quantity of wetlands available for species that can actively move into them for refuge. These periods reduce wetlands in volume and their evaporation typically increases and become selective for more tolerant species.

Channel: Within the channel, the major influence on salinity is the source of water. If water is being delivered from upstream and the salinity is low then this will help keep salinity levels low. If the water however, is sourced from saline aquifer, then salinity will be higher.

Process: The salinity at a site is influenced by local processes such as dilution, mixing and evaporation which can lead to local interactive effects between salt and other processes. During periods of low or cease-to-flow, differences in salt concentration within a water body can lead to stratification which limits mixing and solute transport in the water column. This occurs through salty groundwater intrusion and can be further reinforced by thermal gradients generated during summer (Nielsen et al. 2003). In some circumstances the barrier prevents oxygen moving to areas of high oxygen demand, resulting in oxygen depleted sediments. This in turn impacts on microbial processes and nutrient cycling. It stands to reason that flowing water enhances mixing through a more turbulent water delivery and the dilution of saline gradients will usually occur fairly rapidly. Dilution with water delivery also serves to dilute localised saline pools but the extent of which will be a function of the salinity difference between localised salinity and that of the incoming water as well as their respective volumes.

Saline waters are known for their decreased ability to dissolve oxygen in fresh water and at very high salinities (30 000 EC or 20 000 mg L-1) available dissolved oxygen is insufficient for most aquatic invertebrates, causing respiratory failure (Williams 1998). Salinity can also change the physical and chemical properties of water including:
· pH 
· contribute to the formation of sulfidic sediments
· solubility of ions 
· reduction and oxygenation potentials 
· flocculation of particles and disruption of chemical equilibria
· shifts in nutrient availability 
· favour particular microbial processes over others
· influence nutrient releases into the water column (Dunlop et al. 2005; Lovett et al. 2007). 
Salinity mediated flocculation blankets sediments, affecting habitat availability for periphyton and other groups. The precipitation of suspended particles increases light penetration thereby expanding the euphotic zone and favouring algal growth. The effects of salinity on nutrient cycles, stratification and light penetration may combine to enhance conditions for blue green algae that also have high salt tolerances (Watson et al. 2008).
Waterlogging also can exacerbate the effects of salinity. Extended inundation of floodplains results in the depletion of soil oxygen which decreases energy production, solute movement and stomatal conductance of plants. When saline water interacts with these conditions, a plant’s salinity tolerance will be compromised as a consequence of increased accumulation of salts in shoots (Barrett-Lennard 2003). Evaporation, as mentioned above, leads to salt concentration over time and so prolonged periods without flushing or dilution leads to salty deposits or scalds on the landscape. 

These changes in salinity have consequences for native animals and plants that have particular salinity tolerances. In simple terms, biota have individual preferences for salinity levels and this varies between biotic groups. Generally, as salinity increases there will be little or no effect (e.g. reduced fecundity and fitness) until a threshold is reached above which longer term exposure will result in species disappearance and/or mortality of whole communities (Watson et al. 2008). Early life stages however, can be particularly sensitive to moderately small elevations in salinity. This is particularly evident with freshwater fish with Murray cod and trout cod found critically sensitive to moderate levels of salinity for the first two weeks post hatching (Chotipuntu 2003).

Knowledge Gaps: Perhaps the most challenging gap in knowledge arises from how salt physically and chemically interacts with other processes and chemicals under conditions of no or low flow and the complex responses of aquatic biota. Simple laboratory experiments can determine simplistic cause and effect models under controlled conditions but predicting landscape scale or ecosystem scale cause and effect responses remains extremely difficult (Lovett et al. 2007). Central to this is 1) an understanding of hydrologic connectivity and the processes that drive it and 2) the appropriate ecological knowledge around biological communities; both of which require more research.

There is currently a poor understanding of the connectivity of groundwater with surface water systems and their dependent environments (Watson 2010; NWC 2012). Predictive knowledge for lateral surface connectivity between floodplains and river systems is also still in development. For example, an assessment of the extent of floodplain inundation that will occur against a given river flow volume at large reach scales (640 km) have recently been trialled (Frazier and Page 2009) but these approaches are not well developed across the Basin. 

Sulfidic sediments cause negative outcomes for freshwater systems (e.g. acidification) and can form when sediments are exposed to more highly saline water for a period of time and are subsequently dried and exposed to air through the presence of specific bacteria. More information is needed on the prevalence of these bacterial communities across the Basin. As most of the sulfidic story has been understood from wetland studies, an understanding of river hydrology and sulfidic sediment transformations in rivers remains unknown (Baldwin and Capon 2011).

Finally, the impacts to the environment and its inhabitants from salt movement and resilience to its presence and pressures from climate requires thrifty investigations. It is imperative to establish base line or benchmark condition surveys and, where conditions still exist, to provide reference community data. 

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the basin. 
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Changes in dissolved oxygen can have a profound effect on aquatic animals. There have been widespread problems associated with low oxygen levels due to high input of organic matter into a waterway (Salles et al. 2006; Whitworth et al. 2012). There are however, situations in which high levels of oxygen (supersaturation) can also cause problems. 

Australian native fish and other large aquatic organisms require at least 2mg L−1 of oxygen in the water to survive, but may begin to suffer at levels below 4–5mgO2 L−1(Gehrke 1988) For example, flooding of the Barmah-Millewa Forest in 2000 and 2010 resulted in ‘blackwater’ returning to the river, causing a significant degradation of water quality leading to fish and crustacean deaths (Baldwin et al. 2001; King et al. 2012).

The amount of oxygen dissolved in water is influenced by the water temperature with increasing temperatures being associated with lower levels of dissolved oxygen. The maximum amount of oxygen that can be dissolved in water (saturated oxygen concentration) is calculated using the formula:

Saturated oxygen = 13.41e(−0.01905T) mgL−1.

The following section describes how dissolved oxygen is affected by river flow through its influence on habitat (Figure 35). Primary production, decomposition and hydrological connectivity also influence dissolved oxygen and are contained in separate cause and effect diagrams
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Figure 35. Cause and effect diagram depicting flow influences on dissolved oxygen.

Habitat: The other factors that influence Dissolved Oxygen (DO) concentrations relate to the supply and consumption of DO of which there are three broad factors. The first of these is re-aeration which is the exchange of oxygen between the water and the air. Re-aeration is influenced by the relative movement of air past water, so it will be affected by wind speed (Odum and Wilson 1962). From a water perspective, the velocity and turbulence of the water will influence re-aeration (Melching and Flores 1999; Morse et al. 2007). The effect of re-aeration on dissolved oxygen will also be influenced by the ratio of the area available for re-aeration (channel width) compared to the depth of the water body (Melching and Flores 1999). Efforts to ameliorate low oxygen levels often focus on increasing the amount of surface area available for re-aeration or the turbulence of the water (Kerr et al. 2013).
Primary production contributes oxygen to the water column. The photosynthetic process undertaken by macrophytes and algae consumes carbon dioxide and produces oxygen that diffuses out of the plants and into the water column (Odum and Wilson 1962; Young and Huryn 1996). In some rare situations, high rates of photosynthesis can lead to oxygen supersaturation (Cloern 1996).

Most management focus has been on the role of decomposition processes in creating hypoxic blackwater events (Hladyz et al. 2011; King et al. 2012; Whitworth et al. 2012). These events occur when large amounts of organic matter are inundated by warm water which leads to the development of a productive microbial community that consumes oxygen faster than it can be replaced (Howitt et al. 2007; Whitworth et al. 2012). A number of factors interact to cause a major reduction in DO, including the amount of organic matter inundated, the bioavailability of the organic matter and the temperature which is influenced by the timing of the flood (Howitt et al. 2007; Whitworth et al. 2012).

Environmental flows have been used to ameliorate low DO levels through dilution, but other options, including flooding to reduce floodplain litter loads and flow management to create refuges, have been discussed as strategies that may be worth trialing (Kerr et al. 2013).

Knowledge gaps: The processes that influence dissolved oxygen are relatively well known; however, there are knowledge gaps concerning blackwater events such as the sources of organic matter and the rate at which it is processed by microbes that require further investigation. There is also a need to understand spatial variation in dissolved oxygen and how flow may be used to create or sustain refuges for fish during hypoxic blackwater events. 

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
References

Baldwin D, Howitt J, Edwards M (2001) Blackwater event. Austasia Aquaculture 15:21 
Cloern JE (1996) Phytoplankton bloom dynamics in coastal ecosystems: A review with some general lessons from sustained investigation of San Francisco Bay, California. Reviews of Geophysics 34:127-168 doi: 10.1029/96rg00986
Gehrke PC (1988) RESPONSE-SURFACE ANALYSIS OF TELEOST CARDIORESPIRATORY RESPONSES TO TEMPERATURE AND DISSOLVED-OXYGEN. Comparative Biochemistry and Physiology a-Physiology 89:587-592 doi: 10.1016/0300-9629(88)90837-7
Hladyz S, Watkins SC, Whitworth KL, Baldwin DS (2011) Flows and hypoxic blackwater events in managed ephemeral river channels. Journal of Hydrology 401:117-125 doi: 10.1016/j.jhydrol.2011.02.014
Howitt JA, Baldwin DS, Rees GN, Williams JL (2007) Modelling blackwater: predicting water quality during flooding of lowland river forests. Ecological Modelling 203:229-242 
Kerr JL, Baldwin DS, Whitworth KL (2013) Options for managing hypoxic blackwater events in river systems: A review. Journal of Environmental Management 114:139-147 doi: 10.1016/j.jenvman.2012.10.013
King AJ, Tonkin Z, Lieshcke J (2012) Short-term effects of a prolonged blackwater event on aquatic fauna in the Murray River, Australia: considerations for future events. Marine and Freshwater Research 63:576-586 doi: 10.1071/mf11275
Melching CS, Flores HE (1999) Reaeration equations derived from US Geological Survey database. Journal of Environmental Engineering 125:407-414 
Morse N, Bowden W, Hackman A, Pruden C, Steiner E, Berger E (2007) Using sound pressure to estimate reaeration in streams. Journal of the North American Benthological Society 26:28-37 
Odum H, Wilson F (1962) Further studies on reaeration and metabolism of Texas bays, 1958–1960. In: Publication of the Institute of Marine Sciences. University of Texas, pp 23–55
Salles P, Bredeweg B, Araújo S (2006) Qualitative models about stream ecosystem recovery: Exploratory studies. Ecological Modelling 194:80-89 
Whitworth KL, Baldwin DS, Kerr JL (2012) Drought, floods and water quality: drivers of a severe hypoxic blackwater event in a major river system (the southern Murray-Darling Basin, Australia). Journal of Hydrology 
Young R, Huryn A (1996) Interannual variation in discharge controls ecosystem metabolism along a grassland river continuum. Canadian Journal of Fisheries and Aquatic Sciences 53:2199-2211 






























[bookmark: _Toc357082403]25	PH

pH is a measure of the activity of hydrogen ions which is a measure of the hydrogen ion concentration. pH ranges from a value of 1 - which represents a highly acidic solution, through to 7 - which is neutral, and through to 14 - which represents a highly basic solution. Water in healthy water dependent ecosystems generally varies from 6 to 8. The pH in aquatic ecosystems is the product of a range of chemical reactions, functions and processes; including hydrological connection with groundwater and the floodplain, photosynthesis and decomposition. The following section describes how pH is affected by river flow through its influences on the catchment, connectivity, channel and process (Figure 36).
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Figure 36. Cause and effect diagram depicting flow and land use influences on pH. 

The pH of a water-body will affect aquatic biota either directly or indirectly. Direct effects arise from interactions of protons or hydroxide ions with animal and plant tissue. Most animals and plants can only tolerate a limited pH range. Acidification that results in pH falling below 5 will have adverse effects on algae, macrophytes and many invertebrates (Lacoul et al. 2011). Similarly, increases in pH (alkalization) above 9 are likely to adversely affect fish and invertebrates (Berezina 2001).
Indirect effects occur when changes in pH influence the bioavailability of toxicants such as metals and ammonia and in some instances, herbicide or pesticide residues. Reductions in pH may lead to heavy metals (such as cadmium and lead) and metalloids (such as arsenic) becoming more available in the environment (Appleyard et al. 2004; Burton et al. 2008; Corkhill et al. 2008; Simpson et al. 2010). These toxins may then be incorporated into animal or plant tissue and potentially into the food chain.

The effects of increases in pH are thought to be mainly through indirect effects. One of the key indirect effects is through its effects on ammonia that is acutely and/or chronically toxic to many aquatic organisms (Randall and Wright 1989; Hickey and Martin 1999; Mummert et al. 2003). Ammonia is present as both uncharged ammonia (NH3) and the ammonium ion (NH4+) in the environmental pH range, but high pH increases the proportion of ammonia that is present in the NH3 form which is more toxic to aquatic organisms (Dejours et al. 1989; Randall and Tsui 2006). High pH is also said to inhibit ammonia excretion (Wicks et al. 2002). Evidence of blood alkalosis and ammonia accumulation has been observed in fish exposed to alkaline conditions (Randall and Brauner 1991). The other indirect effect associated with an increase in pH arises from changes in the toxicity of agricultural chemicals (Edginton et al. 2003; Chen et al. 2004; Edginton et al. 2004).

Changes in pH may also have direct effects on people. The degradation of the environmental values of aquatic ecosystems due to major pH changes may limit their uses. The effects may include loss of amenity (preventing aquatic ecosystems being used for recreation), the generation of foul odours (including toxic hydrogen sulfide) and impaired drinking water quality (Hicks and Lamontagne 2006; Kinsela et al. 2007; Ljung et al. 2010).

Land use: A range of land use practices, including the application of nitrogen fertilisers (Rice and Herman 2012) and mining (Neculita et al. 2007; Liang and Thomson 2010; Rice and Herman 2012), can lead to either soil acidification or acid mine drainage water, both of which have the capacity to influence wetland or river pH.

Land use change and associated vegetation clearing has led to rising saline groundwater tables and associated mobilisation of salt in surface water flows. These processes have led to the salinisation of many inland aquatic ecosystems. As saline groundwater naturally discharges to inland aquatic ecosystems, it is often the main source of salt entering these systems. The sulfur it contains, which is derived from ancient seawater brought inland with rain (Dogramaci et al. 2001), provides the basis for acid-sulfate soils (Ward et al. 2002).

Connectivity: River regulation has altered the hydrology and hydrogeology of many inland ecosystems leading to the accumulation of both salt, with its associated sulfur, and organic matter in wetland sediments. When inundated, a specialised group of bacteria utilise the organic matter and sulfate to grow, but in the process produce sulfide and metal sulfide minerals, which, when exposed to air, are converted to sulfuric acid. This series of chemical reactions has severely degraded wetlands like Bottle Bend in NSW (McCarthy et al. 2006) and threatened many other wetlands in the Murray-Darling Basin (Hall et al. 2006). However, because many aquatic ecosystems have a high capacity to neutralise acid, not all of those containing sulfidic materials will acidify if the sediment is exposed to oxygen.

River channel: Sulfur rich salts and organic matter can also accumulate in river beds where they form monosulfidic black oozes (Bush et al. 2004; Cheetham et al. 2012). After an extended period of low flow, high flows can resuspend these oozes. This leads to rapid oxidation of the material that consumes oxygen and, in extreme cases, can remove all of the oxygen from the water column resulting in the death of aquatic organisms. This process has been observed in coastal wetlands (Ward et al. 2010) and also in the Edward-Wakool system (Cheetham et al. 2012).

Significant increases in pH can also be linked back to sulfate accumulation in wetlands. In regions dominated by carbonate geology, pH is regulated by the interaction between carbon dioxide and carbonate alkalinity (Baldwin et al. 2013). In cases where sulfate reduction takes place, the process of calcium carbonate precipitation that would otherwise buffer the pH does not occur and pH rises. Sulfate reduction occurs in these systems when specialised bacteria utilise sulfur in the same way animals use oxygen and when sulfur is reduced it increases alkalinity. This has recently been observed in south-eastern South Australia (Baldwin et al. 2013). 

Role of environmental flows: In each of the situations outlined above, flow influences the change in pH, but may not be the primary driver. In the first situation where land use is the major driver of pH, careful management of hydrological connectivity may help ensure that contaminants do not move into rivers and wetlands.

For acid sulfate soils (ASS) in wetlands, one option is to use environmental flows to prevent the build-up of harmful levels of ASS. This requires either ensuring large stores of ASS are not allowed to accumulate in an aquatic ecosystem or that conditions do not favour sulfide formation. Flow management that maintains a freshwater lens between saline groundwater and the aquatic ecosystem, or promotes the export of salt and sulfur from the system may help. In terms of avoiding the formation of sulfide, restoration of more natural flow regimes with frequent periods of wetting and drying will both limit the accumulation of sulfidic materials and promote decomposition of organic matter thereby reducing the environmental hazard.

Management of monosulfidic black oozes in river channels could be based on similar principles of promoting the export of sulfur and promoting decomposition through increases in flow variability and restoration of fresh flows. One additional consideration is the allocation of environmental flows in systems where monosulfidic black oozes are known to have accumulated. In this situation it will be important to avoid disturbing the sediments until there is enough water to dilute the material and temperatures are low enough to limit microbial activity.
In situations where pH increases due to sulfate reduction, the same principles applied to management of ASS would apply.

Knowledge gaps: Generally the pH in the southern eastern Australia lies between 6 and 8.5. However, in the last few years extremes of pH have been observed. A large number of wetlands adjacent to the western reaches of the Murray River have been found to contain significant amounts of sulfidic sediments (acid sulfate soils). When exposed to air, the sulfide in the sediments is oxidised to sulfate, and in the processes produces acid. pH levels as low as 2 (which places it between battery acid and vinegar on the pH scale) have been measured at wetlands like Bottle Bend lagoon. These acidic waters have been observed flowing into the Murray River. On the other hand, extremely high pH levels (9 – 10.5) have been observed in wetlands in the south east of South Australia. While the cause of these high levels of pH as still uncertain, it has been suggested (paradoxically) that the processes underlying the formation of sulfidic sediments in the wetlands of the Murray River are also responsible for the high pH levels observed in south East South Australia. It is thought that the difference between the two extremes is caused by difference in the way water moves in these systems and different underlying geology. However, much still needs to be done to understand this paradox, and th identify if other areas of south eastern Australia is susceptible to extremes of pH.
Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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Dissolved organic carbon (DOC) describes a broad and diverse suite of compounds derived from both primary production and decomposition (Meyer and Edwards 1990). DOC is important in freshwater ecosystems because it represents a significant component of the organic matter within the system (Gawne et al. 2007) and this organic matter fuels metabolism and growth of microorganisms (Meyer and Edwards 1990).

Under most flow conditions, concentrations of DOC average between 5 – 10 mg L-1; however, under some circumstances, DOC concentrations can increase dramatically with significant effects on the microbial community and through their increased metabolic activity, dissolved oxygen. These events are known as hypoxic blackwater events and they have been observed in rivers around the world including Brazil (Hamilton et al. 1997), USA (Fontenot et al. 2001; Valett et al. 2005) and Australia (McKinnon and Shepheard 1995; Baldwin et al. 2001; Hladyz et al. 2011). 

The following section describes how DOC is affected by river flow and land use through its influence on catchment, connectivity, channel and process (Figure 37). Primary production and decomposition are another major land use influence and are contained in separate cause and effect diagrams.
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Figure 37. Cause and effect diagram depicting the influence of flow on dissolved organic carbon.
Process and Channel: Hypoxic blackwater events occur when warm water inundates floodplains or wetlands where there is a large amount of organic matter (Kerr et al. 2012). While they are known to occur naturally, river regulation has exacerbated the severity of events and the frequency of these severe events (Whitworth et al. 2012). River regulation has reduced the frequency of flooding, increasing the period of time that organic material can accumulate.
The dissolved organic carbon fuelling hypoxic blackwater events is mostly derived from plant detritus (Hladyz et al. 2011) with one of the major sources being leaf litter (O'Connell et al. 2000). The majority of the organic matter is rapidly released into the water column (O'Connell et al. 2000) where it is transformed by microbial, chemical and photochemical processes (Meyer and Edwards 1990; Moran and Zepp 1997; Bano et al. 1998; Robertson et al. 1999; Howitt et al. 2004).

Connectivity: Increased temperatures stimulate the rate of microbial consumption of organic matter (Howitt et al. 2004) and this, in turn, increases the rate of oxygen consumption by the bacteria at times when the warmer temperatures also reduce the amount of oxygen dissolved in the water. Dissolved oxygen may exceed the rate of diffusion from the atmosphere (Koetsier et al. 1997; O'Connell et al. 2000).

Knowledge gaps: There continues to be some uncertainty about both the source of dissolved organic matter that drives hypoxic blackwater events and its bioavailability. There are also significant knowledge gaps on the potential for environmental flows to manage DOC to reduce the risks associated with hypoxic blackwater events.

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
References

Baldwin D, Howitt J, Edwards M (2001) Blackwater event. Austasia Aquaculture 15:21 
Bano N, Moran MA, Hodson RE (1998) Photochemical formation of labile organic matter from two components of dissolved organic carbon in a freshwater wetland. Aquatic Microbial Ecology 16:95-102 
Fontenot Q, Rutherford D, Kelso W (2001) Effects of environmental hypoxia associated with the annual flood pulse on the distribution of larval sunfish and shad in the Atchafalaya River Basin, Louisiana. Transactions of the American Fisheries Society 130:107-116 
Gawne B et al. (2007) Patterns of primary and heterotrophic productivity in an arid lowland river. River Research and Applications 23:1070-1087 
Hamilton SK, Sippel SJ, Calheiros DF, Melack JM (1997) An anoxic event and other biogeochemical effects of the Pantanal wetland on the Paraguay River. Limnology and Oceanography 42:257-272 
Hladyz S, Watkins SC, Whitworth KL, Baldwin DS (2011) Flows and hypoxic blackwater events in managed ephemeral river channels. Journal of Hydrology 401:117-125 doi: 10.1016/j.jhydrol.2011.02.014
Howitt JA, Baldwin DS, Rees GN, Hart BT (2004) Facilitated heterogeneous photodegradation of dissolved organic matter by particulate iron. Environmental Chemistry 1:197-205 
Kerr JL, Baldwin DS, Whitworth KL (2012) Options for managing hypoxic blackwater events in river systems: A review. Journal of Environmental Management 
Koetsier IP, McArthur JV, Leff LG (1997) Spatial and temporal response of stream bacteria to sources of dissolved organic carbon in a blackwater stream
system. Freshwater Biology 37:79-89 
McKinnon L, Shepheard N (1995) Factors contributing to a fish kill in Broken Creek. The Victorian Naturalist 112:93-99 
Meyer JL, Edwards RT (1990) Ecosystem metabolism and turnover of organic carbon along a blackwater river continuum. Ecology:668-677 
Moran MA, Zepp RG (1997) Role of photoreactions in the formation of biologically labile compounds from dissolved organic matter. Limnology and Oceanography 42:1307-1316 
O'Connell M, Baldwin DS, Robertson AI, Rees G (2000) Release and bioavailability of dissolved organic matter from floodplain litter: influence of origin and oxygen levels. Freshwater Biology 45:333-342 
Robertson A, Bunn S, Walker K, Boon P (1999) Sources, sinks and transformations of organic carbon in Australian floodplain rivers. Marine and Freshwater Research 50:813-829 
Valett H et al. (2005) Biogeochemical and metabolic responses to the flood pulse in a semiarid floodplain. Ecology 86:220-234 
Whitworth KL, Baldwin DS, Kerr JL (2012) Drought, floods and water quality: drivers of a severe hypoxic blackwater event in a major river system (the southern Murray-Darling Basin, Australia). Journal of Hydrology 




[bookmark: _Toc357082405]27	Algal blooms

Algal blooms, in particular blue-green algal blooms, are a global phenomenon that are of concern from both a human and environmental perspective. Several species of blue-green algae including Microcystis aeruginosa, Anabaena circinalis and Cylindrospermopsis raciborskii produce toxins that have significant health effects on people and livestock (Baker and Humpage 1994; Fitzgerald et al. 1999; Steffensen et al. 1999). From an environmental perspective there is less evidence of detrimental effects from toxins, but very severe blooms of any algal type can affect dissolved oxygen levels with adverse outcomes for fish and invertebrates. 

Algal blooms are relevant to environmental flow management for two reasons. First, environmental flows can be used to disperse or disrupt algal blooms (Webster et al. 2000). Second, in some situations, floodplain inundation may increase the likelihood of an algal bloom (Bormans et al. 2004; Power et al. 2008).

Algal blooms came to prominence in Australia in 1991 when a 1000km long bloom affected the Darling River (Davis and Koop 2006). The bloom focussed national attention on bloom management and for the next five years there was considerable effort expended in understanding the causes and developing appropriate management responses. The following section describes how algal blooms are affected by river flow through its influences on the channel, connectivity and habitat (Figure 38).
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Figure 38. Cause and effect diagram depicting flow influence on algal blooms.

Channel: Algae are like all plants and require sunlight to grow. Within a channel or wetland environment, two of the major influences on the amount of light are water depth (Webster et al. 2000; Guven and Howard 2011) and water clarity (turbidity) (Geddes 1988; Hotzel and Croome 1994; Bormans et al. 2004). 
Water depth may have two influences; the first is that blue-green algae species such as Anabaena produce resting stages (akinetes) that persist in sediments. The germination of akinetes may be more likely in shallow water due to either re-suspension or light penetrating to the sediments (Baker 1999). Depth may also influence rates of growth as depth may influence stratification and also the amount of time that algal cells spend in the high light environment at the surface (Thompson et al. 2002; O'brien et al. 2009).

Connectivity: Hydrological connectivity is an important influence on blue-green algae with floods being a period of high flow and high turbidity that will suppress algal blooms (Bormans et al. 2004) although blooms of other algae are possible (Cook and Holland 2012). In contrast, periods of low flow and connectivity promote stratification (Bormans and Condie 1998; Davis and Koop 2006). Dams also influence blue-green algal blooms by creating ideal conditions for blooms that may then be transported downstream (Baldwin et al. 2010).

Nutrient cycling is also an important driver of blue-green algal blooms. Nutrients within a river reach are imported from upstream or from floodplains, often associated with sediment particles (Harris 2001). Under low flow conditions, thermal stratification occurs and deoxygenation of sediments may follow and this triggers the release of nutrients from sediments (Jones and Poplawski 1998; Baldwin and Williams 2007). The release of nutrients then influences the magnitude of the bloom (Bormans et al. 2004; Davis and Koop 2006).

Habitat: Algal blooms occur when a number of specific habitat conditions coincide. Flow has emerged as one of the major influences on bloom formation (Maier et al. 2001; Mitrovic et al. 2003; Guven and Howard 2011). Flow is important for its influence on hydraulic conditions. Higher flows are associated with turbulence that keeps the water column mixed and moves algal cells into and out of the surface zone of high light. Flow also influences the residence time that algae spend within a reach. The longer the residence time, the greater opportunity the algae have to grow (Harris 2001; Reid and Hamilton 2007). Perhaps the most important influence of flow is that low flows increase the likelihood of stratification. Stratification enables blue-green algae to remain in the warm sun-lit surface waters (Bormans and Condie 1998; Webster et al. 2000; Maier et al. 2001). Once the water-body has stratified, blue-green algae are able to remain within the surface layer or in some cases regulate their buoyancy to exploit light and nutrients(Bormans et al. 1999; Brookes et al. 2000; Mitrovic et al. 2001; Guven and Howard 2011).

One of the key habitat characteristics is light (Sherman et al. 1998). Like all plants, algae require light to grow and blooms require abundant light in order to form (Guven and Howard 2006). For this reason, turbidity influences bloom formation by reducing the amount of available light (Geddes 1988). Temperature is also an important influence on algal growth rates (Robards and Zohary 1987; Costelloe et al. 2005), although blooms of microcystis have been recorded at temperatures as low as 13oC (Hotzel and Croome 1994; Mitrovic et al. 2001).
Overseas experience with algal blooms have identified nutrients as a major influence on the likelihood of bloom formation (Bulgakov and Levich 1999). In the Australian context, nutrient concentrations appear less important, although they may influence the magnitude of the bloom (Davis and Koop 2006).

Most blue-green algae appear to be able to tolerate quite high salinities, although there appears to be some variation among species (Orr et al. 2004; Tonk et al. 2007). Salinity does appear to influence both toxin production (Hobson et al. 1999) and the production of algal resting stages (akinetes) (Baker and Bellifemine 2000). Finally, salinity levels also influence turbidity such that increasing salinity levels reduces turbidity and this may improve the light environment for blue-green algae (Donnelly et al. 1997; Grace et al. 1997).

Knowledge Gaps: The dynamics of algal blooms are reasonably well understood in a generic sense, although the formation of blooms in specific areas may require investigation to identify local thresholds of flow. In 2010, there was a cyanobacterial bloom along most of the Murray River that was initiated in the Hume Dam (Baldwin et al. 2010).The factors that enabled the bloom to persist along the river remain poorly understood and may warrant further investigation.

Use of the cause and effect diagram: This is a generic diagram applicable across both the northern and southern parts of the Basin. Its application to particular circumstances or localities would require additional information and potentially modification of the model.
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