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Abstract
Many aspects concerning the association of riverine fish with in-channel habitat remain
poorly understood, greatly hindering the ability of researchers and managers to address
declines in fish assemblages. Recent insights gained from landscape ecology suggest
that small, uni-scalar approaches are unlikely to effectively determine those factors that
influence riverine structure and function and mediate fish-habitat associations. There
appears to be merit in using multiple-scale designs built upon a geomorphologicallyderived hierarchy to bridge small, intermediate and large spatial scales in large rivers.
This thesis employs a hierarchical design encompassing functional process zones
(referred to hereafter as zones), reaches and mesohabitats to investigate fish-habitat
associations as well as explore patterns of in-channel habitat structure in one of
Australia's largest dryland river systems; the Barwon-Darling River.

In this thesis, empirical evidence is presented showing that large dryland rivers are
inherently complex in structure and different facets of existing conceptual models of
landscape ecology must be refined when applied to these systems. In-channel habitat
and fish exist within a hierarchical arrangement of spatial scales in the riverscape,
displaying properties of discontinuities, longitudinal patterns and patch mosaics. During
low flows that predominate for the majority of time in the Barwon-Darling River there
is a significant difference in fish assemblage composition among mesohabitats. There is
a strong association between large wood and golden perch, Murray cod and carp, but
only a weak association with bony herring. Golden perch and Murray cod are large
wood specialists, whereas carp are more general in there use of mesohabitats. Bony
herring are strongly associated with smooth and irregular banks but are ubiquitous in
most mesohabitats. Open water (mid-channel and deep pool) mesohabitats are
characterised by relatively low abundances of all species and a particularly weak
association with golden perch, Murray cod and carp. Murray cod are weakly associated
with matted bank, whereas carp and bony herring associate with this mesohabitat patch
in low abundance.

Nocturnal sampling provided useful information on size-related use of habitat that was
not evident from day sampling. Both bony herring and carp exhibited a variety of

habitat use patterns throughout the die1 period and throughout their lifetime, with
temporal partitioning of habitat use by juvenile bony herring and carp evident. Much of
the strong association between bony herring and smooth and irregular banks was due to
the abundance of juveniles (<100mm in length) in these mesohabitats. Adult bony
herring (>100mm length) occupied large wood more than smooth and irregular banks.
At night, juvenile bony herring were not captured, suggesting the use of deeper water
habitats. Adult bony herring were captured at night and occupjed large wood, smooth
bank and irregular bank. Juvenile carp (<200mm length) were more abundant at night
and aggregated in smooth and irregular banks more than any other mesohabitat patch.
Adult carp (>200mm length) occupied large wood during both day and night.

There is a downstream pattern of change in the fish assemblage among river zones, with
reaches in Zone 2 containing a larger proportion of introduced species (carp and
goldfish) because of a significantly lower abundance of native species (bony herring,
golden perch and Murray cod) than all other zones. In comparison, the fish assemblage
of Zone 3 was characterised by a comparatively higher abundance of the native species
bony herring, golden perch and Murray cod. A significant proportion of the amongreach variability in fish assemblage composition was explained at the zone scale,
suggesting that geomorphological influences may impose some degree of top-down
constraint over fish assemblage distribution. Although mesohabitat composition among
reaches in the Barwon-Darling River also changed throughout the study area, this
pattern explained very little of the large-scale distribution of the fish assemblage, with
most of the variability in assemblage distribution remaining unexplained. Therefore,
although mesohabitat patches strongly influence the distribution of species within
reaches, they explain very little of assemblage composition at intermediate zone and
larger river scales. 1-l~esefil~dil~gs
suggest that small scale mesohabi tat rehabilitation
projects within reaches are unlikely to produce measi11.able bencfits for the fish
asse~nblageover inter~~iediate
and large spatial scales in the Barwo~i-DarlingRiver. This
indicates the importance taking a holistic approach to river reliabilitatiol~that corl.ectly
identifies and targets limiting processes at the correct scales.

The variable nature of flow-pulse dynamics in the Barwon-Darling River creates a
shifting habitat mosaic that serves to maintain an ever-changing arrangement of habitat

patches. The inundation dynamics of large wood habitat described in this thesis
highlights the fragmented nature of mesohabitat patches, with the largest proportion of
total in-channel large wood remaining unavailable to fish for the majority of the time.
At low flows there is a mosaic of large wood habitat and with increasing discharge more
potential large wood habitat becomes available and does so in a complex spatial
manner. What results in this dryland river is a dynamic pattern of spatio-temporal
patchiness in large wood habitat availability that is seen both longitudinally among
different river zones and vertically among different heights in the river channel. Water
resource development impacts on this shifting habitat mosaic.

Projects undertaking both fish habitat assessment and rehabilitation need to carefully
consider spatial scale since the drivers of fish assemblage structure can occur at scales
well beyond that of the reach. Fish-habitat associations occurring at small spatial scales
can become decoupled by process occurring across large spatial scales, making
responses in the fish assemblage hard to predict. As rivers become increasingly
channelised, there is an urgent need to apply research such as that conducted in this
thesis to better understand the role that in-channel habitats play in supporting fish and
other ecosystem processes. Habitat rehabilitation projects need to be refined to consider
the appropriate scales at which fish assemblages associate with habitat. Failure to do so
risks wasting resources and forgoes valuable opportunities for addressing declines in
native fish populations. Adopting multi-scalar approaches to understanding ecological
processes in aquatic ecosystems, as developed in this thesis, should be a priority of
research and management. To do so will enable more effective determination of those
factors that influence riverine structure and function at the approariate scale.
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Fish in floodplain rivers: the importance of in-channel
habitats

Riverine landscapes are structurally and biologically complex, both spatially and
temporally (Ward et al. 2002). Early models of riverine structure and function
emphasised longitudinal (Vannote et al. 1980, Ward and Stanford 1983a) and
lateral (Junk et al. 1989) linkages between physical and biological factors
throughout the riverscape (a term used by Fausch et al. (2002) to describe the
riverine landscape). With respect to fish, lateral linkages have been particularly
emphasised and in many river systems throughout the world, there has been a
dominant paradigm linking fish spawning and recruitment to floodplain inundation
(Junk et al. 1989, Harris and Gehrke 1994). Flood pulse models consider inchannel habitats to be transitory routes throughout the riverscape, providing refugia
to fish during low flows and allowing them to persist between times when flooding
allows them to move onto the floodplain (Junk et a/. 1989). When the floodplain
becomes inundated by a flood pulse there is a boom in availability of planktonic
and terrestrial food sources for riverine fish and this is believed to increase the
survival of larval and juvenile life stages (Harris and Gehrke 1994). In dryland
rivers of the Murray-Darling Basin, well known for their extensive periods of low
flows and unpredictable floods (Puckridge et al. 1998, Thoms and Sheldon 2000a),
fish have adapted to extreme variability in flood-drought cycles (Unmack 1995,
Walker et al. 1995). Dryland river fish assemblages are resilient (cf Holling 1973)
to the boom-bust nature of these ecosystems (Sheldon 2005), and are believed to
persist in low numbers during extended droughts (busting) and rapidly recovering
(booming) after flooding (Lake 1995, Arthington et al. 2005). The flood pulse is
seen as a critical part in maintaining this resilience (Sheldon 2005), with riverine
structure shifting in response to flood pulses, thus resulting in an ever-changing
spatial and temporal dynamic mosaic of floodplain habitats (i.e. a shifting habitat
mosaic: Stanford et al. 2005).

Whilst the flood-pulse model is still relevant to the structure and function of many
floodplain rivers (e.g. Benke et al. 2000, King et al. 2003, Petry et al. 2003,
Arthington et al. 2005, Balcombe et al. 2005), there is evidence that floods and
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floodplains are only part of the story. Increasingly, emphasis is being shifted from
floodplains to the main channel, with in-channel habitats becoming recognised as
being important for all life stages of fish (Humphries et al. 1999, Dettmers et al.
200 1, King 2004). This is particularly relevant to floodplain river systems impacted
by flow regulation and the increasing disconnection between floodplain and inchannel habitats (Petts et a/. 1989, Dynesius and Nilsson 1994, Ward and Stanford
1995b, Thoms 2003, Thoms et a/. 2005). In the regulated Mississippi River (North
America), for example, many species use in-channel habitats as their permanent
residence and these habitats support a unique food web, satisfying the requirements
of all life-stages of fish and multiple trophic levels (Dettmers et a/. 2001).

In the Murray-Darling Basin, Australia, many fish species cany out their whole life
cycle during non-flood years. For short-lived fish species such as gudgeons
(Hypseleotris spp), crimson-spotted rainbowfish (Melanotaenia fluviatilis), bony
herring (Nematalosa erebi) and Australian smelt (Retvopinna semoni), their 2-6
year life-span is frequently exceeded by periods of drought when flows are
restricted within the channel. For these species, recruitment can occur during low
flow conditions and there is evidence from the Broken River, a tributary of the
Murray River (Victoria), that warm, still and shallow in-channel habitats are
important nurseries for the larvae and juveniles of several small-bodied species
(Humphries et al. 1999, King 2002, King et al. 2003, King 2004). Additionally, it
has been demonstrated that long-lived species such as golden perch (Macquaria
ambigua) and silver perch (Bidyanus bidyanus), once thought to be reliant of
flooding for recruitment (Lake 1967, Mackay 1973), are able to spawn and recruit
in the main channel during non-flood years in response to flow pulses (flows
contained within the channel) (Mallen-Cooper and Stuart 2003).

Rather than discrediting flood-pulse models, these findings have shown that the
emphasis on floodplain habitats needs to be reduced in order to acknowledge the
important function that in-channel habitats play in riverine ecosystems. The mainchannel can now be recognised as serving a more important role than purely being
refugia during periods of low productivity, or simply a transitory route to
floodplains (e.g. Junk et a/. 1989). Adopting such a view creates important research
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opportunities directed at addressing our limited understanding of the links between
habitat and fish within the main river channel. Such research is essential if we are
to improve our capabilities for manipulating and managing fish habitat in regulated
river systems to address the declines that have occurred throughout the world in
freshwater fish species diversity.

1.2.

Research needs regarding in-channel habitat in floodplain
river systems

The decline in species diversity of freshwater fish throughout the world is largely a
symptom of riverine habitat degradation (Allan and Flecker 1993, Abramovitz
1996, Kearney et a/. 1999). More than 20 percent of the world's known 10,000
freshwater fish species have been reported as either extinct, endangered or
threatened over the last two decades (Revenga et al. 2000) and these extinctions
have dramatically changed the composition of fish assemblages (Miller et a/. 1989,
Williams et al. 1989, Nehlson et al. 1991, Warren and Burr 1994, Arthington and
Welcomme 1995, Harris and Gehrke 1997, Galat and Zweimueller 2001a). For
example, large declines have been reported by Kaufman (1 992) in Lake Victoria in
Africa, which once contained one of the most diverse and endemic fish faunas in
the world, consisting of more than 350 species of cichlid. Over 50 percent of these
cichlid species have become extinct or have become extremely threatened since
1970, occurring in only very small populations (Kaufman 1992, Witte et a/. 1992).

There is a mis-match of scales at which fish habitat research and management is
conducted and the scales at which processes responsible for declines in fish
assemblages operate (Fausch et al. 2002). If this is not remedied then declines will
continue. Research has been limited in geographic scope, with most of our current
understanding of the structure and function of fish habitat in dynamic riverine
landscapes being conducted in temperate and tropical river systems, with very little
research being conducted in dryland systems (cf. Chapter 2, Lobb and Orth 1991,
Poizat and Pont 1996, Inoue et al. 1997, Lamouroux et a/. 1999, Parasiewicz 200 1,
Nanson et a/. 2002, Robinson et al. 2002). Past research has predominantly been
uni-scalar focussing on habitat associations at small spatial scales (e.g. microhabitat
or mesohabitat) (Chapter 2). Being able to view small-scale patterns in fish
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assemblages and in-channel habitat within the context of larger-scale patterns and
processes presents a challenge to research and management in large river systems
(Wiley et al. 1997, Cushman and McGarigal 2002, Fausch et al. 2002, Wiens
2002).

The procurement of knowledge is an essential step in managing and rehabilitating
in-channel habitats to arrest fish population declines (Bond and Lake 2003,
Treadwell and Hardwick 2004, Dudgeon 2005). Understanding the functional
linkages between environmental drivers and fish species distributions or abundance
patterns is essential for the design and evaluation of river rehabilitation programs
(Bond and Lake 2003). Many rehabilitation programs fail to meet their desired
objectives (Rutherford et al. 1998, Smokorowski et al. 1998) and a major
impediment to successful rehabilitation is the lack of quantitative ecological
information for many freshwater fish species (Maitland 1987, Allen et al. 1989,
Koehn and O'Connor 1990, Wager and Jackson 1993, Harris 1994, Harris 1995,
Koehn 1995, Morris et a/. 2001, Bond and Lake 2003, Treadwell and Hardwick
2004, Dudgeon 2005). A 'field of dreams approach' (i.e. 'build it and they shall
come') is often taken, whereby it is assumed that fish populations will respond
favourably if habitat features are restored to an area. Small-scale in-channel
rehabilitation projects (e.g. the re-introduction of large wood habitat) continue to be
conducted on a piecemeal basis with little acknowledgement of whether the scales
at which rehabilitation works are being applied are appropriate to the scales at
which fish respond to habitat gradients and human induced changes.

1.3.

The degradation of dryland river habitats

Most of our understanding on riverine structure and functioning is based on
temperate and tropical river systems. Over a third of the world's land surface can
be classified as dryland (Figure 2.7, page 37) and up to 70 percent of Australia can
be considered semi-arid to arid, with 83 percent of the total area of Australian
lowland rivers flowing through dryland regions (Thoms 2001). Dryland river
ecosystems are amongst the most threatened by human interference, but because of
the resilient nature of their biotic communities it is unlikely that the full impacts of
current levels of river degradation are apparent (Sheldon 2005). Unless action is
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taken to arrest the degradation of dryland riverine ecosystems, a catastrophic
collapse in the ecosystem functioning throughout the world is inevitable (Williams
1999, Sheldon et al. 2000).

Much of the degradation of dryland river systems has resulted from a long history
of water resource development and associated flow alterations (Bayley 1995). This
is illustrated in the Amu Darya and Syr Darya River systems that flow into the
land-locked Aral Sea in central Asia. Water diversions from the Amu Darya and
Syr Darya Rivers irrigate approximately 7 million hectares of dryland region, much
of it for the cotton industry (Kotlyakov 1997). The striking reduction of flows in
the Syr Darya after 1975 is apparent in the 20 year hydrograph presented in Figure
2.1 (page 18). The ecological impacts of these diversions are catastrophic. Once the
fourth largest lake in the world, the Aral Sea (fed by the Amu Darya and Syr Darya
River system) has shrunk in volume from 1090 km3 in 1960 to 305 km3 in 1993
(Micklin 1994) resulting in a 85 percent loss of reed habitat (CIP 1991) with
commensurate declines in invertebrate and vertebrate diversity in the lower deltas
of the Amu Darya and Syr Darya Rivers, including the extinction of 20 of the 24
fish species and 192 of the 200 macroinvertebrate species (Williams 1993, Micklin
1994, Kotlyakov 1997).

In Australia, few dryland rivers have escaped large-scale water resource
development (Thoms et a/. 2004b). In the Murray-Darling Basin in south-eastem
Australia (Figure 3.1 page 44) the dryland cropping industry consumes over 95
percent of all water used (Crabb 1997). In the Barwon-Darling River, for example,
between the years of 1988- 1993 a total of 189 GI of water was extracted from the
upper system and 21 3 Gl was diverted from the lower system (MDBC 1995). Both
the timing and magnitude of water extraction has affected the natural flow
variability in the Barwon-Darling River (Thoms and Sheldon 2000a). Along with
median daily flow reductions of up to 73 percent, there has been a 210 percent
increase in low flows coupled with a 60 percent reduction in high flows (Thoms et

a/. 2004b).
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The ecological implications of flow alteration in dryland rivers of the MurrayDarling Basin are evident. An extensive cyanobacteria bloom that affected over
1000 km of the Barwon-Darling River in 199 1 (the worlds largest blue-green algal
bloom on record) was a likely consequence of water resource development and a
clear sign of the deteriorating state of the Barwon-Darling River (Bowling and
Baker 1996). Within the Murray-Darling Basin, native fish populations are
currently estimated to be about 10 percent of pre-European settlement levels
(MDBC 2003), raising concerns over the current state and long-term survival of the
fish assemblage. Sixteen of the 35 native fish species in the Basin are officially
listed as threatened in either State or national legislation (Morris et al. 2001,
MDBC 2003). It has been acknowledged that under current levels of development,
fish populations cannot return to pre-European-settlement levels (Gehrke and
Harris 2004). The Barwon-Darling River has recently been listed as an endangered
ecological community (NSWF 2003) and a recent comprehensive survey of the fish
fauna of this river failed to collect 33 percent of the native fish species reported
from the area, with many iconic species such as Murray cod (Maccullochella peelii
peelii), freshwater catfish (Tandanus tandanus) and silver perch showing evidence
of declining abundance and distribution (Schiller et al. 1997, Gehrke and Harris
2004). Whilst native fish species have undergone reductions in both distribution
and abundance, introduced species such as carp (Cyprinus carpio) and gambusia
(Gambusia holbrooki) have become widespread not only in the Barwon-Darling
River, but also throughout much of the Murray-Darling Basin. Carp now contribute
more than 90 percent of total fish biomass in many rivers in the Murray-Darling
Basin (Faragher and Lintermans 1997) and are considered a major threat to the
future of the Basin's native fish stocks (Koehn 2004).

1.4.

Aims and thesis outline

Flood and flow pulses are seen as being critical to the ecological functioning of
large dryland river systems (Walker et al. 1995, Sheldon 2005, B u m et al. 2006). It
is not surprising then, that within Australia there has been a substantial number of
studies conducted in dryland river systems examining the relationship between
flood-pulse dynamics and plant community composition (e.g. Capon 2003),
floodplain habitat availability (e.g. Thoms et al. 2005), nutrient cycling (e.g.
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Glazebrook and Robertson 1999, Andersen et al. 2003, Thoms 2003) and fish
community composition (e.g. Puckridge et a,! 2000, King et al. 2003, Arthington et

al. 2005). With respect to fish assemblages, variability in flood-pulse dynamics is
believed to be important in maintaining resilience (Sheldon 2005), with flexibility
and trophic generalism being life history strategies which allow dryland river fish
to adapt to the boom-bust nature of ecosystem fbnctioning (Walker 1985). It is
becoming increasingly evident that floods only explain part of the complexity in the
structure and functioning of dryland river ecosystems. In-channel habitats satisfy
the habitat requirements of many fish throughout their entire life cycles (Humphries

et al. 1999, Crook et al. 2001, King 2004). In addition, there is evidence that
fluctuations in flow pulses are ecologically significant, being responsible for
important recruitment events for a number of long-lived native species (MallenCooper and Stuart 2003).

Whilst the effect of overbank flooding on the structure and function of dryland river
systems has been studied (e.g. Thoms 2003, Arthington et al. 2005), less attention
has been given to flow pulses that dominate the hydrological regime of many
dryland systems. In the Barwon-Darling River, it is natural for the largely incised
channel and predominance of low-flows to mean that floodplain inundation is
extremely rare (see Chapter 2 and Figure 2.2, page 23). It is likely that the
expansion and contraction of the river corridor below bankful discharge can
facilitate diversity in the habitat mosaic without the need for overbank flooding
(Tockner et a/. 2000). Whilst the dominance of flow-pulses is natural in the
Barwon-Darling River, water resource development has changed the magnitude,
frequency and duration of these flows (Thoms and Sheldon 2000a). By altering the
nature of the shifting habitat mosaic, human induced changes in flow variability
may result in declining habitat availability and diversity (e.g. Thoms et al. 2005),
which in turn has potential to cause declines in biotic integrity of dryland systems
(Williams 1999).

A greater understanding of how processes such as flow-pulse dynamics contribute
to the spatial arrangement and temporal availability of fish habitat within the main
channel of dryland rivers is a challenge. Insights gained from flow-pulse dynamics
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in large dryland rivers will assist in understanding the structure and function of
other rivers in which flood-pulses have become less frequent and can build on
current ecological constructs involving flood-pulse dynamics and habitat
configuration in river systems (e.g. the shifting habitat mosaic: Stanford et al.
2005), many of which are becoming less relevant to degraded floodplain river
systems. Knowledge of how flow-pulse dynamics shapes the structure of rjverine
habitats will potentially support the management and rehabilitation of habitats in
many river systems throughout the world. This is particularly important where the
ability to manipulate floodplain habitats for fish has become increasingly difficult
due to river regulation (Dynesius and Nilsson 1994).

Against this background the aim of this thesis is to investigate the spatial
arrangement of in-channel habitat and its association with the distribution of the
fish assemblage within one of Australia's larger dryland river systems; the BarwonDarling River. The Barwon-Darling River is 2740 krn long in a catchment
encompassing 650,000 krn2, making it of similar size to the Colorado River in
North America (length: 2225 krn, catchment: 280,000 krn2) and the Orange-Vaal
River in South Africa (length: 2,092 km). The assessment of fish-habitat
associations in rivers as large as these can be problematic because investigative
scales need to be chosen that encompass the often large home ranges of fish
inhabiting large rivers (Chapter 2, Fausch et al. 2002) whilst maintaining a degree
of sampling resolution sufficient for detecting patchiness in the spatial distribution
of both fish and habitat. Previously the ability to conduct research into riverine
structure and function has been enhanced by the view that lotic systems are
organised within a hierarchy of nested spatial and temporal scales (Allen and Starr
1982, Frissell et al. 1986, O'Neill et al. 1986, Schumm 1988, Wiens 1989, De Boer
1992). Our understanding of the structural complexity of rivers is increased when a
hierarchical framework is integrated with patch dynamics (cf. White and Pickett
1985, Pringle et al. 1988). Rivers have been recognised as a collection of largerscale patches that encompass a myriad of finer-scale patches (Wu and Levin 1994,
Forman 1995). Patch structure at any particular scale is shaped by both bottom-up
processes mediated by the structure and function of component patches and topdown constraints mediated by the context provided by encompassing patches
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(Poole 2002). Water is the primary factor driving the dynamic nature of patch
mosaics in rivers, continually changing patch size, quality, context and connectivity
in space and time (Wu and Levin 1994, Pickett et a/. 1999, Stanford et a/. 2005).

All these concepts have contributed to the current multi-dimensional view of
riverine structure and function (Ward 1989) and it was my aim to integrate many of
these concepts when designing a framework to investigate in-channel habitat
structure in the Barwon-Darling River. When doing this, it was clear that scale had
to be a primary consideration (Wiens 1989, Menge and Olson 1990, Levin 1992,
Home and Schneider 1995, Poizat and Pont 1996, Inoue et a/. 1997, Bult et al.
1998, Mason and Brandt 1999, Crook et a/. 2001). Fish respond to patch
heterogeneity over a range of spatial scales (Schlosser 1991), with habitat patches
at each scale acting as a series of landscape filters controlling fish distribution (Poff
1997). For example, a fish may first select a suitable reach of river, followed by
suitable mesohabitats within that reach, and finally suitable microhabitats (Kramer
et a/. 1997). Because of the scale-dependent nature of fish habitat selection, the

scale of measurement chosen will dictate how patterns in the riverscape are
perceived (Levin 1992). Thus, multi-scalar analyses of fish habitat use have
considerably more interpretive power in this regard than uni-scalar studies (e.g.
Hawkins et a/. 1993, Crook et al. 2001, Tejerina-Garro and De Merona 2001,
Reichard et a/. 2002).

Based on the previous considerations of hierarchy theory, scale and patch
dynamics, a spatially explicit hierarchy encompassing both geomorphologically
and ecologically derived scales (Thoms et al. 2004a) was used to conceptualise the
nested nature of in-channel habitats and define the sampling design used in this
thesis (Chapter 3). This involved the spatial scales of geomorphological zone, river
reach and mesohabitat. Whilst mesohabitat has featured extensively as a scale of
interest in studies of fish distribution (see Appendix 1 and 2 for both MurrayDarling Basin and international examples, as well as: Lobb and Orth 1991, Gehrke
1992, Hawkins et al. 1993, George et a/. 1996, Bult et a/. 1998, Inoue and
Nunokawa 2002, Magalhaes et al. 2002b, Reichard et al. 2002, Eros et a/. 2003,
Growns et a/. 2003b, Petry et a/. 2003, Rosenberger and Argermeier 2003), few
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studies have placed these patterns within the context of intermediate spatial scales
such as reaches and geomorphological zones (although see Inoue et al. (1997) for
an exception).

The ability to place small-scale patterns of fish assemblages and in-channel habitat
within the context of larger-scale patterns and processes is a challenge currently
facing research and management in large river systems (Wiley et al. 1997,
Cushman and McGarigal 2002, Fausch et al. 2002, Wiens 2002). In this thesis, this
challenge is met by not only addressing some of the knowledge gaps that exist for
dryland river fish in the Murray-Darling Basin at the mesohabitat scale (Chapter 4
and 5), but also importantly expanding the scope of research across reaches and
larger geomorphological zones (Chapter 6). By doing this the gap will be bridged
between patterns occurring at small scales and those occurring at larger river and
catchment scales, which have largely been the focus of recent (e.g. New South
Wales Rivers Survey and Integrated Monitoring of Environmental Flows: Harris
and Gehrke 1997, Chessman and Jones 2001) and are still the focus of current (e.g.
Sustainable Rivers Audit: MDBC 2004a) fish assessment programs conducted
throughout south-eastern Australia. By bridging small and large spatial scales, the
research will address many of the gaps in the current understanding of habitat
organisation within large dryland rivers. This will be achieved by applying current
theoretical constructs in ecology which profess the need to take a continuous view
of riverscapes when researching and managing fish habitat (e.g. Fausch et a/.
2002).

A top-down approach will be used that incorporates data from the bottom-up. That
is, although patterns at particular spatial scales will be defined based on finer-scale
component patches (e.g. the fish assemblage and habitat composition of reaches),
patterns will also be examined in relation to the context provided by larger-scale
patches (e.g. within and among zones). Firstly, differences in fish assemblage
composition among mesohabitat patches nested within river reaches will be
described (Chapter 4) as will the variability of these associations throughout the
die1 period (Chapter 5). Both a bottom-up and top-down approach will then be used
to describe patterns in fish-habitat association across reach and zone scales
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(Chapter 6). That is, a bottom-up approach will be used to examine spatial
variability among reaches based on their component mesohabitat patches and fish
assemblage composition, whilst a top-down approach will be used to examine
spatial variability among reaches within the context of their encompassing zones. It
is the aim to determine whether fish assemblage composition throughout the study
area is more strongly influenced by bottom-up processes mediated by the
organisation of mesohabitat patches comprising reaches, or by top-down processes
mediated by the context provided by encompassing zones. This is extremely
important in determining at which spatial scales processes operate to control fish
assemblage distribution and therefore has important implications for the way inchannel habitat rehabilitation programs are designed.

Chapters 4 through to 6 describe the habitat template that exists during low-flow
conditions that exist for the majority (>90 percent) of the time. It has been
acknowledged, however, that flow-pulses can add a dynamic nature to this template
and are likely to have important ecological implications for fish. To examine how
flow-pulse dynamics affects the habitat template in a hydrologically variable river
like the Barwon-Darling River, actual and modelled hydrological data will be used
to describe changes in the habitat template through time and to quantify how water
resource development has impacted on this (Chapter 7).

Chapter 8 will provide a synthesis of the thesis, examining the key findings of each
chapter and discussing what conceptual advances have been made in the way we
understand flow-pulse dynamics and the structure and function of in-channel
habitat within large dryland river ecosystems. Furthermore the results will be
discussed with the aim of critiquing the framework applied in this thesis and
providing suggestions of ways to further strengthen fish habitat assessments in
large dryland rivers. Finally consideration will be given to improving the design,
implementation and evaluation of river rehabilitation programs, with specific
recommendations made regarding the Barwon-Darling River, which has recently
been selected for a $2.56 million habitat rehabilitation trial.

T H E
t A i I A
F
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Introduction

Landscape ecology considers the influence of the spatial organisation of physical
features on ecological patterns and processes (Turner 1989, Wiens et al. 1993).
Landsape ecology has long been entrenched in the way we view fluvial systems, as
illustrated by the comment of Hynes (1975): 'In every respect, the valley rules the
stream.' There has been a significant evolution in how riverine structure and
function is percieved, with each new concept adding further dimension and
complexity to our perception of these systems. Well cited examples include
concepts such as the River Continuum Concept (Vannote et al. 1980), the Serial
Discontinuity Concept (Ward and Stanford 1983a) and the Flood Pulse Concept
(Junk et al. 1989). All three display differing degrees of applicability between
different river systems at different spatial scales. Theories of patch mosaics,
connectivity, scaling and hierarchy have all provided insights that have allowed the
different concepts of riverine ecology to be integrated and expanded and have
advanced the way we link structure and function in riverine systems (Poole 2002,
Wiens 2002).

The growth of landscape ecology in river science and the subsequent integration of
knowledge across the disciplines of hydrology, geomorphology and ecology
(Thoms and Parsons 2002) has changed the way we design and implement fish
habitat research and management. The purpose of this literature review chapter is to
draw together key threads of conceptual and empirical information that have
significantly influenced the way fish habitat assessments have been carried out. In
addition to the literature cited within this review, data obtained from a metaanalysis of 142 studies assessing fish-habitat associations were used to highlight
how the theories discussed have been applied to fish habitat assessments. The metaanaylsis was also used to determine the geographical scope of past empirical
research and to determine where future research is required. This review concludes
with a discussion of how generic models and approaches used in the past may have
to be adapted when addressing future research needs regarding fish habitat
assessment in rivers.
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2.2.

Meta-analysis methods

For the meta-analysis, an initial literature search was conducted using Cambridge
Scientific Abstracts (CSA); an electronic database composed of a number of subdatabases such as Aquatic Sciences and Fisheries Abstracts (1971-current) and
Ecology Abstracts (1982-current). Search terms used included: 'fish', 'habitat',
'river' and a combination of these. Bibliographies of these papers were then used as
a secondary source of other relevant papers. An attempt was made to include all
Australian fish-habitat association studies (published in both refereed journals and
reports) because of their relevance to this thesis. Final searches of Cambridge
Scientific Abstracts using the keywords 'arid', 'desert' and 'dryland' were
conducted in an attempt to find more studies located in dryland regions. Of all the
papers considered 142 articles could be considered empirical research into fish
habitat use and were included in the meta-analysis. While most studies were of inchannel habitat, 20 studies included off-channel habitats such as lakes or billabongs
(isolated pools on the floodplain) and five studies were conducted in artificial
channels that were manipulated by the researcher. A table summarising the metadata can be found in Appendix l .

The variables of interest for the meta-analysis were:

Year ofpublication;
Rationale - the reason stated for conducting the research;
Location

-

continent in which the study was conducted and if in Australia,

whether it was: lowland (<300m above sea level), slopes (300-700m as]),
montane (>700m asl), inland draining or coastal draining;
System type

-

classification of the study area as either in-channel, lake,

storage, off-channel (e.g. billabong) or artificial channel;
Climate - the Koppen Climate Classification System (Figure 2.7, page 37),

which is based on annual and monthly averages of temperature and
precipitation, was used to classify the river systems studied as being from
either tropical, dryland, temperate or cold climates;
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Spatial scale investigated

-

the spatial scale(s) that the fish-habitat

associations were described;
Sample resolution - the smallest spatial scale at which fish were sampled;
Site length - the approximate length of river reach within which replicate

samples were taken;
Site selection

-

whether multiple sites were stratified in the landscape

randomly or in a hierarchical way;
Sampling methodology - the gear type used, with specific information

regarding the type of electrofishing and number of passes;
Species studied - whether the study foucsed on a single or multiple species

and whther the study included salmonids.

2.3.

The view of riverscapes

2.3.1.

The multidimensional nature of riverine corridors

Riverine ecosystems are multidimensional in structure, with heterogeneity
occurring in the longitudinal (upstream to downstream), lateral (between in-channel
and floodplain), vertical (between hyporheic and in-channel) and temporal (through
time) dimension (Ward 1989). Recent ecological concepts have emphasised the
strength of these directional vectors to differing degrees. The River Continuum
Concept (Vannote et al. 1980) emphasises longitudinal connectivity in rivers and
the predictable change in the physical and biological character from a river's source
to its downstream sections. The Serial Discontinuity Concept of Ward and Stanford
(1983a) applied the River Continuum Concept to rivers impacted by dams,
suggesting they break longitudinal connectivity thus creating distinct physical and
biological zones along a rivers length. Both the River Continuum Concept and the
Serial Discontinuity Concept are applicable to constrained rivers where
longitudinal linkages are strong, but are less appropriate to river systems where
lateral and vertical linkages contribute significantly to the structure and function of
the river corridor.
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The Flood-Pulse Concept (Junk et a/. 1989) adds a lateral dimension to riverine
systems by highlighting the importance of the in-channel and floodplain connection
driven by the flood pulse. The Flood-Pulse Concept emphasises the importance of
seasonal floodplain inundation to fisheries production in large unregulated rivers
(Junk et al. 1989).

According to the Flood-Pulse Concept, high ecosystem

productivity is maintained by the seasonal use of floodplain habitats and food
sources by fish and invertebrates (Junk et a/. 1989). This concept appears to be well
supported in large tropical rivers, where it was developed, where regular and
predictable flooding (Figure 2.1) is conducive to the synchrony of seasonal flood
pulses and the recruitment of fish in floodplain habitats (Fernandes 1997,
Winemiller and Jepsen 1998, Graaf 2003, Winemiller and Kelso-Winemiller 2003).
This temporal component adds another dimension to riverine ecosystem structure
and function (Ward 1989).

The applicability of the Flood-Pulse Concept to dryland rivers has been questioned
on the basis that these systems do not display the same degree of seasonality and
predictability of flood pulses as tropical rivers (Walker et a/. 1995, Eggleton and
Schramm 1999) (Figure 2.1). Because of the episodic and unpredictable nature of
floodplain inundation in dryland rivers, many fish species in these rivers are not
reliant on the availability of floodplain habitats (Humphries et a/. 1999, Closs et a/.
2006). This does not imply that fish avoid floodplain habitats should they become
available. Evidence of the opportunistic use of floodplain habitat by fish in the
Cooper Creek was noted by Arthington et a/. (2005). Following recent floods in the
Cooper Creek, 11 of the 12 native fish species known of the area were found on the
floodplain, with some occupying habitats tens of kilometres away from the nearest
channel (Arthington et al. 2005). As flood waters subside and connections between
floodplain billabongs become fragmented, the diversity of the fish assemblage
declines (Arthington et al. 2005). This response indicates that there is a strong
temporal component to fish assemblage composition related to the degree of
isolation of nearby waterholes and the shifting habitat mosaic (Arthington et a/.
2005).

2. Literature review

40000

10000

, Mekong (tropical)

.

Mississippi (temperate)

18

300000

,4000

, Amazon (tropical)

,Danube (temperate)

Time

Figure 2.1. 16-20 year hydrographs (based on monthly averages) demonstrating contrasting levels
of flow variability from rivers in different climatic regions. Discharge is shown for Mekong River in
Laos 1948-1963; Amazon River in Brazil 1928-1947; Mississippi River in USA 1935-1954;
Danube River in Romania 1921-1940; Syr Darya in Kazakhstan 1959-1978; Barwon-Darling River
in Australia 1985-2004; Paroo River in Australia 1985-2005; Cooper Creek in Australia 1946-1957.
Cooper Creek data from NRM (2005), Barwon-Darling and Paroo River data from DIPNR (2004),
all other data from SHI and UNESCO (1 999). Refer to Figure 2.7 for location of rivers.
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As floodplain habitats become increasingly alienated from in-channel habitats as a
consequence of river regulation (Petts et al. 1989, Dynesius and Nilsson 1994,
Ward and Stanford 1995b, Thoms 2003, Thoms et al. 2005), it is likely that
processes related to the Flood-Pulse Concept are also becoming less applicable to
regulated temperate rivers. As fish have less of an opportunity to move into
floodplain habitats, the role that in-channel habitats play in satisfying the
requirements of all life-stages of fish is being increasingly emphasised (e.g.
Dettmers et al. 2001, King 2004). Recent research conducted in the regulated
Mississippi River (North America) has shown that most fish species in this river
use in-channel habitats as a seasonal or permanent residence, rather than as purely
as a migration route (Dettmers et al. 2001). All trophic levels were reported within
the main channel of the Mississippi River, indicating that in-channel habitats
supported a unique food web (Dettmers et al. 2001). Dettmers et al. (2001) strongly
advocate that more attention needs to be given to the role that in-channel habitats
play in supporting fish assemblages in large temperate rivers.

It has been hypothesised that inundated floodplain habitats provide suitable habitat
and food resources to drive recruitment in Murray-Darling Basin fish species
(Flood Recruitment Model: Harris and Gehrke 1994). Recent studies conducted in
the Broken River (Victoria), however, have begun to question the applicability of
the Flood Recruitment Model to many fish species in the Murray-Darling Basin
(Humphries et al. 1999, King 2002, King et al. 2003, King 2004). For some fish
species the Low-Flow Recruitment Hypothesis has been put forward as an
alternative to explain the ability of some fish species to recruit in non-flood years
by using in-channel habitats during low flows (Humphries et a/. 1999). This
hypothesis proposes that the survivorship of small-bodied species such as gudgeons
(Hypseleotris spp), crimson-spotted rainbowfish (Melanotaenia fluviatilis) and
Australian smelt (Retropinna semoni) during low-flow conditions is enhanced in
warm and shallow in-channel habitats where larvae and juveniles encounter high
densities of prey (Humphries et al. 1999). The Low-Flow Recruitment Hypothesis
relies on the availability of suitable low flow habitats and there is empirical
evidence to support this in the rivers of the Murray-Darling Basin (King 2004).
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For many fish species of the Murray-Darling Basin, the use of floodplains is now
believed to reflect the opportunistic use of suitable habitat, rather than a
requirement for survival (Graham and Harris 2004). Although flow pulses may be
an important trigger for spawning in golden perch and silver perch (Lake 1967,
Mackay 1973), these do not necessarily have to result in floodplain inundation (i.e.
flood pulses) for successful recruitment to occur (Mallen-Cooper and Stuart 2003).
The general lack of either main-channel or off-channel habitat specialists in the
Murray-Darling Basin (Closs et al. 2006) is likely to be due to the unpredictable
nature of flood pulses in most rivers of the Murray-Darling Basin, as well as the
recent marine origins of most of the Basin's fish fauna (Puckridge et al. 1998,
Gehrke and Harris 2000,2004, Graham and Harris 2004, Closs et al. 2006).
2.3.2.

Dynamic patch mosaics

Whilst the River Continuum (Vannote et a/. 1980), Serial Discontinuity (Ward and
Stanford 1983a) and Flood-Pulse Concept (Junk et al. 1989) have all influenced
current understanding of riverine structure and function, they do not account for the
overall structural complexity displayed by river systems. The concept of patch
dynamics (Pringle et a/. 1988, Forman 1995) recognises spatial complexity in
riverine systems that can not be accounted for by viewing rivers in four dimensions.
Accordingly, riverine landscapes (i.e. riverscapes) are composed of a collection of
interacting patches or elements whose surface areas differ in character from their
surroundings (Pringle et al. 1988, Turner 1989, Wiens 1995, Wiens 2002). The
quality of patches, their spatial arrangement and the degree of connectivity between
them define the habitat mosaic and influence the movement of resources and
organisms throughout the riverscape (Ims 1995, McGarigal and McComb 1995).
Fish for example select or avoid habitat patches based on their quality relative to
nearby patches (Fausch 1984, Schlosser and Angermeier 1990, Pusey et al. 1993,
Hughes 1998). Not all patches are equal, therefore fish will not be randomly
distributed throughout the riverscape, rather they will be clustered around patches
of suitable habitat (Kramer et a/. 1997).

Riverscape mosaics are dynamic entities, with patch size, quality, context, spatial
arrangement and connectivity changing in space and time in response to
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disturbances (Wu and Levin 1994, Pickett et a/. 1999, Stanford et a/. 2005). The
flow regime is a major determinant of the dynamic nature of a river's patch mosaic
and therefore the availability of habitat and biotic composition (Poff et al. 1997,
Arthington and Zalucki 1998, Arthington and Pusey 2003, Stanford et al. 2005).
Variability in the frequency, magnitude and duration of both flow and flood pulses
within and between years result in the expansion and contraction of the river
corridor, continually connecting and fragmenting (reducing or eliminating: Kotliar
and Wiens 1990) habitat patches. Stanford et al. (2005) describe this phenomenum
as the shifting habitat mosaic of river ecosystems. Central to this concept is that
habitat patches within a riverscape tend to persist, despite the spatial organisation
changing overtime in response to flow levels (Stanford et al. 2005).

Associations between hydrological connectivity and the dynamic patch mosaic
have important implications for river management. Water resource development
has artificially increased the dominance of in-channel flow pulses by decreasing the
occurrence of overbank flood pulses in rivers globally (e.g. Dynesius and Nilsson
1994). However, the variability, magnitude and duration of flow pulses have also
changed in many rivers. In the Murray River (south-eastem Australia) the release
of water from headwater dams and subsequent control of its conveyance
downstream by low-level weirs has not only changed the seasonal pattern of flow in
the river, but also reduced the natural expansion and contraction of the river
corridor (Cottingham et al. 2001). River regulation in the Murray River system has
the potential to change the frequency and duration of connectivity of in-channel
littoral zones and backwaters that provide important nursery habitats for native fish
(King 2004). Alteration of the flow regime in the Murray River has had significant
ecological impacts (Walker et al. 1995), with changes noted on the size structure of
several species of the fish assemblage, whilst increases in the proportion of
introduced species have been observed (Gehrke et a/. 1995).

The Barwon-Darling River, is a system that is dominated naturally by flow-pulses
because of the largely incised nature of its river channel (Figure 3.3 page 48) and
its highly variable flow regime (Thoms et a/. 2004b). Thus, for most of the time
flow is confined to lower levels within the channel. Expansion and contraction of
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the river corridor does occur frequently, but are rarely of a magnitude to breach the
bankfull channel (Figure 2.2). Water resource development in the Barwon-Darling
River has dramatically changed the magnitude, frequency and duration of flow
pulses in this river (Thoms and Sheldon 2000a). Of particular note has been the
210 percent increase in low flows, coupled with a 60 percent reduction in large-size
flow pulses (Thoms et al. 2004b). The dynamic nature of the patch mosaic in
dryland rivers is likely to be responsible for maintaining the resilience of biotic
communities. It will allow them to recover from extended periods of drought
(Sheldon 2005). By altering the nature of the shifting habitat mosaic, human
induced changes in flow variability run the risk of reducing habitat availability and
diversity (e.g. Thorns

el

al. 2005) and potentially damaging the biotic integrity of

dryland systems (Williams 1999).
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Day (from 1919-1997)

% of time that discharge is equalled or exceeded

Figure 2.2. (a) Hydrograph of the Banvon-Darling River at Walgett (Dangar Bridge Gauging
Station - No. 422001) for the period of 1919-1997. Note: data are modelled under current water
resource development conditions. Data source: QLD DNR IQQM. (6) Flow duration curve based on
daily discharge at the Dangar Bridge Gauging Stalion. Data source: NSW DIPNR.
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Spatial scaling and hierarchical patch dynamics

Heirarchical patch dynamics (Wu and Loucks 1995) is a principle that attempts to
integrate concepts of patch dynamics with ecological patterns and processes at
multiple hierarchical scales (Allen and Starr 1982, Frissell et al. 1986, O'Neill et a/.
1986, Wiens 1989, Hawkins et al. 1993, Fausch et al. 2002, Wiens 2002). Within a
patch hierachy, a patch defined at a larger spatial scale is an almalgam of patches of
smaller scales (Wu and Levin 1994, Forman 1995) (Figure 2.3). Pattern and
processes that occur at larger scales constrain patch structure and process at smaller
scales. An example of this top-down constraint is the influence of valley trough
confinement on velocity and depth in reaches within the valley (Thorns et al. 1999).
Bottom-up influences occur pattern and processes at finer scales are recognised at
larger scales. An example of this bottom-up influence is the accumulation of inchannel large wood within a reach changes the hydraulic characteristics and
geomorphic processes occurring at the reach scale (Hughes and Thorns 2002).

An application of hierarchy theory within riverscapes is the classification scheme
of Frissell et al. (1986) (Table 2.1). This framework highlights physical boundaries
or levels of organisation that persist over characteristic spatial scales. At the top of
the hierarchy are river systems that persist over relatively large spatial scales and at
lower levels there are segment, reaches, pools-riffles, with the smallest level of
resolution being microhabitats. The conceptual framework described by Frissell et
al. (1986) was developed in small upland rivers of North America. Variations on

this framework have arisen through the application of this concept to other rivers
throughout the world (e.g. Rosgen 1994, Wadeson and Rowntree 1994, Irnhof et al.
1996, Brierley et al. 1999, Parsons 2001, Thoms et al. 2004a). Although subtle
differences between frameworks may exist regarding the levels of organisation and
the magnitude of spatial and temporal scales, they all follow the same principle of
conceptualising physical habitat using a hierarchy of organisation.

Thoms et al. (2004a) applied a hierarchical classification scheme to describe the
scale-specific geomorphology of rivers within the Murray-Darling Basin (Table
2.2). The frameworks described by Thoms et al. (2004a) and Frissell et al. (1986)
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vary slightly in their definition of levels or organisation, reflecting differences in
the size and order of the rivers they were designed for (Table 2.2).

For rivers within the Murray-Darling Basin, the largest scale shown in the
geomorphological hierarchy is the catchment, with river systems (including both
in-channel and floodplain habitats) nested within this (Thoms et al. 2004a). The
functional process zone (hereafter referred to as the zone for brevity) is the next
level in the hierarchy and is analogous to the reach system of Frissell et al. (1986).

It describes the association between the valley trough and the river channel, a
relationship that has long been recognised as important to lotic ecosystems (Hynes
1975). Valleys exert control over the river channel, either confining it to a narrow
corridor or allowing it to flow unconstrained over floodplains (Church 1992). The
degree of valley constraint controls to what degree depth and velocity respond to
changes in flow, and has important implications for sediment transport and
therefore habitat formation (Bisson and Montgomery 1996, Thoms et al. 2004a).
The zone sets the context that constrains the geomophological character of reaches
nested within it. Reaches are therefore defined as repeatable lengths of river within
a zone with similar bed slope, channel style and sediment regimes (Thoms el al.
2004a). Heterogeneous patches of habitat that form component elements of reaches
(e-g. pool/riffles, large wood, billabongs, macrophyte beds) are referred to as
mesohabitats. Each mesohabitat can be further broken down into its component
finer scale elements referred to as microhabitats. The surface texture of bark on
submerged pieces of large wood and the localised differences in hydraulic character
that its branches create are both examples of microhabitats.
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Figure 2.3. A patch hierarchy showing the relationship between encompassing and component patches and the top-down and bottom-up processes that span them. Multiscalar studies have the capacity to bridge multiple scales and have more interpretive power than uni-scalr studies in delineating patterns and processes that bridge scales and
interact with biotic assemblages. Modified from Poole (2002).
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Table 2.1. Conceptual framework of the hierarchical organisation of riverscapes. This framework

highlights how each level of organisation persists over distinct spatial and temporal scales. Adapted
from Frissell et al. (1986)
System level

Definition

Spatial
scale
(m)

Capacity
time scale
(years)

River
system

All surface water in a watershed

Segment
system

Portion of a river system flowing through a single
bedrock type and bounded by tributary junctions
and major waterfalls

1o2

lo4 - lo3

Reach
system

Length of a river segment lying between breaks in
channel slope, local side slopes, valley floor width,
riparian vegetation and bank material

10'

lo2 - 10'

PooVriffle
system

Reach subsystem with characteristic bed
topography, water surface slope, depth and velocity

lo0

l o 1- lo0

Microhabitat
system

Patches within poollriffles with relatively
homogeneous substrate, water depth and velocity

10.'

l o 0 - lo-'
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Table 2.2. A comparison of the classificalion system of Frissell el al. (1986) for small rivers in the

USA and that of Thoms et al. (2004a) for large rivers within the Murray-Darling Basin. The

organisational framework as applied throughout the meta-analysis was based in that of Thoms ef a/.
(2004a).
Frissell et a/.
1986

River system

Thoms et al.
2004a

Spatial scales used to characterise fish-habitat
association studies during the meta-analysis

Catchment

Catchment:

Area of the primary catchment

River system

River:

River channel and floodplain
from its source to its mouth

Functional
process zone

Zone:

Lengths of river with similar
discharge and sediment
regimes and that can be
defined from major breaks in
slope and from river and
floodplain style

River reach

Reach:

Repeated lengths of river
within a zone with similar
channel style

Mesohabitat:

Homogenous structural
features within a river reach;
e.g. poollriffles, instream
wood, billabongs, macrophyte
beds

Microhabitat:

Patches within mesohabitats
with discrete substrate type,
water depth and velocity

Segment system
Reach system

Functional
channel sets
Functional units

PooVriffle system

Microhabitat

Mesohabitat
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Understanding how habitat patches at different scales are arranged within
riverscapes is important when assessing fish habitat, as the desirability of a
particular patch of habitat to fish may be reliant on the context of the patch or the
patch's metastructure (Ims 1995, Kramer et al. 1997, Crook et al. 2001, Fausch et
a/. 2002). Although hierarchical patch dynamics in riverscapes is a conceptual

construct designed to aid researchers, it has been hypothesised that fish may also
view riverscapes in a hierarchical way: selecting a suitable reach of river, followed
by suitable mesohabitats within that reach, and finally suitable microhabitats
(Kramer et al. 1997). This hierarchical form of decision making is best described as
a process whereby physical habitat at different scales act as a series of landscape
filters controlling the distribution of fish (Poff 1997).

Spatial scale should therefore be carefully considered when studying how biota
respond to spatial heterogeneity (Wiens 1989, Menge and Olson 1990, Levin 1992,
Home and Schneider 1995, Poizat and Pont 1996, Inoue et a/. 1997, Bult et al.
1998, Mason and Brandt 1999, Crook et al. 2001, Scheurer et a/. 2003). The chosen
scale of measurement dictates how the ecosystem is viewed (Levin 1992) and the
perceived distribution of an organism and its apparent habitat associations. These
will vary with scale (Allen et a/. 1993, Bult et a/. 1998). Therefore, conducting fish
habitat assessments over inappropriate spatial scales increases the risk of either
failing to detect or drawing inaccurate conclusions regarding fish-habitat
associations (Wiens 1995, Holbrook et al. 2000).

Heirarchical patch dynamics has been applied by ecologists as a way of identifying
an 'appropriate' scale at which to investigate a particular set of patch dynamics
(Poole 2002). Usually a single scale within the hierarchy is investigated. This trend
is reflected by the meta-analysis, where the majority of studies reviewed (63
percent) were uni-scalar (Appendix 1). Most studies focussed on smaller spatial
scales (i.e. micro and mesohabitat) (Figure 2.4), with few researchers placing their
findings in the context of larger regional or river scales. A significant driving force
behind this trend has been the use of Instream Flow Incremental Methodology

(IFIM: Bovee 1982). IFIM approaches, such as Physical Habitat Simulation
(PHABSIM), generate preference models, most commonly for salmonids in upland
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rivers (e.g. Nehring and Anderson 1993, Johnson et a/. 1995, Hatfield 2000).
PHABSIM is data intensive and involves surveying microhabitat variables (e.g.
depth and velocity) associated with jndjvidual fish rather than sampling multiple
fish from discrete habitat patches. The requirement of large amounts of data must
be traded-off with the ability to survey at multiple spatial scales.

Approaches that sample larger-scale habitat units for fish rather than individual fish
for microhabitat variables greatly increase the ability to conduct fish-habitat
assessments across large geographical scales (e.g. Persat and Copp 1990, Vadas
and Orth 1993). An example of this is MesoHABSIM (Parasiewicz 2001), a
variation of PHABSIM that replaces intensive microhabitat mapping over small
reaches with mesohabitat mapping over whole river sections. Although
MesoHABSIM was primarily developed for small rivers, its general approach of
data acquisition at the meso-scale is equally valid for larger rivers. Surveying
meso-scale attributes (e.g. large wood, pools and different bank characteristics) is
significantly less data intensive than surveying with micro-scale resolution, and as
such larger stretches of river (such as I-lOkm) can easily be surveyed within a day
(Parasiewicz 200 1).

Multiple-scale studies have been applied less frequently in fish habitat assessments
(37 percent of studies identified in the meta-analysis). Although there is growing

appreciation of the merit of assessments that link patches at different scales (e.g.
Hawkins et a/. 1993, Crook et a/. 2001, Tejerina-Garro and De Merona 2001,
Reichard et al. 2002). A multi-scalar approach that appreciates a river's nested
nature allows the spatial scales at which organisms associate with their
environment to self-emerge (Parsons et al. 2004) and allows the logical and
functional trans-scalar linkages to be ascertained more easily (Wiens 1989).

There are numerous examples where the interpretive power of fish habitat
assessments has been greatly increased by applying a multiple-scale design. A
study by Crook et al. (2001) in the Broken River (Murray-Darling Basin) showed
that whilst the overall association between golden perch and large wood appeared
weak, this was because of the avoidance of large wood pieces in shallow riffle
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sections. Failure to consider fish associations with large wood in the context of
pools and riffles would have masked the strong association between golden perch
and large wood in deeper pools (Crook et al. 2001). Similarly, Arthington et a l
(2005) found that patterns in fish assemblage composition in dryland river
billabongs of Cooper Creek (south-westem Queensland, Australia) could not be
adequately described by considering small spatial scales in isolation (i.e.
mesohabitats such as holes and large wood within waterholes). It was evident that
the degree of connectivity between billabongs across large spatial scales was also
an important factor mediating fish assemblage composition (Arthington et al.
2005). Both these studies again emphasise that spatial heterogeneity at a variety of
spatial scales is functionally important to fish distribution.

Of the reviewed studies that used multiple-scale approaches, 62 percent of these did
not place their findings within the context of spatial scales beyond the reach scale.
For instance, Bult et al. (1998) used a multiple-scale approach to study habitat
selection by a Atlantic Salmon (Salmo salar) in a Canadian river. The maximum
scale investigated, however, was no larger than several times the mean river width
and the generality of the findings to other reaches would be questionable.

Being able to describe biological responses across the different scales of
riverscapes is considered to be critical for the advance of fish ecology and
conservation. Processes occurring at these larger scales (e.g. connectivity within
and between rivers) constrain the composition of fish assemblages (Poff 1997,
Fausch et al. 2002). Central to this notion is the Dynamic Landscape Model of
riverine fish life history proposed by Schlosser (1991) and later revised by
Schlosser and Angenneier (1995). This model merges riverine fish ecology with
landscape ecology and acknowledges that patches of river habitat are
fundamentally connected at larger spatial scales. The connection between habitat
patches at different spatial scales is driven by the high mobility of many fish
species and the ontogenetic shifts in habitat use that occur during their life history
(Ims 1995, Schlosser and Angermeier 1995). It therefore follows that processes
operating across whole riverscapes are of importance to riverine fishes (Poizat and
Crivelli 1997) and that if we are to effectively understand the way fish associate
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with their habitat, it is necessary to take a view of rivers that bridges small,
intermediate and large spatial scales (Fausch et a/. 2002). Recent research of fish
migration in lowland rivers of the Murray-Darling Basin reports both localised and
large-scale movements of fish (Figure 2.5). Most evidence of fish movement across
intermediate and larger scales comes from remote tracking of fish movements using
telemetry or trapping fish that are migrating through fishways. This body of
research shows that many species move beyond micro and meso-scales throughout
their lifetime, utilising habitat over intermediate reach and zone-scales and even
over larger river-scales. For example, golden perch have demonstrated localised
movements (Crook 2004) as well as large scale, upstream movements over more
than lOOOkrn (Reynolds 1983). It can also be seen that intermediate and larger
spatial scales have received the least amount of research in Australia and
throughout the world (Figure 2.5). If a riverscape view of rivers that bridges small,
intermediate and large spatial scales is to be obtained, a shift in emphasis away
from data intensive research at the microhabitat scale will be required to enable
replication across larger spatial scales such as the reach and zone.

Faced with limited resources researchers rarely have the ability to investigate all
spatial scales and therefore there must be a trade-off between the smallest
resolution possible (grain) and the largest scales that can be detected (extent). The
assessment of fish-habitat associations in large rivers can be problematic because
scales need to be chosen that encompass both the behaviour of the organisms under
investigation (Collins and Glenn 1997, Cooper et al. 1998), as well as the large
geographical extent of these rivers together with finer scale patchiness that can
exist in the habitat mosaic. Scales of research need to be chosen that are relevant to
the assemblage being studied (Crook et al. 2001), with spatial scales of little
relevance removed from analysis. Unfortunately, inappropriate scales often do not
become apparent until they are analysed and patterns of ecological organisation are
allowed to self-emerge from the dataset (Oweill et a!. 1986).
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Figure 2.4. The spatial scales adopted in the studies reviewed as part of the meta-analysis. (a)
Reported length of sampling site; (6) the largest spatial scale at which fish and habitat were
associated (i.e. extent); and (c) the scale at which fish were sampled (sample unit).
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Figure 2.5. The range of spatial scales over which dryland river fish of south-eastem Australia are
believed to move during their lifetime (excluding larval drift), as shown by the black bars. The
column graphs demonstrate the number of reviewed studies (from the meta-analysis) conducted at
each scale both internationally (white) and in Australia (striped). Full species names are given in
Table 3.1. The white arrow highlights the intermediate and larger scales that are under represented
in the literature. Sources: a) Llewellyn 1973, b) Davis 1977, c) Beumer 1979, d) Cadwallader 1979,
e) Backhouse and Frusher 1980, f ) Reynolds 1983, g) Lloyd and Walker 1986, h) Lloyd 1990, i)
Gehrke 1992,j) Mallen-Cooper and Harris 1993, k) Mallen-Cooper 1994, 1) Mallen-Cooper et a/.
1995, m) Koehn 1996, n) Koehn and N icol 1998, o) Crook et a/. 200 1, p) Mallen-Cooper 200 1, q)
Baumgartner 2003, r) Balcombe and Closs 2004, s) Crook 2004.
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Fish habitat assessments: where has research been done
and where is it required?

Many of the concepts regarding fish habitat use have been developed in small
temperate northern hemisphere rivers (Lobb and Orth 1991, Poizat and Pont 1996,
Inoue et al. 1997, Lamouroux et al. 1999, Parasiewicz 2001). This view is
supported by the results of the meta-analysis. Over the past 20 years there has been
a large increase in the number of fish-habitat association studies appearing in the
scientific literature (Figure 2.6). North America is the largest source of this
research, with 50 percent of all reviewed papers being from this continent (Figure

2.6). In comparison, only 19 percent of reviewed studies were from Europe, 19
percent from Australia, 6 percent from South America, 3 percent from New
Zealand, 2 percent from Asia and 1 percent from Africa.

Most research (57 percent) has been conducted in temperate climate regions
(Figure 2.6). Studies from cold climate regions (predominantly salmonid research:
see Appendix 1) made up 24 percent of reviewed studies, whereas tropical climate
regions contributed 10 percent of all studies. It has been suggested that the
prevalence of ecological research in temperate regions is a direct result of the fact
that most ecologists throughout the world live in those areas (Davies et al. 1994).
Only 9 percent of the reviewed studies were conducted in dryland rivers (Figure

2.6), despite the fact that about one-third of the world's landmass can be classed as
semi-arid or arid (Figure 2.7). The geographic fragmentation of research, as well as
the prevalence of temperate region research and lack of dryland region research,
was apparent across all continents (Table 2.3).

Within the Murray-Darling Basin of south-eastern Australia (Figure 3.1 page 44) a
variety of projects conducted in lowland reaches (<300m above sea level) have
contributed to the current understanding of fish habitat use (Appendix 2). However,
the information available is geographically limited in scope and knowledge gaps
exist for many species. In general, the vast majority of knowledge has been
developed from studies in temperate, southern areas of the Murray-Darling Basin,
in particular the Murray River and its tributaries such as the Ovens River and
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Broken River (Figure 3.1 page 44) (Appendix 2). As a result, the utility of the
insights gained into fish-habitat associations throughout the Basin must be
tempered by the lack of geographical scope of the systems studied.

pre
1985

19861990

19911995

19962000

20012004

Figure 2.6. The number of studies in the meta-analysis that were conducted in different: (a) years;
(b) geographic locations and; (c) climatic regions.

Figure 2.7. World climatic map using the Koeppen Climate Classification System used to classify river systems in the meta-analysis. Labels refer to the rivers whose
hydrographs are presented in Figure 2.1: M=Mississippi River, USA; D=Danube River, Romania; A=Amazon River, Brazil; SD= Syr Darya River, Kazakhstan;
ME=Mekong River, Laos; C=Cooper Creek, Australia; P=Paroo River, Australia; BD=Banvon-Darling River, Australia. Adapted from original map by F A 0 - SDRN Agrometeorology Group - 1997.
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Table 2.3. Prevailing climatic condition of reviewed studies presented by continent (based on

climatic map shown in Figure 2.7).
Climatic region (number of studies)
Tropical

Temperate

Dry land

Cold

North America

1

41

12

27

Europe

1

27

3

5

Australia

6

24

3

0

New Zealand

0

2

0

2

Asia

1

0

0

2

Africa

1

0

0

0

Continent
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Conclusion: Putting theory into practice to guide fish
habitat assessment in large dryland rivers

The recent application of landscape ecology to river research has brought with it
significant conceptual advances in the way we associate fish and habitat in large
floodplain rivers (Wiens 1995, Fausch et a/. 2002, Wiens 2002). There is an urgent
need to use landscape ecology concepts to develop systematic fish habitat
assessment approaches, because a lack of knowledge regarding the basic habitat
associations of many freshwater fish species throughout the world is seen as a
major hindrance to the development of appropriate rehabilitation strategies to arrest
fish population declines (Maitland 1987, Allen et a/. 1989, Koehn and O'Connor
1990, Wager and Jackson 1993, Harris 1994, Harris 1995, Koehn 1995, Morris et
a/. 2001, Bond and Lake 2003, Treadwell and Hardwick 2004, Dudgeon 2005).

Due to the extensive geographic area of large river systems, developing methods
that characterise fish-habitat associations at appropriate spatial scales has proven to
be been problematic (Thomson et al. 2001). Scales of investigation need to be
chosen that encompass the often large home ranges of fish inhabiting large rivers
(Fausch et a/. 2002) whilst maintaining a degree of sampling resolution sufficient
for detecting patchiness in the spatial distribution of both fish and habitat. Many
previous fish habitat assessment studies have been uni-scalar and have been
critisised for investigating only small spatial scales with little ecological relevance
(Essington and Kitchell 1999, Maddock 1999, Mason and Brandt 1999, Crook et a/.
2001, Hawkins et al. 1993, Bult et a/. 1998). The lack of approaches that allow
patterns of fish-habitat association to be described across intermediate and larger
spatial scales is seeen as a major hinderance to the effective conservation of habitat
and delining fish stocks in large rivers (Wiley et al. 1997, Cushman and McGarigal
2002, Fausch et a/. 2002, Wiens 2002).

The meta-analysis has shown that significant advances in recent decades have been
made to the way we conceptualise scale-dependent patterns of fish and habitat
within riverscapes. Moving beyond our current level of understanding will require
that empirical data be collected to support and further develop these theoretical
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models across different ecological systems and different scales. Insights into fishhabitat associations have most widely been obtained over small spatial scales.
Recent insights gained from landscape ecology suggest that the small, uni-scalar
approaches are unlikely to be appropriate when trying to understand how fish and
habitat associate across large riverscapes such as many of the large dryland rivers
of the world. There appears to be merit in using multiple-scale designs built upon a

geomorphologically-derived hierarchy to bridge small, intermediate and large
spatial scales in large rivers. Whilst, ideally this would involve sampling complete
and continual sections of river channel (Fausch et al. 2002), this is often not
possible in large river systems. Geomorphological classification schemes such as
that described by Thoms et al. (2004a) for large dryland rivers can provide a
meaningful framework with which to design fish habitat assesments. For instance,
randomly replicating reaches within functional process zones may serve as an
adequate way of describing zones that are generally too geographically large to be
comprehensively studied in their entirerity.

Most of our understanding of fish-habitat associations throughout the world and in
the Murray-Darling Basin is based on research conducted in rivers in temperate
regions (Figure 2.6 and Appendix 2). This raises serious concern as to the
transferability of current ecological understanding on fish-habitat associations to
most rivers throughout the world. As mentioned, about one-third of the world's
landmass can be classed as dryland and 83 percent of the total area of Australian
lowland rivers flow through dryland regions (Thoms 2001). Dryland rivers display

a large degree of hydrological variability and this variability must be incorporated
into any ecological assessment of dryland systems (Sheldon 2005), including
assessments of patterns in fish habitat use. Researchers have cautioned of
transferring concepts that have been developed in temperate and tropical systems to
dryland river systems (Walker

el

al. 1995, Nanson et a/. 2002) and consequently,

inferences made regarding scale-dependent patterns of fish and the habitat mosaic
must be tempered by the limited spatial scope at which research has been
conducted. If our understanding is to encompass a diversity of freshwater systems,
it is crucial that the scope of research be expanded to include dryland river systems.
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In the Murray-Darling Basin, this will involve testing the applicability of many of
the insights gained from study of temperate rivers in the southern Murray-Darling
Basin to large dryland rivers elsewhere in the Basin. Recent fish surveys conducted
in the Murray-Darling Basin (e.g. New South Wales Rivers Survey (NSWRS:
Harris and Gehrke 1997) and the Integrated Monitoring of Environmental Flows
project (IMEF: Chessman and Jones 2001)) have made significant contributions to
our understanding of spatial differences in fish assemblages across large spatial
scales such as catchments and river systems in south-eastem Australia. For
instance, the NSWRS described assemblage-based differences across large
geomorphic regions based on differences in altitude (montane, slopes and lowland)
(Harris and Gehrke 1997). The recent adoption of a comprehensive monitoring
program in the Murray-Darling Basin (Sustainable Rivers Audit, SRA: MDBC
2004a) will ensure continued monitoring of catchment-scale trends in fish
assemblage throughout the foreseeable future. What is required is multiple-scale
research at the mesohabitat, reach and zone scale that can be used to integrate the
catchment-scale insights gained from these large-scale fish surveys with
information that exists at smaller micro and mesohabitat scales throughout the
Basin (such as that presented in Appendix 2).

There has been study into the hydrological connection of floodplain habitats in
natural and regulated systems (e.g. Heiler et a/. 1995, Tockner and Schiemer 1997,
Galat et a/. 1998, Michener and Haeuber 1998, Arthington et al. 2005, Thoms et a/.
2005) with flooding being an important driving factor to the dynamic habitat
mosaic of floodplain rivers (Stanford et a/. 2005). It has also been acknowledged,
however, that in many systems impacted by river regulation and water resource
development, floodplain inundation is becoming increasingly rare (Ward and
Stanford 1995b, Thoms et a/. 2005). In such rivers it is vital that we understand
how variability in the flow pulse maintains connectivity of a diverse range of inchannel habitats for fish. The study of large rivers for which highly variable flow
pulses dominate naturally, such as the Barwon-Darling River, could provide
significant insight into how we manage in-channel habitats in rivers that have
become increasingly isolated from their floodplains.
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Study area: The Barwon Darling River

The Barwon-Darling River is one of Australia's larger dryland rivers, draining an
area of 650,000 km2 within the Murray-Darling Basin (Figure 3.1), which in turn
covers 1,061,469 km2; equivalent to 14 percent of Australia (Crabb 1997). The
Macintyre, Barwon and Darling Rivers are the same continuous channel; named the
Macintyre River upstream of Mungindi, the Barwon River downstream to the
Culgoa confluence; and, the Darling River for the remainder of its length until the
confluence with the Murray River. The Barwon-Darling River follows a relatively
straight course for much of its length because of the significant structural influences
of the underlying basement rock (Thoms et a/. 2004a). The total length of the
Barwon-Darling River from Mungindi to its confluence with the Murray River at
Wentworth is 2740 krn. The major tributaries of the Barwon-Darling River draining
from the north include the Culgoa, Warrego and Paroo, and from the east the
Gwydir, Namoi and Macquarie Rivers.

3.1.1.

Hydrology

The Barwon-Darling River flows through areas where semi-arid to arid conditions
predominate, thus making it a dryland river (Thoms and Sheldon 2000a) (Figure
2.7 and Figure 3.2). The river is allogenic, deriving most of its tributary input from
beyond the semi-arid zone in the relatively well-watered upper catchment.
Transmission losses occur along the length of the Barwon-Darling River as a
downstream reduction in tributary input does little to offset the high rates of
evaporative loss. A major consequence of transmission losses is a downstream
reduction of channel size in the Barwon-Darling River (Thoms et al. 2004a). The
opposite occurs in large tropical and temperate lowland rivers, where there is
generally a downstream increase in discharge and channel widening and deepening
(Lotrich 1973, Hocutt and Stauffer 1975, Horwitz 1978, Evans and Noble 1979,
Pusey and Kennard 1996). Whilst the Barwon-Darling river is unregulated
upstream of the Menindee Lakes, there are a number of low-level weirs along its
length to supply town water. The mopst notable of these weirs are at the towns of
Brewarrina, Bourke and Louth.
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Figure 3.1. The Murray-Darling Basin showing the Banvon-Darling River system (green) and the
Murray River system (yellow).
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Although dryland rivers in the Munay-Darling Basin are subject to large floods by
world standards (McMahon et al. 1992), low-flow conditions predominate. The
Barwon-Darling River at Menindee ceased flowing 48 times between 1885 and
1960, with one event lasting for 378 days (Crabb 1997). The Banvon-Darling
River, however, is hydrologically one of the most variable in the world (Puckridge
et al. 1998) and low-flows are punctuated by occasional flooding events that

inundate the extensive areas of semi-arid floodplain. Discharge in the BarwonDarling River has been reported to vary from between 0 percent to 91 1 percent of
the long-term average (Walker 1986). Figure 2.2 (page 23) shows the extreme
hydrological variability of flows in the Barwon-Darling River, highlighting the
predominance of low-flows and rarity of floodplain inundation.

3.1.2.

Geomorp hology

The Barwon-Darling River is a 'wash load' system with a low gradient, high
sinuosity, low stream power and highly cohesive river bank materials and an
extensive floodplain (Thoms et a/. 2004a). Like many dryland rivers (Reid 2002),
the Barwon-Darling River is highly turbid and has high suspended sediment loads
supplied from a sparsely vegetated semi-arid catchment (Figure 3.2). In the
Barwon-Darling River, 95 percent of sediment transported is in suspension (Olley
and Caitcheon 2000). The Barwon-Darling River channel has an incised channel
(Figure 3.3) and has a relatively simple low-flow channel structure. Increased
structural diversity occurs at higher stages with the presence of in-channel benches,
bars, flood runners and anabranches (Sheldon and Thoms 2004, Thoms et al.
2004a, Thoms et al. 2005).

The Banvon-Darling River can be divided into lengths of river referred to as
functional process zones (Thoms et a/. 2004a). Four functional process zones
(referred hereafter in this thesis as zones) have been identified along the BanvonDarling River between Mungindi and Tilpa (Thoms in press) (Figure 3.5).
Identified from an extensive multivariate analyses of 800 river channel cross
sections, each zone has a distinct bankfull cross section size, complexity, shape and
downstream behaviour (Thoms in press), producing stream powers and sediment
yields characteristic of each zone (Thoms et al. 2004a). In Zone 1 between
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Presbury and Collarenebri bank full cross section area increases downstream. This
is in contrast to Zone 2 (Collarenebri-Brewarrina) where cross section areas
decrease downstream. Zones 3 (Brewarrina-Bourke) and 5 (Bourke-Louth) have a
relatively constant bankfull area but the latter is 50 percent larger. In Zone 4
(Bourke-Tilpa), the channel decreases in size with distance downstream.

3.1.3.

Fish asserrrblage

A total of 30 species of fish have been recorded within the Barwon-Darling River
system and its tributaries (Gehrke and Harris 2004) (Appendix 3). Of these, 23
species from 10 families are native and seven species have been introduced from
other continents (Gehrke and Harris 2004). All native species, with the exception of
bony herring (also found in Papua New Guinea) are endemic to Australia (Gehrke
and Harris 2004), reflecting the continent's long period geological isolation
(Unmack 2000). Because of the small number of endemic species, some have
suggested that dryland rivers of the Murray-Darling Basin have an impoverished
assemblage (Allen et a/. 1989). Whilst species number is low when compared to
regions such as the Amazon River which contains 1500-2000 species, the species
count is actually comparable with rivers of similar length and discharge (Gehrke
and Harris 2000). The Barwon-Darling River system, for instance, contains 23
native species from a catchment of 650,000 km2 (Gehrke and Harris 2004), whereas
the Colorado River in North America contains 36 native species for a catchment of
632,000krn2 (Carlson and Muth 1989).

Of the 30 species reported for the Banvon-Darling River system, only 12 native
species and three introduced species are likely to occur within the study area
between Mungindi and Tilpa (Table 3.1). This list was compiled by reviewing
current species distributions using historic and current fisheries data (records
collected between 1993 and 2005 from the New South Wales Department of
Primary Industries Freshwater Database) as well as Australian Museum records
(cited in Morris et a/. (Morris et al. 2001). A full list detailing what is currently
believed to be the distribution of Barwon-Darling River fish species is presented in
Appendix 3.
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Figure 3.2. Aerial photo of the Barwon-Darling River showing the expansive semi-arid floodplain
and thin riparian strip (Photo: Neil Sims).
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Figure 3.3. The Barwon-Darling River near Walgett. This photo shows the river corridor restricted
to the lower stages of a largely incised channel (Photo: Mark Southwell).
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Table 3.1. Fish species expected to occur in the Barwon-Darling River study area, including notes
on their likely occurrence and distribution.

Common Name

Scientific name

Likely occurrence and distribution

Australian smelt

Retropinna semoni

Common; widespread

Bony herring

Nelnatalosa erebi

Common; widespread

Crimson-spotted
rainbowfish

Melanotaenia fluviatilis

Common; more likely in upper reaches

Fly specked hardy head

Craterocephalzis
stercusmuscarum

Rare; isolated and patchy distribution
upstream of Bourke

Freshwater catfish

Tandanus tandanus

Likely; patchy distribution

Golden perch

Macquaria am bigua

Common; widespread

Lakes carp gudgeon
Midgley's carp gudgeon
Western carp gudgeon

Hypseleotris spp.

Likely; widespread

Murray cod

Maccullochella yeelii peeli

Common; widespread

Silver perch

Bidyanus bidyanus

Rare; isolated and patchy distribution

Spangled perch

Leiopotherapon unicolor

Common; more likely in upper reaches

Carp

Cyprinus catpio

Common; widespread

Gambusia

Gambusia holbrooki

Common; widespread

Goldfish

Carassius aurattrs

Common; widespread

Native

Introduced
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Study design

3.2.1.

Scales under investigation and layout in the riverscape

The spatial variability in fish-habitat associations at multiple scales was assessed
using a hierarchical design. The geomorphologically derived design consisted of
three nested spatial scales: zone, reach and mesohabitat (Figure 3.4). Each of these
scales is described in detail in Chapter 2. The zone was chosen as the largest scale
in the spatial hierarchy. The zone describes the association between the river
channel and its valley (Thoms in press) and four zones (described in section 3.1.2)
are located within the study area (Figure 3.5).

A reach is a repeatable length of river channel with similar channel style nested
within a zone (Thoms et a/. 2004a). It is at the reach scale that most fish-habitat
association studies sample (Imhof et al. 1996). Because zones are generally too
large geographically to be comprehensively studied in their entirety, reaches serve
as representative replicates. In the present study three reaches per zone were
randomly selected, giving 12 reaches in total (Figure 3.5). This ensured that reaches
were representative and unbiased, while maintaining a balanced number of reaches
among the zones. Five of the 12 reaches (reaches 3 , 6 , 7 , 11, 12) were selected from
existing New South Wales Department of Primary Industries (Fisheries) sites that
had been randomly selected as part of previous projects (New South Wales Rivers
Survey and Integrated Monitoring of Environmental Flows). In the majority of
studies reviewed in Chapter 2, the reach sampled was less than 500 m in length
(Figure 2.4 page 33). In the present study a reach length of 10 krn was necessary to
obtain the required level of replication of each mesohabitat patch, reflecting the
large distances that mesohabitat patches repeat over throughout the BanvonDarling River

Mesohabitat was the finest level of resolution of interest in the present study
(Figure 3.4). During low-flow conditions, a small variety of mesohabitat patches
have the potential to provide habitat for fish. A scoping trip to the Banvon-Darling
River prior to this study identified a total of six discrete low-flow, mesohabitat
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types (Table 3.2, Figure 3.6): large wood; three edgewater features: smooth bank,
irregular bank and matted bank; and two open water features: mid-channel and
deep pools. Riffle sections are absent from most of the Barwon-Darling River
although depth does fluctuate between deeper pools on the outside of meanders and
long constant depth sections of open water. Ten replicate locations were selected
for each mesohabitat type in order to maximise the dispersal of patches throughout
the reach, within the constraints of the actual distribution of these patches. This
gave a total of 60 separate sampling locations.
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Figure 3.4. Hierarchical design used in the present study showing the three scales of spatial
organisation that were used to study fish-habitat associations within the Barwon-Darling River (4
zones x 3 reaches x 6 mesohabitat types). 10 replicate electrofishing shots were performed for each
each mesohabitat type (giving 10 distinct sampling patches for each type of mesohabitat). The
approximate spatial scales that each of these levels occur at in the present study are also given.
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Figure 3.5. Location of study reaches nested within geomorphological zones (identified by Thorns
(in press) in the Barwon-Darling River.
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Table 3.2. Description of mesohabitat patches that provide potential habitat to fish in the Banvon-

Darling River during low-flow conditions
In-channel features

Large wood

Description
Whole trees, branches and root masses (Stevens 1997), no longer
rooted to the ground but may still be living (Gurnell et al. 2000),
minimum dimensions of l m in length and 0. l m in diameter (Gippel
el a/. 1996, Marsh et al. 1999). Traditionally referred to in the
literature as coarse or large woody debris

Mid-channel

Middle of channel; slow-moderate velocities; moderate depth (13m); no hydraulic refuge or structural complexity

Deep pool

Discrete portion of the mid-channel with increased depth (3-6m)
relative to remainder of the channel; slow velocities; typically
associated with channel scour on meander bends

Matted bank

Bank with exposed roots of riparian trees; typically associated with
irregular/erosional banks; instream cover provided by roots;
undercut banks may also be present due to uneven erosion; shallow
(<l m); slow velocity

Lrregular bank

Bank with a roughed bank-water interface due to irregular erosion of
bank or underlying bed rock; shallow (<lrn); some cover provided
by uneven surface

Smooth bank

Smooth bank-water interface; low relief; shallow (<lm); slow
velocity; primarily fines or sand substrate; often associated with
bars.
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Figure 3.6. In-channel features that provide potential habitat to fish in the Barwon-Darling River
during low-flow conditions: a) smooth bank, b) matted bank, c) irregular bank, d) large wood, e)
open water habitat either being mid-channel or deep pool.
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Overview of fieldwork
The objectives and specific research questions of each chapter are addressed using
the fieldwork program are displayed in Figure 3.7. Phase 1 involved the main
round of daytime fish sampling at all 12 study reaches (outlined in section 3.4.1)
and was used to collect fish assemblage and length-frequency data to characterise
fish-habitat associations at the mesohabitat, reach and zone scales (Chapters 4 and
6). Phase 2 involved a separate round of fish sampling throughout the diel period
conducted at three reaches (outlined in section 3.4.2). Phase 2 involved sampling
10 replicates of each mesohabitat patch during the day and the night and was used

to characterise diel shifts in fish-habitat associations (Chapter 5). Phase 3 involved
the quantification of low-flow habitat composition at all 12 study reaches (outlined
in section 3.5) and these data were used to describe the river-scale distribution
(among reaches and zones) of mesohabitats and to explore the interaction between
spatial gradients in fish assemblage composition and mesohabitat composition
among reaches (Chapter 6). Phase 4 involved a detailed survey of large wood
habitat within the channel of all 12 reaches (outlined in section 3.6). This survey
was used to describe the inundation dynamics of in-channel large wood and how
this affects its availability and the patch mosaic through time (Chapter 7). Data
obtained from phase 4 were also used to assess the impact of water resource
development on connectivity and availability of large wood habitat (Chapter 7).

C h 4. Mesohabitat use by
riverine fish

Ch 5. Diel variation in
mesohabitat use by riverine
fish

C h 6. Fish assemblage and
mesohabitat composition among
reaches and zones

Ch 7. Flow pulse dynamics: habitat
availability and the impact of water
resource development

Define the mesohabitat
associations of fish within
reaches

Describe size-related shifts in
mesohabitat associations

Describe variation in fish assemblage
and mesohabitat composition among
different reaches and zones

a) Investigate the inundation dynamics of
in-channel large wood and its affect on
large wood availability within the main
channel, and b) Quantify the affect of
water resource development of the
availability of large wood habitat.

4. How does fish assemblage
composition differ among reaches
and zones?
5. How does mesohabitat
composition differ among reaches
and zones?
6. Is there an interaction between fish
assemblage composition and
mesohabitat composition among
reaches and zones?

7. How does flow variability influence the
the inundation dynamics and availability
of large wood within the river channel?
8. How has water resource development
(through its impacts on natural flow
variability) changed the inundation
dynamics and availability of in-channel
large wood and has this impact been
consistent among zones?

.
+

"

I

1. How does fish assemblage
composition differ among
smooth bank, matted bank,
irregular bank, large wood,
deep pool and mid-channel
habitats?
2. Do the mesohabitat
associations of a species
change with body size?

3. 1s there an interaction
between body size and die1
period with regard to

tPhase 2:
Phase 1:
daytime fish sampling
4 zones
3 reaches per zone
6 mesohabitats per reach
I0 boat electrofishing
replicates per mesohabitat
no temporal replication

die1 fish sampling
I zone
3 reaches per zone
5 mesohabitats per reach
* I0 boat electrofishing shots
per mesohabitat
paired day and night
sampling

Phase 3:
mesohabitat surveys within lowflow channel
4 zones
3 reaches per zone
6 mesohabitats per reach
at reach scale determine: %cover of
smooth, matted, irregular bank; count
of large wood; median channel depth

m
Phase 4:
large wood survey
4 zones
3 reaches per zone
all large wood contained within channel
surveyed
variables measured: vertical position
within channel, structural complexity,
length, breadth

-

Figure 3.7. Conceptual diagram showing the relationship maong chapters, objectives, research questions and the fieldwork program.
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Fish sampling

3.4.1.

Daytime boat electrofishing and fish handling

For the investigation of fish-habitat associations between mesohabitats, reaches and
zones (Chapters 4 & 5) and to investigate ontogenetic differences in habitat use
(Chapter 6), fish sampling was conducted once at each of the 12 study reaches
(Figure 3.5) between November 2001 and March 2002 and during daylight hours.
Sampling was conducted during spring to summer, to coincide with the time of
maximum fish sampling efficiency (Harris and Gehrke 1997). During this sampling
period river flows were characteristic of the predominant low-flow hydrological
regime of this river.
Fishing was conducted using a five metre, twin-hulled aluminium boat mounted
with a 7.5 kW Smith-Root Model GPP 7.5 H/L electrofishing unit. Two Wisconsin
array anodes, each with 6 stainless steel cable droppers were suspended from the
bow and two cathodes attached to the sides of the hull, thus creating a semihemispherical underwater electric field. One operator was in charge of positioning
the boat and anodes and controlling the electrofishing settings whilst two netters
stood at the bow and controlled the flow of electricity into the water and removed
immobilised fish. Pulsed (120 pulses per second) direct electrical current (DC) was
used because DC has a reduced tendency to produce strong and harmful muscular
contractions in fish compared with alternating current (Snyder 2003) and is
subsequently recommended by the Australian Code of Electrofishing Practice
(Anon 1997). All other electrofishing settings were not standardised and were
adjusted based on operator judgement in order to maximise catch efficiency from
sampled habitats. Mid-range water conductivities between 94 to 628 @.cm-' were
encountered throughout the study. This range is well within the effective sampling
range of boat electrofishing and minimal increases in voltage were required to
maintain a consistent level of amperage as conductivity increased.

Electrofishing was conducted with a single pass in an upstream direction, with
intermittent pulsing carried out for 2 minutes (total elapsed time) as the boat was
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moved adjacent to the mesohabitat feature (Figure 3.8a). The current was switched
on for 10 seconds as the boat was advanced slowly, then turned off until the boat
had moved 1 boat length, at which time the process was repeated until 2 minutes
was indicated on a stop watch. If a fish was immobilised, the electrical current was
maintained until the fish was successfully netted. Operations at adjoining
mesohabitat patches were spaced enough to ensure independence of samples.

Fish immobilised by the electrical current were dip-netted from the water using
3mm mesh nets on a 400mm by 400mm net head and placed in a live well until
each 2 minute operation was completed. Fish were then identified, inspected for
abnormalities and their length measured. All fish were returned to the water alive.
Fork lengths, to the nearest millimetre were measured for species with forked tails
and total length for all other species. Immobilised fish positively identified but
which could not be removed from the water were recorded as having been observed
and were included in the total catch for statistical analysis.

3.4.2.

Diel electrofishing

To test for differences in fish-habitat associations between day and night (Chapter
5), paired fish surveys were conducted during day and night at three study reaches
in February 2004 during a full moon. It was initially anticipated that four of the
existing 12 study reaches (one from each zone) would be sampled, however
increases in flow through the upper and middle Barwon-Darling River reaches
forced the use of the two most downstream sites in the study region, plus the
addition of a further site downstream of these (Figure 3.9). The revised study
design used to test for die1 differences in fish-habitat associations is outlined in
Figure 3.10.

The boat-mounted electrofishing technique described in section 3.4.1 was used for
both day and night surveys, with the observation of immobilised fish at night aided
by eight spot lights mounted on the front of the electrofishing boat (Figure 3.8b).
Night sampling commenced one hour after dusk and was completed prior to dawn
the following day. Ten replicates were performed at each mesohabitat patch as
before, however, because fish-habitat association analysis in Chapter 4 found no
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difference in fish assemblage composition between deep pool and mid-channel
habitats, the design was simplified by considering deep pools and mid-channel
habitats as a single "open water" habitat. This left a total of ten replicates at five
mesohabitat patches. The location of each mesohabitat replicate was chosen at
random and marked by a reflective stake and a GPS coordinate was recorded so
that the same location could be relocated for repeat sampling. Half of the replicates
for each mesohabitat patch were randomly chosen for sampling during the day first,
and the remaining replicates were sampled during the night first, a process aimed at
removing any confounding effects that repeated sampling at the same locality has
on the independence of samples (Bohlin and Cowx 1990). A further attempt was
made to reduce the effects of repeated sampling on sample independence by
allowing three full 24-hour periods to elapse before a locality was resampled.

3.4.3.

Flow conditions and water quality during electrofishing

All electrofishing was conducted during low-flow conditions. Data on river flow at
each reach at the time of sampling was obtained from the nearest New South Wales
Department of Natural Resources river gauging station. Across the entire sampling
period, river discharge ranged from 10.9 to 113.3 MI day-' (mean h S.E.= 57.6

*

18.3 MI day-'). These flows correspond to a range between the 96Ih and ~ 4 ' ~
percentile flow (mean i S.E.= 9othpercentile h 2 percentiles), as determined using
current flow duration curves for each gauging station.

Water temperature, conductivity, pH, dissolved oxygen concentration and turbidity
were measured once per reach, per sampling period with a Horiba U10 Water
Quality Checker (Horiba Ltd., Japan). These readings were not used in the analysis
but were used to gauge electrofishing efficiency, guide the operator in choosing the
appropriate electrofishing settings and for historic archiving in the New South
Wales Fisheries Freshwater Database. Throughout the entire sampling period,

* S.E.= 26.3 % 0.9 "C),
conductivity from 94 to 620 pS cm-' (313 i 48 pS cm-'), pH from 7.4 to 8.6 (8.1 *
water temperature ranged from 17.4 OC to 28.9 OC (mean

0. l), dissolved oxygen concentration from 3.6 to 8.1 mg 1.' (6.1 h 0.4 mg I-'), and
turbidity from 113 to 560 FTU (31 6

94 FTU).
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Figure 3.8. (a) Daytime and (6) night-time electrofishing of ~nesohabitatsin the Barwon-Darling
River. Two dipnetters were actually used during the fish sampling.
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Bogan R.

0 Study reach
Town

- Barwon-Darling River

- Tributary

Figure 3.9. Location of 3 study reaches used for die1 comparisons of size related fish-habitat
associations in the Barwon-Darling River.
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Figure 3.10. Sub-set of the study design used to test for diel-differences in fish-habitat associations
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Justification of fish sampling methods and related assumptions

Electrofishing is the most commonly used method for fish-habitat association
studies throughout the world (Figure 3.12a), with backpack-mounted unit followed
by boat-mounted unit being the most widely applied metods (Figure 3.12b). Boatmounted electrofishing was used in the current study because the depth of water
sampled precluded the use of a back-pack mounted unit. Like all fish sampling
methods, boat electrofishing is not without its associated biases (Miranda and
Schramm 2000). These biases were carefully considered before determining the
sampling approach best suited to achieving the objectives of the current study.
3.4.4.1.

Estimatingfish assemblage composition

The fish-habitat associations presented in this thesis rely on the assumption that the
sampling method used provided an adequate estimation of fish assemblage
composition. The phrase "assemblage composition" refers to the total abundance of
all species present at the scale of investigation (mesohabitat, reach or zone). In the
present study, trained operators performed boat electrofishing during low-velocity,
low-flow conditions. Under these circumstances, it has been suggested that
electrofishing is one of the most efficient and least selective sampling gears
(Faragher and Rodgers 1997, Magalhaes et a/. 2002a). Electrofishing, however, can
be biased against the capture of small-bodied fish and this may effect estimates of
fish assemblage composition (Zalewski 1985, Zalewski and Cowx 1990, Dolan and
Miranda 2003). This is not believed to be a valid concern in the present study since
catches of small-bodied species such as crimson spotted rainbowfish (Melanotaenia
fluviatilis) and Australian smelt (Retropinna semoni) have been previously reported
for boat electrofishing in the Barwon-Darling River (Schiller et al. 1997). In
addition to this, pulsed DC of 120 Hz frequency has been used because frequencies
of this magnitude increase the ability to capture small-bodied fish, therefore
ensuring a broader range of species are captured (Kolz et al. 1998). It is conceded
that larval fish cannot be sampled with electrofishing and their study is outside the
scope of this thesis.
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The fish sampling method used in this thesis was based on the electrofishing
protocol of the New South Wales Rivers Survey (NSWRS: Harris and Gehrke
1997) and the Sustainable Rivers Audit Pilot (SRA Pilot: MDBC 2004b), in the
sense that all three studies used the same electrofishing vessel (although additional
vessels were also used in the NSWRS and SRA Pilot), all sampled the BarwonDarling River, all used single-pass fishing in an upstream direction, no block nets
were used and intermittent pulsing for 2 minutes elapsed time was carried out.
From the SRA Pilot it was concluded that electrofishing alone provided good
estimates of fish assemblage composition within a reach relative to all gear types
(boat and backpack electrofishing, fyke nets and unbaited traps) (MDBC 2004b).
As part of the NSWRS a comprehensive assessment of the catch efficiency of
several gear types (boat and backpack electrofishing, fyke nets, unbaited traps, gee
traps and panel nets) showed that boat electrofishing was the most effective and
least selective method for different fish species and size classes in the BanvonDarling and other lowland rivers (Faragher and Rodgers 1997) (Figure 3.1 1). In
addition, a more recent comparison of fishing efficiency in lowland rivers of the
Lower Murray and Lachlan River Catchments of the Murray-Darling Basin showed
that the supplementary use of bait traps and fyke nets only added goldfish
(Carasius auratus) and gudgeon species (Hypseleotris spp. and Philypnodon
grandiceps) to the species list (MDBC 2004b). These fish species were commonly
caught with boat electrofishing during the NSWRS (Harris and Gehrke 1997). The
NSWRS also showed that high turbidity levels in the Barwon-Darling River did not
lower the catch efficiency when compared to less turbid rivers (Faragher and
Rodgers 1997).

Implicit to the accurate description of fish assemblage composition is the ability to
detect rare species when they are present (Cau et al. 2001). One way to maximise
the likelihood of detecting rare species is to sample across a variety of
mesohabitats, such as by including several run-riffle-pool habitat complexes. By
sampling all the available mesohabitat patches available at low-flow, the method
employed in the current study maximised the chance of encountering all species
including rare species that may not be found until a large area of these habitat
patches are searched.
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Generally, the sampling effort (number of samples) or sample area needs to be
larger if rare species are to be included in measures of assemblage composition
(Paller 1995). One way of deciding on an adequate level of sampling effort to
accurately describe assemblage composition is to use the minimum-area-maximumspecies-number approach (Gleason 1922 cited in Paller 1995). That is, the sample
area is increased until an asymptote in species richness occurs. Lyons (1992)
reported that approximately 35 mean river widths are required to capture most
species in a large warm water Wisconsin (USA) river with a towed electrofisher.
Paller (1995) found that longer reach lengths (60-120 mean river widths) were
required in South Carolina (USA) rivers.

Instead of increasing the spatial extent of a sample in order to detect rare species,
some studies utilise multiple-pass (depletion) electrofishing to effectively increase
sampling effort (Pusey et al. 1998, Peterson et al. 2004). Numerous studies have
compared the capacity of multiple-pass and single-pass electrofishing to determine
fish assemblage structure, with three to four passes being reported as desirable in
most fish population surveys (Riley and Fausch 1992). Single-pass electrofishing,
however, was most commonly employed in the fish-habitat association studies
reviewed in this thesis (Figure 3.12~).It seems that no general rules can be made as
to the appropriate number of passes to use, as catch efficiency shows high
variability between reaches and rivers (Cross and Stott 1975, Koehn and McKenzie
1985). For instance, in shallow riffles, some authors insist that multiple pass
electrofishing is required to effectively quantify fish assemblages (Pusey et al.
1998). In large, warm water rivers, however, there is evidence to suggest that it is
more efficient in terms of time and effort to sample a large area with one pass than
it is to sample smaller areas with many passes (Paller 1995). Palller (1995)
demonstrated in large, sandy bottom Carolina (USA) rivers that although single
pass sampling with boat or backpack electrofishing required over three times the
area of seven-pass sampling to collect the same number of species, it actually
required less time. Based on this observation, single-pass electrofishing would be
the most cost-effective approach to use as part of a standardised sampling protocol
for large-geographic-scale studies.
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Number of species

Figure 3.1 1. Performance of different gear types in sampling run and pool habitats in the BarwonDarling River and other lowland rivers in New South Wales during the New South Wales Rivers
Survey. Numbers of fish caught represent data collected only from Banvon-Darling River, whereas
numbers of species data were collected from unregulated lowland rivers throughout New South
Wales (i.e. Barwon-Darling, Murray, North and South Coast). Data source: Faragher and Rogers
( 1997)
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Based on the aforemention considerations it was decided to employ a single-pass
sampling design in this thesis. When using a single-pass approach in the BanvonDarling River it has been determined that ten 2 minute electrofishing operations are
sufficient to achieve an asymptote in the relationship between species richness and
sampling effort (Faragher and Rodgers 1997) (Figure 3.13). Based on this
observation, ten electrofishing operations per mesohabitat type were judged to be
sufficient for obtaining a true indication of assemblage composition for each
mesohabitat patch within each study reach in the present study.

3.4.4.2.

Catch eSficiency between habitats

The fish-habitat associations presented in this thesis also rely on the assumption
that errors relating to catchability of fish were consistent across all mesohabitats,
reaches and zones. The use of boat electrofishing introduces two potential sources
of variance in the ability to capture fish (termed catch efficiency) among different
habitats, specifically related to the displacement of individuals and the effective
range of capture. Some authors have suggested (e.g. Gatz et a/. 1987, King and
Crook 2002, Peterson et al. 2005) that electrofishing may bias fish-habitat
association studies by displacing fish from their preferred habitat, although no
evidence of this exists for Murray-Darling Basin species. This behavioural
response, where fish flee the effective area of capture, can lead to incorrect
interpretation of fish-habitat associations, particularly if the degree of displacement
is not consistent across all mesohabitat patches. The probability of escape is likely
to be greater in open water mesohabitats than in mesohabitats providing cover
(Chick et al. 1999) because a common anti-predator behaviour in fish is to seek
refuge in cover (Wolf and Kramer 1987, Hoare et al. 2000, Lehtiniemi 2005). One
way to reduce this bias is to use block nets. The use of block nets can assist fishhabitat association studies because they restrict the movement of individuals to
within the sampled area (Li and Li 1996), although their use is more critical when
attempting to obtain accurate population estimates (Kendall 1999). It was decided
that the use of block nets would not be feasible in the present study due to the
presence of submerged debris and because it would have been logistically
impossible to complete the sampling program if all 60 electrofishing operations per
study reach had to be enclosed. Consequently, an open sampling design was
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adopted and the following practices were employed to minimise the likelihood of
fish displacement.

The electrofishing current was operated intermittently as the boat was advanced
adjacent to a mesohabitat. This reduces the likely effect of herding fish ahead of the
anode and displacing them from the sampled habitat. Herding can occur when fish
are only allowed to enter the reactive detection zone of the electrofishing field
(Figure 3.14), resulting in them being able to take evasive action. When the anode
is intermittently switched on and off while the boat is advanced, fish are more
likely to be within the taxis (induced movement towards the anode), or narcosis
(immobilisation with slack muscles) zones (Figure 3.14) when the anode is
reactivated, thus increasing the likelihood that fish can be immobilised and dipnetted from the water. To h y minimise the risk of injury to fish, pedal operation,
dip-netting practices and electrofishing settings are adjusted so that the occurence
of tetany (immobilisation with rigid muscles) is kept to a minimum. Electrofishing
has an additional benefit over other sampling methods in that it can draw concealed
fish out of habitats that are inaccessible to other gear types (e.g. using nets in large
wood habitat) (Bohlin et al. 1989). Fish can be drawn out of cover when they enter
the inhibited or undirected motion zone (Figure 3.14). Previous mapping of the
voltage gradient of FRV Electricus (in 1999) estimated that the effective capture
range extends in a radius of approximately 1.5m from each anode and up to 3m
depth due to dropper wires that are extended off each anode (Andrew Bruce, IVSW

DPI pers corn.). The anode and cathode configuration has not been modified since
to change this field and the voltage gradient is unaffected by water conductivity
(Kolz et al. 1998).

Any errors relating to differences in catchability between different mesohabitats in
the present study were further minimised by sampling the majority of mesohabitats
in shallow waters (<3m depth) and during low-velocities, thus maximising the
effective range of capture. This was not possible in all habitats though and it is
possible that captures were underestimated in deep pool habitats, which typically
ranged in depth from 3 to 6m. Whilst this bias is possible, there is evidence to
suggest that it is unlikely to seriously compromise the results of the current study.
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During the New South Rivers Survey, supplementing boat electrofishing with panel
nets in pool and run habitats did not increase the number of species that could be
detected (Faragher and Rodgers 1997). Gehrke et al. (1995) sampled deep pool
habitats in the Barwon-Darling using multi-mesh gill nets and caught very few fish
near the bottom of mid-channel mesohabitats. Based on these findings it was
decided that the use of nets in deep pools was not justified considering the
additional time and effort required to deploy nets in deep pools (thus reducing the
spatial extent of sampling that could be undertaken), as well as their unsuitability in
the Barwon-Darling River (because of submerged large wood).

Standardising the power used for electrofishing is desirable (Burkhardt and
Gutreuter 1995, Kolz et al. 1998) to increase the repeatability of electrofishing. In
practice, however, it is difficult because the Smith-Root GPP unit used in this
study do not have the necessary controls or gauges to easily facilitate power
standardisation. Furthermore, little is known about the effect of power variation on
the capture of Australian fish species and the range of operating conditions, in
particular conductivity, experienced was quite varied and may prevent "power
goals" from being achieved. Standardising power becomes even more problematic
(if not impossible) when the objective is to sample a broad range of species and
size classes (each likely to differ in effective conductivities and response to power).
A more practical approach to standardisation was adopted by adjusting electrofisher
settings to apply the lowest voltage required to immobilise small fish within the
electric field. This practice ensured that quantitative samples of all species present
in the assemblage were repeatable, whilst minimising the change of injury to fish
from unnecessarily high voltages.

In conclusion, boat electrofishing was judged to be the most effective sampling
gear for use in the Barwon-Darling River. Whilst no gear type is effective in all
habitats, it is believed boat electrofishing (when used in the way outlined in these
methods) would allow accessibility to a greater range of habitats, with a minimal
amount of associated capture bias than other gear types such as backpack
electrofishing, trawl nets, seine nets, fyke nets and traps. Electrofishing is therefore
recommended as a quick and effective means of obtaining adequate data to assess
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fish-habitat associations across large geographical scales in dryland rivers like the
Banvon-Darling River.

Figure 3.12. (a) Summary of the different types of fish sampling gear used in the fish-habitat
association studies reviewed in Chapter 2, (b) the types of electrofishing method used and (c) the
number of electrofishing passes carried out.
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Figure 3.13. Species accumulation curves over 10 boat electrofishing operations at three different
sites surveyed as part of the NSW Rivers Survey (see Faragher and Rodgers 1997 for consideration
of sampling efficiency as part of the NSW Rivers Survey). Data source: NSW DPl 2007.
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\

electronarcosis

reactive detection

Figure 3.14. Major intensity-dependent electrofishing response zones. This is a schematic
representation only and the size and shape of each zone will differ depending on anode design,
electrofishing output settings, water conditions (e.g. conductivity and velocity), presence of a
cathode and size and species of fish.
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Temporal replication

The sampling period in the present study was chosen to coincide with the spring
and summer months, the time of year of peak fishing efficiency in New South
Wales rivers (Harris and Gehrke 1997). Because of logistical constraints related to
gear availability and the large spatial extent of the river that had to be sampled, no
temporal replication was conducted in successive seasons or years. Conducting fish
sampling within a single season may be considered a potential shortcoming of this
study because it does not account for variation in fish-habitat associations and fish
abundance across different seasons and years. Single season sampling therefore has
potential to introduce a degree of unexplained variation in the data that may
weaken the associations between fish and spatial gradients (Magalhaes et al.
2002a). Whilst this possible shortcoming must be acknowledged, the justification
of temporal replication in large-scale spatial studies depends on whether fish
assemblage composition varies more through space or time (Meador and Matthews
1992).

There is evidence to suggest that little additional variability in fish assemblage
composition could be accounted for in this thesis by a repeated year of sampling.
During the New South Wales Rivers Survey (Harris and Gehrke 1997) spatial
differences among regions and river types were the major sources of variation in
both Murray-Darling Basin and coastal river fish assemblages, whereas little
temporal variation was detected over 2 years. Two-way analysis of variance
(ANOVA) procedures allow the simultaneous analysis of spatial and temporal
variation as well as the interaction between them. This method was applied at the
river scale by Growns et al. (2003a) in temperate rivers of south-eastem Australia
and at the reach scale by Meador and Matthews (1992) and Ostrand and Wilde
(2002) in dryland rivers of North America. All studies found that spatial variation
in fish abundance was greater than temporal variation. Meador and Matthews
(1992) found low temporal variation despite there being large seasonal fluctuations
in discharge.
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It is the objective of this thesis to investigate the association between fish
assemblage composition and habitat at a range of spatial scales during low-flow
conditions (conditions that persist for 90 percent of the time in the Barwon-Darling
River). It is outside the scope of this thesis to report on long-term temporal change
in fish assemblage composition, this is best achieved through longer duration
monitoring programs such as the Sustainable Rivers Audit (MDBC 2004b) which
has an anticipated 50 year scope. It is concluded that large-scale spatial gradients in
the Barwon-Darling fish assemblage can be detected without the need for yearly
temporal replication and that such replication is likely to add little to answering the
research questions posed in this thesis. It is also recommended that sampling be
conducted during spring to summer, to coincide with the time of maximum fish
sampling efficiency and river flows that are characteristic of the predominant lowflow hydrological regime of this river.

3.5.

Low-flow habitat assessment

For analysis of the spatial distribution of habitat in the low-flow river corridor
(Chapter 6), habitat surveys were conducted at all the study reaches (reaches 1-12)
between December 2001 and July 2002 at times when flow was at or below the 9oth
flow excedence percentile. One lOkm reach was surveyed per day from a small
boat as it was driven in an upstream direction. Two observers (one for each bank)
recorded the percent cover of smooth bank, complex bank, matted bank and
irregular bank at the water-bank interface within lOOm sample units. The sample
unit values were then pooled at the I km sub-reach level and averaged to get a mean
value for the lOkm reach. Median channel depth at the reach was calculated from
100 measurements taken at every sample unit within the longitudinal thalweg
profile. The median was used because it is less sensitive to extreme scores than the
mean and is therefore the best measure of central tendency for highly skewed or
variable distributions, such as thalweg profiles. The number of large wood
structures partially or wholly submerged was recorded at each lOOm sample unit
and expressed as a total abundance per I km (Table 3.3).
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Table 3.3. Multivariate dataset used to describe the low-flow, in-channel "mesohabitat

composition" of a reach

Variable

Explanation

Smooth bank

Percent cover at the water-bank interface, left and right banks
combined*

Matted bank

Percent cover at the water-bank interface, left and right banks
combined*

Irregular bank

Percent cover at the water-bank interface, left and right banks
combined*

Large wood

Abundance of partially or wholly submerged structures
expressed as count per 1krn

Median depth

Depth measurement taken along the thalweg profile and
expressed to the nearest O.lm**

* Measurements were recorded at a 100m sample unit, pooled at the Ikm level and averaged across
the lOkm reach. ** Measurements were recorded once every lOOm sample unit and expressed as a
median for the entire reach. The resultant data matrix for the analysis consisted of twelve
multivariate data points calculated from five mesohabitat variables.
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Survey of in-channel large wood

To determine the inundation dynamics and therefore availability of large wood
within the Barwon-Darling River it was necessary to determine the commence-toinundate (CTI) height of all large wood wjthjn all study reaches. CTI height was
estimated by eye and is defined as the channel height (measured to the nearest
O.lm) at which approximately 50 percent of the large wood structure becomes
inundated by river flows. A detailed explanation of how the CTI height was
measured is given in Figure 3.15. By surveying large wood during very-low-flow
conditions (Figure 3.16), potential to miss submerged large wood was minimised.
From CTI heights, the duration of inundation and availability was calculated (see
analysis section in Chapter 7).

In addition to CTI height, a number of large wood attributes relating to their size
and structural complexity were measured. Preliminary results from the Murray
River suggest that fish counts are highest on large wood that is the most structurally
complex (Hughes et al. in press). In the Barwon-Darling River it has been found
that larger numbers of golden perch and carp were associated with large wood with
the largest size/complexity scores (Thjem 2002). Based on these observations there
appeared to be an ecological basis for differentiating large wood based on size and
complexity. The size and complexity classes used were the same ones used by
Hughes (2001) on the Murray River and Thiem (2002) on the Barwon-Darling
River. Length of large wood was estimated by sight and placed into one of four
classes: 0-lorn, 10-20m, 20-30m and 30-40m. Breadth was also estimated,
however, it was later removed fi-om the analysis because 99 percent of all large
wood surveyed fell into the 0-10m breadth class. Large wood was assigned to one
of four structural complexity classes (Table 3.4). All large wood attribute data was
entered into a GPS linked software package (Snag ~ a p p e r "Greg West, New South
Wales Department of Primary Industries) (Figure 3.15).
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A Haglof Vertex Laser VL400 hypsometer was used to determine the commence to inundate
height (CTI h) of each large wood structure. The hypsometer uses ultrasonic signals to
obtain the range of the large wood from the instrument (r) and combines this with the angle
of measurement obtained from a tilt sensor (a) to trigonometrically calculate the height of
the structure above the instrument eye level (h,). A preset offset of the height of the
instrument above water level (0) is automatically added to h , to obtain the height of large
wood above the water level (h,). Accuracy of +I- 0.1 vertical metres is obtainable for objects
less than 100 metres away. The stage height (sh) of the river on the survey day was obtained
from the nearest gauging station and added to h, to obtain the final inundation height of the
large wood.

A
Measuring h, o f large wood with hypsorneter

Entering large wood attribute data into Snag
Mapper

Figure 3.15. Method used to survey commence to inundation heights of large wood structures
within the Barwon-Darling River channel.
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Figure 3.16. (Top) The Barwon-Darling River near Walgett, showing the low-flow conditions
during which large wood was surveyed. The large wood pictured was positioned in water <0.5m
deep. Sampling at such low-flows minimised the potential of missing large wood in the lower
extremities of the channel. (Bottom) Large wood at three different commence to inundation heights.
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Table 3.4. Structural complexity classes used to describe large wood (after Hughes 2001)

Description
A single trunk or branch: a root
mass or small part of a branch
may be present.

Double trunk or branch or single
trunk with one level of branching
for most of the length.
Trunk with multiple branches for
most of length, with 2'ld level of
branching present
Complete tree with extensive
branching or an accumulation of
large wood in which individual
pieces could not be resolved

Examples

Class
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Background to multivariate analyses

Multivariate statistical techniques are used extensively throughout this thesis to
investigate

spatial patterns in fish assemblage composition, mesohabitat

composition, and the interaction between the two. The collection of data outlined
in the previous sections resulted in detailed species-by-mesohabitat, species-byreach and mesohabitat-by-reach matrices. The approaches used in this thesis are
designed to reduce the complexity of these matrices, usually by graphical
representation of the relationship between samples followed by non-parametric
permutation or randomisation testing for significant differences between a priori
defined groups of samples (in this case mesohabitat patch, or river zone).

The purpose of this section is two-fold: 1) to give a broad outline of the
multivariate framework used in this thesis, including the sequential flow of
analyses, and 2) to introduce the main non-parametric and permutation techniques
utilised. A more detailed description of how these techniques were applied can be
found in the relevant chapter. Whilst some univariate techniques were used in this
thesis (e.g. Analysis of Variance and Kolmogorov-Smirnov tests to interpret lengthfrequency data in Chapter 5) these are not described in this section, but are detailed
in the relevant chapters.

The multivariate analysis central to Chapters 4 and 6 can be broadly categorised
into 3 main stages: 1) describing spatial patterns in fish assemblage and
mesohabitat composition, 2) discriminating amongst spatial groupings based on
these compositions and 3) linking fish and habitat multivariate patterns.

3.7.1.

Describing spatial patterns fish assemblage and mesohabitat
composition

Ordination was used to reduce the complexity of species-sample matrices to obtain
a two-dimensional picture of the interrelatedness of samples. The relative distance
between datapoints in the ordination reflects their relative similarity based on the
studied variables. Stress is a measure of the degree of distortion of data point
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positions during the calculations and is therefore a measure of how well the true
pattern is represented by the resulting ordination. A stress of <0.2 is generally
accepted as providing acceptable interpretive power in ecological datasets (Clarke
and Warwick 2001), with slightly higher stress levels (0.25-0.3) still having some
interpretive power when low numbers of species are used.

Multidimensional scaling (MDS) is the form of ordination used in this thesis. MDS
configures data points within the ordination in a way that minimises the stress. Two
forms

of

NIDS

have

been

used

throughout

this

thesis:

Non-Metric

Multidimensional Scaling (nMDS: Clarke 1999) for fish assemblage data and Semi
Strong Hybrid Multidimensional Scaling (SSH: Belbin 1991) for mesohabitat data.
In general, PRIMER V5.2.7 (Plymouth Marine Laboratories) was used when
analysing the fish assemblage dataset and PATN V3 when analysing the
mesohabitat dataset.

MDS uses the rank dissimilarities between samples to configure the data points.
The dissimilarity algorithm used for the fish assemblage dataset was the BrayCurtis similarities coefficient (Bray and Curtjs 1957). This algorithm is best suited
to biological datasets because it ignores joint absences as a sign of similarity
(Clarke and Wanvick 2001). Bray-Curtis similarities were calculated using 4Ih root
transformed data, which reduces the contribution of highly abundant species such
as bony herring so that less common species such as Murray cod can also
contribute to the calculation of similarity (Clarke and Wanvick 2001). The Gower
dissimilarity coefficient (Gower 1971) was used on the mesohabitat dataset because
it is based on range standardised distance within and between variables, and can be
utilised with multivariate datsets that have both catergorical and continuous data.
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3.7.2.

Discriminating amongst spatial groupings

3.7.2.1.

Testing null hypotheses
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The ordination methods used were largely "exploratory" in nature, enabling
discontinuities and patterns of association between many biotic and abiotic
variables to be visually assessed. In addition to this, various non-parametric
multivariate techniques were used to directly test the null hypotheses. Nonparametric techniques were used because the assumption of normality of the
multidimensional datasets is not easily met (Clarke and Wanvick 2001) and these
techniques make few assumptions about the data, making them widely applicable.
The null hypotheses being tested in this thesis generally took the form o f no
difference in the assemblage or mesohabitat composition among habitats at an a

priori defined scale. For example, fish assemblage composition does not differ
among the four different zones or the six different mesohabitats. An alternative
example is that the mesohabitat composition of reaches does not differ among the
four zones. Such hypothesis testing requires that samples be placed into a priori
defined groups, such as groups of reaches to form zones or groups of mesohabitats
that were sampled within reaches (the level of data pooling and samples contained
within groups is detailed in each specific chapter).

Two-way Analysis of Similarities (ANOSIM: Clarke 1993) was used to test for fish
assemblage differences between groups of mesohabitats and groups of zones
ANOSIM is the non-parametric, multivariate analogue of the univariate ANOVA
and compares the rank similarity among samples within groups with the rank
similarity among samples between groups (see Clarke and Wanvick (2001) for a
detailed account of its computation). When analysing the difference in mesohabitat
composition of reaches among zones a one-way ANOSIM was performed because
there was only one factor: the zone. The same principles outlined above for the
two-way ANOSIM also applied to the one-way ANOSIM.

ANOSIM performs a global test and generates an R statistic ranging between 0 and
1. Significance testing of the global R (i.e. the probability of the observed R
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statistic being obtained by chance alone: null hypothesis is true) was determined by
comparing the R statistic to a null distribution of R statistics obtained from 1000
Monte Carlo randomisations (simulations under a null hypothesis) (Manly 1997).
One thousand randomisations is regarded as an acceptable minimum for
significance testing at the 0.05 probability level (Marriott 1979). In addition to
interpreting the level of significance, the R statistic itself provides a useful measure
of the degree of separation between groups. Based on the recommendations of
Clarke and Gorley (2001) an R statistic <0.3 implies little or no difference among
the groups; R >0.3 but <0.75 indicates that the groups were different but
overlapping in multivariate space and; R B0.75 indicates a complete separation of
groups.

If the global R statistic indicated that there was not a significant difference among
groups, then no further interpretation was carried out. If the global R was
significant then there was basis for calculating the R statistic for all painvise
comparisons among groups. Interpretation of painvise R statistics and calculation
of statistical significance were carried out as per the global R. The use of ANOSIM
and MDS complement each other, with the R statistics obtained from ANOSIM
generally reflecting the configuration of data points on the ordination, given a
sufficiently low stress level. Clustering or classification techniques were also used
in conjunction with MDS plots to describe 'natural' groupings in the multivariate
data points independent of the a priori defined groups used in ANOSIM. Slightly
different clustering methods were used for fish assemblage and mesohabitat
composition data as detailed in Chapter 6.
3.7.2.2.

Determining discriminating species or mesohabitats

If painvise comparisons identified that group differences existed based on fish
assemblage composition it became valid to identify which species were
contributing to these differences. For this, SIMPER (SIMilarity PERcentages:
Clarke and Wanvick 2001) analysis was used to determine the contribution of each
species to mean dissimilarity in assemblage composition among the various groups
and to the mean similarity within each group (expressed as a percent contribution).
SIMPER also reports a consistency ratio. This ratio is an indication of how
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consistent the contribution is to all inter-sample comparisons within or among
groups and therefore how reliable the species is as a contributing species. Generally
a consistency ratio >0.1 is viewed as reliable (Clarke and Wanvick 2001). The
interpretation of SIMPER results was aided by the use of bubble plots. In bubble
plots the abundance of individual species was superimposed over the data points in
the MDS, allowing a visual association to be made between species abundance and
the spatial gradient. In some cases bubble plots were used in conjunction with
Principal Axis Correlation (PCC: Belbin 1994) in which vectors were also plotted
on the nMDS representing both the direction and strength of maximal correlations
between species and the multivariate space. PCC uses multiple-linear regression
(Belbin 1994) and only PCC vectors with correlations greater than 0.7 were plotted.

PCC was also used in conjunction with SSH to create biplots with vectors
representing both the direction and strength of maximal correlations between all
mesohabitat variables

and the multivariate space based on mesohabitat

composition. Again, only PCC vectors with correlations greater than 0.7 were
plotted for the mesohabitat analysis.
3.7.3.

Linking fish and habitat multivariate patterns

Measuring the association between the fish assemblage and habitat composition
datasets is based on the premise that if reaches with similar fish assemblages also
had similar mesohabitat compositions, then there is basis for believing that certain
mesohabitats have the power to predict fish assemblage composition within a
section of river. The concordance of fish and habitat datasets was first assessed
graphically using a triplot. The triplots were SSH ordinations of river reaches based
on mesohabitat composition with the fish assemblage dataset overlayed as both
bubbles and PCC vectors that showed both the direction and strength with which
the abundance of a particular species was correlated with the multivariate pattern of
mesohabitat composition among reaches.

Whilst the triplot aids in interpreting the potential association between fish
assemblage and mesohabitat composition, it relies on a low-dimensional
representation of each multivariate dataset. A more accurate assessment of the
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correlation between biotic and habitat variables was obtained by directly comparing
the similarity matrices underlying the plots, that is, the Bray-Curtis similarity
matrix for the fish assemblage data and the Gower similarity matrix for the
mesohabitat data.

Mantel tests (Mantel 1967) were used to test for correlation between fish and
habitat datasets. The Mantel test compares the rank dissimilarities of each data
matrix using the Spearman coefficient. In the first instance, a partial Mantel test
was used (outlined in Legendre 2000). The partial Mantel test correlated the fish
and mesohabitat dissimilarity matrices whilst controlling for the effect of a third
dissimilarity matrix constructed from longitudinal river distances between reaches.
The aim of this was to examine correlations between fish assemblage and
mesohabitat spatial patterns among reaches without the spurious effects that spatial
autocorrelation might introduce. Spatial autocorrelation is when geographically
close samples are more similar than more geographically distant samples, a
common phenomenon in ecological systems (Legendre 1993). For instance, river
reaches that are in close proximity to each other are likely to be under the influence
of similar environmental factors. Reaches in close proximity are also more likely to
exchange migrants and therefore likely to have similar biotic assemblages. When
using a hierarchical spatial design, it is unavoidable that samples spatially nested
within treatments will often be more proximal to each other then samples among
treatments. In the present context, spatial correlation could result in corresponding
rank similarities in fish and mesohabitat datasets purely because of the relative
proximity of study reaches to one another.

As well as performing a partial Mantel test, the degree of spatial correlation in the
data was further investigated using simple Mantel tests (Mantel 1967). Two
hypothesises were tested: firstly whether similarity in fish assemblage composition
among reaches was correlated to the geographical distance between reaches, and
secondly, whether similarity in mesohabitat composition among reaches was
correlated to geographical distance. This required two separate simple Mantel tests:
one correlating the fish assemblage dissimilarity matrix (Bray-Curtis) with a
dissimilarity matrix constructed from longitudinal river distances between reaches;
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and the other correlating the mesohabitat composition dissimilarity matrix (Gower)
with the river distance matrix. The use of simple Mantel tests also had the added
benefit of enabling ANOSIM results obtained from the fish assemblage and
mesohabitat datasets to be interpreted without the confounding effect of spatial
autocorrelation. For instance, it was possible to conclude whether larger among
zone differences in assemblage or mesohabitat composition when compared to
within zone differences were simply due to proximity effects or whether they were
likely to result from constraints imposed by being within discrete geomorphological
zones.

For each and every Mantel test, the statistical probability that the test coefficient
was significant (i.e. the matrices were independent) was calculated by comparing
the test correlation coefficient to a null distribution of coefficients obtained from
10,000 randomisations of one of the matrices (Legendre and Legendre 1998). If a
significant association between the fish assemblage and mesohabitat multivariate
data sets was found, then there was a basis to use the BIOENV procedure (outlined
in Clarke and Wanvick 2001) in PRIMER to summarise which combination of
mesohabitat variables best explained this association.

Analyses linking biotic and environmental datasets in the way outlined above can
indicate if there is an association in the spatial variability of fish assemblage and
mesohabitat composition at a number of scales throughout rivers. Such an approach
has been widely applied in heirachically-designed habitat assessments with regard
to both macroinvertebrates (e.g Sheldon and Walker 1998, Parsons et a/. 2003,
Parsons et a/. 2004, Thorp and Mantovani 2005) and fish (e.g. Gehrke and Harris
2000, Gehrke and Harris 2001, Bond and Lake 2003, Arthington et a/. 2005, Chick
et a/. 2006). Whilst such associations can be used to describe the 'explanatory' or

'predictive'

power of mesohabitat patterns on observed fish assemblage

differences, no causal relationship can be inferred. This is largely because the
spatial distribution of species can be affected by a number of interacting stochastic
forces such as predator-prey interactions, inter or intraspecific competition,
dispersal capabilities or barriers to movement between habitats (Wiens 1995). The
extent to which spatial variability in habitat causes observed assemblage changes
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can only really be determined through manipulative studies (Clarke 1990, Manly et
al. 1993) and such interpretation is therefore outside the scope of this thesis. It is,

however, within the scope of this thesis to formulate causal hypotheses related to
the observed associations and to discuss these in light of current understanding of
riverine ecology from both within the Murray-Darling Basin and throughout the
world.
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Introduction

Floodplains are thought to be favourable spawning and nursery habitats for some
lowland river fish (Welcomme 1985, Junk el al. 1989, Bishop et al. 2001). Many
river ecologists have extrapolated flood-recruitment models to floodplain river fish
of the Murray-Darling Basin (Walker and Thoms 1993, Harris and Gehrke 1994,
Schiller and Harris 2001) largely based on; rearing experiments in ponds (Lake
1967); observed links between the presence of strong cohorts and flooding
(Llewellyn 1973, Cadwallader and Lawrence 1990); and, an association between
spawning and seasonal flooding (Mackay 1973). The applicability of floodrecruitment models for many Murray-Darling Basin fish species, however, is now
being questioned (Humphries et al. 1999, King 2002, King et al. 2003). It seems
unlikely that in floodplain rivers where low-flow periods predominate and
overbank floods are rare that the life histories of native fish have evolved to rely on
the availability of off-channel habitats (Walker et al. 1995, King et al. 2003). There
is limited evidence of direct utilisation of floodplain habitats by some MurrayDarling Basin fish species (Gehrke 1992, Balcombe and Closs 2004) and no species
have been shown to be directly reliant on floodplain habitats in order to complete
their life cycle (Graham and Harris 2004, Closs et a/. 2006).

Use of floodplains by fish species in the Murray-Darling Basin is opportunistic and
evidence suggests that in-channel habitats provide sufficient habitat for all
ontogenetic stages (Humphries et al. 1999, Humphries et al. 2002, King 2004). The
low-flow recruitment hypothesis proposed by Humphries et al. (2002) suggests that
low-velocity, warm-water, in-channel habitats provide food-rich habitats for smallbodied fish (Humphries et al. 1999). For this hypothesis to have a sound basis
requires the availability of in-channel habitats that can be utilised by fish. Evidence
from a number of smaller river systems in the Murray-Darling Basin suggest that
still littoral and backwater habitats provide important habitats for larval, juvenile
and adult crimson spotted rainbowfish (Melanotaenia fluviatilis) and gambusia
(Gambusia holbrooki) (King 2004). Backwater habitats are also important nursery
habitats for Australian smelt (Retropinna semoni) and carp (Cyprinus carpio),
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whose habitat preference shifts to pool and littoral habitats as juveniles and adults
(King 2004).

To date, most fish-habitat association studies in the Murray-Darling Basin have
focussed on reaches of the Murray River system located in temperate climatic areas
of north-eastem Victoria (e.g. Koehn 1987, Koehn and O'Connor 1990, Koehn et
al. 1994, Koehn 1996, Koehn and Nicol 1997, Crook et a/. 2001, Nicol et al. 2002,

Bond and Lake 2003, King 2004). Dryland rivers of the Basin have received much
less attention with only 9 percent of all fish-habitat association studies in southeastern Australia having been conducted on dryland rivers (Chapter 2). Of these
studies, none have looked at meso-scale differences in distribution within the mainchannel, such as those reported by King (2004). For example, Gehrke et a/. (1995)
studied fish-habitat associations in the Barwon-Darling and Paroo Rivers, reporting
assemblage differences across large spatial-scales, namely among river, creek, lake
and billabongs. Likewise it has been shown that the fish assemblage in lowland
sections of the Barwon-Darling River is distinct from upland sections and from
coastal and Murray River systems (Gehrke 1997). Studies that have investigated at
meso-scale habitat associations in dryland river systems have been concerned with
off-channel billabongs. For example, variations in the abundance of adult and larval
eleotrids have been reported between large wood and macrophyte cover and open
water habitats in dryland river billabongs (Gehrke 1992, Balcombe and Closs
2004).

With the exception of the Paroo River, few large dryland rivers of the MurrayDarling Basin have escaped ecological decline (Kingsford et a/. 1998). The
Barwon-Darling River is inhabited by several species of fish that are officially
listed as threatened and many more that have undergone large reductions in
distribution and abundance in recent decades (Schiller et al. 1997). Habitat
alteration is likely to be a key contributing cause of these native fish declines
(Keamey et al. 1999) and if such declines are to be addressed, it is not only critical
that appropriate in-channel habitats are identified for rehabilitation, but also that the
spatial scales over which these habitats are potentially limiting be identified (Bond
and Lake 2003).
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It is the aim of this thesis is to determine across which spatial scales (if any)
variability of in-channel habitat explains spatial variability in fish assemblage
composition. To do this a hierarchical approach integrating three spatial scales
(mesohabitat, reach and zone) has been used. In this chapter fish-habitat
associations were reported at the mesohabitat scale within reaches, during low flow
conditions. Specifically, it was of interest whether fish assemblage composition
differed between the six low-flow mesohabitat patches: smooth bank, irregular
bank, matted bank, large wood, mid-channel and deep pool. Additionally, the size
related differences in mesohabitat association were examined for the native species
bony herring (Nematalosa erebi) and the introduced species carp.

4.2.

Field methods

The sampling design utilised in the present chapter is outlined in Figure 3.4 (page

51) and involved fish surveys of 12 reaches that were nested within four zones.
Within each reach, sampling was stratified among the six mesohabitat patches:
smooth bank, irregular bank, matted bank, large wood, mid-channel and deep pool
(described in Table 3.2 page 53), with 10 replicates performed at each habitat
patch. This gave a total of 60 operations per lOkm study reach. Each reach was
sampled once between November 2001 and March 2002 and during daylight hours.
Fishing was conducted using a five metre, twin-hulled aluminium boat mounted
with a 7.5 kW Smith-Root Model GPP 7.5 H/L electrofishing unit in accordance
with the methods outlined in section 3.4.1 (page 57).

4.3.

Data analysis

Fish assemblage data associated with each mesohabitat patch (smooth bank,
irregular bank, matted bank, large wood, mid-channel and deep pool) were
analysed by means of a suite of non-parametric multivariate techniques using the
PRIMER V5.2.7 software package (Plymouth Marine Laboratories). A detailed
description of these methods and the philosophy behind their choice is detailed in
section 3.7 (page 80). In order to conform to the data limits in PRIMER, all
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analyses were performed on species totals (caught plus observed) pooled across the

10 electrofishing operations at each mesohabitat patch within each reach. This
resulted in 72 data points for the multivariate analyses (12 data points per
mesohabitat patch).

Non-metric MDS was performed using Bray-Curtis similarities of fish assemblages
(4"' root transformed) among all mesohabitat patches. The null hypothesis of "no
assemblage difference between mesohabitats" was tested using ANOSIM.
Although two-way ANOSIM was performed using both river zone and mesohabitat
patches as factors, only results of pairwise comparisons between mesohabitat
patches are presented in this chapter. Results from painvise comparisons between
river zones are discussed in Chapter 6. The SIMPER routine was used to determine
the contribution of each species to the mean dissimilarity in assemblage
composition between the various mesohabitat groups and to the mean similarity
within each mesohabitat group.

Differences in length-frequency distributions were plotted for individual species
caught at different mesohabitats and the statistical difference between these
distributions were tested for significance using the two-sample KolmogorovSmirnov (KS) statistic (DKS) (Sokal and Rohlf 1996). Although length
measurements were obtained for 2653 fish from nine species, only bony herring
and carp were caught in sufficient numbers across the various mesohabitats to
allow statistically robust size class comparisons to be made. The level of statistical
significance for each test was determined by comparing the test statistic (DKS)to a
distribution of those test statistics obtained from 1000 Monte Carlo randomisations
of the original dataset (DRAN)(Manly 1997), with the significance level being the
> DKS.AS a general rule, 1000 randomisations is regarded as an
probability of DRAN

acceptable minimum for significance testing at the 0.05 probability level (Marriott
1979). The critical alpha significance level for each test was adjusted using the
Bonferroni correction for multiple comparisons.
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Results

4.4.1.

Catch summary
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A total of 5526 fish from 9 species was recorded from all sites in the BanvonDarling River. Of this total abundance, 86 percent were native to the area, whereas
14 percent were introduced species. The native fish caught were predominantly
bony herring (n=4529), with moderate numbers of golden perch (n=152) also
caught. Few Murray cod (Maccullochella peelii peelii: n=39), freshwater catfish
(Tandanus tandanus: n=2), gudgeons (Hypseleotris spp.: n=5) and the threatened
silver perch (n=2) were encountered. The introduced species caught were
predominantly carp (n=781), with goldfish (Carassius auratus: n=15) and
gambusia (n=l) also recorded. The total catch per unit effort (CPUE) across all
reaches for all species was 5.7 fishlminute (calculated from 'electricity on' time).
This CPUE is comparable to past boat electrofishing surveys1 in the BanvonDarling River (mean CPUE=8.9) and its tributaries: Namoi and Gwydir Rivers
(mean CPUE=4.7 and 4.5 respectively). In comparison, CPUE of the Paroo River is
typically lower, averaging 1.6 fish per minute, possibly reflecting the substantially
reduced amount of wetted channel available in the Paroo when compared to the
other river systems (Boys et al. 2005).
4.4.2.

Assemblage differences among mesohabitat patches

4.4.2. I .

Mid-channel and deep pool

No difference was found between the composition of the fish assemblage of midchannel and deep pool mesohabitats. Both mid-channel and deep pool, however,
were found to have a significantly different assemblage composition from all other
mesohabitat patches (ANOSIM: Table 4.1). The fish assemblages of mid-channel
and deep pools contained fewer fish than all other mesohabitats, consisting

94

4. Mesohabitat associations within reaches

predominantly of bony herring (Figure 4.2) which contributed over 90 percent and
97 percent to the total similarity of fish assemblage composition within mid-

channel and deep pool respectively (SIMPER analysis: Figure 4.3). Carp, golden
perch and Murray cod rarely occur in mid-channel and deep pools, reflected by
their low consistency as a discriminating species for these habitat patches (SIMPER
analysis: Figure 4.3).
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Figure 4.1. Two-dimensional nMDS ordination of mesohabitat patches based on the similarities

among fish assemblages (stress = 0.13). Mesohabitats with similar assemblage composition
(ANOSIM: Table 4.1) are encircled in the legend.

' Data obtained from NSW DPI Freshwater Research Database

(NSW DPI 2007) and includes all

boat electrofishing operations conducted as part of the New South Wales Rivers Survey, Integrated
Monitoring of Environmental Flows Project and Sustainable Rivers Audit.
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Table 4.1. Summary of two-way ANOSIM on the Barwon-Darling River fish assemblage with river
zone and mesohabitat patch as factors. Only global and painvise comparisons for mesohabitats are
reported here (see Chapter 6 for river zone comparisons). Degree of group difference established
according to criteria of Clarke and Gorley (2001) and is as follows: ns = not separable (R<0.3),

* = overlapping but clearly different (R>0.3), ** = well separated (R>O. 75).
Factors

R

Among all mesohabitat patches

0.460

Large wood v. lrregular bank
Large wood v. Deep pool
Large wood v. Matted bank
Large wood v. Mid-channel
Large wood v. Smooth bank
Irregular bank v. Deep pool
lrregular bank v. Matted bank
Irregular bank v. Mid-channel
lrregular bank v. Smooth bank
Deep pool v. Matted bank
Deep pool v. Mid-channel
Deep pool v. Matted bank
Matted bank v. Mid-channel
Matted bank v. Smooth bank

Mid-channel v. Smooth bank

Probability

<0.001

Assemblage
difference

*
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Large wood

There was a large difference between the fish assemblage associated with large
wood and that associated with mid-channel and deep pool mesohabitats (nMDS:
Figure 4.1 and ANOSIM: Table 4.1). Species contributing most to this difference
were bony herring, carp, golden perch and Murray cod (SIMPER analysis: Table
4.2). Carp, golden perch and Murray cod were associated with large wood more
frequently than with any other mesohabitat patch (Figure 4.2 and Figure 4.4) and
subsequently these 3 species contributed more to the total fish assemblage
similarity within large wood than they did for any other habitat patch (SIMPER:
Figure 4.3). Whilst a large proportion (43 percent) of carp throughout the BanvonDarling were associated with large wood, carp were less specific in their choice of
large wood than golden perch and Murray cod (Figure 4.4). Almost 70 percent of
all golden perch and Murray cod sampled in this study were associated with large
wood (Figure 4.4). Bony herring were less abundant in large wood than they were
in smooth and irregular bank habitats (Figure 4.4), with less than 20 percent of the
total catch of bony herring associated with large wood (Figure 4.4).
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Figure 4.2. a) Two-dimensional nMDS ordination (taken from Figure 4.1) of mesohabitat patches
based on the similarities among fish assemblages (stress

=

0.13). (b) The same nMDS ordination

with reach numbers labelled (see Figure 3.5 page 52 for reach locations). (c-f) Superimposed
'bubbles' of increasing size represent increasing abundance for four species in relation to the overall
assemblage pattern at each mesohabitat at each reach. Bubbles are scaled only for within species
comparison and not for between species comparison (species totals are given).
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Figure 4.3. Results of SlMPER analysis highlighting the species contributing most to the
assemblage similarity within mesohabitat patches. The percentage contribution gives the average
contribution that each species makes to the total similarity within each mesohabitat. Consistency
ratio values are also given and indicate the consistency with which each species contributes to
assemblages, with larger ratios (approximately>l.O) indicating a reliable consistency as a
characteristic species.
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Table 4.2. Species contributing mosl to differences in fish assemblages between mesohabitat
patches (SIMPER analysis). The mean dissimilarity indicates the magnitude of difference in
assemblage composition in each pairwise comparison between mesohabitats. The percent
contribution indicates the average contribution each species makes to the dissimilarity between
mesohabitat patches. The consistency ratio is a measure of the reliability of using the particular
species to discriminate between two mesohabitat patches, with larger ratios (approximately>l .O)
indicating a reliable consistency as a discriminating species.
Species

Mean abundance

Large wood

Mid-channel

Bony herring

55.42

5 1.50

Carp
Golden perch

28.83
9.00

Consistency
ratio

Contribution

YO

Cumulative
%

Mean dissimilarity = 62.97
1.53

54.89

54.89

4.08

1.18

30.93

85.82

0.33

1.31

10.02

95.84

0.86

3.18

99.03

2.33

0.17

Large wood

Deep pool

Bony herring

55.42

44.25

1.50

5 1.45

5 1.45

Carp
Golden perch

28.83

0.92

1.4 1

34.43

85.88

9.00

0.67

1.37

9.93

95.81

Murray cod

2.33

0.17

0.92

3.26

99.07

Irregular bank

Mid-channel

Bony herring

98.25

5 1.50

1.66

80.07

80.07

Carp
Golden perch

13.75

4.08

0.9 1

16.98

97.06

1.08

0.33

0.93

1.32

98.38

Murray cod

0.50

0.17

0.7 1

0.72

99.09

Irregular bank

Deep pool

Bony herring

98.25

44.25

Carp
Golden perch

13.75
1.08
Matted bank

Mid-channel

Bony herring

38.17

51.50

1 .SO

76.48

76.48

Carp
Golden perch

10.17

4.08

1 .OO

19.54

96.02

1.42

0.33

0.88

2.80

98.82

0.43

0.67

99.49

Murray cod

Murray cod

Mean dissimilarity = 62.32

Mean dissimilarity = 55.94

Mean dissimilarity = 55.41
1.71

77.24

0.92

1.15

19.78

97.02

0.67

1.02

1.40

98.42

Mean dissimilarity = 55.09

0.08

0.17

Large wood

Smooth Bank

Bony herring

55.42

88.92

Carp
Golden perch

28.83
9.00

0.93

Murray cod

77.24

Mean dissimilarity = 55.07
1.46

63.67

63.67

6.67

1.18

23.44

87.1 1

0.17

1.35

8.89

95.99

2.85

98.84

2.33

0.00

Deep pool

Mid-channel

Bony herring

44.25

5 1.50

1.66

88.80

88.80

Carp
Golden perch

0.92

4.08

0.99

8.02

96.83

0.67

0.33

0.70

1.82

98.65

(continued over page)

Mean dissimilarity = 53.95
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(continued,fiorn over page)
Species

Mean abundance

Consistency
ratio

Contribution
%

Cumulative

YO

Smooth Bank

Mid-channel

Bony herring

88.92

5 1 .so

1.59

87.4 1

87.4 1

Carp

6.67

4.08

0.72

10.57

97.98

Deep pool

Smooth Bank

Bony herring

44.25

88.92

1.71

85.5 1

85.5 1

Carp

0.92

6.67

0.88

12.09

97.60

Golden perch

0.67

0.17

0.79

1.07

98.68

Deep pool

Matted bank

Bony herring

44.25

38.17

1.61

72.02

72.02

Carp

0.92

10.17

1.4

23.96

95.98

Golden perch

0.67

1.42

0.90

2.87

98.85

Large wood

Matted bank

Bony herring

55.42

38.17

1.40

54.85

54.85

Carp

28.83

10.17

1.20

29.18

84.02

Golden perch

9.00

1.42

1.38

10.65

94.68

Murray cod

2.33

0.08

0.98

3.93

98.60

Large wood

Irregular bank

Bony herring

55.42

98.25

1.51

68.69

68.69

Carp

28.83

13.75

1.01

19.45

88.14

Golden perch

9.00

1.08

1.24

8.08

96.23

Murray cod

2.33

0.50

0.89

2.48

98.70

Irregular bank

Matted bank

Bony herring

98.25

38.17

1.68

85.12

85.12

Carp

13.75

10.17

1.04

10.80

95.92

Golden perch

1.08

1.42

0.98

2.1 1

98.03

Murray cod

0.50

0.08

0.79

0.75

98.78

Matted bank

Smooth Bank

Bony herring

38.17

88.92

1.72

88.96

88.96

Carp
Golden perch

10.17

6.67

1.24

7.29

96.25

1.42

0.17

0.86

2.33

98.58

Irregular bank

Smooth Bank

Bony herring

98.25

88.92

1.57

85.18

85.18

Carp

13.75

6.67

1.17

1 1.57

96.74

Golden perch

1.08

0.17

0.90

1.31

98.05

Mean dissimilarity = 53.53

Mean dissimilarity = 52.67

Mean dissimilarity = 5 1.27

Mean dissimilarity = 50.90

Mean dissimilarity = 50.36

Mean dissimilarity = 47.64

Mean dissimilarity = 47.39

Mean dissimilarity = 43.07
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Figure 4.4. Proportion o f total catch of 4 abundant species found associated with each mesohabitat
patch across the whole Barwon-Darling River and for each individual zone.
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Smooth and irregular bank

There was no difference between the composition of the fish assemblage of
irregular and smooth bank mesohabitats (nMDS: Figure 4.1 and ANOSIM: Table
4.1). However, the fish assemblage of smooth and irregular banks did significantly
differ in composition from that of all other mesohabitat patches (ANOSIM: Table
4.1). The species contributing most to the difference was bony herring (SIMPER
analysis: Table 4.2), which were more abundant in smooth and irregular bank
habitats than in any other habitat patch (Figure 4.2 and Figure 4.4). The fish
assemblage associated with smooth and irregular banks was different in
composition from that associated with woody cover (large wood and matted banks)
in that smooth and irregular banks were associated with lower numbers of carp and
rarely golden perch and Murray cod (Figure 4.2, SIMPER analysis: Table 4.2).
4.4.2.4.

Matted bank

The fish assemblage associated with matted banks differed from all other
mesohabitats (ANOSIM: Table 4.1). Matted banks had fewer bony herring than all
other mesohabitat patches, except deep pools (Figure 4.4). Carp were always found
to associate with matted bank, albeit in low abundances (SIMPER analysis: Figure
4.3), whereas golden perch were rarely associated with matted banks and in very
low abundances (Figure 4.2 and SIMPER analysis: Table 4.2).
4.4.3.

Size-related patterns in mesohabitat associations

There was no difference in the length of carp associated with irregular, matted and
smooth bank mesohabitats (Table 4.3). A significant difference in size class was
found between carp associated with large wood and the three bank types (Table
4.3). Large wood contained a larger proportion of large carp (>200mm) than small
carp (<200mm) when compared to all three bank mesohabitats (Figure 4.5). Too
few carp (n<20) were caught in mid-channel and deep pool habitats to enable
statistical testing.
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Length frequency distributions for bony herring were significantly different for
several mesohabitat comparisons (Table 4.3). The three bank habitats (smooth,
irregular and matted bank) contained proportionately more small bony herring
(<100mm) then the remaining mesohabitats: large wood, mid-channel and deep
pool (Table 4.3 and Figure 4.6). Mid-channel and deep pool habitats contained
similar proportions of large (>100mm) and small size class bony herring (Table 4.3
and Figure 4.6).
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Table 4.3. Results of Kolmogorov-Smirnov tests for significant differences in pairwise comparisons

of length frequency distributions among mesohabitat patches for carp and bony herring. Insufficient
catches of carp in deep pool and mid-channel habitat excluded these mesohabitat patches from the
carp analysis. Comparisons in bold represent those found to be significant at the Bonferroni
corrected alpha value of 0.0023.
Comparison

Irregular bank v smooth bank
Irregular bank v matted bank

Irregular bank v large wood
Matted bank v smooth bank

Matted bank v large wood
Smooth bank v large wood
Bony herring
Irregular bank v smooth bank
Irregular bank v matted bank

Irregular bank v mid-channel
Irregular bank v deep pool
Irregular bank v large wood
Matted bank v smooth bank

Matted bank v mid-channel
Matted bank v deep pool
Matted bank v large wood

Smooth bank v mid-channel
Smooth bank v deep pool
Smooth bank v large wood
Mid-channel v deep pool
Mid-channel v large wood
Deep pool v large wood

Dks

Probability
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Figure 4.5. Length-frequency histograms for carp caught across all six mesohabitat patches.
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Discussion

Fish in the Barwon-Darling River exploit a range of in-channel mesohabitats
available to them during low-flow conditions. Certain species display a distinct
preference for particular habitats at the meso-scale and do this consistently along
the entire length of the study area. Based on fish assemblage composition, four
discrete mesohabitat patches were recognised in the Barwon-Darling River. These
four groupings are: non-vegetated banks (smooth and irregular banks); large wood;
open-water habitats (mid-channel and deep pool) and banks with exposed root mats
(matted banks).

Habitat associations between four species and these four mesohabitat groupings are
summarised in Figure 4.7. Two important components to fish-habitat association
are highlight: the likelihood that a fish species will associate with a particular
mesohabitat and the abundance at which it occurs there. In Figure 4.7 species
abundance at a particular mesohabitat patch (expressed as high, medium or low) is
representative of its abundance relative to all other mesohabitat patches. It is not
meaningful to compare abundance measures between species. For example, golden
perch are depicted as being in high abundance in large wood whereas bony herring
are of low abundance in large wood, despite the fact that the mean abundance of
golden perch at large wood was nine compared to 55.42 for bony herring. This is
because bony herring is a much more ubiquitous species then golden perch.
Therefore whilst in absolute terms fewer golden perch then bony herring occurred
at large wood, golden perch was in high abundance at large wood relative to its
distribution across all mesohabitats whereas the reverse was observed for bony
herring.
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At the meso-scale, both Murray cod and golden perch are strongly associated with
large wood. Similar strong preferences of Murray cod and golden perch for large
wood have previously been documented in the Murray River and its tributaries
(Koehn 1996, Koehn and Nicol 1997, Crook et a/. 2001). Although the current
study has provided important information about spatial associations between fish
and large wood, manipulative experiments would still be required to explicitly test
for the causality of such patterns (Clarke 1990, Manly et a/. 1993). Despite this, the
role of large wood as velocity refuge, foraging sites, spawning sites and to visually
isolate predators and prey are all commonly cited mechanisms driving fish
association with large wood (Angermeier and Karr 1984, Harmon et al. 1986,
Lehtinen et a/. 1997, Crook and Robertson 1999). The aforemention mechanisms
vary in their applicability to the Barwon-Darling River.

The cover afforded by large wood is likely to suit the ambush feeding strategy of
golden perch and Murray cod (Merrick and Schmida 1984) which are known to
feed on bony herring in rivers of the Murray-Darling Basin (Battaglene 1991,
Baumgartner 2005). Submerged structures have been shown to create a predation
advantage for both largemouth bass (Micropterus salmoides) and smallmouth bass
(Micropterus dolomieu) by visually isolating the predator from their prey during
ambush feeding (Wanjala et a/. 1986, Bevelhimer 1996). Whilst visually mediated
ambush predation may be used for golden perch and Murray cod in other rivers of
the Murray-Darling Basin, the extreme turbidity of the Barwon-Darling River
probably reduces the effectiveness of vision for detecting prey. Turbidity in the
Barwon-Darling River during the present sampling period was extremely high,
averaging 3 16 FTU and ranging between 1 13-560 FTU. Although most fish have
well-developed eyes (Guthrie and Muntz 1993), in many aquatic environments the
ability of predators and prey to detect each other is significantly impaired by
turbidity (Benfield and Minello 1996, Abrahams and Kattenfeld 1997). Miner and
Stein (1996) reported a reduction in the reactive distance between bluegill sunfish
(Lepomis macrochirus) and their predator (largemouth bass) from 200cm in clear
water to 23cm in turbid water (10 FTU). Increasing turbidity therefore has the
potential to reduce the distance of predator prey encounters and eventually make
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visually mediated predation ineffective (Ydenberg and Dill 1986) at turbidities
much lower than that experienced in the Barwon-Darling River.

Prey species such as bony herring use both vision and a lateral line system in a
complementary fashion, so as the compensate for low visibility in the BarwonDarling River (Gehrke and Harris 2004). The function of the lateral line system in
clupeids has been amply demonstrated in the North American gizzard shad
(Dorosoma cepedianum), which is closely related to bony herring in Australia
(Stephens 1985, McCormick 1997). It is therefore likely that bony herring have a
well-developed ability to detect rapidly-approaching predators in even high
turbidity water. Large wood may serve as ambush sites for Murray cod and golden
perch, which 'lie-in-wait', remaining motionless and reducing their chance of being
detected by prey using non-visual means (Montgomery et a/. 1995).

Large wood is unlikely to be used by golden perch and Murray cod as velocity
refuge during the low-flow conditions that predominate in the Barwon-Darling
River. Thiem (2002) studied the structural complexity and associated hydraulic
conditions of 100 clusters of large wood at Warraweena (reach 8 in the present
study). Whilst there was large variability in the structural complexity of large wood
present in the reach, the very low velocities experienced during low-flow
conditions created very little hydraulic variability among different clusters (Thiem
2002).

A more likely explanation of the preference of golden perch and Murray cod for
large wood lies in the association of macroinvertebrate fauna and large wood. Riffle
sections are absent within the low-flow Barwon-Darling River corridor (Thoms et
a/. 2004a) and the predominance of sand, silt and clay means that large wood is
often the only hard substratum available for the colonisation of algae and
invertebrates (Sheldon and Walker 1998). Sheldon and Walker (1998) have shown
that in-channel large wood of the Barwon-Darling River has an invertebrate
assemblage of greater abundance and richness than that found on fine sediment,
with the genera Pavatya, Caradina and Macrobrachiurn dominating the
assemblage. As well as consuming fish and large decapods, a substantial proportion
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of the diets of golden perch and Murray cod is composed of shrimps of the genera
Paratya and Macrobrachizlm (Battaglene 199 1, Harris and Rowland 1996,

Baumgartner 2005). Furthermore, stable isotope work on golden perch in
floodplain billabongs of the Murray-Darling Basin has shown that a large
proportion of assimilated carbon and nitrogen comes from aquatic invertebrate
sources (Bunn et al. 2003). Therefore the abundant and diverse invertebrate fauna
associated with large wood may make this type of habitat an ideal foraging site.

Carp were also found to be more strongly associated with large wood than with any
other mesohabitat patch, although these associations were much weaker than for
golden perch and Murray cod. The observation that carp utilise a larger proportion
of available habitat than species such as Murray cod and golden perch is consistent
with reports from radio-tracking studies of golden perch and carp on the Broken
River, a tributary of the Murray River (Crook et a/. 2001). Crook et al. (2001)
suggested that differences in feeding strategy may be responsible for the observed
differences. Unlike the ambush feeding behaviour of golden perch (Harris and
Rowland 1996), carp tend to be poor predators of motile prey and feed
predominantly on food particles by sifting through fine benthic sediments
(Larnmens and Hoogenboezem 1991). Crook et al. (200 1) suggest that this foraging
behaviour is conducive to a lower specificity for large wood and a higher mobility.

Two size classes of carp were observed in the present study, probably reflecting
two distinct age cohorts. The size class less than 200mm is likely to be sexually
immature O+ juveniles (within their first year of growth), whereas the size class
greater than 200mm in length is likely to be a mix of pre-adults in their second
growing season (I+) on the verge of maturation and fully mature adults. Although
no age-size relationships were constructed in the current study, the assumption of
two distinct ontogenetic (developmental) cohorts is supported by several pieces of
evidence. Firstly, carp from some Murray River populations have been reported to
reach sexual maturity at around 1 year of age and a length of 150mm for males and
around 2 years of age and 250mm for females (Hume et al. 1983). South Australian
Murray River populations appear to mature at a larger size, with the majority of
carp studied being mature by 350mm (Smith and Walker 2004). Secondly, recent
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hydrographs provide support for a 0+ age cohort in the Banvon-Darling River, a
result of elevated spawning and recruitment associated with two large flood peaks
that occurred in the Banvon-Darling River during the summer of 2000-200 1, one
year prior to sampling (Figure 4.8). A large proportion of the elevated discharge
came from floods in the Namoi and Gwydir Rivers and to a lesser extent the
Macquarie River. Large flows have been linked to significant increases in carp
spawning and recruitment events (King et al. 2003), and a significant increase in
larval carp abundance was observed in both the Namoi and Gwydir Rivers
following the 2000-2001 flood (Dr Dean Gilligan, NSW Department of Primary
Industries, unpublished data).

Adult carp were found in all mesohabitat patches, but were most abundant in large
wood. In the Broken River adult carp have previously been reported to occupy run
and pool habitats (King 2004). This observation is not necessarily different to what
was found in the Barwon-Darling River because, unlike in the current study, King
(2004) did not differentiate between large wood and open-water habitats within
runs and pools. In the current study juvenile carp were absent from mid-channel
and deep pool habitats. They were, however, found in relatively similar numbers in
smooth, irregular and matted banks, as well as in large wood. This differs to what
has been reported for juvenile carp in other lowland rivers of the Murray-Darling
Basin, with strong associations observed between juvenile carp and backwater
habitats (King 2004) and submerged and emergent macrophyte (Villizi and Walker
1999, Smith 2005). These mesohabitats are extremely rare in the low-flow river
corridor of the Barwon-Darling River, only becoming available at elevated
discharges (Thoms et al. 2004a, Boys et al. 2005).
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Bony herring is an ubiquitous pelagic schooling species that feeds on zooplankton,
detritus, algae and aquatic insects (Atkins 1984, Bunn et al. 2003, Balcombe et al.
2005). It is also a species for which large-scale upstream migrations have been
documented (Mallen-Cooper et a/. 1995). These characteristics suggest that bony
herring would generally be found at most mesohabitat patches within the main
channel. This was verified in the current study, although bony herring had a
significantly weaker association with large wood than for smooth and irregular
banks devoid of large wood. A similar finding is reported by Pusey et al. (2004),
who suggest that bony herring are infrequently associated with cover elements such
as large wood, preferring to take refuge amongst its con-specifics. Although all size
class of bony herring were found associated with all mesohabitat patches, bony
herring smaller than lOOmm showed a preference for bank mesohabitats (smooth,
irregular and matted bank). It is this prevalence of small bony herring in smooth
and irregular banks that explains much of the strong association that was reported
for bony herring in these bank mesohabitats. This is consistent with findings of
Lloyd and Walker (1986) who reported that bony herring <75mm were collected
from shallow near-bank habitats near macrophyte beds. This suggests that the
current findings may be applicable to other river systems throughout the MurrayDarling Basin.

It is believed that two age cohorts were detected in the current study. The size class
identified under lOOmm in length are likely to be O+ juveniles and the size class
greater than lOOmm are likely to be adults. Bony herring have been shown to reach
sexual maturity at one year of age, at which stage they average 80mm in length
(Puckridge and Walker 1990). There is therefore reason to believe that the size
dependent difference in mesohabitat association for bony herring may be
ontogenetically or developmentally driven. Ontogenetic changes in resource and
habitat use are a commonly observed phenomenon for freshwater fish (Werner and
Gilliam 1984, Ruzycki and Wurtsbaugh 1999, Simonovi et a/. 1999, Bystrom et al.
2003). Ontogenetic habitat shifts are thought to result from genetically fixed
changes in morphology and behaviour (Werner and Hall 1988, Stoffels and
Humphries 2003) that consequently change the relative costs and benefits
associated with occupying certain habitats (Werner and Gilliam 1984). These costs
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and benefits affect habitat profitability in terms of foraging efficiency (Wahlstrom
et a/. 2000), predation risk (Brabrand and Faafeng 1993, Bystrom et al. 2003) and

metabolic costs (Jordan et a/. 2001).

Although the current results suggest that bony herring undergo a size-dependent
change in mesohabitat association, without directly observing the behaviour of
individuals, it is only possible to hypothesise as to why these differences may exist.
One possibility is that the preference ofjuveniles for bank mesohabitats may reflect
the foraging behaviour of these fish. Dietary studies of bony herring in the MurrayDarling Basin suggest that early ontogenetic stages are primarily zooplanktivorous,
becoming more omnivorous as they mature, feeding on zooplankton, detritus, algae
and insects (Atkins 1984, Bunn et a/. 2003, Balcombe et a/. 2005). To attribute the
aggregation of juvenile bony herring in bank mesohabitats to greater foraging
efficiency in those habitats is heavily reliant on the assumption that zooplankton
concentrations are greatest adjacent to banks. This is highly unlikely in the
Barwon-Darling River. Although hydrological retention has been shown to be
important regulator of zooplankton densities in many large rivers (e.g. Thorp et al.
1994, Reckendoerfer et al. 1999, Schiemer et al. 2001, Hein et al. 2005), those
studies have concerned rivers with relatively stable flows and backwater and other
off-channel mesohabitats where velocities are significantly lower than mid-channel
regions of the main channel. A study conducted in large dryland rivers of North
America, with highly variable hydrographs, showed that significant increases in the
retention of zooplankton at in-channel mesohabitats only occurred when flows were
significantly elevated and discrete areas of noticeably lower velocity became more
abundant (Thorp and Mantovani 2005).

Another possible hypothesis to explain the spatial distribution of bony herring may
be an avoidance of habitats that are occupied by potential predators such as golden
perch and Murray cod. The presence of a predator can cause significant changes in
the behaviour of a prey species, thus altering the dynamics of habitat utilisation
(Dill 1987, Kerfoot and Sih 1997). Moreover, there is a substantial body of
evidence showing that predator-prey induced distributions may be size dependent
(Power 1987, Harvey and Stewart 1991, Harvey 1991 b, a, Fraser and Gilliam 1992,
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Sogard 1997). The use of edgewater habitats by small-bodied fish, similar to what
has been found for bony herring, has also been reported in other studies (Power
1987, Schlosser 1987, Lamouroux et al. 1999) and may be a consequence of using
shallower water to reduce the predation risk from larger fish which generally
occupy deeper habitats.

Despite the aforemention evidence suggesting that predators can influence the
distribution of prey species in rivers, there is little reason to believe that the
mesohabitat associations of bony herring in the Barwon-Darling River are predatordriven. This is because bony herring of all size classes are found in the same
habitats as their predators (golden perch and Murray cod). Furthermore, other
studies have demonstrated that high turbidity like those experienced in the BanvonDarling levels can actually increase the likelihood that a prey species will occupy
'dangerous' habitats which they would normally avoid due to predation (Miner and
Stein 1996, Abrahams and Kattenfeld 1997). Miner and Stein (1996) observed that
increased turbidity caused bluegill sunfish to be more uniformly distributed
throughout the channel and increase their use of habitats where they would
normally be susceptible to predation by largemouth bass. In a similar study,
Abrahams and Kattenfeld (1997) found that in turbid water fathead minnow
(Pimphales promelas) were more likely to forage in areas normally avoided due to
the presence of their predator, yellow perch (Percaflavescens).

4.6.

Summary of key findings and conclusions

Many aspects of habitat use by Australian fish species remain poorly understood
(Chapter 2, Appendix 2, Maitland 1987, Allen et al. 1989, Koehn and O'Connor
1990, Wager and Jackson 1993, Harris 1994, Harris 1995, Koehn 1995, Morris et
al. 2001). The results described in this chapter address this knowledge gap in
regard to the Barwon-Darling River, a large dryland system. There was a
significant difference in fish assemblage composition among mesohabitats and four
groups of mesohabitats were identified based on differences in fish assemblage
composition. The first was large wood, which had a strong association with golden
perch, Murray cod and carp, but only a weak association with bony herring. Golden
perch and Murray cod were weakly associated with Smooth and irregular banks. In
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comparison, bony herring were strongly association with smooth and irregular
banks. There was a moderately strong association between carp and smooth and
irregular banks. Open water (mid-channel and deep pool) habitats were
characterised by relatively low abundances of all species and a particularly weak
association with golden perch, Murray cod and carp. There was a strong likelihood
of encountering bony herring in open water, albeit in relatively low abundance.
Murray cod were weakly associated with Matted bank, whereas there was a strong
likelihood of encountering carp and bony herring at this mesohabitat patch in low
abundance. There was a moderate likelihood of encountering golden perch at
matted bank, but only in low abundances.

Golden perch and Murray cod were found to be large wood specialists. This was in
contrast to bony herring, which were found associated with all mesohabitats, but
more strongly with smooth and irregular bank when compared to large wood and
open water. Much of the strong association between bony herring and smooth and
irregular banks was due to the abundance ofjuveniles (<100mm in length) in these
mesohabitats. Whilst carp strongly associate with large wood (particularly adults

> 2 0 0 m in length), they were less specific in their use of large wood than golden
perch and Murray cod were, often being found associated with smooth, irregular
and matted bank.

5.1.

Introduction

Nocturnal sampling improves the ability to interpret size-dependent patterns of fish
habitat use in both estuarine (Griffiths 2001) and riverine systems (Arrington and
Winemiller 2003). This is because die1 cycles of activity are commonly displayed
by riverine fish (Helfman 1993), often mediated by changes in water temperature or
water quality (Alabaster and Robertson 196 1, Crowder et a/. 198 1, Matthews and
Berg 1997), prey availability (Crowder et a/. 1981, Hieber et a/. 2003), predation
risk (Shoup et a/. 2003) or visual acuity (Utne 1997). Changes in activity
throughout the die1 period can result in a shift in habitat use, a phenomenon that has
been frequently documented in both lentic and lotic systems, for both juvenile
(Baxter and McPhail 1997, Jacobsen and Berg 1998, Copp and Jurajda 1999,
Hohausova et a/. 2003, Polacek and James 2003, Lewin et a/. 2004, Wolter and
Freyhof 2004) and adult fish (Copp and Jurajda 1999, Crook et a/. 2001, David and
Closs 2003, Hohausova et a/. 2003, Wolter and Freyhof 2004).

The use of habitat by fish can also be influenced by body size (Werner and Gilliam
1984). Shifts in habitat use accompanying changes in body size may be mediated
by changes in the energetic requirements of fish (Quinn and Peterson 1996), their
ability to acquire food (Richard and Wainwright 1995, Cook 1996) or susceptibility
to predators (Schlosser 1987, Lundvall et a/. 1999, Roussel and Bardonnet 1999).
Although the size-dependent use of habitat by fish has been studied by many (e.g.
Schlosser 1987, Harvey and Stewart 1991, Randall et a/. 1996, Alanara et a/. 2001,
Bradford and Higgins 200 1, Hendry et a/. 200 1, Reichard et a/. 2002, Nykanen and
Huusko 2003, Orpwood et a/. 2003), far less attention has been given to the
interaction between body size and the die1 dynamics of habitat use. Most studies
that have looked at this interaction describe die1 movements between near-bank and
mid-channel mesohabitats in temperate, lowland rivers (e.g. Sanders 1992,
Kubecka and Duncan 1998, Copp and Jurajda 1999, King 2004, Wolter and
Freyhof 2004).

In rivers of the Murray-Darling Basin, there has been limited research into either
size or diel-related use of habitat by fish (Appendix 2). Studies that have looked at
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diel shifts in habitat associations, often report lower catchability at night (e.g.
Meredith et al. 2003, King 2004), suggesting that there are subtle diel shifts in
habitat use occurring, although night distributions have proven difficult to detect.
Like most research into fish habitat use in the Murray-Darling Basin, the majority
of research has been conducted in the Murray River system (Appendix 2).
Balcombe and Closs (2004) have demonstrated that adult gudgeons (subfamily
Eleotridae) use macrophyte stands in shallow littoral areas of billabongs during the
day, but move to open water habitats at night, possibly as a response to predation
pressure. Similarly, Gehrke (1992) reported diel vertical migration in small size
classes of larval eleotrids in floodplain billabongs. Crook et al. (2001) showed that
the association of golden perch and large wood was not as strong at night as it was
during the day. The work of King (2004) in the Ovens River is the only study that
has looked at the interaction between body size and time of day on fish-habitat
associations within in-channel habitats in the Murray-Darling Basin. Although
Australian smelt and carp appear to move from low-velocity backwaters as larvae
to deeper mid-channel habitats as juvenile and adults, no shift in habitat use was
detected for larval, juvenile and adults of these species throughout the diel period
(King 2004). The only species for which a diel shift in habitat use was observed
was for larval Murray cod, with almost all larvae drifting during the night (King
2004).

In the Barwon-Darling River, size-related differences in habitat associations have
previously been reported for both bony herring and carp (Chapter 4). Much of the
strong association between bony herring and smooth and irregular banks was due to
the large abundance of juveniles (<100mm in length) in these mesohabitats.
Similarly, adult carp (>200mm in length) displayed a strong association with large
wood. The aim of this chapter is to further demonstrate size-related use of
mesohabitats obtained in Chapter 4 through the diel period by using nocturnal
sampling. Firstly, differences in fish assemblage composition obtained from night
and day sampling are compared. Size-related shifts in mesohabitat associations are
then determined throughout the diel period by comparing the length-frequency
distributions of fish captured at different mesohabitats (i.e. smooth bank, irregular
bank, matted bank, large wood and open water) at different times of the day.
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Field methods

Fish were sampled at three lOkm reaches according to the methods detailed in
section 3.4.2 (page 58). Within each reach, 10 replicate locations of each of five
mesohabitat patches (smooth bank, irregular bank, matted bank, large wood and
open water) were randomly selected and marked with a reflective peg on a nearby
bank. Each replicate mesohabitat location was fished once during the day and once
during the night. Three full 24-hour periods separated the paired day and night
samples, with the order of sampling (i.e. whether day or night occured first)
ramdomised for each indjvidual replicate.

5.3.

Data analysis

5.3.1.

Die1 variation in fish assemblage composition

Fish assemblage composition obtained during day and night sampling was
compared using multivariate techniques. Catches at each mesohabitat were pooled
at the reach level, leaving 15 samples for the species by sample matrix (five
mesohabitat patches at three reaches). From this matrix an association matrix was
calculated using the Bray-Curtis similarity coefficient on fourth root transformed
total abundance (caught plus observed) data. One-way ANOSIM was used to test
the statistical significance between day and night samples based on fish assemblage
composition and SIMPER analysis (also on fourth-root transformed data) identified
which species contributed to this difference.

5.3.2.

Die1 use of mesohabitat by bony herring and carp

Only bony herring and carp were caught in sufficient numbers to permit spatiotemporal patterns in distribution to be investigated further. Furthermore,
insufficient numbers of these two species were caught from matted bank and open
water and these two mesohabitats were removed from the analysis. Therefore, day
and night length-frequency histograms were constructed for carp and bony herring
at smooth bank, irregular bank and large wood. Diel differences in length frequency
distributions at each mesohabitat patches were tested for significance using the
two-sample Kolmogorov-Smirnov (KS) statistic (DKS)(Sokal and Rohlf 1996). The
level of statistical significance for each test was determined by comparing the test
statistic (DKS)to a distribution of those test statistics obtained from 1000 Monte
Carlo randomisations of the original dataset (DRAN)(Manly 1997), with the
significance level being the probability of DMN> DKS.

To investigate diel variation in mesohabitat use between juvenile and adult bony
herring and carp, the size classes identified in Chapter 4 were used: ie. bony herring
(juvenile I 100mm, adult > 100mm FL); carp (juvenile 5 200mm, adult > 200mm
FL). Differences in juvenile and adult bony herring and carp abundance were
compared among mesohabitats and time of day using two-way ANOVA.
Mesohabitat and time of day were treated as factors, with catch abundance
averaged across all three reaches. All data were log(x+l) transformed to overcome
heterogeneity of variances. The interaction of mesohabitat patch and time of day
gave an indication of whether the observed mesohabitat associations were
consistent between day and night samples.
5.3.3.

Daytime mesohabitat associations of gudgeons and Australian
smelt

Whilst it was the main objective of this chapter to describe size-dependent diel use
of mesohabitat, sufficient numbers of gudgeons and Australian smelt were caught
during the day to provide some information about their mesohabitat associations.
This is an opportunity to add to the mesohabitat associations that have already been
reported for bony herring, carp, golden perch and Murray cod in Chapter 4.
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Differences in abundance with respect to mesohabitat patch weere tested using oneway analysis of variance (ANOVA), with total abundance (caught and observed)
for day samples averaged across all three reaches. The Bonferroni Correction was
applied for multiple comparisons. If statistically significant, the ANOVA was
followed by painvise post hoc Tukey tests. All data were log(x+l) transformed to
overcome heterogeneity of variances.

5.4.

Results

5.4.1.

Die1 variation in fish assemblage composition

Day and night electrofishing collected 4,299 fish from eight different species
(Table 5.1). The most frequently occurring species were bony herring (83.0 percent
of total fish sampled), carp (55.1 percent), gudgeons (6.6 percent) and Australian
smelt (2.3 percent). Goldfish, golden perch, gambusia and Murray cod collectively
accounted for 2.6 percent of the total fish sampled.

Not only was fish abundance 80.5 percent lower at night then during the day (Table
5.1), but the assemblage composition differed significantly (AIVOSIM: Global
R=0.501, p=0.001, and Figure 5.1). Carp was the only species caught in relatively
equivalent abundances between day and night samples, with all other species
occurring in much lower abundances at night (Table 5.2). Gudgeons and bony
herring made the largest contribution to assemblage difference between day and
night, collectively contributing 50 percent to mean dissimilarity (Table 5.2).
5.4.2.

Size-related die1 use of mesohabitat by bony herring and carp

Significantly more juvenile (<100mm) bony herring were caught during the day
than during the night (Table 5.3: ANOVA, 'time' p<0.001), with almost no
juveniles captured in night samples (Figure 5.2 and Figure 5.3). Adult (>100mm)
bony herring were significantly more abundant in large wood than the other
mesohabitat patches and this did not change between day and night (Figure 5.2,
Figure 5.3 and Table 5.3: ANOVA, 'mesohabitat' p<0.001). More adult bony
herring, were found in smooth and irregular banks during the night than during the
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day (Figure 5.2 and Figure 5.3) resulting in a significant mesohabitat and time
interaction (Table 5.3: ANOVA, 'mesohabitat*time' p<0.001).

There was no die1 change in the size-distribution of carp occupying large wood
(Figure 5.2: Dks0.264, p=0.206 and Figure 5.3). There was, however, a size-related
shift in the use of smooth and irregular bank between day and night (Figure 5.2: Dks
0.706, p<0.001 and Dks 0.491, p<0.001, respectively). At night, there was a
decrease in the abundance of adult (>200mm) carp occupying these two
mesohabitats, coupled with an increase in the abundance of juvenile (<200mm)
carp (Figure 5.2, Figure 5.3). The nocturnal increase in carp abundance was
significantly higher in smooth bank relative to other mesohabitats (Table 5.3:
ANOVA, 'mesohabitat*time' p<0.009).
5.4.3.

Daytime mesohabitat associations of gudgeons and Australian
smelt

Gudgeons were found in significantly higher abundance in smooth bank than in any
other mesohabitat patch (Figure 5.4, ANOSIM: df=4, F=4.19, p=0.03). There was
no difference detected in the abundance of Australian smelt among different
mesohabitats (Figure 5.4, ANOSIM: df=4, F=3.028, p=0.07).

Table 5.1. Total number of fish sampled (caught and observed) at each mesohabitat and time of day pooled across all replicates in all three reaches.
Species

Australian smelt
(n=IOI)

Bony herring
(n=3569)

Car?)
(n=237)

Gambusia
(n=16)

Gudgeons
(n=282)

Golden perch
(n=34)

Goldfish
(n=51 )

Murray cod
(n=9)

Total day
Total night
Grand total

Time

Irregular bank

Matted bank

Smooth bank

Open water

Large wood

Total

Grand

cgt

obs

cgt

obs

cgt

obs

cgt

obs

cgt

obs

cgt

obs

total

41 1

82 1
74

261
17

248

485

608

247

328

1419

2179

3598

895

278

312

94
579

115
723

15
0
15

174

64

5
179

120
367

134
462

309
3147

392
2571

70 1
4299

Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night

78
489
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Stress: 0.1

A irregular bank

matted bank

0 smooth bank

n

open water

0 large wood

Figure 5.1. Two-dimensional nMDS ordination of mesohabitat patches based on die1 differences in
fish assemblage composition. Points in black represent night samples whereas those in white
represent day samples.

Table 5.2. Species contributions lo difference in fish assemblage composition between day and
night (SIMPER analysis).
Species

Mean abundance
Day

Gudgeons
Bony herring
Carp
Australian smell
Goldfish
Golden perch
Gambusia
Murray cod

Night

Consistency ratio Contribution %

Cumulative %

bony herring

carp

Fork length (rnrn)

Figure 5.2. Length-frequency histograms for bony herring and carp at smooth bank, irregular bank
and large wood during the day and night. The two-sample Kolmogorov-Smirnov test statistic (Dks)
is given for each day versus night comparison, with significant die1 differences accepted at the
Bonferroni corrected alpha value of 0.008.
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Figure 5.3. Mean abundance (caught only) 2 SE for juvenile (5200mm) and adult (>200rnrn) carp
and juvenile (51OOmm) and adult (> 100mm) bony herring at different mesohabitat patches at day
and night.
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Figure 5.4. Mean (* SE) abundance (caught plus observed) of gudgeons and Australian smelt from
different mesohabitats during the day. Letters associated with each mean in the gudgeons plot
represent groupings identified by pairwise Tukey tests. That is, means with letters in common are
not significantly different at p=0.05).
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Discussion

This chapter has demonstrated that both bony herring and carp can exhibit a variety
of habitat use patterns throughout the diel period and throughout their lifetime.
During the day, juvenile bony herring predominantly utilise smooth and irregular
banks and to a lesser extent large wood, but are absent from all sampled
mesohabitats at night. By comparison, adult bony herring show a preference for
large wood with this pattern remaining fairly consistent between day and night.
Adult bony herring also utilise smooth and irregular bank habitats, but only do so at
night when juvenile bony herring are absent. Such a finding builds on previous
beliefs with respect to ontogenetic variation in habitat use by bony herring (Bishop
et a/. 2001). Whilst Bishop et al. (2001) provides evidence of substantial size-

related differences in bony herring associated with main channel, anabranch and
floodplain lagoons in a tropical floodplain river system of the Northern Territory,
Australia, the findings of this thesis show that within at least one of these habitats
(main channel), ontogenetic variation occurs at the finer mesohabitat scale and also
throughout the diel period. Since these size-dependent patterns are consistent with
the daytime distributions reported from 12 reaches in Chapter 4, it would seem that
the die1 patterns detected from three reaches in the current chapter have a broad
spatial context and are likely to apply to the whole study area in the BanvonDarling River.

In the previous chapter it was stated that bony herring display a weak association
with large wood habitat, a pattern previously reported by Pusey et a/. (2004). On
closer examination of size-dependent associations, it is evident that not all
ontogenetic stages display a uniform distributional pattern. Much of the strong
association of bony herring for near-bank mesohabitats and weak association with
large wood is being driven by the high abundance of juvenile fish that display this
distributional pattern. In comparison, the less abundant adults of this species are
actually more strongly associated with large wood than near bank mesohabitats.

Carp exhibited a variety of habitat use patterns throughout the diel period and
throughout their lifetime. There was a large increase in the number of juvenile carp
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caught at night when compared to day, an opposite pattern to that observed for
bony herring. Whilst the size structure of carp remained unchanged in large wood
across the die1 period, similar to bony herring, the majority of change occurred in
association with smooth and irregular banks. At night, there was a decrease in the
abundance of adult carp occupying smooth and irregular banks, combined with a
large increase in the abundance of juvenile carp occupying smooth banks. The
results described here both concur and contradict with findings of previous studies
involving carp in Australian lowland rivers (King 2004, FPRG 2005). Increasing
abundance of small-sized carp at night has been previously reported in the Murray
River (FPRG 2005), whereas no change was found in the abundance of juvenile
carp throughout the diel period in the Broken River (King 2004). Collectively these
findings suggest carp display a large degree of plasticity in the spatio-temporal
utilisation of habitat, further supporting their status as a habitat generalist (as shown
in Chapter 4).

Juvenile bony herring were not sampled from any of the mesohabitats at night. This
die1 phenomenon was also observed for all other species except carp. The same
phenomenon has been previously reported for adult and juvenile carp, Australian
smelt, crimson-spotted rainbowfish and Murray cod in the Broken River (King
2004), gudgeons in billabongs and reservoirs (Gehrke 1992, Meredith et al. 2003),
and adult and juvenile bony herring in the Murray River (FPRG 2005). Although it
was originally hypothesised, based on various lines of evidence (Gehrke et al.
1995, Faragher and Rodgers 1997), that few fish were likely to occupy the bottom
of deep pools, the inability to sample fish known to be present in the reach may
suggest that this is not the case. That is, there may be a nocturnal change in
mesohabitat use for juvenile bony herring reflecting a nocturnal use of deeper water
habitat where they may remain undetected due to gear limitations.

Significant diel changes in the use of bank habitats such as those reported here for
bony herring and carp, have been documented for fish in temperate lowland rivers
systems (e.g. Sanders 1992, Kubecka and Duncan 1998, Copp and Jurajda 1999,
King 2004, Wolter and Freyhof 2004). Whilst some have attributed these
movements to predation pressure, such as the nocturnal use of shallow banks by
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small-sized bitterling (Rhodeus sericeus), roach (Rutilus rutilus) and white-finned
gudgeons (Gobio albipinnatus) in the River Morava, Czech Republic (Copp and
Jurajda 1999), others have found contradictory die1 patterns. In several North
American rivers, Sanders (1992) reported nocturnal movements of both juveniles
and adults into bank habitats, including the predator sauger (Stizostedion
canadense). Similarly, significant nocturnal movements of large-sized fish towards
banks have been detected by Kubecka and Duncan (1998) in the River Thames
(England). Electrofishing in the Oder River (Germany) found very similar patterns,
with large-sized silver bream (Blicca bjoerkna), common bream (Abramis brama),
pikeperch (Sander lucioperca) and roach all being found at their highest densities
close to banks at night (Wolter and Freyhof 2004).

Whilst a loss of visual acuity during low-light intensities may be responsible for the
reduced use of near-bank habitats by juvenile bony herring at night, it is thought to
be unlikely. Many species of fish rely heavily on vision to spatially orientate
themselves within their habitat (Bertmar 1979, Davis and Olla 1995, Ullen et al.
1995, Deliagina 1997, Olla et al. 2000, Montgomery and Walker 2001) and there is
evidence that bony herring may lose their ability to visually orientate themselves
during the night (Mallen-Cooper 1994, 1996, Stuart and Mallen-Cooper 1999).
Despite this, if juvenile bony herring were losing their ability to hold preferential
positions near bank habitats at night, then an even distribution of these fish among
all mesohabitats at night should result from their dispersion, rather than their total
absence from all mesohabitats as was observed. Instead, the absence of juvenile
bony herring from smooth and irregular banks at night is more likely to reflect an
active movement of these fish from smooth and irregular banks at dusk, where they
occupy habitats outside the sampling area until dawn (e.g. benthic habitats in deep
pools).

This study adds to the growing body of evidence of the temporal partitioning of
habitat use by fish species (Ross 1986, Matthews et al. 1994, Turner et al. 1994,
Eklov 1997, Jepsen et al. 1997, Jakober et al. 2000, Heggenes et al. 2002, Hampton
2004, Lecomte and Dodson 2005). Whilst both juvenile bony herring and carp
share mesohabitats adjacent to smooth and irregular banks, they use these
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mesohabitat patches at different times throughout the diel period. This study is the
first to document size-dependent partitioning of habitat between carp and a native
species, although dietary overlap and competitive exclusion of native species by
carp has been reported (Fletcher 1986, Pen et a/. 1993). The results from this thesis
show that competitive exclusion is unlikely in the case of bony herring and carp
because all size-classes of both species coexisted in the same reaches. Temporal
partitioning of habitat may be a behaviour that supports the existence of large
numbers of these two species within the same reach of river.

It should be noted that dietary overlap alone is insufficient evidence of exploitative
competition between species (Raborn et al. 2004). For exploitative competition to
occur, the competing species must both use an abundantly limited resource (Werner
and Gilliam 1984). Exploitative competition has been frequently reported for
gizzard shad (Dorosoma cepedianum), a North American clupeid that occupies a
very similar niche and undergoes very similar ontogenetic dietary shifts to bony
herring (Pierce et al. 1981, Atkins 1984, DeVries et al. 1991, Miranda and Gu
1998, Bunn et a/. 2003, Balcombe et al. 2005). Shad have been shown to regulate
zooplankton through intense grazing and consequently reduce the abundance of
coexisting planktivorous fish (Hirst and DeVries 1994, Stein et al. 1995, Garvey
and Stein 1998, Michaletz 1998, Miranda and Gu 1998, Kim and DeVries 2000,
Schaus et a/. 2002). Exploitative competition is less likely to effect adult shad since
they have been shown to shift their feeding behaviour to exploit alternatively
available foods when resources are limited (Ingram and Ziebell 1983, Schaus et a/.
2002). Such a size-dependent state of exploitative competition between bony
herring and carp would be supported by the observation that the temporal
partitioning of habitat by carp and bony herring is confined to juvenile life stages,
since the adults of both species are more omnivorous than juveniles (Atkins 1984,
Bunn et al. 2003, Balcombe et al. 2005). Until detailed food-web analysis is
conducted involving bony herring and carp, it is not possible to conclude from the
present data whether these two species undergo strong interspecific interactions.

Within the confines of the current experimental design, it was not possible to
determine causal mechanisms behind the size-related diel shifts in mesohabitat

5. Die1 variation in mesohabitat use

135

association shown by bony herring and carp. Whilst competitive interactions
between bony herring and carp have been discussed, other factors such as sizespecific changes in prey preferences or predation risk cannot be discounted. These
have previously been discussed in relation to the size-dependent use of near-bank
habitat by bony herring and carp (Chapter 4) and will not be repeated here.

Although it was not the initial objective of this chapter to describe in any detail
daytime mesohabitat use by species, as this was the subject of the previous chapter,
gudgeons and Australian smelt were sampled in high enough abundances to enable
some features of their daytime distribution to be described. Although the
confidence in the patterns must be tempered by the low-level of reach replication
(three reaches in this survey, when compared to 12 reaches in Chapter 4), they
warrant discussion because they add additional information to what was obtained in
the previous chapter. Both gudgeons and Australian smelt were found in all
mesohabitats. Gudgeons associated more with smooth banks than other mesohabitat
patches. Gudgeons in billabongs have previously been reported to prefer littoral
areas with submerged macrophyte cover rather than unvegetated littoral areas,
possibly due to the abundance of food in these habitats and protection from
predation (Stoffels and Humphries 2003). Submerged macrophyte is an extremely
rare mesohabitat in the Barwon-Darling River (Boys et al. 2005). The detection of
gudgeons in habitat patches without macrophyte beds shows that whilst possibly
not optimal, suitable gudgeon habitat does still occur within the main channel of the
Barwon-Darling River. There was no difference found in the use of mesohabitats
by Austrlain smelt. This concurs with previous studies in the Broken River which
found Australian smelt to be ubiquitous in pools and open water during the day but
not found at night (King 2002,2004).

5.6.

Summary of key findings and conclusions

The use of nocturnal sampling has provided useful information on size-related use
of habitat that was not evident from day sampling. Both bony herring and carp
exhibited a variety of habitat use patterns throughout the die1 period and throughout
their lifetime. Juvenile bony herring were abundant during the day, occupying
smooth and irregular banks. In comparison, adult bony herring occupied large wood
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more than smooth and irregular banks. Juvenile bony herring were not captured at
night, possibly suggesting a use of deep water habitats. Adult bony herring were
captured at night and appeared to occupy both large wood and smooth and irregular
banks. Juvenile carp were more abundant at night and aggregated in smooth and
irregular banks more than any other mesohabitat patch. In comparison, adult carp
occupied large wood at both day and night. Whilst temporal partitioning of habitat
use by juvenile bony herring and carp was evident, the role of exploitative
competition in mediating this spatio-temporal partitioning needs to be investigated
further.

