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Abstract
The declining condition of river systems associated with rapid development of human
societies has lead to substantial reductions in the distributions and populations of
many freshwater fish. One consequence of the general decline in river condition has
been the loss of in-stream Structural Woody Habitat (SWH).

Structural woody

habitat is now widely recognised as an important component of stream ecosystems,
particularly as fish habitat. As a result, there has been an increase in the number of
rehabilitation programs that introduce SWH into rivers globally, and in Australia.
However, most rehabilitation works remain unmonitored or inadequately monitored
and hence their effectiveness remains largely untested and/or poorly recorded. This
thesis assesses fish responses to the introduction of SWH in two coastal rivers of New
South Wales, Australia. It is focused on evaluation of the key aspects of experimental
design that need to be taken into consideration when planning a monitoring program.
The results of this study contribute to a growing literature on the monitoring of fish
responses to rehabilitation works using introduced SWH.
In 2000 a reach scale experiment was undertaken in the Williams River, NSW, with
the introduction of SWH to a test reach compared with a geomorphologically similar
control reach. Changes in fish species richness, abundance and assemblage structure
were quantified over a period of five years after treatment using a Before-AfterControl-Impact-Paired (BACIP) design and analysis. The initial increase in fish
species richness observed in the two years following SWH introduction (reported in a
previous assessment) appeared to have been sustained three years on (i.e. five years
after SWH introduction). This outcome suggests that the increased habitat diversity
in the test reach following SWH introduction was sufficient to elicit a detectable and
sustained response by fishes over the study period of five years. However, the
increased fish abundance noted two years after SWH introduction into the test reach
appears to have dissipated over the following three years. Analysis of abundance,
excluding a small highly abundant species, Retropinna semoni (Australian smelt),
suggested that the initial increase in the test reach was due solely to this species. The
most plausible explanation for the decrease in fish abundance after the first two years
of the experiment was the decrease in available SWH over the study period due to
burial by substrate mobilized during high flow events. The Williams River study is
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representative of the few rehabilitation projects that attempt to monitor fish responses
to SWH introduction and, as such, provided the opportunity to examine inadequacies
in experimental design and data analysis.

Specifically, the Williams River

experimental design suffered from: unbalanced sampling effort between the test and
control reaches, irregular sampling, a lack of spatial and temporal replication, and
potential spatial autocorrelation.
The early success reported for the reach scale experimental introduction of SWH in
the Williams River motivated the scaling up of rehabilitation works into a larger river,
the Hunter River. Aspects of the Hunter River study that improved upon the Williams
River study were: increased replication of treatments and controls that were similar at
the start of the experiment, increased temporal replication, balanced sampling effort
across all sites, systematic temporal sampling, and an effort to measure the potential
for spatial autocorrelation. Fish population responses at the meso-habitat scale (i.e. in
riffles and pools) were tested using a Multiple-Before-After-Control-Impact (MBACI)
experimental and analytical design. The introduction of SWH into riffles and pools in
the Hunter River did not elicit a strong response from fish populations at the mesohabitat scale. In the riffle experiment, the introduction of SWH (deflector jams)
appeared to create areas of slack water habitat which were utilised by one native fish
species (R. semoni) and one exotic species (Gambusia holbrooki - mosquito fish). No
increase in fish species richness or abundance following SWH introduction in
treatment pools was detected by the MBACI analysis. The most likely explanation
for the lack of response to SWH in Hunter River pools is that the volume of wood
introduced was very low (approximately 90% less) relative to natural wood levels in
this and other Australian rivers, and therefore insufficient to elicit a measurable
response from the fish assemblage at the pool scale.
Quantification of the availability of particular habitat types (e.g. banks, etc, etc)
within the Hunter River pools suggested that pre-existing in-stream habitat may have
been a limiting factor for fish and that the contemporary riparian and in-stream
conditions were likely to have facilitated the invasion and subsequent successful
establishment of exotic fish species, particularly Cyprinus carpio (common carp) and
Gambusia holbrooki.

The results from examination of habitat associations and
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preferences imparted a strong biological rationale for the introduction of SWH to
enhance overall habitat availability.
While there was no increase in fish species richness or abundance at the pool scale,
differences were found between the levels of complexity of SWH within pools.
Temporal patterns of change in fish species richness and abundance associated with
the introduced SWH in pools suggested that fish were quick to colonise the
introduced SWH. However, it was not until several months after SWH introduction
that fish species richness and abundance on introduced SWH increased above the
levels recorded in pre-existing habitat, and the new woody habitat appeared to
become saturated.

The provision of increased structural complexity within the

introduced SWH, induced by the placement of additional logs within the pool jams
provided habitat of higher quality for three of the four most abundant native fish
species (Anguilla reinhardtii – long-finned eel, Gobiomorphus coxii - Cox’s gudgeon
and Macquaria novemculeata - Australian bass) than the simple SWH placed in the
Hunter River pools. The concern that the introduction of SWH would also provide
habitat for the two abundant exotic species (C. carpio and G. holbrooki) appears to be
unfounded for the Hunter River pools. While C. carpio utilized the introduced SWH,
a stronger association was observed with the pre-existing habitat (e.g. bank and midchannel areas). Gambusia holbrooki displayed a total avoidance of the introduced
SWH in the Hunter River pools, being associated mostly with bank habitat. In
contrast, the strong association observed for all abundant native species with the
introduced SWH in pools suggests that the pool jams provided a habitat type of high
quality compensating for the absence of suitable natural habitat structure that
appeared to be limiting for native fishes in the study reach. The results of a markrecapture study demonstrated a strong affinity of native Mugil cephalus (sea mullet)
for introduced SWH. Evidence gathered from the mark-recapture study highlights the
important contribution that behavioural studies can have in assessing rehabilitation
success.
Introduced SWH may not suit all species in a river system and this must be
acknowledged at the outset when setting ecological goals. This study has identified
some of the Australian native fish species that are likely to respond well in future
SWH restoration projects, specifically G. coxii, M. novemculeata and M. cephalus.
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This thesis highlights the need for assessment of a wider range of fish responses to
SWH such as how the addition of SWH might affect recruitment and long-term
population viability in the river system, not just the treated reach. Such an analysis
should be informed at the outset by knowledge of the life history strategies and
movement behaviour/migration of fish species and how species possessing a range of
traits might be expected to respond to introduced SWH at various spatial scale.
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Chapter 1: General Introduction
1.1

Human driven alterations of riverine systems

Rapid development of human societies associated with greater productivity of the
land and industrialisation has placed increasing pressure on terrestrial and aquatic
ecosystems all over the globe (Dudgeon et al. 2006). In developed countries aquatic
degradation became much more pronounced in the late nineteenth and twentieth
centuries (Welcomme 1994), whilst in developing countries degradation of aquatic
habitats became more evident from the late twentieth century and continues today
(Parish 2004; Welcomme & Petr 2004). Estimates by some researchers suggest that
75-95% of riverine habitats around the globe are presently degraded to some degree
(Benke 1990; Dynesius & Nilsson 1994; Muhar et al. 2000).
A broad range of direct and indirect anthropogenic activities has contributed to the
continuing decline of aquatic ecosystem health in river systems.

Logging and

silviculture have negatively impacted streams by increasing sediment input,
decreasing water retention of the land, increasing the temperature of water reaching
streams and disrupting the delivery of wood and organic matter (Meehan 1991;
Erskine & Webb 2003). Typically, a large amount of the deforested land, especially
in lowland areas, is subsequently utilised for agricultural purposes. Agricultural
activities may detrimentally affect streams by increasing inputs of soluble nutrients
(Lenat & Crawford 1994; Carpenter et al. 1998) and toxicants such as pesticides
(Cooper 1993; Woodward et al. 1997; Liess & Schulz 1999), as well as by imposing
on the physical structure of streams by way of diversion channels, filling and
channelisation (sensu Brooks et al. 2003). Diversion of water for irrigation purposes
can lead to reduced stream flows, higher water temperatures, salinisation, reduced
ability of streams to transport sediment, and other detrimental effects (Barmuta 2003).
Rapid residential development and industrialisation in human population centres have
altered riverine habitats through channelisation, increased runoff from impervious
surfaces, both point and non-point source pollution and overall simplification of
habitat (Konrad 2003).
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Further to the diffuse impacts on the natural hydrological cycle caused by landscape
changes and utilisation, attempts to ‘tame’ rivers in the form of flood protection and
dams has lead to alterations of hydrological regimes (Poff et al. 1997). Current water
management practices have reduced natural hydrological disturbances essential for
providing diversity of habitats at several scales (Zalewski et al. 2003). In attempts to
improve navigation and reduce flooding, in-stream habitats have been further
simplified by activities such as dredging and desnagging (removal of large wood)
(Treadwell et al. 1999; Collins et al. 2003). In the process of increasing utilization
and manipulation, many riverine environments have lost their original form and
function to become simple, often featureless channels.
Riverine fish communities in anthropogenically disturbed areas, in some situations,
have undergone changes in assemblage composition and structure (e.g. Harris &
Gerhke 1997; Belliard et al. 1999; Argent & Carline 2004). The response of different
species and assemblages varies with the type and intensity of disturbance and
location. Populations of many fish species have decreased dramatically (Ingram et al.
1990; Maitland & Lyle 1991; Ricciardi & Rasmussen 1999; Penczak & Kruk 2000),
while others with wide tolerance ranges and generalised life histories have profited
from anthropogenic changes (Rapport & Whitford 1999; Ross et al. 2001; Bernardo et
al. 2003; Koehn 2004; Quist et al. 2004).

At the same time there has been a

progressive loss of diversity with the loss of species and sub-species adapted to the
former regimes but unable to survive in the modified conditions (e.g. Moyle &
Williams 1990; Moyle & Leidy 1992). There is now a growing realisation that the
loss of diversity at the species level compromises the sustainability of the benefits
derived from aquatic systems and impoverishes society (sensu Carpenter et al. 2006).
1.2

The importance of wood in rivers for fishes

Modern forests cover almost a third of the Earth’s land surface (Food and Agricultural
Organisation 2006). It is likely that wood has been entering streams and rivers for
many millions of years, although its influence on freshwater ecosystems has probably
varied substantially over this time (Montgomery et al. 2003).

Climatic and

geographical conditions define and support vegetation types and are a controlling
factor in determining the extent of wood available for recruitment into streams (Benda
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et al. 2003). Successional stage of riparian forests influences the quality and quantity
of natural sources of wood entering streams through processes that may occur over
several centuries and extend over the entire catchment (Zalewski et al. 2003).
Recruitment of wood into streams may occur by gradual processes such as natural
mortality of riparian trees and bank erosion or during episodic events such as large
storms, floods and bushfires (Harmon et al. 1986; Benda et al. 2003). The influence
of wood on fishes varies by geographical region (e.g. climate and vegetation), stream
order (e.g. extent of physical imposition of wood within the stream channel, extent of
flooding), community assemblage composition (e.g. interspecific interactions) and
fish species (e.g. habitat preferences, life stage).

Wood recruited from riparian

sources plays a multidimensional role in the structure and functioning of stream
ecosystems (Angermeier & Karr 1984).
Accumulations of large wood are typically a dominant habitat feature in undisturbed
streams in forested landscapes (Lake 1995). However, the widespread practice of
desnagging has removed much of the in-stream SWH. Further, the reduction of
riparian forests associated with anthropogenic alterations to the landscape has reduced
the potential for recruitment of wood in-stream. Although large in-stream wood is
commonly referred to as ‘Large Woody Debris’ (LWD), this study will hereafter use
the terminology Structural Woody Habitat (SWH) following recent trends in the
literature to remove the negative connotations associated with the term ‘debris’
(Gehrke & Brooks 2003; Koehn et al. 2004). Structural Woody Habitat is defined as
the in-stream wood (logs and large limbs) that provide or influence physical in-stream
structure which is subsequently utilized by aquatic ecological communities.
Many observational studies have reported strong correlations between SWH and fish
across a range of stream orders and geographical zones worldwide, although
explanations of the functional relationships underlying these correlations are
somewhat uncommon in the literature. Most of the available information on fish
relationships with SWH is from studies undertaken in perennial upland temperate
streams (e.g. Hortle & Lake 1983; Roni & Quinn 2001).

However, strong

associations between SWH and fish abundance have also been recorded in upland
warmwater streams (Dollof & Warren 2003), lowland temperate streams (e.g.
Lehtinen et al. 1997; Crook et al. 2001; Simpson & Mapleston 2002; Nicol et al.
-3-

2004; Boys & Thoms 2006), perennial arid zone streams (Black & Crowl 1994),
humid tropical rivers (e.g. Jepsen et al. 1997; Pusey et al. 2004) and ephemeral
streams (e.g. Jacobson et al. 1999). Most research has focussed on river channels and
there is a need to determine the extent and nature of fish associations with SWH in
floodplain habitats (Bayley et al. 2002).
The following sections of this thesis review the available literature describing the
mechanisms underpinning the correlations between SWH and riverine fish
communities (Fig. 1.1).
1.2.1 Meso-habitat formation
The physical imposition of large wood in streams strongly influences meso-habitat
formation. The term meso-habitat has been described by Pardo & Armitage (1997) as
visually distinct structural units of habitat within the stream with an apparent physical
uniformity, including forms such as pools, runs and riffles. The geomorphological
effects of SWH on fishes extend from the basin scale, through provision of increased
habitat heterogeneity (Tchaplinski & Hartman 1983; Reeves et al. 1993; Quinn &
Peterson 1996), to the micro-habitat scale, through channel morphology and dynamics
(Abbe & Montgomery 1996; Piegay & Gurnell 1997; Brooks & Brierley 2002;
Brooks et al. 2003). There has been little research into the effects of SWH on fish
production at the catchment scale. However, the significance of in-stream SWH to
salmonid production in Pacific Northwest streams is implied by studies that show
positive relationships between SWH densities and salmonid diversity and abundance
at reach and catchment scales (Tchaplinski & Hartman 1983; Reeves et al. 1993;
Quinn & Peterson 1996).
In small streams, pieces of wood are typically larger in relation to channel size and
therefore have a greater geomorphic influence on meso-habitat formation (Gurnell et
al. 2002; Webb & Erskine 2003; Cordova et al. 2007). Small streams typically have
relatively low transport power and subsequently large pieces of wood tend to stay
where they fall (Webb & Erskine 2003), often spanning the entire channel (Dolloff &
Warren 2003). Several studies of salmonids in small streams in the Pacific Northwest
(e.g. House & Boehne 1986; Bisson et al. 1988) have demonstrated that SWH
influences fish distribution by increasing pool area. However, it must be noted that
-4-

the same authors also suggested that SWH accumulations may also inhibit migration.
Pools scoured by flow around SWH accumulations are often larger and exhibit a more
variable depth range than other types of pools (Abbe & Montgomery 1996; Collins et
al. 2002). In addition to the creation of scour pools, SWH increases meso-habitat
diversity by obstructing the sediment transport or by forcing local flow divergence
and consequent sediment deposition (Montgomery et al. 2003). Increased mesohabitat heterogeneity provides for a greater diversity and quality of micro-habitats
available for fishes through a range of mechanisms (Fig. 1.1).
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Figure 1.1:

Conceptual model depicting the mechanisms by which Structural Woody Habitat (SWH) impacts on riverine fish communities.
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The influence of SWH on mesohabitat formation decreases with increasing channel
width and physical imposition on the stream (Piegay 2003). In large streams, whole
logs are more likely to be rotated downstream by the flow than in smaller streams thus
having less geomorphological and hydraulic significance than logs aligned across
channels (Bilby & Ward 1989; Gippel et al. 1996; Koehn et al. 2004).
1.2.2 Velocity refuge
Under low flow conditions, large in-stream SWH dissipates fast flows, thereby
increasing habitat diversity by inducing hydraulic complexity in the form of a range
of flows (Harmon et al. 1986; Gregory 1995). Considering the broad range of microhabitat velocity preferences of riverine fish species (e.g. Pusey et al. 2004), as well as
different life stage preferences within individual species, high hydraulic diversity is
likely to foster a diverse fish assemblage.
Studies using hydrological modelling have suggested that structurally complex instream habitats, such as those provided by SWH accumulations, create critical
hydraulic refuge for fish during periods of elevated flow in small streams (Gore et al.
1989; Shuler & Nehring 1993). Pearsons et al. (1992) noted that increased hydraulic
complexity in a North American desert stream, associated with boulders and in-stream
SWH, increased fish assemblage resistance to flood spates.

Although the main

channels of many large streams typically lack SWH, an abundance of lower velocity
habitats occur laterally, overhanging banks associated with riparian vegetation,
anabranches, backwaters and seasonal floodplain habitats (Penczak 1995; Schiemer et
al. 2001). In Australian lowland rivers, Koehn (1996) found that Macullochella peelii
(Murray Cod) tended to move closer to the banks and used large SWH as refuge
during floods. Further work is required to determine the role of SWH in providing
flow refuge for fishes in large streams, both under normal and elevated flow
conditions (Crook & Robertson 1999).
1.2.3 Low flow refuge
In ephemeral streams, scour pools formed by SWH and other channel obstructions
may provide the only refuge during low flows (Pearsons et al. 1992; Bond & Lake
2005). The provision of suitable refugia enhances the resistance and resilience of
aquatic communities to both natural and anthropogenic disturbances (Bond & Lake
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2005). Recolonization by aquatic organisms from refugia is important in the recovery
of ecological communities from drought (Lake 2003). Further, scour pools associated
with complex structure provide refuge from terrestrial predators which may exploit
dense congregations of fish during periods of no flow (Dolloff & Warren 2003).
1.2.4 Inter- and Intraspecific interactions
SWH reduces inter- and intraspecific interactions between fish species through the
provision of increased micro-habitat diversity, both hydraulic and structural.
Hydraulic diversity reduces competition even between similar sized individuals of the
same species. For example, in experimental streams both with and without SWH,
Sundbaum and Näslund (1998) found that Salmo trutta (brown trout) exhibited less
aggressive behaviour and less swimming activity in the presence of SWH and thus
maintained better condition than fish in control channels without SWH. The presence
of SWH created variations in velocity and depth which apparently increased the
number of energetically profitable positions and, subsequently, reduced intraspecific
competition (Sundbaum & Näslund 1998).

Several experimental studies using

artificial structures have demonstrated the importance of visual isolation and overhead
cover in reducing aggressive behaviours between fishes (Sechnick et al. 1986;
Valdimarsson & Metcalfe 1998), although similar studies using natural SWH are rare
(e.g. Sundbaum & Näslund 1998; Lapinska 2001).
Accumulations of SWH are often complex, with complexity being expressed as the
joint effect of cavity space, stem diameter, suspended and benthic leaves, depth,
internal and external flow, undercut banks, and lateral position (Monzyk et al. 1997).
Structural complexity within SWH accumulations appears to be critical in reducing
inter- and intraspecific interactions between fish, which consequently reduces energy
expenditure and allows for enhanced growth (McMahon & Hartman 1989; Sundbaum
& Näslund 1998). Declines in predation success of fish in complex habitats are
thought to be due to decreased visual acuity of predators and/or increased opportunity
for prey to hide (Savino & Stein 1982; Diehl 1988; Eklov 1997), or limited
manouverability of predators within complex structure (Vince et al. 1976; Minello &
Zimmerman 1983). Negative relationships between habitat complexity associated
with SWH and foraging success of predatory fish have also been demonstrated
(Everett & Ruiz 1993; Lapinska 2001). However, structural complexity may increase
-8-

the efficiency of ambush predators (Savino & Stein 1989; Eklov 1997), particularly
under conditions of high water transparency (Skov et al. 2007). SWH may also
provide fishes with refuge from terrestrial predators such as birds (Dolloff & Warren
2003).
1.2.5 Food supply
Complex SWH accumulations support more diverse and abundant biotic assemblages
than simple accumulations (Scealy et al. 2007), therefore potentially providing rich
feeding areas for many fish species. In-stream SWH indirectly influences the energy
budget of fishes by providing a stable substrate for the development of benthic
invertebrate communities upon which many fish feed (Benke & Wallace 2003). Large
stream beds tend to be dominated by soft benthic substrata and SWH is often the
principal source of non-burrowing invertebrates available as food resources for fishes
(Benke et al. 1984; Smock et al. 1985; Humphries et al. 1996; Sheldon & Walker
1988).
1.2.6 Feeding positions
In-stream SWH also influences the energy budget of fishes by providing habitat for
invertebrate communities which subsequently enter flow drift and are consumed by
many fish (Borchardt 1993). Drift feeding is particularly important for fishes in small
perennial streams where food sources predominantly originate from rocky substrata
and terrestrial sources (Cadwallader et al. 1980; Bachman 1984). In-stream structures
create profitable conditions for drift-feeding fish directly through the provision of
cover (Wilzback 1985) and indirectly by constricting flow which concentrates
invertebrate drift (Mitchell et al. 1998).

During the day many species of fishes use

refuges, including SWH accumulations, and actively forage in open water at night
when invertebrate drift is most abundant (Todd & Rabeni 1989; Kwak et al. 1992;
Baxter & McPhail 1997; Diana et al. 2004).
1.2.7 Spawning substrate
A wide array of species has been documented utilising SWH directly as a spawning
substrate (Dolloff & Warren 2003; Koehn & O’Connor 1990) or indirectly as cover
for nesting (e.g. Simpson & Mapleston 2002; Rowland 1998). In many large lowland
streams, SWH may provide the principal source of silt free substratum (Sheldon &
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Walker 1998) necessary for many species of fishes to deposit adhesive eggs (e.g.
Pusey et al. 2004), particularly in the absence of macrophytes.

1.3

River rehabilitation techniques

In response to degradation of aquatic habitats, rehabilitation projects are now common
in developed countries and are becoming increasingly so in developing countries
(Cowx & Welcomme 1998; Shields et al. 2003).

However, the present rate of

ecological degradation far exceeds the rate of ecological rehabilitation (Cairns 1999).
Many of Australia’s rivers have been adversely affected by human impacts such as
catchment clearance, pollution and the physical modification of rivers and their
floodplains (Commonwealth of Australia 2002a, 2000b). Widespread recognition of
these issues at all levels of society has seen an escalation in the number of river
rehabilitation projects conducted in Australia over the last two decades, with millions
of dollars spent annually on activities such as bed and bank stabilisation works,
riparian revegetation, mitigation of pollution, and management of endangered aquatic
species (Cottingham et al. 2005).
There have been many techniques developed to rehabilitate rivers for fishes, with a
range of objectives from restoring natural long term processes (e.g. riparian
revegetation, reinstatement of environmental flows) through to site specific physical
changes (e.g. removal of barriers to fish passage, placement of in-stream habitat
structures) aimed at achieving rapid responses from target species. An overview of
commonly employed techniques and goals is shown in Table 1.1. In recent years
there have been a few manuals published on specific rehabilitation techniques and
their designs for rivers in North America (Slaney & Zoldakas 1997), Europe (Cowx &
Welcomme 1998; Vivash 1999) and Australia (Rutherford et al. 2000; Brooks et al.
2006). These guidelines provide detailed information which can assist river managers
to design and implement rehabilitation techniques.
Rehabilitation ecology is still a young science and although the literature is extensive
and growing rapidly (Smokorowski et al. 1998), it remains largely fragmented (Buijse
et al. 2002). Until recently, river rehabilitation for fishes has been undertaken with
little knowledge of the natural structure and function of rivers, and projects have
-10-

commonly attempted to create habitats for single species. Ironically this approach has
been implicated as contributing to the decline of fishes and other species in some
aquatic habitats (Fuller & Lind 1991; Muhar et al. 1995; Frissell et al. 1997). In order
to rehabilitate streams for fishes, and the sustainable functioning of aquatic
ecosystems, key functional characteristics of the riverscape need to be identified (e.g.
Tockner et al. 1999; Buijse et al. 2002). The key functional characteristics of streams
that have been altered by human development are loss of riparian and catchment
vegetation, changes to flow regime, physical changes to stream morphology, changes
in sediment supply and changes in the soluble inputs entering the stream. The scale
and extent of each of these functional characteristics and anthropogenic alterations to
them, however, varies between and within catchments.
Ultimately, for rehabilitation to be successful for multiple species, actions must be
consistent with the overriding goal of restoring ecosystem processes and functions.
Implicit in the scientific basis required for this approach to rehabilitation is the
appreciation that biota have evolved and adapted to local environmental conditions
and that spatial and temporal variations in catchment processes create a dynamic
mosaic of habitat conditions in a river network (Beechie & Bolton 1999). Thus,
rehabilitation actions are more likely to be successful, and the evaluation of these
works more meaningful, when considered within a catchment context (Reeves et al.
1997; Habersack 2000; Jungwirth et al. 2002).
Many management approaches in the past decade have attempted to apply methods
utilised in other areas, without addressing spatial and temporal variability in habitats
at a regional and local scale (Bond & Lake 2003b). Further they have often been
aimed at addressing symptoms of the disrupted ecosystem rather than the functional
causes (Frissell & Nawa 1992; Muhar et al. 1995; Ormerod 2004). There has also
been little consideration given to the ecological processes at work and how they may
affect any response to physical manipulation associated with rehabilitation attempts
(Bond & Lake 2003b). While the same set of fundamental processes, such as supply
of water, nutrients and sediment, shape all riverine ecosystems, the specific
mechanisms driving them vary depending on geologic, topographic and climatic
setting (Roni et al. 2005).

Rehabilitation initiatives address the same sets of
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processes, therefore the techniques employed need to be based on the identification
and targeting of the key site specific stressors in order to be effective.

Table 1.1
Common categories and techniques employed in river rehabilitation projects for fishes
(modified from Roni et al. 2005).
Category

Examples of common techniques

Typical goals

Riparian vegetation

Planting of trees and vegetation.
Stock exclusion fencing.

Bank stabilisation

Rock wall embankments.
Engineered log structures.
Dam and weir removal.
Culvert removal.
Installation of fishways.

Restore riparian processes.
Improve bank stability.
Improve in-stream conditions.
Prevent erosion or channel
migration.
Reconnect migration corridors.
Facilitate recruitment.
Allow natural transferability of gene
pool.
Reconnect lateral habitats.
Allow natural migration of channel.

Fish passage
reinstatement
Floodplain
connectivity
Urbanisation
mitigation
Environmental flows

In-stream habitat
structures
Species
reintroduction

1.4

Reconnection of lagoons.
Re-meandering of straightened streams.
Levee removal.
Road stabilisation.
Disconnect surface runoff.
Dam removal.
Controlled releases from dams.
Establishment of minimum flows.
Restoration of a range of features of
natural flow regime.
Boulder reintroduction.
Engineered log structures.
Recreation of riffles.
Stocking of species formerly present.
Stocking of localised genetic strains.

Reduce sediment supply.
Restore hydrology.
Improve water quality.
Reinstate natural flow regime.
Provide adequate flows for aquatic
biota and habitat.
Maintenance of physical habitat.
Improve in-stream habitat diversity
and conditions.
Improve spawning conditions.
Provide refugial habitat
Return native species.
Protect genetic diversity of species.
Maintain species diversity.

Returning SWH to rivers

Re-establishing SWH in rivers may help restore some of the natural interactions
between wood, hydraulics and sediments, thus increasing the habitat heterogeneity
that promotes increased species diversity and abundance (Connell 1978). Such a
dynamic system should also increase system resilience to some man-made
disturbances (Gregory et al. 2003), although may be dependent to some degree on a
return to a more natural flow regime (sensu Poff et al. 1997). Restoration of natural
wood sources for rivers (i.e. replanting of vast areas with riparian vegetation) must be
cost-efficient and occur on a large scale. This would require consistent policy and
investment over several decades. However, the process of riparian succession and
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subsequent wood recruitment to streams may be accelerated through directed
silviculture practices (Boyer et al. 2003). The alternative approach of deliberately
placing SWH into streams may not be economically viable in a long-term, large-scale
plan, but is useful for small-scale demonstration purposes. Public perception surveys
seem to indicate that, at present, large in-stream SWH negatively affects peoples’
perceptions of riverscape aesthetics (Gregory & Davis 1993; Piegay et al. 2005).
These surveys also highlight the significant role that demonstration reaches could play
in educating people and communicating the importance of in-stream SWH to
landowners and other sectors of society.
To effectively manage SWH in streams for fishes, there needs to be objective
assessment of habitat manipulation works. The functional role of SWH in different
river systems needs to be assessed in order to direct the approach taken to design and
placement of structures for maximum ecological benefit. A comprehensive approach
is needed to take into account the degree to which SWH is limiting habitat, food
resources, spawning, recruitment and fish production.

The constraints on fish

production due to SWH must be assessed in the context of other factors that limit fish
populations such as altered flows, catchment degradation and pollution (Crook &
Robertson 1999).
1.5

Experimental introduction of SWH in Australian streams

In recent years several projects have been conducted in south-eastern Australia
assessing the impacts of adding SWH for fishes at a range of scales. Nicol et al.
(2004 a,b) used a reference reach approach to assess the impacts of introducing SWH
for the native fishes Macquaria ambigua (golden perch), Maccullochella peeli
(murray cod), and Maccullochella macquariensis (trout cod) in a large alluvial river
(Murray River) in south-eastern Australia. The spatial characteristics of SWH in a
reference reach, which was deemed to have a wood load typical of natural levels, was
used as a guide for placement of introduced SWH (Koehn et al. 2004). SWH was
added to 14 sites in the treatment reach increasing the SWH density to approximately
equal that of the reference reach (0.01 SWH items per m2). Prior to the addition of
SWH, native fish abundance in the treatment and references reaches were
significantly different, with a higher abundance observed in the reference reach. After

-13-

SWH introduction, the native fish abundance in the treatment and reference reaches
was not significantly different, indicating that fish responded positively to the addition
of SWH (Nicol et al. 2004). While the response by native fish to the addition of SWH
was positive and statistically significant (Nicol et al. 2004), however, there was no
clear relationship between the exotic fish species Cyprinus carpio (common carp) and
SWH. Further, the position within the river and density of SWH strongly influenced
native fish responses.

Native fish were more common in moderately curving

meanders and eroding banks associated with accumulations of SWH and preferred
sites in which SWH pieces were clumped over sites where the SWH pieces were
evenly distributed (Nicol et al. 2004).
Remediation of refugial habitats for the benefit of fishes in central Victoria creeks
affected by sand slugs was investigated using timber railway sleepers to represent
SWH (Bond & Lake 2005). A Before-After-Control-Impact (BACI) approach was
adopted. Fish-habitat associations were investigated prior to restoration, with strong
associations found between scour pools and fish abundance (Bond & Lake 2005).
Timber railway sleepers were installed at three levels in sand affected sections of the
creeks (control, 1 structure per site, 4 structures per site).

Each treatment was

replicated 3 times in each of the two streams studied, and fish were sampled before
and after placement of the structures. Initial response was positive for the habitat
manipulations, particularly for the four-sleeper treatment. However, the effects of a
drought at the time caused the loss of surface water in the streams and thus loss of all
fish. This study highlighted the need for longer-term perturbations unrelated to the
effect of introducing SWH to be taken into account when considering the benefits of
river rehabilitation for fishes.
A range of Engineered Log Jams (ELJs) were introduced into a 1.1 km reach of a
coastal gravel bed stream (Williams River) in New South Wales in an attempt to
increase geomorphic complexity and reduce bank erosion (see Chapter 3; Brooks et
al. 2004, 2006). It was anticipated that increasing geomorphic complexity would also
benefit fish assemblages. A BACI experiment was employed to detect changes in fish
assemblages in the treatment reach and a control reach with similar geomorphologic
and riparian vegetation characteristics.

One year after SWH introduction, fish

assemblages in the treatment reach showed an increase in species richness and
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abundance compared to the control reach, suggesting that the changes in physical
habitat were beneficial to fish at the reach scale (Brooks et al. 2004).
This thesis extends the sampling period for the Williams River project and employs a
more sensitive statistical analysis that incorporates more of the natural variability
between sampling occasions. The Hunter River study examines fish responses at the
mesohabitat for riffles and pools, and within the mesohabitat scale in pools in a large
lowland stream.
1.6

Aims and structure of thesis

Structural woody habitat is widely recognised as an important component of stream
ecosystems, particularly for fish habitat. Recognition of the degradation of many
river systems driven by human induced changes has lead to the need and desire to
restore some of the key physical attributes. The practice of introducing SWH to
streams to improve structure and function of aquatic communities is becoming more
popular and widespread, not only in Australia, but across the globe.

However,

typically fish responses to these works remain unmonitored or are inadequately
monitored. This thesis aims to evaluate fish responses to SWH introduction in two
coastal streams in New South Wales, Australia and assess the key aspects of
experimental design that need to be taken into consideration when planning a
monitoring program.

A conceptual model of the chapter structure, objectives,

research questions and field program are presented in Figure 1.2.
In Chapter 2, the physical and biological characteristics of the study reaches in the
Williams River and Hunter River are described and set within a catchment context.
Aspects of geology, soils, climate, hydrology, vegetation, land use and
geomorphology are covered and biological reviews of the fish species recorded in the
study sites are presented.

Conceptual models are presented which outline the

contemporary anthropogenic stressors on fish assemblages in the Hunter River and
Williams River study reaches providing the background context against which
rehabilitation is being carried out.
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Initial results obtained from the experimental reach scale introduction of SWH into
the Williams River demonstrated an increase in fish richness and abundance one year
after SWH introduction (Brooks et al. 2004). Chapter 3 assesses fish responses to
reach scale SWH introduction in the Williams River five years after treatment with
SWH using a before-after-control-impact-paired (BACIP) analytical design. Issues of
experimental design in relation to spatial and temporal scales of replication are
discussed.

Lessons learned in sampling techniques, experimental design and

subsequent statistical analyses of results in the Williams River were used to inform
the approach adopted in the Hunter River study for introducing SWH.
Chapter 4 introduces the Upper Hunter River Rehabilitation Initiative (UHRRI) and
outlines the pragmatic decision to rehabilitate a reach of river strongly influenced by
an array of direct and diffuse environmental stresses. Hydrological and physicochemical characteristics of the study reach over the study period and distribution of
meso-habitat throughout the UHRRI reach are presented. The rehabilitation strategy
is described in general terms for the entire UHRRI reach and in detail for the fish
study sites.
In Chapter 5 the fish assemblages of riffle and pool meso-habitat types in the Hunter
River study reach are described and the influence of seasonal trends explored.
Length-frequency comparisons are made between meso-habitat types. Chapter 6
examines the availability of riparian and in-stream habitat within the Hunter River
study pools. Fish habitat use is examined with respect to availability for the six most
abundant fish species recorded in Hunter River study reach pools.
Chapter 7 assesses fish responses to SWH introduction at the meso-habitat scale in the
Hunter River using a Multiple-Before-After-Control-Impact (MBACI) analytical
design. In the riffle experiment two types of controls (close and distant) were used to
determine whether the expected lack of spatial independence between close control
and treatment riffles was, indeed, a problem. Spatial independence of pool sites was
examined using a mark-recapture experiment. There was insufficient information
obtained for statistical analysis and therefore these results are presented in Appendix
9.

Fish responses to two levels of structural complexity within pool SWH are

examined in Chapter 8. Fish assemblage structure at the two levels of structural
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complexity is compared to that in pre-existing bank and mid-channel habitats.
Immediately following SWH introduction, sampling was intensified to monthly
sampling in order to track succession at two levels of SWH complexity.
The final chapter (Chapter 9) synthesizes the results from each of the preceding
chapters and discusses them in the context of the available literature. Implications of
this research are discussed within the context of river rehabilitation for fishes in
Australia and globally. The need for appropriate experimental design and statistical
analysis are discussed. Direction is given as to what further research is required to fill
gaps in understanding the logistical aspects of rehabilitating streams using SWH, and
the ecological benefits of this form of river rehabilitation.
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OBJECTIVES
RESEARCH
QUESTION(S)
FIELD PROGRAM

Figure 1.2: Conceptual diagram showing the relationships among chapters, objectives, research questions and fieldwork. In addition, spatial independence of study sites
and habitat affinities were examined for the large bodied fish species (Appendix 9).
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Chapter 2: Study area, existing environmental conditions &
anthropogenic stressors
2.1

Introduction

The two study reaches are located in the Hunter River catchment, on the central coast
of New South Wales, eastern Australia (Fig 2.1). This chapter provides a description
of the physical characteristics, hydrology, land use, fish biodiversity of the study
reaches and summarises the anthropogenic impacts on the aquatic environment, thus
providing the background context against which stream rehabilitation based on the
reintroduction of Structural Woody Habitat (SWH) was undertaken.
2.2

Location

River management in Australia, and indeed much of the developed world, underwent
a transformation in the late 1990s from an engineering-based approach to one which
attempts to restore natural processes (Outhet et al. 1999; Hillman & Brierley 2005).
This reframed approach to river management acknowledges that unless ecologically
sustainable practices are employed, societal, cultural and ultimately economic values
will be compromised. The Hunter Catchment Management Trust was one of the
many Australian authorities actively supporting this paradigm shift and offering an
opportunity to conduct innovative river rehabilitation trials in parts of the catchment.
The Hunter River catchment drains a total area of about 22,020 km2 (Spencer et al.
2004). The main tributaries of the Hunter River include the Pages River and Rouchel
Brook in the north, the Goulburn River in the west, Glennies Creek, Patterson River,
Allyn River and the Williams River in the north-east, and Wollombi Brook in the
south-east (Fig. 2.1). The western boundary of the catchment is formed by the Great
Dividing Range, with the Manning River and Karuah River catchments bordering the
north and the Hawkesbury-Nepean and Macquarie-Tuggerah Lakes catchments
bordering the south of the catchment.
The Hunter River has its source in the Mount Royal Range and Barrington Tops
region at an altitude of approximately 1,500 m above sea level (ASL). It flows in a
south-westerly direction into Glenbawn Dam. From Glenbawn Dam, the Hunter
River continues its course in a south-westerly direction to meet the Goulburn River
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near Denman, thereafter flowing south-easterly through Singleton and Maitland to
meet the South Pacific Ocean at Newcastle. The Hunter River study reach is located
5 km south-west of the town of Muswellbrook approximately 200 km from the river
mouth at an altitude of about 130 m ASL with an upstream catchment area of 4,220
km2 (Brierley et al. 2005).
The Williams River rises on the escarpment of Barrington Tops, 120 km north of
Newcastle, and flows in a southerly direction to join with the Hunter River at
Raymond Terrace. The study reach on the Williams River is located north-west of the
town of Dungog approximately 96 km from the river mouth at an altitude of about
100 m above sea level (ASL) and drains an upstream area of 185 km2 (Brooks et al.
2004).
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Figure 2.1
reaches.

2.3

Map of the Hunter catchment and location of the Hunter River and Williams River study

Geology

A major fault line (the Hunter-Mooki fault line) separates Carboniferous metasediments along the north-eastern side of the valley from the Triassic sandstones to
the south and Permian fluviatile and marine sediments in the central and south-eastern
areas; the western side of the valley is dominated by Tertiary basalt flows (Galloway
1963). Accumulation of riverine sediments in the valleys formed alluvial flats along
the Hunter River and some of its tributaries dating back to the Quaternary period
(Galloway 1963).
Carboniforous rocks, which are comprised of shale, sandstone, limestone and volcanic
rocks, have been extensively folded and faulted to form the rugged landscape leading
up to the Barrington Tops (Department of Land and Water Conservation 2000). The
softer Permian rocks, consisting of conglomerate, sandstone, shale and coal, have
eroded to form the main corridor of the broad Hunter River Valley (Galloway 1963).
The rocks of the Early Permian are derived from marine sediments and, as a
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consequence, many of the streams and groundwater reserves which occupy the central
valley floor have naturally high background salinity levels (Department of Land and
Water Conservation 2000). The thick layer of sandstone in southern areas of the
catchment forms a plateau with heavily dissected tributary valleys (Department of
Land and Water Conservation 2000).
The Williams River study reach and the catchment area upstream are predominantly
comprised of Carboniferous sediment, with the remnants of a Tertiary basalt cap on
the Barrington Plateau at the top of the catchment (Hunter and Central Rivers
Catchment Management Authority 2007b). The Hunter River study reach is located
within the main corridor of the Hunter Valley on Quaternary alluvium (Galloway
1963). The geology of the catchment upstream of the study reach includes late
Permian sediments, early Permian marine sediments and Quartenary alluvium
(Spencer et al. 2004).
2.4

Soils

Soil types in the Hunter catchment are strongly dependent on the parent rock type and
rainfall levels. There are four general soil zones recognised in the Hunter catchment
(Department of Land and Water Conservation 2000); the Hunter floodplain, the
Merriwa and western ranges, the Goulbourn River, and the central northern valley.
The soils of the Hunter floodplain include a variety of soils ranging from alluvial to
podosolic and “cracking clays”, and support intensive land use (Galloway 1963). The
soils of the Merriwa and western ranges are fertile soils and cracking clays reflecting
the basalt material from which they originate (Galloway 1963). The soils of the
Goulburn River in the southwest are mostly light sands and earths, reflecting the
sandstone country from which they are derived (Galloway 1963). They are of poor to
medium fertility and are highly erodible. The soils of the central northern valley are
variable podsolic-type soils derived from carboniferous rocks (Galloway 1963).
The Williams River study reach is located within the central northern valley zone with
soils that are well-suited to agricultural usage (Hunter and Central Rivers Catchment
Management Authority 2007b). Dark-brown and black soils occur on the ridge crests
and in the upper valley, with the remaining parts of the valley covered by podsolic
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soils (Hunter and Central Rivers Catchment Management Authority 2007b). The
Hunter River study reach is located on the Hunter floodplain zone. The soils on the
land adjacent and above the Hunter River study reach include alluvials, highly
erodible and dispersable sodic and saline soils, and cracking clays (Hunter and
Central Rivers Catchment Management Authority 2007a).
2.5

Climate

The winter climate in the Hunter Valley is dominated by mid-latitude westerlies and
high pressure systems, alternating with cold fronts (Hunter Valley Research
Foundation 2005). The cold fronts are often associated with inland showers and
occasional snow at higher altitudes. South-easterly winds dominate during summer,
dissipating inland and providing a cooling effect occasionally penetrating as far inland
as Scone (Grugeon 2007). Low pressure troughs occur commonly throughout the
summer months (November to March) often bringing unstable weather patterns, such
as rain and thunderstorms (Grugeon 2007).
Highest rainfalls typically occur between January and March (often associated with
thunderstorm activity) and again in mid winter, with the lowest rainfall throughout
spring and early summer (Department of Land and Water Conservation 2000). A
pronounced rainfall gradient exists within the Hunter Valley, with coastal areas
averaging around 1,100mm per annum, dropping to around 550mm per annum at
Merriwa in the west of the catchment (Ainsworth & Harris 1996). Maximum rainfall
occurs in the Barrington Tops and north-eastern mountains, which intercept moist
coastal breeze inflow, with averages exceeding 1,400mm per annum (Ainsworth &
Harris 1996). Annual average rainfall exceeds 1,000mm per annum over most of the
Williams catchment (Department of Land and Water Conservation 2000).

At

Muswellbrook, in the upper Hunter, the annual average rainfall is less than 600mm
per annum, with January the wettest month and August the driest (Ainsworth &
Harris 1996). The majority of the catchment above Muswellbrook receives less than
800mm per annum (Department of Land and Water Conservation 2000). Evaporation
in the Hunter valley varies from 750 to 1,000mm per annum in the north-east of the
catchment to as high as 1,250 to 1,5000mm per annum in the far west (Department of
Land and Water Conservation 2000).
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An east-west temperature gradient also exists across the Hunter catchment associated
with proximity to the coast, with the ocean moderating daily maxima, minima and
extreme temperatures (Spencer et al. 2004). Temperature averages during the winter
months vary from 2-15°C near Murrurundi in the western part of the catchment to 918°C around the lower Hunter and coastal regions in the east (Grugeon 2007). While
winter sub-zero temperature extremes are common in western parts of the Hunter
catchment, the coastal influence in the eastern part of the catchment mitigates winter
minima, with winter temperatures rarely falling below 7°C (Grugeon 2007). Summer
daytime maxima average 30-32°C in the western part of the catchment, to around
27°C towards the coast (Grugeon 2007). Summer temperature extremes in the eastern
coastal part of the Hunter catchment are moderated by south-easterly sea breezes.
However, in the western part of the catchment, daily maxima exceeding 40°C are
fairly common during the warmer months of November to March (Grugeon 2007).
Like temperature, humidity is strongly influenced by proximity to the coast, with
higher overall humidity along the coast reflecting available moisture from the ocean.
2.6

Hydrology

The annual flow variability of Australian streams is two to three times that of northwest Europe and North American streams (McMahon et al. 1992), and the variability
of streams within the Hunter catchment is high even relative to Australian standards
(Erskine 1997). On average, the Hunter River discharges 1,800,000ML per annum
into the Southern Pacific Ocean (Department of Land and Water Conservation 2000).
Approximately 20% of the Hunter catchment flows are regulated by three major
storages; Glenbawn, Glennies Creek and Lostock Dams (Hunter Valley Research
Foundation 2005). Other major water storages within the catchment are Chichester
Dam, Grahamstown Dam, Seaham Weir, Lake Liddell and Plashett Reservoir. The
Glenbawn, Glennies Creek and Lostock Dams have a catchment area of
approximately 1,800 km2 (6.5 per cent of the total catchment), and a combined
storage capacity of 1,173,200 ML (Ainsworth & Harris 1996). Approximately 22,000
ML per annum is released from Glenbawn and Lostock Dams as an environmental
contingency (Hunter Valley Research Foundation 2005). While a substantial amount
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of water flows from the unregulated streams of the Hunter catchment (approximately
80 per cent of total flows), it is the regulated flows from the Glenbawn, Glennies
Creek and Lostock Dams which provide much of the water during dry years (Hunter
Valley Research Foundation 2005).
In south eastern Australia multi-decadal cycles in the flood regime, known as “flood
and drought dominated regimes” (FDRs and DDRs) have been used to describe long
term variability in stream flow (Warner 1987; Erskine & Warner 1988). Drought
dominated regimes have been identified between 1821-1856, 1901-1948 and 19772006, with FDRs identified from 1857-1900 and 1949-1977 (Warner 1987; Erskine &
Warner 1988; Cohen 2003; Hoyle et al 2008). Figures 2.2 and 2.3 highlight the
influence these periods have had on the arithmetic mean annual flood over the long
term hydrograph for the Williams and Hunter study reaches respectively, with an
increase in the mean arithmetic flood during the FDR period for which flow records
are available. The closure of Glenbawn Dam in 1958 occurred during an FDR period
and notably decreased the mean arithmetic annual flood during this period (Fig. 2.3).
However, the mean arithmetic flow for the DDR period after dam closure is only
marginally less than the DDR period prior to dam construction (Fig. 2.3). Large
flows still occur, despite flow regulation, originating from the Pages River and
Rouchel Brook which join with the Hunter River below Glenbawn Dam (Fig. 2.1).
Prior to the closure of Glenbawn Dam in 1958, historical flow records show that the
Hunter River at the study reach regularly ceased flowing over the summer months,
something which no longer occurs. The Williams River above the study reach is
unregulated and experiences periods of extremely low or no flow.
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Figure 2.2: Hydrograph (mean daily discharge) from the Tillegra gauge (Stn. 210011) 5.1km
downstream of the Williams River study reach. Also shown are two Drought Dominated Regimes
(DDR) and one Flood Dominated Regime (FDR) as delineated by Erskine &Warner 1988, and the
arithmetic mean annual flood for each DDR and FDR period (dotted lines).

Figure 2.3: Hydrograph (mean daily discharge) combined from the Muswellbrook gauge
(Stn.210002) and Muswellbrook Weir gauge (Stn.210008) immediately upstream of the Hunter River
study reach. Also shown are two Drought Dominated Regimes (DDR) and one Flood Dominated
Regime (FDR) split into pre and post Glenbawn Dam, and the arithmetic mean annual flood for each
DDR and FDR period (dotted lines).
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The largest flows through the Williams River study reach typically occur between
January and April as a result of summer precipitation on the Barrington Tops (Fig.
2.4). The greatest variability in total monthly flow volume is experienced during
October (Fig. 2.4).

During FDRs this trend towards high summer flows is

accentuated with high flows extending into May-June (Fig. 2.5). However, the effect
of the DDR and FDR periods in the Williams River catchment is likely to be
dampened by the coastal influence on rainfall.
The catchment above the Hunter study reach is influenced by three seasonal flow
regime zones; early spring, moderate autumn and moderate late summer (Haines et al
1988; McMahon & Finlayson 2003). Consequently, flow is highly variable through
the Hunter River study reach. Prior to regulation, the reach experienced a pronounced
winter peak (June-August) (Fig. 2.6) with a smaller summer peak (January-February).
Flow regulation following closure of Glenbawn Dam has evened out monthly flows
by storing the large peak flows of winter (June/July) releasing them more evenly over
all months of the year (Fig. 2.6). The average total monthly discharge post dam
closure in 1958 ranges between about 2,000 and 3,000 ML per month, compared to a
range of 2,000 to over 7,000ML before Glenbawn Dam (Fig. 2.6).

Interannual

variation in total monthly flow has been reduced by this water release strategy: except
in August and November post dam (Fig. 2.7). During the DDR period prior to the
closure of Glenbawn Dam (1913-1948) the greatest flows occurred during winter
(June-July) and the lowest flows occurring during the summer months (NovemberMarch) (Fig. 2.7). The highest variability in flow was observed from April-June. A
winter peak was still evident during the FDR period (1949-1976) although the
distribution of flow volume was bimodal with a second large peak over summer
(January-February). The high variability in the summer peak (Fig. 2.6) was primarily
driven by increased flows during the FDR period, which did not occur during the
DDRs (Fig. 2.7).

The second DDR on record (1977-2006) followed a similar

seasonal trend to the first although the second DDR occurred following the
completion of Glenbawn Dam and as such the flows are more evenly spread
throughout the year. The CV during this period is similar to that observed during the
FDR period except during November when the high CV was driven by a single large
flood event in 2000.
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Figure 2.4: Mean monthly discharge and coefficient of variation for the Williams at Tillegra gauge
(Stn. 210011).

Figure 2.5: Mean monthly discharge and coefficient of variation for the Williams River for Flood
Driven Regimes and Drought Driven Regimes at Tillegra gauge (Stn. 210011).
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Figure 2.6: Mean monthly discharge and coefficient of variation for the Hunter River combined from the
Muswellbrook gauge (Stn.210002) and Muswellbrook Weir gauge (Stn.210008) immediately upstream of the
study reach (pre and post regulation).

Figure 2.7: Mean monthly discharge and coefficient of variation for the Hunter River combined from the
Muswellbrook gauge (Stn.210002) and Muswellbrook Weir gauge (Stn.210008) immediately upstream of the
study reach for Flood Driven Regimes and Drought Driven Regimes.
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2.7

Vegetation

The Hunter Valley has a diverse flora, marking the most eastern and western
distribution of a significant number of plant species (Hunter Valley Research
Foundation 2005). The vegetation communities on the plateau in the south and west
of the Hunter catchment and the ranges to the north and east are largely inaccessible
and have undergone relatively little post-European modification (Spencer et al. 2004).
In contrast, only around 20% of the original (pre-European) forest and woodland
remains within the valley lowlands, with even less remnant riparian forest remaining
throughout the catchment (Peake 2003; Spencer et al. 2004).
Early records from the 1830s describe the Williams River floodplains as supporting
subtropical rainforest, with the hillslopes dominated by either dry or wet sclerophyll
eucalypt forest (Brooks et al. 2004). Common plant species along the Williams River
study reach riparian zone would have included Casuarina cunninghamiana (river
oak), Tristaniopsis laurina (water gum), Melia azedarach (white cedar) and
Callistemon salignus (willow bottlebrush) while some of the species likely to have
been found along the study reach floodplain include Acacia maidenii (maidens
wattle), Eucalyptus tereticornis (forest red gum), and Melaleuca styphelioides
(prickly paperbark) (Peake 2003).

Casuarina cunninghamiana dominates the

contemporary riparian vegetation of the study reach, although there are several Salix
babylonica (willow) present at the downstream end of the reach. The present day
understorey is largely composed of shrubs and herbaceous weeds. While the Williams
River catchment still contains examples of cool temperate, warm temperate,
subtropical and dry rainforests, much of the floodplain now consists of open
grasslands used extensively for grazing.
Descriptions by explorers and landholders in the early 1800s suggest that the riparian
zone of the Hunter River study reach was dominated by C. cunninghamiana and
Eucalyptus camaldulensis (river red gum), with occasional Callistemon sieberi,
Acacia salicina (cooba), and A. stenophylla (river cooba) (Raine 2000).

The

floodplain adjacent to the study reach was previously made up almost entirely of open
woodland or grasslands. Typical floodplain species included E. camaldulensis, E.
tereticornis and E. melliodora (yellow box) with a native grass understorey (Peake
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2003). The contemporary riparian zone is dominated by S. babylonica with pockets
of C. cunninghamiana persisting and regenerating throughout the Hunter study reach
(Hoyle et al. 2008). The present day understorey is largely comprised of shrubs and
herbaceous weeds. The floodplains through the study reach are largely utilised for
agriculture, although pockets of native grasses such as Themeda australis (kangaroo
grass) and Danthonia spp. (wallaby grass) are still present (Hoyle et al. 2008).
2.8

Land use

The Hunter catchment is one of the more highly developed catchments in Australia,
both industrially and agriculturally (Hunter Valley Research Foundation 2005). As a
result the available water is shared between many competing interests, including
irrigated agriculture (vines, fodder, pasture and some cereal crops), industrial users
and town water supplies (Hunter Valley Research Foundation 2005). The Hunter
catchment covers a diverse area with the dominant non-agricultural land uses
including urban and rural residential development, coal mining, power generation,
heavy industry, tourism, manufacturing and fisheries (Hunter Valley Research
Foundation 2005). The major agricultural industries include table and wine grapes,
cereal cropping, grazing, dairying, and beef, pork and poultry production (Hunter
Valley Research Foundation 2005).
Both study reaches are situated on the floodplains and have been subjected to
agricultural practices since European settlement. The catchment adjacent to and
above the Williams study reach is predominantly rural, with grazing and dairying the
main agricultural activities. The upper reaches of the Williams catchment are situated
within the Barrington Tops National Park, an important area for the preservation of
wilderness which is widely used for recreational and educational purposes. Land use
along the Hunter River study reach includes grazing, cropping and viticulture.
Cropping and intensive agriculture are conducted primarily on the floodplain with
grazing on the surrounding hillslopes.
2.9

Geomorphology

The geomorphology of the Hunter catchment is largely dependent upon the
underlying geology but also in part on past climates. Streams of the north-western
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section of the catchment flow through gently sloping Tertiary basalt plains with bed
loads largely comprised of basalt gravel and cobbles (Schneider 2007). The thick
layers of Triassic sandstone in the south and south-western parts of the catchment are
easily eroded and the streams are subsequently sediment-charged with sand. The sand
load from the Goulburn River strongly influences the bedload composition and river
character of the Hunter River below their confluence near the town of Denman (Fig
2.1). The streams on the steep carboniferous rocks leading up to the Barrington Tops
are typically fast flowing, with gravel and cobble beds (Schneider 2007).

The

Williams River study reach is representative of many sections of streams along the
northern section of the Hunter catchment. Streams located on the Hunter floodplain
flow through Quaternary sediment layers derived from throughout the catchment
(Schneider 2007). The Hunter River study reach is typical of many reaches of the
Hunter River below Glenbawn Dam and its confluence with the Goulburn River.
Both study reaches have undergone substantial geomorphological transformation
following European settlement in the early 1800s (Figs. 2.8 & 2.9). Prior to European
settlement of the Williams catchment, dense riparian and floodplain forests along the
study reach would have stabilized banks and provided abundant wood in-stream. The
initial clearance of the riparian and floodplain forests likely increased sediment supply
resulting from channel erosion. During this period the channel shifted laterally, but
there was little channel incision, due to the reach being floored with bedrock (Brooks
et al. 2004). It is likely that some bank erosion and channel expansion occurred
during this period. Following the devastating floods in the Hunter River in 1955,
‘river training’ crews were established throughout the Hunter catchment with the
intent of maximising both channel capacity and flow conveyance.

The works

throughout the Williams catchment included: channel realignment, removal of objects
(such as boulders and logs) that partially blocked the channel and redirected flow
against banks, installation of wire mesh fences and rock revements, and the planting
of over 48,000 exotic trees such as S. babylonica (Erskine 2001). River training
commenced above the Tillegra bridge (incorporating the Williams River study reach)
in March 1966 (Erskine 2001). Photographic evidence suggests that most of the
significant channel expansion occurred following the removal of large in-stream
obstructions, such as log jams, during the river training period (Brooks et al. 2004).
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Historical sources suggest that the channel of the Hunter study reach was significantly
narrower than present, with a steep densely vegetated riparian zone (Hoyle et al.
2008).

The systematic clearing of vegetation from both the floodplain and the

riparian zone that followed European settlement in the 1820s was accompanied by ad
hoc de-snagging programs aimed at mitigating the effects of flooding (Raine &
Gardiner 1994). During the first 70 years of settlement there was little change in
channel morphology despite a number of large floods, whereas between 1918 and
1938 the channel expanded substantially, most likely in response to flood induced
erosion in the late 1920s and early 1930s (Hoyle et al. 2008). During this period the
river system probably lost linkages with the floodplain as the expanded channel
would have reduced the incidence and extent of over-bank flooding (Spencer et al.
2004). In response to the 1955 flood event, extensive river works were undertaken
through the study reach between 1963 and 2002, largely consisting of channel
alignment, removal of in-stream obstructions (including SWH), construction of rock
revetments for bank stabilisation, and regular planting of S. babylonica, and Populus
spp. (poplars) (Erskine 1992; Hoyle et al. 2008). These works have been largely
successful in stabilizing banks from further erosion (Erskine 1992).
Both the Williams and Hunter Rivers have been highly modified since European
settlement and have consequently undergone substantial geomorphological change.
The Williams River still retains low levels of native riparian vegetation, while the
Hunter River riparian zone is presently dominated by the exotic S. babylonica, both of
which appear to have stabilised the banks to some extent.
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Figure 2.8: Conceptual model of geomorphological changes in the Williams River study reaches (after
Brooks et al. 2004).
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Figure 2.9: Conceptual model of geomorphological changes in the Hunter River study reaches (modified
from Wolfenden et al. 2005; Hoyle et al. 2008).
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2.10 Fish Communities
In a concurrent study, the distribution and community structure of fish assemblages in
the Hunter River and adjacent catchments were examined within altitudinal zones
(Howell & Creese in press). Of the 28 fish species previously recorded for the Hunter
catchment, 23 were recorded during the survey. Fish community structure varied
substantially across the Hunter catchment, with a decrease in species richness with
increasing altitude.

With the exception of the absence of native species in one

sampled highland site, the proportional abundance of native to exotic fish species in
the Hunter catchment across all altitude zones was relatively high.

The fish

assemblages sampled at the study reaches are similar to those of many streams within
the 50-200 m altitude zone of the Hunter and surrounding catchments (Howell &
Creese in press).
Seventeen fish species were recorded in the study reaches throughout the research
period (Table 2.1).

Three species recorded during this study (Cyprinus carpio,

Carassius auratus and Gambusia holbrooki) are exotic to Australia. It is presently
uncertain whether one native species (Tandanus tandanus) occurs naturally in the
Hunter catchment or has been translocated (Dean Jerry pers comm.; Pusey et al.
2004). The five most abundant species recorded during the Williams River study
(Anguilla reinhardtii, Gobiomorphus coxii, Macquaria novemaculeata, Retropinna
semoni and T. tandanus) were native and accounted for 98% of the total abundance.
The same five species, with the addition of Mugil cephalus, contributed 64.5% of the
total abundance in the Hunter study reach, with the remaining percentage (33.3%)
largely dominated by two exotic species (C. carpio and G. holbrooki).
Table 2.2 summarizes some of the biological characteristics of the fish species
recorded in the two study reaches during the research period. Of the 17 fish species
recorded in the study reaches 10 were large-bodied (>20 cm maximum length) and
seven were small-bodied (<12 cm maximum length).

All species recorded are

relatively abundant, although Potamalosa richmondia and Myxus petardi have a
limited distributional range, suggesting that results obtained in this study may be
transferable to other locations.

The spawning strategies of six species are

catadromous and the remaining species were amphidromous or potamadromous. The
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species recorded in the study reaches exhibit a broad range of feeding strategies with
most species either carnivorous or omnivorous.
The meso-habitat associations of the species collected from the Williams River and
Hunter River study sites are presented in Table 2.3. The majority of fish species are
reported to have preferences for pools and runs. The exceptions are G. coxii and
juvenile A. reinhardtii which have preferences for rapids and runs characterized by
high gradients and moderate to high water velocities, and M. cephalus and R. semoni
which are commonly found across a diverse range of meso-habitat types.
The known movement patterns of all species recorded in the Williams and Hunter
River study reaches are presented in Table 2.4. Three fish species (Anguilla australis,
A. reinhardtii and M. cephalus) perform extensive oceanic migrations associated with
spawning.

Two species (M. novemaculeata and Notesthes robusta) exhibit

catadromus movements downstream to estuaries with subsequent upstream migration
of juveniles and adults. These movements associated with life history strategies
highlight the connectivity of the study reaches with the broader catchment. With the
exception of M. novemaculeata, T. tandanus and C. carpio there is little known of the
local (non-migratory) movements of the fish species recorded during this study.
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Table 2.1: Family groups and fish species recorded over the research project period in the Williams River
(April 2000 – April 2005) and Hunter River (October 2003 – March 2006). * denotes exotic fish species.

Species

William River
Study Reach

Hunter River
Study Reach

Family Anguillidae
Anguilla australis Richardson, 1841
Short-finned Eel
Anguilla reinhardtii Steindachner, 1867
Long-finned Eel
Family Clupeidae
Potamalosa richmondia (Macleay, 1879)
Freshwater Herring
Family Cyprinidae
* Carassius auratus Linnaeus, 1758
Goldfish
* Cyprinus carpio Linnaeus, 1758
Common carp

-

Family Eleotridae
Gobiomorphus australis (Kreft, 1864)
Striped Gudgeon
Gobiomorphus coxii (Kreft, 1864)
Cox’s Gudgeon
Hypseleotris compressa (Kreft, 1864)
Empire Gudgeon
Philypnodon grandiceps (Kreft, 1864)
Flathead Gudgeon
Philypnodon macrostomus Hoese & Reader, 2006
Dwarf Flathead Gudgeon

-

-

Family Mugilidae
Mugil cephalus Linnaeus, 1758
Sea Mullet
Myxus petardi (Castelnau, 1875)
Freshwater Mullet

-

Family Percichthyidae
Macquaria novemaculeata (Steindachner, 1866)
Australian Bass
Family Poeciliidae
* Gambusia holbrooki Girard, 1859
Gambusia
Family Plotosidae
Tandanus tandanus Mitchell, 1838
Eel-tailed Catfish
Family Retropinnidae
Retropinna semoni (Weber, 1895)
Australian Smelt
Family Scorpaenidae
Notesthes robusta (Günther, 1860)
Bullrout

-

Species Richness

13
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15

Table 2.2: Characteristics of fish species collected in the Williams and Hunter River study reaches. 1Allen et al. 2002, 2Arthington 1989, 3Davis 1977, 4Froese and Pauly
2007, 5Harris 1986, 6Miles 2008, 7Pidgeon 1989, 8Pusey et al. 2004, 8Simon and Goldstein, 10Sloane 1984. Sizes (cm, standard length) are those that were commonly
attained during the present study. N/A – insufficient information. * denotes exotic fish species.
Species

Longevity
(years)
3210

Distribution status1

Spawning strategy

Feeding strategy

Anguilla australis

Size
(cm)
50

Widespread; relatively common

Catadromous8; little known

Generalist carnivore8

Anguilla reinhardtii

100

4510

Widespread; common

Catadromous8; little known

Generalist carnivore8

4

4

* Carassius auratus

30

51

Widespread; locally abundant

Potamadromous ; adhesive eggs

Generalist omnivore4

* Cyprinus carpio

60

204

Widespread; common

Potamadromous4; adhesive eggs

Generalist omnivore4

* Gambusia holbrooki

4

N/A

Widespread; abundant

Potamadromous4; live bearer

Generalist carnivore2

Hypseleotris compressa

8

5+8

Widespread; common

Potamadromous8; adhesive eggs

Generalist omnivore8

Philypnodon grandiceps

7

N/A

Widespread; relatively common

Potamadromous8; adhesive eggs

Benthic carnivore8

Philypnodon macrostomus

5

N/A

Widespread; relatively common

Potamadromous8; adhesive eggs

Benthic carnivore8

Potamalosa richmondia

20

117

Restricted; locally abundant

Catadromous6; pelagic eggs

Pelagic carnivore4

Gobiomorphus australis

12

N/A

Widespread; locally abundant

Amphidromous6; adhesive eggs

Benthic carnivore8

Gobiomorphus coxii

12

N/A

Widespread; locally abundant

Amphidromous6; adhesive eggs

Benthic carnivore8

Mugil cephalus

40

98

Widespread; common

Catadromous8; little known

Filter-feeding detritivore7

Myxus petardi

25

5+6

Restricted, locally abundant

Amphidromous6; pelagic eggs

Filter-feeding omnivore2

Macquaria novemaculeata

35

225

Widespread; locally abundant

Catadromous5; pelagic eggs

Europhagic carnivore8

Notesthes robusta

30

N/A

Widespread; relatively common

Catadromous6; little known

Ambush carnivore8

Retropinna semoni

6

3+8

Widespread; common

Potamadromous8; adhesive eggs

Pelagic carnivore8

Tandanus tandanus

40

123

Widespread; relatively common

Potamadromous8; nest builder

Benthic carnivore8
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Table 2.3: Meso-habitat associations of fish species collected in the Williams and Hunter River study reaches. 1Froese and Pauly 2007, 2Miles 2008, 3Pusey et al. 2004,
4
Richardson 1984. * denotes exotic fish species.
Species
Anguilla australis

Meso-habitat preferences
Runs characterised by moderate gradient, moderate depth and moderate water velocity3

* Carassius auratus

Juveniles and adults – rapids and runs characterised by high gradients, shallow depths and high water velocities; largest individuals - deep,
slow-moving pools3
Pools and runs characterised by low gradient, moderate depth and low mean water velocity1

* Cyprinus carpio

Pools and runs characterised by low gradient, moderate depth and low mean water velocity1

* Gambusia holbrooki

Pools and backwaters characterised by low mean water velocity3

Hypseleotris compressa

Pools and runs characterised by low gradient, moderate depth and low mean water velocity3

Philypnodon grandiceps

Pools and runs characterised by low gradient, moderate depth and low mean water velocity3

Philypnodon macrostomus

Pools and runs characterised by low gradient, moderate depth and low mean water velocity3

Potamalosa richmondia

Runs characterised by low gradient, moderate depth and moderate mean water velocities2

Gobiomorphus australis

Pools and runs characterised by low gradient, moderate depth and low mean water velocity3

Gobiomorphus coxii

Rapids, riffles and runs characterised by high gradient, moderate depth and water velocity3,4

Mugil cephalus

Found in a range of meso-habitats and a variety of water velocities and depths3

Myxus petardi

Deep pools characterised by low mean flow1

Macquaria novemaculeata

Deep, slow-moving pools with abundant in-stream cover4

Notesthes robusta

Deep, slow-moving pools with abundant in-stream cover and undercut banks3

Retropinna semoni

Commonly found across a diverse range of habitats, particularly high gradient riffles and runs characterised by shallow depth and high
mean water velocities3
Juvenile fish – shallow, moderately flowing runs; adults – deep pools and runs characterised by low gradient and low water velocity3

Anguilla reinhardtii

Tandanus tandanus
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ble 2.4: Movements of fish species collected in the Williams and Hunter River study reaches. 1Driver et al. 1997, 2Gehrke et al. 1999, 3Harris 1986, 4Kesteven 1953,
Table
5
McDowall 1996, 6Miles 2008 1996, 7Pusey et al. 2004, 8Richardson 1984. * denotes exotic fish species.
Species

* Carassius auratus

Movements
Extensive spawning migrations of adults from freshwaters to the Coral Sea, and juveniles returning8; little information on movements
during residence in freshwater
Extensive spawning migrations of adults from freshwaters to the Coral Sea, and juveniles returning8; little information on movements
during residence in freshwater
Little known in Australian streams

* Cyprinus carpio

Positive relationships between altitude and biomass densities suggest upstream migration from spawning habitats1

* Gambusia holbrooki

Little known in Australian streams

Hypseleotris compressa

Little known; possible downstream dispersal of larvae followed by upstream migration of juveniles8

Philypnodon grandiceps

Little known; possible downstream dispersal of larvae followed by upstream migration of juveniles8

Philypnodon macrostomus

Little known; possible downstream dispersal of larvae followed by upstream migration of juveniles8

Potamalosa richmondia

Notesthes robusta

A downstream spawning migration during winter by adults, with an upstream migration in spring/summer6; highly mobile species although
little known non-spawning movements5
It is thought that larvae are carried downstream with juveniles migrating back upstream later in life6; little known of non-spawning
movements
It is thought that larvae are carried downstream with juveniles migrating back upstream later in life6; little known of non-spawning
movements
An autumn/winter spawning run to marine waters regularly exceed 700kms, with juveniles returning to freshwaters4; little known of nonspawning movements.
It is thought that larvae are carried downstream with juveniles migrating back upstream later in life6; little known of non-spawning
movements
Adults migrate downstream to estuaries from May-October, with adults and juveniles returning in spring4; appear to have a home range in
freshwaters3
Little known; believed to migrate to estuaries to spawn in winter and spring8

Retropinna semoni

A highly mobile species undertaking potomadromous movements in both high and low flow periods5

Tandanus tandanus

Generally sedentary with a small home range8

Anguilla australis
Anguilla reinhardtii

Gobiomorphus australis
Gobiomorphus coxii
Mugil cephalus
Myxus petardi
Macquaria novemaculeata
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2.11 Anthropogenic stress on fish assemblages in the study reaches
Both study reaches are located on floodplains and have been extensively modified
since European settlement, consequently fish communities have been subject to
multiple anthropogenic pressures. Conceptual models are presented (Figs. 2.10 &
2.11) to identify the catchment context in which the study reaches lie, and the land use
changes that are likely to influence fish community structure and function and
rehabilitation success.

The models follow the terminology of Sime (2005). They

demonstrate how the external drivers (e.g. land use changes, water management)
generate major stressors (e.g. increased nutrient input, altered hydrology) that effect
habitat conditions influencing key attributes (e.g. species diversity) of fish assemblage
composition. The models provide a means of gaining an understanding of some of
the more complicated ecological interactions and interdependencies that can impact
on the success of rehabilitation works (sensu Sime 2005).
2.11.1 Williams River
The Williams River study reach drains a relatively small area.

The catchment

upstream of the Williams River study reaches (approximately a third of the catchment
area) is located in largely undisturbed national park. The external drivers influencing
fish assemblages in the Williams River study reach include agricultural land use,
water management, river training and exotic fauna (Fig. 2.9). These drivers extend
throughout much of the catchment upstream of the study reaches resulting in seven
major stressors: catchment clearance, reduction in riparian vegetation, grazing, water
extraction, water impoundment, removal of in-stream flow obstructions and exotic
fish species. The implications of the effects generated by the stressors on fish
assemblages in the Williams study reach are not known in any detail but must be
considered in the interpretation of the results of habitat manipulation.
Widespread clearance of vegetation occurred throughout the catchment and along the
Williams River study reach soon after European settlement (Brooks et al. 2004).
Erosion from gullies, hill slopes and river banks deposited large amounts of sediment
in-stream simplifying geomorphic complexity (Brooks et al. 2004). This in-stream
homogenization would have reduced the diversity of habitats for fishes and,
subsequently, may have decreased both productive capacity and species diversity of
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the Williams study reach (sensu Cowx & Welcomme 1998). The contemporary
riparian zone has a greatly diminished capacity to recruit the in-stream SWH that
promotes increased habitat quality and diversity for fishes (Crook & Robertson 1999).
The reduction in the riparian zone along the study reach has not only reduced the
recruitment of trees and large branches in-stream for SWH, but has reduced the
amount of leaf litter available for in-stream heterotrophic production (sensu Allan
2004). Provision of a range of organic matter sources in streams tends to promote
macroinvertebrate diversity (Wolfenden et al. 2005), and hence support a more
diverse fish assemblage (e.g. Wohl & Carline 1996; Muotka & Syrjanen 2007).
Further, the riparian zone directly supplies terrestrial invertebrates which are
important components in fish diets, particularly M. novemaculeata, Potomalosa
richmondia and R. semoni (Pusey et al. 2004). Reduction of the riparian zone, in
conjunction with channel expansion following removal of in-stream SWH, increased
exposure of the water column to solar radiation. Alterations in the light intensity,
quality and shading through the study reach may have detrimentally affected fish
assemblages by several means. Increased exposure to solar radiation alters rates of
thermal transfer between the atmosphere and the aquatic environment and can impact
on fishes by effecting mortality rates, body morphology, disease resistance, metabolic
rates, and by masking reproductive cues (Pusey & Arthington 2003). Changes in the
shading properties within the water column can also affect fishes by altering the
interactions between individuals (Pusey & Arthington 2003).
Grazing of livestock within the channel and through the riparian zone has further
exaggerated erosion, and contributed agricultural nutrients and contaminants to the
system (sensu Kauffman & Krueger 1984; Belsky et al. 1999; Allan 2004). The
nutrients contributed by agricultural activities promote the growth of extensive
masses of attached algae which appear throughout the reach during extended periods
of low flow.

It is likely that during periods of low flow the diversity of

macroinvertebrates would be lower potentially decreasing the productive capacity of
the fish assemblage (Lenat & Crawford 1994; Delong & Brusven 1998). While the
effect of the agricultural contaminants on fish is largely unknown, there may be
detrimental effects on fish health (Omerod 2003).
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Figure 2.10: Conceptual model of the anthropogenic drivers, stressors and effects influencing fish assemblage composition in the Williams River study reach.
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Water abstraction for agricultural purposes throughout the reach and extended
catchment may extract larval fish inadvertently, potentially reducing the productive
capacity of fish assemblages. Larval fish may be particularly susceptible if water
abstraction overlaps with spawning periods (Benstead et al. 1999; Bunn & Arthington
2002).
While flow through the Williams study reach is unregulated at present, Seaham Weir
provides a barrier to fish passage at the freshwater/tidal interface, particularly for
euryhaline species such as M. novemaculeata. Further, several road crossings and
smaller barriers exist below the study reach impeding fish passage during periods of
low flow. Catadromous species such as M. novemaculeata and N. robusta would be
particularly susceptible to such barriers due to their inability to leap (Harris 1984b;
Mallen-Cooper 1994). Macquaria novemaculeata typically spawn in the estuaries
over June through to September (Harris 1986). However, the peak flow period in the
Williams River is typically between January and April (Fig. 2.4), and in years of low
flow barriers such as road crossings may impede critical downstream spawning
migration. During the flood dominated regime from 1949-1976 there was a peak in
mean monthly discharge in June (Fig. 2.5) that may have helped facilitate
downstream spawning migrations over this period. While there is little information
on the movements of N. robusta, it is believed that they perform spawning migrations
downstream to estuaries at a similar time to M. novemaculeata (Pusey et al. 2004).
In attempts to improve channel capacity and flow velocity, river training works
removed much of the in-stream SWH (Brooks et al. 2004). The removal of in-stream
SWH can affect fish assemblages indirectly by reducing meso-habitat formation and
directly by reducing micro-habitat diversity (Crook & Robertson 1999). The decrease
in meso-habitat formation in the Williams River study reach was further accentuated
by the increase in available bedload associated with bank erosion infilling pools
habitats (Brooks et al. 2004). Homogenisation of the river channel would have
reduced the availability of pools which are important habitats for the majority of fish
species recorded (or life stages) throughout the reach (Table 3.2). Further, the loss of
pool habitat is known to reduce the availability of refugial habitats and thus the
resilience of the fish assemblage to drought events (Boulton & Brock 1999;
Arthington et al. 2005). The loss of micro-habitats associated with in-stream SWH
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may have both directly reduced the quality and diversity of habitats available for
fishes and indirectly decreased the abundance of macroinvertebrates (Lemly &
Hilderbrand 2000; Benke & Wallace 2003) upon which many of the fish species
recorded in the reach largely depend (Pusey et al. 2004). While the loss of microhabitats would have notably impacted on species diversity (Johnson et al. 2003;
Scealy et al 2007), it is likely that the reduced abundance of macroinvertebrates
decreased the productive capacity of the fish assemblage throughout the reach.
Although three exotic fish species are present in the Williams River subcatchment, to
date only G. holbrooki has been recorded within the study reach.

Gambusia

holbrooki is believed to have a detrimental effect on native fish species (Arthington &
Marshall 1999). Gambusia holbrooki have been observed in aquaria competing with
smaller native species (Howe et al. 1997) and field studies have reported adults
consuming eggs and larval young of some native fish species (Ivantsoff & Aarn
1999).
2.11.2 Hunter River
The Hunter River study reach drains an extensive area of the Hunter catchment and is
heavily impacted by land use changes. The same set of external drivers present in the
Williams study reach (agricultural land use, water management, river training and
exotic fauna) also influences the Hunter study reach, but the stressors resulting, and
subsequent effects on fish assemblages differ greatly in nature and magnitude (Fig.
2.10).

The major stresses affecting the Hunter study reach include: catchment

clearance, replacement of native riparian vegetation with exotic species, grazing and
cropping, water extraction, water impoundment, removal of in-stream flow
obstructions and presence of exotic fish species. The effects of the stressors on fish
assemblages in the Hunter study reach are not known in any detail but must be
considered in the interpretation of results of habitat manipulation.
Widespread clearance following European settlement removed much of the
vegetation adjacent to the study reach, almost eliminating all plants from the riparian
zone (Hoyle et al. 2008).

The erosion resulting from catchment and riparian

vegetation removal and contemporary agriculture has increased suspended solids and
in-stream sediment supply (Wood & Armitage 1997; Allan 2004; Allan et al. 1997).
-46-

Erosion of the land adjacent to the reach is still apparent and is probably further
accentuated by stock access to channel banks and gullies. The effect of increased
suspended solids on turbidity through the study reach has probably been accentuated
by both elevated base flows (sensu Hellawell 1988) and increased phytoplankton
production associated with agricultural nutrient input (Carpenter et al. 1998; Smith
1998). While the subsequent effects of turbidity on the inter- and intra-specific
interactions between fishes are little understood, several studies have shown
decreases in foraging success of piscivorous and carnivorous fish species (Gregory
1993; Benfield & Minello 1996; Sweka & Hartman 2003), and avian predators
(Gregory 1993) in conditions of elevated turbidity. Macquaria novemaculeata is
largely a visual predator (Harris 1985a) and elevated turbidity levels through the
study reach may have adversely impacted on its foraging success. The removal of
both catchment and particularly riparian vegetation were largely responsible for the
channel widening, bank erosion and cut-offs characteristic of the mid-19th and early
20th centuries (Hoyle et al. 2008). A substantial amount of bedload was mobilized
subsequently in-filling much of the channel (Hoyle et al. 2008).

Decreases in

geomorphic complexity reduce the micro-habitat quality and quantity for fishes
(Walters et al. 2003; Mazieka et al. 2006). The natural sand load of the Goulburn
River, downstream of the study reach, would have been further enhanced by erosion
associated with vegetation removal and channel expansion, and sand slugs may
provide a barrier to fish migration during periods of low flow. Nearly half the fish
species recorded during the research period (Table 2.1) require passage between
estuarine/marine environments and freshwater environments to complete their life
cycle (Pusey et al. 2004). The reduced capacity of fishes to migrate to or from the
study reach during crucial life stages may have decreased both species richness and
the productive capacity of the fish assemblage.
Extensive planting of S. babylonica and emplacement of rock embankments through
the study reach during river training works largely stabilized heavily eroding banks
and provided habitat for fishes (Erskine 1992; Erskine & Webb 2003). While S.
babylonica performs some of the functions of the previous indigenous riparian
vegetation there are some distinct differences. Although S. babylonica does not
supply in-stream SWH to the extent of indigenous species such as E. camaldulensis,
some in-stream structure is provided for fishes by the overhanging limbs which
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extend into the water column. Salix babylonica supplies dense foliage along the
channel margins, but largely leaves the river channel exposed to solar radiation. In
contrast, prior to European settlement, the study reach was most likely largely
heterotrophic due to heavy shading across the river channel (Mosisch et al. 2001;
Wolfenden et al. 2004). Although increased solar radiation can detrimentally affect
fishes (Pusey & Arthington 2003), the increased turbidity of the water column
through the study reach and shading provided by S. babylonica may partially mitigate
these effects. There are also important differences in the timing of input and the
quality of organic matter between native and Salix spp. (Read & Barmuta 1999).
Native species typically provide a slow continuous input of organic matter for stream
metabolism, whereas, S. babylonica is deciduous and has distinct short-term seasonal
pulses of leaf input which break down rapidly (Schulze & Walker 1997; Wolfenden
et al. 2004). While changes in the aquatic invertebrate assemblage composition have
been observed in reaches dominated by Salix spp. in comparison to reaches
dominated by native species (Read & Barmuta 1999) consequences for fish are
unknown.
The intensive grazing and cropping on the floodplain adjacent to the study reach
contributes agricultural nutrients and contaminants to the reach. The increase in
nutrient input in conjunction with the increased solar radiation reaching the water
column has likely increased autotrophic productivity (Bunn et al. 1999; Pusey &
Arthington 2003). While the effect of the agricultural contaminants on fish is largely
unknown, there may be detrimental effects on fish health (Omerod 2003).
Water is directly abstracted from the study reach for irrigation (pers obs) and it is
likely larval fish are also inadvertently taken up into pumps which are located at
regular intervals through the study reach. Removal of larval fish may impact on the
productive capacity of the fish assemblages within and beyond the study reach when
water abstraction overlaps with spawning periods and larval drift (Benstead et al.
1999; Bunn & Arthington 2002).
Regulated releases from Glenbawn Dam have altered the hydrology of the Hunter
River study reach dramatically decreasing winter flows and evening out monthly
flows throughout the year (refer section 2.4).
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Following the implementation of

regulated flows, base flows have increased in magnitude and become less variable.
The high turbidity observed over the study period (322 – 652 NTU) was likely due to
the increased velocity associated with elevated base flows keeping suspended matter
in the water column for longer periods of time (Hellawell 1988). Flow strongly
influences fish with critical life events such as reproduction and larval survival linked
to flow regime (Welcomme 1985; Junk et al. 1989; Sparks 1995; Humphries et al.
1999; 2000; Bunn & Arthington 2002).

Further, many of these life events are

synchronized with temperature and day length, and changes in the flow regime which
are out of synchrony with these seasonal cycles may have a negative impact on fish
assemblages (Bunn & Arthington 2002). Also the invasion and success of exotic
species in rivers is often enhanced by the alteration of flow regimes (Bunn &
Arthington 2002). Three exotic fish species were caught within the study reach,
comprising a third of all fish recorded during the study period, with C. carpio and G.
holbrooki contributing the majority of this abundance. Flow regulation in some
Australian rivers is believed to favor exotic fish species such as C. carpio and G.
holbrooki (Pusey et al. 1989; Faragher & Harris 1994; Walker et al. 1995; Gehrke et
al. 1999; Driver et al. 2005), which appear to benefit from seasonally stable, low
flows and may displace native species adapted to the natural, more variable, flow
regime (Bunn & Arthington 2002). The floods that are a major determinant of
channel morphology and physical habitat structure (sensu Bunn & Arthington 2002)
have been reduced in frequency and magnitude since the closure of Glenbawn Dam.
Removal of in-stream SWH through the study reach began with ad hoc de-snagging
programs following European settlement and continued until the systematic removal
of flow obstructions from 1963 onwards during river training works (Erskine 1992;
Hoyle et al. 2008). The impacts on fish assemblages resulting from the loss of instream SWH throughout the Hunter River study reach are likely to be similar to those
in the Williams River study reach. However, the extensive S. babylonica growth
throughout the reach may, in part, compensate for the loss of in-stream SWH by
providing some physical structure within the water column, and the elevated base
flows regulated by Glenbawn Dam largely mitigate the necessity for refugia during no
flow periods.
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The impacts of G. holbrooki in the Hunter River study reach are likely to be the same
as those discussed previously for the Williams River. Cyprinus carpio is capable of
feeding on a diverse range of food items and may compete with native fish in the
study reach.

Due to its large size and bottom-feeding behavior, C. carpio can

promote sediment re-suspension and hence further increase turbidity (King et al.
1997; Koehn et al. 2000). Further, some studies have shown that C. carpio can
significantly reduce macrophyte cover and the abundance and diversity of
macroinvertebrates (Zambrano et al. 1999; Miller & Crowl 2006).
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Figure 2.11: Conceptual model of the anthropogenic drivers, stressors and effects influencing fish assemblage composition in the Hunter River study reach.
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2.12 Implications and conclusions
The Hunter catchment is representative of other catchments along the east coast of
Australia, particularly in relation to hydrology, geomorphology, fish assemblage
composition and impacts/alterations following European settlement. As catchment
management attitudes shift towards attempting to restore natural processes, there are
an increasing number of rehabilitation works being carried out across Australia. The
east coast is the most densely populated and developed region of Australia it is likely
that many of these works will be undertaken in this region. While the information
obtained during this project may be transferable to other sites, the inherent natural
and anthropogenic driven differences within catchments can be substantial, requiring
site specific approaches when undertaking rehabilitation works. This is evidenced in
comparisons between the Williams and Hunter River study sites.
Both study reaches have been modified substantially since European settlement
causing changes in the geomorphology, hydrology and consequently ecological
structure and function. These changes have important implications for the potential
outcomes that can be realistically achieved through rehabilitation works. The Hunter
River study reach has a longer history of settlement and larger catchment area
upstream than the Williams River and hence has been more severely impacted by
human disturbance. The natural flow variability of both reaches has been somewhat
reduced, but far more pronounced in Hunter River study reach which is situated
downstream of a major dam (Glenbawn Dam). The Williams River is presently
largely unregulated, however, the proposed construction of Tillegra Dam will
inundate the study reach. Regulated flows through the Hunter River study reach are
contingent upon agricultural and industrial requirements rather than seasonal rainfall
patterns. The loss of flow cues, which are important in the life history of many fish
species, is likely to be a limiting factor for fish production. The present study took
place at the end of an extended DDR period. Due to the influence of coastal rain the
Williams River may have been more resilient to the effects of the DDR than the
Hunter River. In the context of this broader array of stressors, the response of fish to
the introduction of SWH may have been somewhat suppressed. It is likely that
additional interventions, such as the reinstatement of some level of the natural flow
regime, would elicit a greater response from fishes to the addition of timber alone.
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The fish assemblage of the Williams River study reach was dominated by native
species with an individual G. holbrooki the only exotic species recorded (Chapter 3).
In contrast, about a third of the fish abundance in the Hunter study reach is comprised
of exotic species (Chapter 5). This may reflect the more extensive hydrological and
geomorphological changes that have occurred through the Hunter River study reach
(Bunn & Arthington 2002; Kennard et al. 2005). While there is some evidence to
suggest that exotic species can negatively impact on native species (Kennard et al.
2005), there is presently little information on the nature of these interactions for the
native species found through the study reach.
In both study reaches, rehabilitation is taking place amidst a diverse array of
anthropogenic stressors potentially impacting upon fish assemblages.

While the

extent and nature of these impacts on fish assemblages through the study reaches are
not well understood, they provide the biophysical context against which the benefits
of rehabilitation works must be assessed. There is always the potential for other
stresses to override the success of any rehabilitation works in highly modified river
systems.
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Chapter 3: Reach scale effects of introducing Structural Woody
Habitat in the Williams River
3.1

Introduction

The addition of large in-stream wood for restoration and improvement of fish habitat
has been undertaken in many countries in a range of stream types, but few such
endeavours have included robust assessment of subsequent reach-scale outcomes.
Such post-addition assessments have largely taken place in gravel bed streams in the
USA and Europe and have been focussed on impacts on salmonid species (e.g. House
& Boehne 1985; Zika & Peter 2002; Lehane et al. 2002), but some research has been
undertaken in sand-bed streams also (e.g. Shields et al. 2006). While significant
increases in fish species diversity and abundance have been reported in some
instances, these studies have reported varying levels of success. Typically, fish
assemblages only marginally improved relative to pre-rehabilitation levels. This is
likely attributable to the impacts of diffuse confounding stressors not addressed by
the addition of wood structures (see Bond & Lake 2003b for a review) as well as
inappropriate design and implementation of wood structures (Frissell & Nawa 1992;
Bond & Lake 2003b).
Recent studies have noted strong correlations of fish community diversity,
productivity and condition with geomorphic condition in streams across large spatial
scales (Walters et al. 2003; Mazieka et al. 2006), suggesting that geomorphic
character and condition are dominant factors affecting entire fish assemblages.
Proposals to improve fish habitat by modifying channel form or substratum must be
designed to consider geomorphology as well as biology, because geomorphological
factors have often caused such projects to fail (Frissell & Nawa 1992; Kondolf 1998;
Champoux et al. 2003).
Brooks et al. (2004) undertook a reach-scale experiment in the Williams River, a
gravel bed stream in New South Wales, using Engineered Log Jams (ELJs) to induce
geomorphological diversity and stabilize banks.

It was anticipated that the

subsequent increase in morphological diversity within the channel and the increased
availability of Structural Woody Habitat (SWH) would also benefit aquatic
organisms, particularly fishes, as demonstrated in similar projects in other parts of the
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world (e.g. Angermeier & Karr 1984; Gerhard & Reich 2000, Zika & Peter 2002). At
the conception of the rehabilitation project it was decided to monitor fish assemblage
responses to the introduction of SWH. As such, a partnership was established with
New South Wales Fisheries (presently New South Wales Department of Primary
Industries) to undertake fish surveys. One year after the addition of SWH structures
fish richness and abundance were significantly higher in the test reach and there was
a significant change in fish assemblage composition relative to a control reach
(Brooks et al. 2004).
3.1.1 Aims
This chapter evaluates the longer term response of fish assemblages (five years after
SWH treatment) to the introduction of SWH in the Williams River utilising a
monitoring design created to test for impact assessment. While these designs have
proven to be sensitive for detecting negative impacts on aquatic biological
assemblages, their application in rehabilitation has been limited.
Specific objectives are;
•

To assess longer term impacts on fishes of river rehabilitation using the
introduction of SWH

•

To critically review the experimental design and subsequent analyses to
inform the approach taken in the Hunter River study.

3.1.2 Reach description
This experiment was undertaken at Munni on the Williams River in the north-east of
the Hunter catchment (Fig. 3.1). Two reaches classified as being of the discontinuous
floodplain river style (Brierley et al. 2002; Brierley & Fryirs 2005) were designated as
test and control reaches respectively.

The two reaches were considered to be

geomorphologically similar, with the test reach encompassing a full bedrock meander
(1100 m long) and the control encompassing half of an equivalent meander (500 m
long) (Brooks et al. 2004). The test reach drains an area of 185 km2 with the control
reach, 3.1 km upstream, draining an area of 180 km2.
Both the test and the control reaches have been exposed to the same channel and
riparian zone disturbances since European settlement, particularly desnagging
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(removal of large in-stream flow obstructions such as logs) (Brooks et al. 2004).
Common attributes of the two study reaches during the study period included similar
riparian vegetation, channel dimensions, bed materials, sediment transport, gradient
and flow characteristics (Brooks et al. 2004, 2006). Local sediment supply was
considered sufficient during the experiment to induce morphological change (Brooks
et al. 2004). Daily discharge during the study period was recorded at the flow gauge
at Tillegra bridge, 5.1 km downstream of the test reach (Fig. 3.2).

Figure 3.1: Williams River study area location map (from Brooks et al. 2004)
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Figure 3.2: Hydrograph (mean daily discharge) during the study period recorded at the from the
Tillegra gauge (Stn 210011) 5.1 km downstream of the test reach. Also shown are the date of SWH
treatment, and fish sampling before; from April 2000 to September 2000 (samples 1 and 2) and after;
from December 2000 to April 2005 (samples 3-7) treatment of the test reach.

3.2

Methods

3.2.1 Rehabilitation strategy
The rehabilitation strategy was primarily aimed at addressing geomorphic problems,
particularly bank erosion and channel infilling, which have stemmed from human
driven land use changes in the Williams River catchment. A range of ELJs, modelled
on naturally occurring log jams (Abbe & Montgomery 1996), were designed to
address site specific objectives within a reach scale context (Brooks et al. 2006).
Table 3.1 describes the characteristics and primary and secondary anticipated
functional attributes of the four types of ELJs. In September 2000, twenty ELJs were
constructed in situ throughout the test reach from 436 logs (predominantly eucalypt
species with root wads intact) (Brooks et al. 2004). The locations of individual ELJs
are shown in Figure 3.3, with summary attributes of individual structures outlined in
Appendix 1. The volume of wood introduced equates to an average loading of
0.0114m3/m2 (i.e. bed surface area) across the reach (Brooks et al. 2004).
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While the primary objective of the works was geomorphic recovery, it was anticipated
that increased morphological diversity would subsequently have a measurable effect
on aquatic communities. Two fish species of high recreational value, Macquaria
novemaculeata and Tandanus tandanus, were recorded in the study area. Habitat
simplification, particularly de-snagging, has been implicated in the decline of both
these species in recent decades (Allen et al. 2002). Three species of some commercial
value, Anguilla australis, Anguilla reinhardtii and Mugil cephalus, were also recorded
in the study area.

As summarised in Table 2.3, most of these species have a

preference for deep pool habitats at some stage in their lifecycle and are considered to
have diminished in abundance as a result of morphological changes in the channel
post European settlement (Brooks et al. 2004).

Table 3.1: Descriptions and anticipated functions of the four types of ELJs deployed in the Munni
test reach of the Williams River (modified from Brooks et al. 2006).
Log
Structure
Type
Deflector
Jams
(DFJs)

Structural
Design

Primary Functional
Attributes

Large multiple log
structures built into
eroding banks (typically
50 or more logs with
root wads).

Bank erosion control
structures; redirection
of thalweg towards
channel centre (away
from eroding bank
toe); pool scour
inducement adjacent
to the structure.

Provision of complex
SWH for fishes.
Re-creation of pool
habitat for fishes.

Bar Apex
Jams
(BAJs)

Multiple log jam
structures typically
consisting of 10 – 30
logs, built into the
upstream apex of an
existing bar or island.

Bar stabilisation
structures;
inducement of
bar/island deposition.

Provision of complex
SWH for fishes.

Bank
Revetment
Structures
(BRVTs)

Small structures
consisting of several
stacked logs (+/- root
wads) parallel to flow at
bank toe.

Fluvial erosion control
structures.

Re-creation of bank
undercut habitat for
fishes.

Log Sill
Structures
(LSs)

Small stacked log
accumulations
(generally pyramidal in
section) generally
buried into bed
perpendicular to flow –
ideally with DFJ or BAJ
abutments on either
side.

Bed control structures;
inducement of steppool type morphology;
re-creation of
hyporheic exchange
functioning.

Re-creation of pool
habitat for fishes.
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Secondary Functional
Attributes

Figure 3.3: Map of test reach showing the location of the 20 Engineered Log Jams (ELJs)
constructed (modified from Brooks et al. 2004). Acronyms and characteristics of the different ELJs are
shown in Table 3.1.

3.2.2 Sampling techniques
Fish assemblages were sampled using single pass electrofishing with either a boatmounted electrofisher or a backpack electrofisher depending on the types of habitat.
Navigable habitats (pools) were sampled using FRV Polevolt, a 3.6 m aluminium
punt equipped with a 2.5 kW Smith-Root electrofishing system operated at between
340 and 1000V DC, 3 to 15 A pulsed at 60 Hz and 70–90% duty cycle. Habitats too
shallow to navigate (runs and riffles) were sampled using a 400W Smith-Root Model
12 backpack electrofisher. Each electrofishing operation consisted of two minutes
electrofisher effort within areas designated prior to treatment. However, the exact
location of electrofishing operations varied between sampling periods due to changes
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in river morphology induced by flood-mobilised sediment. Immobilized fish were
removed from the water by dip net and transferred directly to a live well, identified to
species level, measured for length (fork length for species with forked tails, total
length for species with rounded tails), and returned to the water alive. Fish observed
to be affected by the electrofisher but not caught were also recorded where positive
identification could be made.
All sampling was undertaken during periods of stable low flows. In May 2004 a
depletion survey was undertaken on deflector jam two (DFJ2), which consisted of
continuous electrofishing effort until no further fish were caught. Water quality
parameters; temperature (oC), dissolved oxygen (mg/L), pH, turbidity (NTU) and
conductivity (μS/cm) were measured once for each site on each sampling occasion
using a Horiba U10 water quality meter. These readings were not used in the analysis
but were used to gauge electrofishing efficiency and guide the operator in choosing
the appropriate electrofishing settings.
3.2.3 Experimental design
Fish assemblages were sampled twice prior to SWH introduction, in autumn (April
2000, sample 1) and spring (September 2000, sample 2).

Following SWH

introduction, sampling occurred in summer (December 2000, sample 3) and autumn
(April 2001, sample 4), after which sampling was undertaken in autumn when
possible on a quasi-annual basis (June 2002, May 2004, April 2005, samples 5, 6 and
7 respectively) (Fig. 3.4). Sampling effort in the test reach ranged from 30-39
electrofishing operations, while 11 operations were undertaken on each occasion in
the control reach.
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Figure 3.4: Williams River sampling design

3.2.4 Statistical analysis
Differences in species richness and abundance between the test and control reaches
were analysed using the BACIP model (before-after-control-impact-paired) (Downes
et al. 2002) using the SAS general linear model procedure (SAS 2003). The BACIP
model is a three-factor ANOVA (test-control, before-after, and sampling occasion)
with no replication. Reach (test-control) and timing (before-after) were fixed, while
sampling time was nested within before and after periods and was treated as a random
factor (Murdoch et al. 1989). The formal BACIP linear model presented in Downes
et al. (2002) is:
yijpm = μ + Ci + Bp + T(B)jp + CBip + CT(B)ijp(+ Eijpm)
where:
•

yijpm is the mth observation at the Control or Test reach at Time j in the Before
or After period p

•

μ is the population grand mean for species richness or abundance
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•

Ci is the time-averaged effect of being in the Control or Test reach

•

Bp is the spatially averaged effect of being in the periods Before and After
B

treatment
•

T(B)jp is the spatially averaged effect of Time j within Before and After period
p

•

CBip is the effect of being in either Control or Test reach either Before or After
treatment

•

CT(B)ijp is the effect of being in either the Control or Test reach at Time j
within either Before or After periods

•

Eijpm is the residual variation.

The key term of interest in a BACI analyses is the interaction between treatment x
period (CB) (Downes et al. 2002).
Initial analysis of the relationship between variances and means for fish abundance
data indicated heterogeneous variances so all abundance data were log (x + 1)
transformed before further analysis. Species richness data fulfilled the assumptions of
parametric statistics and were therefore not transformed.
The most abundant species, Retropinna semoni, accounted for 68% of the total
abundance. Retropinna semoni is a small pelagic fish species which exhibits strong
schooling behaviour and is highly mobile: its presence at a particular location may
reflect patterns of movement within the river rather than an affinity with particular
habitat characteristics.

It was considered likely that the high abundance and

patchiness of this species could obscure other trends apparent within the data set. In
order to investigate the influence of R. semoni on total abundance analyses, the
BACIP model was run on abundance data both including and excluding this species.
Data were standardised for each sampling occasion by electrofishing operation for
multivariate analyses to account for the difference in length of test and control reaches
and consequent differences in sampling effort,. As there was a wide spread in values,
data were fourth root transformed to equalise the contribution of rare and common
taxa (Field et al. 1982; Clarke & Warwick 2001). A Bray–Curtis similarity matrix
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(Bray & Curtis 1957) was used to quantify differences among sites and between
sampling periods as it is relatively insensitive to zero values (Field et al. 1982; Clarke
& Warwick 2001). The Bray–Curtis measure is widely used in ecological studies and
is regarded as an effective measure of ecological similarity (Faith et al. 1987;
Legendre & Legendre 1998). Non-metric multidimensional scaling (NMDS) was
used to examine the trajectories of change in fish assemblage structure among sites
across sampling periods. NMDS plots a measure of similarity between objects into
multi-dimensional space so that distances between objects correspond closely to their
input similarities making ecologically meaningful patterns more apparent (Gamito &
Raffaelli 1992). Changes in fish assemblage composition (i.e. presence/absence and
species abundance) between the two reaches were analysed by two-way analysis of
similarity (ANOSIM) (Clarke & Warwick 2001) with sampling times within Before
and After periods used as replicates. Differences, in terms of species abundances,
were then compared using similarity of percentages (SIMPER) (Clarke & Warwick
2001) to determine the percentage contribution of individual species to the average
dissimilarity between sites and times. The species abundance analyses were then
repeated excluding R. semoni to further explore treatment effects on other species in
the fish assemblage. All multivariate analyses were performed using the PRIMER
(Plymouth Routines in Multivariate Environmental Research) version 5.0 (Clarke &
Warwick 2001).
3.3

Results

A total of 5,618 fish was recorded over the seven sampling occasions, representing 13
species from eight families (Table 3.2). In the control reach a total of 1,082 fish from
nine species was recorded, while a total of twelve species and 4,536 individuals was
caught from the test reach. The most common species in both reaches were R. semoni
(68%), A. reinhardtii (12%), Gobiomorphus coxii (11%) and M. novemaculeata (5%).
One specimen of Gambusia holbrooki sampled in the test reach was the only exotic
species recorded during the study period.
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Table 3.2: Fish species and abundance sampled in the Williams study reaches during the project period (from Brooks et al. 2006). The five most abundant species are
highlighted in bold.
Species

Control Reach

Total

Before
1
2
11
11

3
11

4
11

After
5
11

6
11

7
11

Retropinna semoni
Tandanus tandanus

0
41
0
0
24
8
0
0
0
0
0
145
4

0
22
0
0
16
3
0
0
0
0
0
28
1

0
25
0
0
36
19
7
0
0
1
0
18
1

0
27
0
1
34
45
0
0
0
0
0
39
5

0
3
0
0
4
4
0
0
2
0
0
229
0

0
18
0
0
3
6
3
0
6
5
0
148
1

Grand total

222

70

107

151

242

190

Sampling occasion
Electrofishing operations
Anguilla australis
Anguilla reinhardtii
Gambusia holbrooki
Gobiomorphus australis
Gobiomorphus coxii
Macquaria novemaculeata
Mugil cephalus
Myxus petardi
Philypnodon grandiceps
Philypnodon macrostomus
Potamalosa richmondia

Test Reach

Total

Grand total

77

Before
1
2
30
30

3
37

4
36

After
5
6
36
38

7
39

246

323

0
20
0
0
21
8
0
0
0
0
0
49
2

0
156
0
1
138
93
10
0
8
6
0
656
14

0
86
0
0
28
8
0
1
0
0
0
396
12

1
68
0
0
41
3
2
0
0
0
0
80
6

0
91
0
0
218
30
1
0
2
3
0
432
5

0
90
1
0
152
32
6
1
0
4
1
523
23

0
46
0
0
6
26
0
0
4
2
0
546
14

1
84
0
0
13
44
10
0
6
15
0
927
39

0
61
0
0
42
22
0
0
4
21
0
249
7

2
526
1
0
500
165
19
2
16
45
1
3153
106

2
682
1
1
638
258
29
2
24
51
1
3809
120

100

1082

531

201

782

833

644

1139
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406

4536

5618

Mean species richness per electrofishing operation ranged from 1.63 ± 0.23 SE
(September 2000) to 3.22 ± 0.19 (April 2001) in the test reach, and from 1.73 ± 0.47
SE (June 2002) to 3.18 ± 0.19 SE (April 2001) in the control reach. Significant
temporal variation in species richness among sampling occasions was observed (F5,5
= 56.67, p < 0.001, Table 3.3), with both reaches following the same seasonal trends
(Fig. 3.5). Mean species richness across both reaches was significantly lower in
September 2000 (spring) (mean ± CI) (1.91 ± 0.14) and June 2002 (winter) (1.71 ±
0.14) than all other sampling occasions (all p < 0.05). Species richness in April 2001
(autumn) (3.20 ± 014) was significantly higher than all other sampling occasions
except December 2000 (summer) (2.98 ± 0.14) (all p < 0.05). Five years after SWH
introduction, a treatment x period (CB) interaction in mean species richness per
electrofishing operation was apparent (F1,5 = 17.36, p < 0.01, Table 3.3).
Prior to SWH introduction species richness was lower in the test reach (1.90 ± 0.12)
than in the control reach (2.41 ± 0.23) (p < 0.05). Following SWH introduction
species richness increased in the test reach (2.64 ± 0.03) and remained comparable to
the control reach (2.65 ± 0.05) over the remainder of the study period (Fig. 3.5).

Figure 3.5: Species richness per electrofishing operation (mean ± 95% CI) before (April 2000 to
September 2000) and after (December 2000 to April 2005) treatment of the test reach.
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Table 3.3: F-values and their associated significance levels (p) for linear mixed effects model
analysis of variation in total species richness, log (x + 1) transformed total abundance and log (x + 1)
transformed abundance excluding Retropinna semoni in the Williams River study reaches.

Source of variation

df

MS
estimates

F-ratio
Denominator
Denominator
MS
df

F-value

p

Species Richness
(mean species per electrofishing operation = 2.49 ± 0.07 SE)
Spatial variation
C

1

2.8500

0.1624

5

17.55

0.0086

Temporal variation
B
T(B)
CB
CT(B)

1
5
1
5

11.2649
9.5289
2.8199
0.1624

9.5289
0.1624
0.1624
-

5
5
5
-

1.18
58.67
17.36
-

0.3265
0.0002
0.0088
-

Total Abundance (log transformed)
(mean abundance per electrofishing operation = 17.39 ± 1.34 SE)
Spatial variation
C

1

0.1436

0.0756

5

1.90

0.2266

Temporal variation
B
T(B)
CB
CT(B)

1
5
1
5

0.8934
0.9452
0.2235
0.0756

0.9452
0.0756
0.0756
-

5
5
5
-

0.95
12.50
2.96
-

0.3756
0.0075
0.1462
-

Abundance excluding Retropinna semoni (log transformed)
(mean abundance per electrofishing operation = 5.60 ± 0.30 SE)
Spatial variation
C

1

0.2807

0.1278

5

2.20

0.1984

Temporal variation
B
T(B)
CB
CT(B)

1
5
1
5

0.0943
1.7305
0.4745
0.1278

1.7305
0.1278
0.1278
-

5
5
5
-

0.05
13.54
3.71
-

0.8247
0.0063
0.1120
-

Mean abundance per electrofishing operation ranged from 6.70 ± 1.27 SE (September
2000) to 29.21 ± 5.69 SE (May 2004) in the test reach and from 6.36 ± 2.54 SE
(September 2000) to 22.00 ± 12.52 SE (June 2002) in the control reach. There was
significant temporal variation in abundance (log transformed) across both reaches
(F1,5 = 12.50, p < 0.01), with both reaches following the same seasonal trends (Fig.
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3.6). Mean abundance was lower in September 2000 (spring) (mean ± CI) (0.71 ±
0.12) than all other sampling occasions except June 2002 (winter) (0.80 ± 0.12) or
April 2005 (autumn) (0.95 ± 0.12.) (all p < 0.05). There was no treatment x period
(CB) interaction detected for total fish abundance (F1,5 = 2.96, p = 0.15, Table 3.3).
The initial increase in total abundance in the test reach on the first two sampling
occasions following addition of SWH (December 2000 and April 2001), noted by
Brooks et al. (2004), appears to have dissipated in subsequent surveys (June 2002 to
April 2005) (Fig. 3.6).

Figure 3.6: Total log transformed fish abundance per electrofishing operation (mean ± 95% CI)
before (April 2000 to September 2000) and after (December 2000 to April 2005) treatment of the test
reach.

Mean abundance (excluding R. semoni) per electrofishing operation in the test reach
ranged from 2.72 ± 0.53 SE (June 2002) to 9.46 ± 1.23 SE (April 2001), and from
1.18 ± 0.54 SE (June 2002) to 10.18 ± 1.58 SE (April 2001) in the control reach. The
significant temporal variation in mean abundance (excluding R. semoni) (F1,5 = 13.54,
p < 0.01, Table 3.3), was due to a lower abundance in June 2002 (winter) (mean ± CI)
(0.33 ± 0.14) than April 2000 (autumn) (0.73 ± 0.14), December 2000 (summer)
(0.90 ± 0.14.) and April 2001 (autumn) ( ± 0.14) (all p < 0.05). The exclusion of R.
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semoni from the analysis did not reveal a significant treatment x period (CB)
interaction in abundance (F1,5 = 3.71, p = 0.11, Table 3.3), however, a greater
difference between the two reaches prior to SWH introduction was apparent than
observed for total abundance (Figs. 3.6 & 3.7). The increased abundance apparent in
the two samples (December 2000 and April 2001) immediately following treatment
reported by Brooks et al. (2004) was no longer apparent, suggesting that the initial
increase mean abundance in the December 2000 and April 2001 was due almost
entirely an increase in R. semoni in the test reach.

Figure 3.7: Log transformed fish abundance per electrofishing operation (mean ± 95% CI) excluding
Retropinna semoni before (April 2000 to September 2000) and after (December 2000 to April 2005)
treatment of the test reach.

An ordination of fish assemblage composition (based on non-metric multidimensional scaling, NMDS) illustrates the differences in fish assemblage structure in
both reaches. Both reaches followed the same trajectory in ordination space moving
in the same direction between sampling occasions (Fig. 3.8), with the temporal
variability almost certainly related to the seasonality of sampling. Before SWH
introduction (sampling times 1, April 2000 and 2, September 2000) both reaches
showed similar position in ordination space, but diverged immediately after SWH
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introduction in the test reach (sampling times 3, December 2000 and 4, April 2001).
By times 6 (May 2004) and 7 (April 2005) fish assemblages in the test and control
reaches had converged in ordination space.

Figure 3.8: Multi-dimensional scaling ordination showing trajectories and variability of entire fish
assemblages in the control reach (hollow symbols) and the test reach (solid symbols) in respect to time
of sampling from April 2000 to April 2005 (sampling times 1 and 2 before, and samples 3-7 after wood
introduction) (modified from Brooks et al. 2006).
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Table 3.4: Summary of similarity of percentages analysis (SIMPER) to identify species contributing
to differences between control and test reaches before and after treatment of the test reach.
Mean abundance per
electrofishing operation

Species
Before rehabilitation

Cum. (%)

Control

Test

Retropinna semoni

7.86

7.93

44.52

Macquaria novemaculeata

0.50

0.18

55.99

Gobiomorphus coxii

1.82

1.15

67.02

Anguilla reindhardtii

2.86

2.57

78.00

Control

Test

Retropinna semoni

8.78

14.34

32.92

Gobiomorphus coxii

1.78

2.34

50.98

Macquaria novemaculeata

1.49

0.83

60.06

Anguilla reindhardtii

1.69

2.00

67.21

Before

After

Retropinna semoni

7.86

8.78

34.75

Gobiomorphus coxii

1.82

1.78

48.58

Macquaria novemaculeata

0.50

1.49

61.88

Anguilla reindhardtii

2.86

1.69

74.35

Before

After

Retropinna semoni

7.93

14.34

32.86

Gobiomorphus coxii

1.15

2.34

49.75

Macquaria novemaculeata

0.18

0.83

61.47

Anguilla reindhardtii

2.57

2.00

67.08

% Dissimilarity = 17.26
% Dissimilarity excluding R. semoni = 15.63

After rehabilitation
% Dissimilarity = 27.59
% Dissimilarity excluding R. semoni = 26.11

Control reach
% Dissimilarity = 26.49
% Dissimilarity excluding R. semoni = 22.48

Treatment reach
% Dissimilarity = 26.93
% Dissimilarity excluding R. semoni = 28.46

When R. semoni was excluded from the NMDS ordination (Fig. 3.9) both reaches
followed the same temporal trends remaining closer in ordination space than for the
fish assemblage including R. semoni (Fig. 3.8). There was, however, a notable
exception in sampling time 5 (June 2002) when the two reaches diverged
substantially in ordination space.
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Figure 3.9: Multi-dimensional scaling ordination showing trajectories and variability of fish
assemblages excluding Retropinna semoni in the control reach (hollow symbols) and the test reach
(solid symbols) in respect to time of sampling from April 2000 to April 2005 (sampling times 1 and 2
before, and samples 3-7 after SWH introduction).

Analysis of similarity (ANOSIM) detected no differences in fish assemblage
composition between control and test reaches five years after SWH introduction (p =
0.23) or in the test reach following addition of SWH (p = 0.24). However, when R.
semoni was excluded from the analysis, the difference between the test reach before
and after treatment was significant at the p < 0.1 level (p = 0.09, Table 3.4).
Before rehabilitation, fish assemblages in the control and test reaches had a
dissimilarity of 17% (SIMPER) (Table 3.4). The majority of this difference (78%)
was attributable to just four species. The higher abundance of R. semoni and A.
reinhardtii in the test reach before rehabilitation contributed 44.5% and 11% of the
difference respectively between the two reaches, while the lower abundance of G.
coxii and M. novemaculeata contributed 11% and 11.4% respectively.

After

rehabilitation, there was 28% (SIMPER) dissimilarity between the reaches (Table
3.4), with the same four species driving the patterns. Retropinna semoni and G. coxii
were more abundant in the test reach compared to the control contributing 33% and
18% of the difference respectively, while M. novemaculeata numbers increased in
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both reaches, although the increase was greater in the test reach. The main changes in
fish assemblage in both the control and test reaches five years following SWH
introduction were the increased abundance of R. semoni and M. novemaculeata, and a
slight decrease in A. reinhardtii (Table 3.4). Gobiomorphus coxii increased in the test
reach but decreased slightly in the control.
A sub-set of the data was analysed in an attempt to detect any site-specific responses
in fish abundance and diversity to habitat change. Retropinna semoni was excluded
from the abundance analysis of individual structures as it was assumed that their
mobile schooling habits would disproportionately affect results. Deflector Jams 1
and 2 (DFJ1 and DFJ2) located at the upstream end of the test reach (Fig. 3.3)
showed a notable and sustained increase in fish abundance following construction.
Fish abundance (mean ± SE) at the location of DFJ1 increased from a single fish
recorded prior to construction to 6.4 ± 2.0 per electrofishing operation (Fig. 3.10)
following rehabilitation. At the site of DFJ2, fish abundance increased from 4.0 ± 2.0
per electrofishing operation before rehabilitation to 12.4 ± 3.3 fish per operation after
rehabilitation (Fig. 3.11). These were substantial increases when compared to the
reach averages per electrofishing operation of 4.3 ± 0.58 and 6.0 ± 0.43 for the test
reach (before and after rehabilitation respectively), and 5.6 ± 0.65 and 5.4 ± 0.68 for
the control reach (before and after rehabilitation respectively).

Prior to SWH

introduction only three species (A. reinhardtii, G. coxii and R. semoni) where
recorded around DFJs 1 and 2 (mean richness per electrofishing operation = 1.0 ±
0.0) in comparison with seven species (A. reinhardtii, G. coxii, M. novemaculeata, P.
grandiceps, P. macrostomas, R. semoni and T. tandanus) following construction of
the DFJs (mean richness 2.4 ± 0.31). As the two species captured before treatment
were also recorded in equal or greater abundance following addition of SWH this
would suggest that treatment created additional habitat.
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Figure 3.10: Species and abundance of all fish (Retropinna semoni excluded) recorded from structure
1 (DFJ1) before (samples 1 and 2) and after (samples 3-7) construction (modified from Brooks et al.
2006).

Figure 3.11: Species and abundance of all fish (Retropinna semoni excluded) recorded from structure
2 (DFJ2) before (samples 1 and 2) and after (samples 3-7) construction (modified from Brooks et al.
2006).

In the depletion survey carried out at DFJ2 in May 2004, a total of 27 M.
novemaculeata, three Tandanus tandanus, four A. reinhardtii and two G. coxii was
extracted. The particularly high abundance of M. novemaculeata is pronounced in
comparison to test reach total of 24 ± 14 recorded for any single survey period.
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3.4

Discussion

3.4.1 Fish responses to reach introduction of SWH
Fish assemblages in the control and test reaches of the Williams River were typical of
those found within the 50-200 metre altitude zone in the Hunter River and adjacent
catchments (Howell & Creese in press). In addition to the species recorded here,
other surveys undertaken in Williams River above the town of Dungog have recorded
Hypseleotris compressa and Notesthes robusta but have failed to collect A. australis
and G. holbrooki (Gehrke & Harris 2001; Howell & Creese in press; Howell
unpublished data).
The rehabilitation strategy was primarily aimed at addressing geomorphic objectives
and, as such, was largely successful. The SWH treatment in the test reach halted
further erosion of river banks, increased sediment storage and increased both pool and
bar areas within the test reach (Brooks et al. 2006). However, geomorphic success is
not always synonymous with ecological success (Bond & Lake 2005; Brooks et al.
2006; Borg et al. 2007). In the year following addition of SWH (December 2000 and
April 2001) significant increases in species richness and abundance of fish and
changes in the fish assemblage structure were observed in the test reach (Brooks et al.
2004). There appeared to be an association between the increased habitat complexity
induced by the rehabilitation strategy and changes in the fish assemblage driven by an
increased abundance of R. semoni and G. coxii (Brooks et al. 2004). In the test reach
five years after SWH introduction any effect on fish species richness, abundance and
assemblage structure noted in the first year following treatment appeared to have
dissipated, with significant differences between the test and control reaches no longer
evident based on a two-way ANOVA and ANOSIM (Brooks et al. 2006). However,
data analysed with the full expression of the BACIP model clearly detected a
significant increase in mean species richness per electrofishing operation in the test
reach following treatment, although the absolute increase in species richness was not
large.
The data suggest that the increased habitat diversity in the test reach following SWH
introduction was sufficient to elicit a sustained increase in mean species richness.
This is supported by the site specific responses of DFJs 1 and 2 both of which showed
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notable increases in species richness following SWH introduction. Interestingly, the
test reach, which had lower mean species richness than the control reach prior to
SWH introduction, approached mean richness levels of the control reach in the first
sample after treatment and then remained comparable for the remaining samples.
The significant increase in fish abundance observed in the first two samples after
treatment (December 2000 and April 2001), which was largely due to an increased
abundance of R. semoni, dissipated over subsequent sampling occasions. While R.
semoni remained abundant through all sampling occasions in the test reach,
abundance was not sufficiently higher after the first two samples following SWH
introduction to be significantly different from the control reach. This decrease in
relative abundance may be attributable, in part, to the decrease in total available SWH
surface in the low flow wetted perimeter from 17% immediately after construction to
12% after five years (Brooks et al. 2006). The decrease in available SWH was a
result of structures being buried under gravel mobilised during high flow events.
While mean species richness increased in the test reach following treatment,
abundance may not have increased significantly due to insufficient habitat change
induced by the geomorphic changes. It was expected that morphological changes
induced by the rehabilitation strategy would increase the resilience of the assemblage
across the test reach during periods of low flow through provision of additional pool
habitat (sensu Arthington et al. 2005). The 3.5% increase in pool area across the test
reach does not appear to have been sufficient to induce a significant increase in fish
abundance over an extended period.
While reach scale increases in fish abundance were not detectable within the BACIP
model, the site specific results from deflector jams DFJ1 and DFJ2 showed a notable
increase in fish species richness and abundance (Fig. 3.11). These increases may
have represented the aggregation of fish normally distributed throughout the reach.
The results, however, highlight the localised benefits for fish, particularly A.
reinhardtii, G. coxii and M. novemaculeata. It was anticipated that deep scour pools
with large amounts of complex woody structures would provide excellent habitat for
M. novemaculeata, however, the presence of A. reinhardtii and G. coxii reflects
flexibility in individual species habitat preferences (see Table 2.3, Chapter 2).
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Analysis of similarity (ANOSIM) did not detect any significant changes in fish
assemblage structure suggesting that essentially the same species were present in the
control and test reaches prior to and five years after SWH introduction. Nor were any
significant changes detected in fish assemblage composition within and between sites
before and after SWH addition in the test reach. However, when R. semoni were
excluded from the analysis, the difference between the test reach before and after
treatment was significant at the p < 0.1 significance level, suggesting that the
treatment may have altered fish assemblage composition to some extent.
Analyses of fish abundance excluding R. semoni (Fig. 3.7) during sampling occasion
five suggest the SWH treatment may have increased over wintering habitat in the test
reach. This is supported by the patterns revealed by the NMDS plot excluding R.
semoni (Fig. 3.9) where assemblage structure in the test reach during sampling
occasion five remained closer in ordination space to the fish assemblages on all other
sampling occasions than the control reach. While the results from DFJs 1 and 2
would appear to contradict this assertion, it must be noted that during sampling
occasion five these structures were sampled with backpack electrofisher due to
temporary technical difficulties with the boat electrofishing equipment, and it is likely
that the scour pools adjacent to the structures were not sampled effectively.
Two factors associated with the fish sampling strategy may have strongly influenced
the outcome of the analyses. Firstly, as the sampling strategy was attempting to
replicate that employed prior to treatment of the test reach (i.e. sampling the same
areas) it may have been too insensitive to detect a response. Indeed, immediately
prior to the depletion survey on DFJ2 in May 2004, the standard two minute
electrofisher effort around the structure captured only 30% of the fish recorded in the
depletion survey.

It was apparent that many fish stunned by the electrofishing

sampling were remaining immobilised within interstitial spaces within the structure.
While all fish observed during the depletion survey were recorded, it is likely that
other fish affected by electrofishing were trapped deeper inside the structures and
were consequently not observed. Further, it is likely that avoidance of electrofishers
during sampling would have concentrated fish within the structures. Thirdly, the
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sampling precision may have been influenced by the two minute electrofisher effort
operations used for this project. The amount of electrofishing ‘power on’ time during
each two minute electrofisher effort operation ranged from 36-118 seconds.

In

addition, over the seven sampling occasions, eleven different individuals contributed
to fish sampling increasing the potential for operator and observer error.
3.4.2 Evaluation of experimental design
Although some trends in the data were apparent, it is difficult to draw strong
inferences regarding fish response to SWH introduction due to inadequacies in the
experimental design.

The Williams River experimental design suffers from:

unbalanced sampling effort between the test and control reaches, irregular sampling, a
lack of spatial and temporal replication, and potential spatial autocorrelation.
The particularly broad confidence intervals for the control reach species richness and
abundance means suggest that eleven electrofishing operations was insufficient to
adequately characterise these measures with any degree of certainty. The wider
variance associated with estimates around the means reduces the potential for
detecting a significant change in fish species richness and abundance.
Due to competing commitments of the sampling equipment and crew, the sampling
regime was somewhat opportunistic. While it is often better to gain some idea of fish
responses rather than assume rehabilitation has occurred, the problem with this
approach was apparent throughout the data analyses.

There was a strong seasonal

trend in both the control and test reaches for species richness, abundance and fish
assemblage structure.

The strong seasonal trends apparent throughout the data

suggest that clearly defined seasonal sampling may be required not only to quantify
these effects, but also to assess effectiveness of rehabilitation within different seasons
and under seasonal flow conditions.
There was insufficient temporal replication prior to treatment of the test reach to
estimate differences in fish assemblages between the two reaches with any certainty.
To adequately characterise fish assemblages and test for an effect, samples need to be
taken well in advance of any habitat manipulations. However, rushed efforts to
rehabilitate rivers often preclude sufficient lead in times for monitoring.
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Environmental sampling to detect and measure the size of changes in ecological
communities due to some intervention is made extremely difficult not only by
temporal variation, but also by natural spatial variation (Underwood 2000). While it
is preferable to have multiple treatment sites, logistical and financial constraints often
prevent this from occurring. In such cases it is preferable to compare the variance
around an estimate of the difference between a treated reach over time with variation
among several locations that are untreated (Underwood 1992, 1993, 1994; Chapman
et al. 1999).

Increased spatial replication provides a broader range of natural

variation against which to test responses within treatment reaches. Further, increased
spatial replication increases the power of the analyses by increasing the number of
degrees of freedom. The low number of degrees of freedom in the present study
makes it difficult to detect anything other than a response of large magnitude.
Spatial confounding of sites is an issue that confronts many ecological assessments in
rivers (Downes et al. 2002). Rivers are dynamic and diverse ecosystems and, as such,
comparable sites which are not confounded in a downstream/upstream manner are
often not available (e.g. Howell et al. 2004).

In many cases, where spatial

confounding is an issue, it may be more appropriate to attempt to gain a measure of
its influence on fish responses in preference to choosing unsuitable control sites.
Spatial autocorrelation can also make it difficult to distinguish whether ‘successful’
rehabilitation works have increased fish production or simply attracted fish from
nearby habitats (e.g. Riley & Fausch 1995). During this study fish were likely to
move between the two reaches. While there is little information regarding local
movements of the fish species collected in the Williams River, most species recorded
have a migratory stage in their life histories (Table 2.4, Chapter 2).
The BACIP model was an effective statistical tool for monitoring changes in fish
assemblages between paired treatment and control reaches, detecting a minor change
in species richness which was not detected using a two-way ANOVA. However, the
strength of the inferences that can be drawn from BACIP analyses is dependent on the
adequacy of the experimental design, and for the Williams River study the design
suffered from unbalanced sampling effort between the test and control reaches,
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irregular sampling, a lack of spatial and temporal replication, and potential spatial
autocorrelation.
3.5

Implications and conclusions

The experimental design for the Williams River rehabilitation project is representative
of that typically employed to quantify rehabilitation success or failure in the few
works that attempt to monitor the effects of habitat manipulations for fishes. As such,
it provided the opportunity to assess strengths and weaknesses in experimental design
to help direct future approaches towards monitoring rehabilitation works.
Of primary concern in the Williams River study was the lack of spatial and temporal
replication. Increasing spatial replication (i.e. more controls and treatments) would
increase the power of the analyses and more precisely detect a true rehabilitation
effect. Increased temporal sampling prior to any rehabilitation works is necessary to
test for natural variation that may exist in both treatments and controls unrelated to
any rehabilitation works undertaken. The seasonal signal throughout the Williams
data set also suggests that experimental designs should attempt to incorporate
seasonality and flow variability into the sampling regime. Alternatively, in situations
where funding does not allow for seasonal sampling, all annual sampling should take
place at the same time of year in relation to flow regime or thermal regime, or both.
The effect of spatial autocorrelation on measuring and assessing the responses of biota
to river rehabilitation is largely untested in most reported studies.

While it is

acknowledged that spatial autocorrelation is likely to be an issue in many cases,
efforts should be taken to gain a measure of the relative independence of replicate
sites. In the case of fishes, a mark-recapture study would provide an indication of
movements between sites replicates and hence a measure of site independence.
Issues with the sampling approach highlighted here provide valuable insight as to how
to improve the accuracy and precision of data collection for future rehabilitation
projects.

Firstly, sampling effort should be comparable between all control and

treatment replicates, and sufficient to characterise fish assemblages with some degree
of confidence. Secondly, to sample introduced SWH effectively with electrofishing
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techniques more intensive sampling effort may be required than in less physically
complex habitats. Thirdly, sampling would be more precise and repeatable (i.e. less
observer bias) based on electofishing ‘power on’ time rather than time elapsed
electrofishing.
This project demonstrates that fish ecologists should take into account the effect of
abundant species in abundance analyses. The dominance of a single species may lead
to incorrect inferences about response of the entire fish assemblage. While it is
preferential to analyse the entire fish assemblage, the effects of highly abundant
species on analyses should be investigated carefully.
Rehabilitation projects should attempt to take into account, and make allowances for,
multiple objectives a priori if they are to make a measurable difference to the health
of the system. The need exists to design structures to address a range of goals and
consider all members of the aquatic community, not just fish assemblages. One of the
main weaknesses of the Williams River study in this regard was the secondary
objectives of creating habitat for fish. However, the results from the Deflector Jams
at the upstream extent of the reach suggest that these structures provide quality
habitat for fishes.
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Chapter 4: The Hunter River project background and study sites
4.1

Introduction

This chapter introduces the Upper Hunter River Rehabilitation Initiative (UHRRI) and
outlines the pragmatic decision to rehabilitate a reach of river strongly influenced by
an array of direct and diffuse environmental stresses. The introduction of Structural
Woody Habitat (SWH) for fishes is placed in context of the broader objectives of the
UHRRI. Hydrological and physico-chemical characteristics of the study reach over
the study period and distribution of meso-habitat throughout the UHRRI reach are
presented. The rehabilitation strategy for introducing SWH for fishes is detailed and
the physical changes to riffle and pool meso-habitat types are described.
4.2

The Upper Hunter River Rehabilitation Initiative (UHRRI)

The UHRRI was a large-scale river rehabilitation and research project based near the
town of Muswellbrook in NSW (Fig. 4.1). The UHRRI was a collaborative project
funded by the Australian Research Council (ARC) involving three universities
(Griffith University, Macquarie University and University of New England), two coal
mining companies (Bengalla and Mt. Arthur Coal), one power generation company
(Macquarie Generation) and several local and state government departments. Pilot
studies undertaken in the Williams River and Stockyard Creek (a small tributary of
the Hunter River) inspired the notion of scaling up the study in a larger river system
and incorporated a broad range of disciplines within a more comprehensive research
and rehabilitation framework. As such, a site was selected in the Hunter River for a
large scale rehabilitation study. The UHRRI reach encompassed a 10 km reach southwest of Muswellbrook with land provided by the two supporting coal mining
companies, Mt Arthur Coal and Bengalla Coal Mine (Fig. 4.1). Attributes of the
UHRRI reach that contributed to its selection included: previous removal of large instream flow obstructions which limited the availability of Structural Woody Habitat
(SWH); the reach was representative of conditions found in many lowland rivers that
have lost SWH; the pool-riffle morphology throughout the reach provided an
opportunity to study ecosystem processes during river rehabilitation centered around
return of different types of SWH; the close proximity to a population centre allowed
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community participation; and ultimately ownership of the reach into the future, and
strong support from the riparian landholders (Brierley et al. 2005).’

Figure 4.1:

Upper Hunter River Rehabilitation Initiative (UHRRI) study reach location.

4.2.1 Research
The UHRRI encompassed a broad range of disciplines with the main overarching
aims being to: increase understanding of biophysical interactions in a highly disturbed
river system, test theories of directed ecosystem change, understand the catchment
scales influences of reach scale changes, better predict interactions and feedbacks
emerging from manipulations of the system, and provide a broader understanding of
realistic outcomes that can be expected when rehabilitating highly degraded river
systems (Brierley et al. 2005).
The range and extent of research within the UHRRI reflected contemporary
understanding of the system and knowledge bases of the contributing organisations.
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Post doctoral, PhD, masters and honours research ranged from classification of
geomorphic condition upstream of the study reach through to site specific hypothesis
testing within the UHRRI reach.

The availability of three pools of comparable

dimensions and six riffles of comparable morphology within the UHRRI reach
provided the opportunity to trial SWH for fishes with multiple replicate sites. One of
the primary objectives of the rehabilitation strategy for fishes was to test the influence
of different levels of structural complexity on fish responses to SWH introduction.
4.2.2 Reach description
Flow
Flow was recorded at the Muswellbrook gauge (Stn.210002) which is located 8.2 km
upstream of the Keys Bridge (the upstream extent of the UHRRI reach, Fig. 4.5).
Research in the UHRRI reach was undertaken during a Drought Dominated Regime
(DDR) characterised by a low occurrence of high flow events (Fig. 2.3) (Warner
1987; Erskine & Warner 1988; see Chapter 2, section 2.6). There were no floods
approaching the mean annual flood (28,658 ML/day) during the study period (Fig.
4.2). The arithmetic mean daily flow during the sampling period was 453 ± 364
(mean ± SD) ML/day with a maximum of 6,161 ML/day and a minimum of 48
ML/day.
Flows were highly variable during the study period with the lowest flows typically
occurring in June and July (281.6 ± 156.3 ML/day) and highest flows from December
through to March (576.7 ± 453.6 ML/day) reflecting the influence of regulated
releases from Glenbawn Dam for agricultural and industrial purposes (Chapter 2).
Flow on fish sampling occasions was strongly influenced by the seasonal trends in
dam releases with summer sampling occasions reaching a maximum flow of 928
ML/day (sample 10) and a winter minimum of 123 ML/day (sample 4) (Fig. 4.2).
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Figure 4.2: Hydrograph (mean daily discharge) during the study period combined from the
Muswellbrook gauge (Stn.210002) 8.2 kms upstream of the Hunter River study reach. Numbers denote
quarterly sampling occasions before; from October 2003 to July 2004 (samples 1 - 4) and after; from
October 2004 to January 2006 (samples 5-10) treatment of the treatment sites.

Water quality
Water quality was monitored fortnightly at six sites within the UHRRI study reach
during the research period (Fig. 4.3, Mika unpublished data). Temperature, dissolved
oxygen (DO) and electrical conductivity (EC) were measured in situ, while turbidity
measures were estimated from water samples taken in the field and later processed in
the laboratory.
Both temperature and DO exhibited strong seasonal signals, with more subtle
variability driven by regulated releases from Glenbawn Dam (Fig. 4.3).

Mean

0

temperatures in the UHRRI reach varied from 12 C during the winter months to 290C
over the summer period.

Mean dissolved oxygen concentrations were inversely

proportional to temperature ranging from 5.5 mg/L in January 2005 to 12.6 mg/L in
August 2005.

The exception to this trend was a decrease in DO concentration

associated with dropping water temperatures in late autumn and early winter (May –
August in 2004 and 2005). This may have been attributable, in part, to the pulse of
willow leaf fall that occurs through the reach in late autumn (Wolfenden et al. 2005).
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Figure 4.3: Water temperature (oC) (mean ± SE), dissolved oxygen concentrations (mg/L) (mean ±
SE) and mean discharge over the study period for the UHRRI reach (Mika, unpublished data).

Electrical conductivity and turbidity levels appeared to have been largely driven by
flow rather than seasonality (Fig. 4.4). Turbidity levels were positively correlated
with flow (R2 = 0.224, p < 0.01), while EC showed an inverse relationship (R2 =
0.652, p < 0.001), with increases in flow essentially diluting dissolved ions through
the reach. Mean EC ranged from 322 to 652 μS/cm-3 during the study period with the
notable peak in November 2004 (Fig. 4.4) likely to be related to controlled releases of
saline water from the coal mines under the Hunter Salinity Trading Scheme. There
are several coal mines situated above the study reach and Bengalla Mine has a saline
water release site within the UHRRI reach (Fig.4.5). Mean turbidity through the
study reach varied from 34 to 687 NTU during the project period. An unusually large
peak in turbidity in February 2005 associated with elevated discharge and
conductivity was likely to have resulted from localised flooding in one of the small
ungauged tributaries in the catchment above the study reach, although the exact
source of this flow is unknown.
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Figure 4.4: Electrical conductivity (μS/cm-3) (mean ± SE), turbidity (NTU) (mean ± SE) and mean
discharge over the study period for the UHRRI reach (Mika, unpublished data).

Meso-habitat distribution
A meso-habitat survey was carried out along the UHRRI reach in June 2006 during a
period of low flow levels (298.4 ML/day). Sections of the river were classified into
pools, runs and riffles (Table 4.1) using a modified Australian River Assessment
System (AUSRIVAS) classification in which rapids were grouped with riffles and
glides with runs, due to their low occurrence through the reach (Anderson 1993).

Table 4.1:

Meso-habitat classification (modified from Anderson 1993).

Meso-habitat type
Riffle
Run
Pool

Definition
Gradient 1-5o, moderate to strong currents, surface unsmooth to broken.
Gradient 1-3 o, weak currents, surface unbroken and smooth.
Area where stream widens or deepens and current declines.

Within the UHRRI reach, areas of high and medium channel expansion (up to 400%)
were characterised by riffles and runs, with low channel expansion dominated by
pools (Hoyle et al 2008).

Meso-habitat types were mapped sequentially from

upstream to downstream through the entire reach.

Table 4.2 summarizes the

distribution and characteristics of the 118 discrete meso-habitat units identified
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through the UHHRI reach. Pools contributed the greatest proportion of the mesohabitat types by both river length and water surface area of the reach (47.6 and 24.9%
respectively) followed by runs (34.7 and 31.8% respectively) and riffles (17.7 and
13.3% respectively). Pool lengths (mean ± SD) (194.1 ± 38.8 m) and widths (21.5 ±
1.0 m) were typically greater than either run length (58.5 ± 6.4 m and 17.5 ± 0.7 m) or
riffle length (44.4 ± 3.6 m and 15.1 ± 0.7 m).

Table 4.2:

Meso-habitat types and dimensions through the UHRRI study reach in June 2006.

Characteristic
Total length (m)
Total surface area (m2)
Proportion reach length (%)
Proportion reach surface area (%)
Mean length (m ± SE)
Mean surface area (m2± SE)
Mean channel width (m ± SE)

Pool
(n = 24)
4,658
105,057
47.6
54.9
194.1 ± 38.8
4,377 ± 960
21.5 ± 1.0

Run
(n = 55)
3,391
60,780
34.7
31.8
58.5 ± 6.4
1,047 ± 118
17.5 ± 0.7

Riffle
(n = 39)
1,731
25,496
17.7
13.3
44.4 ± 3.6
653.7 ± 58.5
15.1 ± 0.7

4.2.3 UHRRI rehabilitation strategy
The two main overarching UHRRI rehabilitation goals were: 1. To establish a selfsustaining riparian community dominated by indigenous vegetation species. 2. To
reintroduce in-stream SWH to provide habitat for aquatic ecological communities.

Revegetation
It was anticipated that establishing a self-sustaining indigenous riparian zone would:
provide habitat for terrestrial and aquatic species; provide a source of propagules for
the natural colonisation of native riparian species downstream; provide a sustained
long-term source of SWH for recruitment to the river reach; ensure bank stability
equivalent to that achieved by the dominant species Salix babylonica; and improve
later quality through the interception of sediments and nutrients during flood flows
(Brierley et al. 2005).
A list of the plant species likely to have occurred throughout the study reach was
compiled and used to guide species composition for each of five designated proto
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communities (Peake 2003). The proto communities were positioned throughout the
reach based on land form and probability of flooding. More than 53,000 trees were
planted in three phases between 2003 and 2006 throughout the five proto
communities. The gallery forest community was planted on the steep banks. The
river red gum community was planted at sites closest to the river with greatest
likelihood of flooding. The forest redgum community was further away from the
river with a lower probability of flooding. The yellow box community was planted on
high dry sites adjacent to the floodplain. The rainforest community was planted in
sheltered sites, mainly under tall canopies formed by S. babylonica.
To separate any effects of reintroducing SWH on the aquatic ecosystem from changes
in the riparian species composition, such as changes to the light quality and organic
input, a minimal amount of revegetation and clearance was undertaken adjacent to the
fish study pool and riffle sites.

Wood reintroduction
The wood reintroduction strategy was largely developed to test specific hypotheses
relating to physical and biological consequences of in-stream SWH (Brooks & Cohen
2005). As such, 33 SWH units of five distinct types were installed throughout the 10
km UHRRI reach. The five types of SWH structures reintroduced were bank attached
deflector jams, log placement, root balls, riffle spanning and fish jams (Table 4.3).
The locations of the individual structures are shown in Figure 4.5.
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Table 4.3: Descriptions and anticipated functions of the five types of log structures deployed in the
Upper Hunter River Rehabilitation Initiative reach of the Hunter River.
Log
Structure
Type

Number
reintroduced

Structural
Design

Primary Functional
Attributes

Deflector
Jams
(DFJs)

9

Large multiple log
structures built into banks
with 18-27 logs (many with
root wads intact).

Bank erosion control structures;
redirection of thalweg towards
channel centre; increased
geomorphic complexity; fish
habitat.

Logs
(Ls)

2

One or two logs with root
balls and majority of trunk
embedded in the bank.

Stabilise banks; minimise
wastage of wood.

Root Balls
(RBs)

1

Four root balls were buried
between the two DFJs
below Key’s Bridge.

Bank protection; minimise
wastage of wood.

Riffle Span
(RSs)

1

Cross channel spanning
structures perpendicular to
the flow; the cross
spanning logs were
buttressed three abutment
jams; 47 logs in total.

Increased hydraulic and
geomorphic variability; recreation of hyporheic exchange
and associated stream
functioning.

Pool Jams
(PJs)

18

Pre-fabricated structures of
9-20 logs built on banks
and lowered into the river.

Fish habitat.

All logs were sourced from the Hunter Valley and New England areas, with the
majority taken from urban clearing sites.

Additional wood was purchased from

plantation forestry to meet the specifications required for constructing the pool jams
(PJs). Most of the logs were from six species of Eucalyptus (E. acmenoides, E.
agglomerata, E. crebra, E. deanii, E. pilularis, E. piperita).
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Figure 4.5:

Structural Woody Habitat (SWH) introduction sites throughout the Upper Hunter River Rehabilitation Initiative reach.

-90-

4.3

Wood introduction for fish habitat in the Hunter River

4.3.1 Site selection
The availability of sites within the UHRRI reach for introduction of SWH for fish
habitat was largely dictated by geomorphology, site access and logistical constraints
(Howell et al. 2005). Six comparable riffles were located at the downstream end of
the UHRRI reach, three of which were randomly selected for treatment and three used
as controls (Fig. 4.6). The distance between the riffles in the UHRRI reach ranged
from 55-510 m.

Three pools within the UHRRI reach were selected for

reintroduction of SWH on the basis of comparable morphological and riparian
characteristics. Pools were located at Edinglassie, Whites Winery, Below Whites
pools (Fig. 4.6). The distance between Edinglassie and Whites Winery pools was 368
m, while Below Whites pool was 2.9 km downstream of the Whites Winery pool. All
pools were located in areas of low channel expansion, typified by steep banks and
narrower macro-channels (Hoyle et al. 2008), and contained at least one short run
within their lengths. As such, the pool treatment replicates were classified as separate
sections in the meso-habitat survey (section 4.2.2).
All sites selected for wood introduction were located within the UHRRI reach. In
order to find appropriate controls, at less spatially confounded distances, additional
sites were chosen outside the reach. Due to the close proximity of the UHRRI riffles
to each other, two comparable riffles were identified 6.5 km upstream, at the top of
the UHRRI reach (Key’s riffle), and 6.5 km downstream external to the UHRRI reach
(Olive riffle) (Fig. 4.6). Two comparable control pools (Racecourse and Olive pools,
Fig. 4.6) were chosen at sufficient distance from the UHRRI pools (3.9 km upstream
of Edinglassie pool and 5.1 km downstream of Below Whites pool) to be considered
spatially independent.
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Figure 4.6:

Map of study pools and riffles, UHRRI reach boxed.
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4.3.2 Methods
Introduced Structural Woody Habitat
Two types of SWH were introduced to pools and riffles (Fig. 4.7) to provide habitat
for fishes.

Bank embedded deflector jams (DFJs) similar to those successfully

deployed in the Williams River study reach (Chapter 3) were chosen for the riffles
and pre-fabricated pool jams (PJs) were designed for the pools.

Figure 4.7:

Typical design of riffle deflector jams (after Brooks 2006).

Of the six riffle replicates available within the UHRRI reach, riffles 1, 2 and 4 were
randomly selected for reintroduction of wood with riffles 3, 5 and 6 left unaltered as
controls (Fig. 4.6). Two 22 tonne excavators and a 4WD tractor/loader were used to
construct the multi-layered DFJs (Fig. 4.7). Much of each structure was buried in the
bank to ensure stability and resistance to major flow events (Brooks 2006). Log
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lengths and mean diameters were estimated for each DFJ during construction. The
DFJs were installed as pairs in each of the treated riffles on alternating banks in an
upstream and downstream configuration. The main purpose of the upstream DFJs
was to stabilise the bank and deflect flow toward the thalweg and downstream DFJ,
while the main functional attributes of the downstream DFJs was to stabilise the bank
and create scour for fish habitat. In all treated riffles the upstream DFJ was almost
entirely buried to maximise structural stability. It was anticipated that flood flows
following construction, in conjunction with scour adjacent to the DFJs, would reorganise the substrate thus increasing the diversity of hydraulic habitats available for
fishes.

Figure 4.8:

Typical design of fish jams reintroduced into pools (after Brooks 2006).

The pools selected within the UHRRI reach are deeply entrenched, and as a
consequence, the cost and potential impacts on macrochannel form and riparian
vegetation to allow access for in situ construction of PJs would have been
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considerable. Therefore, structures were pre-fabricated on the floodplain adjacent to
their proposed in-stream locations before being lowered by crane into the channel as a
single entity. The PJs consisted of a layers of logs bolted together with a cross brace
every second layer for additional strength (Fig. 4.8). Each PJ was built to the height
of the water depth at low flow at each of the installation locations. The physical
dimensions of each structure were recorded prior to instalment between June and
August 2004. To reduce flow drag the structures were installed with a corner facing
upstream into the flow. Each structure was ‘pinned’ in place with 6 – 8 ballast blocks
weighing either 2.1 or 4.2 tonnes depending on the structure height (Appendix 4).
After installation the PJs were each secured to the ballast blocks with galvanised
anchor chain.

Upon installation PJs were considered to be essentially simple

structures with a low diversity of interstitial space sizes.
One of the primary objectives of the rehabilitation strategy was to test the influence of
different levels of structural complexity on fish responses to SWH reintroduction.
Complex PJs were created by infilling the main structure with smaller pieces of
wood. The mean length of wood added was 1.8 ± 0.2 m with a diameter of 0.19 ±
0.01 m. There was sufficient wood to create complex treatment of six PJs, so two PJs
were selected from each of the three treatment pools. The PJs randomly selected for
‘complexing’ were PJs 3 and 5 in Edinglassie pool, 9 and 12 in Whites Winery pool,
and 16 and 18 in Below Whites pool (Fig. 4.6). The logs used to create ‘complex’
PJs were transported by aluminium punt and strategically placed within the simple
structures to ensure maximum stability. The amount of wood that was added was
dictated by the height of the structures.

Wood load of the study sites prior to rehabilitation
Wood loading surveys were conducted in the study pools and riffles prior to SWH
reintroduction. No permanent SWH was detected in any of the study riffles prior to
treatment. A complete census of all wood pieces in pools was considered unrealistic
due to the high turbidity and depths exceeding chest height. A stratified sampling
survey was therefore undertaken in preference to the line transect method (O’Connor
1992), which has been demonstrated to notably inflate the actual wood load in
Australian streams (Marsh et al. 1999). Wood pieces of greater than 0.1 m diameter
and 1.0 m in length were set as the minimum size threshold for SWH. Surveys were
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carried out along oblique-angled transects in sequential order in an upstream direction
for the entire length of each pool. This was done to prevent the underestimation of
SWH in cases where the wood loadings may be low (Van Wagner 1968; Bond &
Lake 2003a). A depth sounder was used in conjunction with a hollow aluminium pole
to identify irregularities in the stream bed. Where irregularities were observed on the
depth sounder, the aluminium pole was used to identify whether the object was rock
or wood. With one person controlling the boat, the other two operators used separate
poles to estimate the diameter and length, and where appropriate, the root ball of the
log. Logs not crossed by any transect but visually observed were included and
subsequently measured. Estimates of wood load were then validated by a thorough
census of large wood pieces in two randomly selected 100 metre pool sections.
Loadings were calculated for the both the trunk and any branches exceeding 1.0 m
length and 0.1 m diameter. The wood volume of root balls was estimated by using the
formula for the frustrum of a cone.

Riffle surveys
One of the anticipated functions of the riffle DFJs was to induce gravel mobility
restructuring the riffle and consequently increasing hydraulic diversity.

Three

dimensional surveys were undertaken to assess changes induced by the introduced
DFJs. A detailed topographic survey of the treatment and control riffles within the
UHRRI reach was conducted with a total station (approximately 1-2 survey points per
channel meter) prior to wood introduction in August 2004.

Due to technical

difficulties, the two distant controls, Olive riffle and Keys riffle, were not surveyed at
this time.

All eight riffle sites were re-surveyed 11 months following wood

reintroduction, in August 2005. Three dimensional surveys were not carried out in
the pools due to safety concerns with depths typically exceeding chest height.
Velocity was measured above, below and on the crest of each riffle on each fish
sampling occasion. Velocity was recorded in all pools at both moderately low flows
(120-130 ML/day, April 2004) and at elevated flows (610-615 ML/day, January
2005).

-96-

4.3.3 Results
Riffles
The three treated riffles located within the UHRRI reach ranged in length from 32 –
61 m in length and 13 – 17 m in width (Table 4.4), contributing 2.6% of the total
study reach river length and 2.1% of the reach total water surface area. The two
distant control riffles, located externally to the UHRRI reach, were slightly longer
than the riffles in the UHRRI reach (79 and 96 m) although had comparable mean
widths (17 and 14 m). Mean depths (0.35 – 0.55 m) and mean velocities (0.74 – 0.92
m s-1) were comparable between all riffle sites (Table 4.4), although these variables
were dependent on flow conditions and consequently varied between sampling
occasions.

Table 4.4:

Physical habitat variables (mean ± SE) measured at each riffle
Length
(m)

Area
(m2)

Mean
Width
(m)

Mean
Depth
(m)

Max
Depth
(m)

Mean
Velocity
(m s-1)

Treatments
Riffle 1
Riffle 2
Riffle 4

61
32
55

1037
416
935

17
13
17

0.35 ± 0.04
0.52 ± 0.05
0.55 ± 0.06

0.9
1.6
1.5

0.90 ± 0.05
0.80 ± 0.04
0.74 ± 0.04

Close controls
Riffle 3
Riffle 5
Riffle 6

29
47
32

464
658
448

16
14
14

0.47 ± 0.06
0.42 ± 0.05
0.39 ± 0.04

1.2
1.2
1.1

0.89 ± 0.04
0.92 ± 0.04
0.67 ± 0.04

Distant controls
Keys riffle
Olive riffle

79
96

1343
1344

17
14

0.51 ± 0.09
0.49 ± 0.05

1.8
1.3

0.77 ± 0.04
0.80 ± 0.04

Riffle name

A hundred and seventeen logs were added to the three treated riffles for a wood
volume of 124 m3. Specific details for individual riffle DFJs are shown in Appendix
3. The number of logs used to construct the DFJs ranged from 14 to 26, with the
approximate structure volumes varying between 96 and 180 m3. While the total
surface areas of each DFJ ranged from 132.4 to 215.2 m2, only a small proportion
(6.6 – 75.3 m2) of this was within the low flow channel and available to fish. The
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difference between total surface area of the DFJs and surface area available to the low
flow channel was more pronounced in the upstream structures (5 – 10%) than the
downstream structures (25 – 35%).
No permanent wood was detected prior to treatment or was naturally recruited after
treatment in any of the study riffles. Following construction the treated riffles had
wood loadings of between 0.032 and 0.055 m3.m-2 volume and between 0.27 and 0.46
m2.m-2 estimated surface area within the low flow channel (Table 4.5). These values
are comparable to those reported for undisturbed streams in south-eastern Australia of
between 0.011 and 0.044 m3 m-2 (Marsh et al. 1999; Brooks et al. 2003). However, a
large proportion of the structures (65 – 95%) was buried, and would largely go
undetected by present survey techniques, suggesting that the wood loads in the treated
riffles were more likely to represent the lower range of ‘natural’ wood loads.
Similarly, wood surface area loadings were calculated from the total wood surface
area introduced (Appendix 4), rather than the surface area available to the low flow
channel.

Table 4.5:

Introduced wood volume and surface area loadings for each treatment riffle site.

Riffle name

Riffle 1
Riffle 2
Riffle 4

Wood volume loading
(m3.m-2)

Wood surface area loading
(m2 .m-2)

0.032
0.055
0.052

0.272
0.383
0.462

Graphical representations of the morphological changes of the riffles located in the
UHRRI reach (treatment and close control riffles) one month before and 11 months
after wood introduction are shown in Figs. 4.9 – 4.14. The morphology of the distant
control riffles in August 2005 is presented in Figure 4.15. Prior to wood introduction
all riffles were largely uniform with small amounts of scour at the downstream end
(Figs. 4.9 - 4.15). The close control riffles (Riffles 3, 5 and 6) changed very little over
the study period. The changes in morphology observed between surveys in the
treatment riffles (Riffles 1, 2 and 4) were largely related to the construction of the
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structures. The physical imposition of the upstream structures on existing channel
morphology constricted and directed the flow towards the downstream structure.
Consequently there was some scour recorded adjacent to all three downstream
structures, most notably in Riffle 4 (Fig. 4.12). The amount of scour was, however,
considerably less than anticipated due to lack of substrate mobilizing flows during the
research period. The largest flow to pass through the study sites between riffle
surveys (3,312 ML/day) was far less than the mean annual flood of 28,658 ML/day.

Figure 4.9: Three-dimensional structure of Riffle 1, a) before and b) after wood introduction.
Surveys carried out in August 2004 (before) and August 2005 (after).

Figure 4.10: Three-dimensional structure of Riffle 2, a) before and b) after wood introduction.
Surveys carried out in August 2004 (before) and August 2005 (after).
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Figure 4.11: Three-dimensional structure of Riffle 3, a) before and b) after wood introduction.
Surveys carried out in August 2004 (before) and August 2005 (after).

Figure 4.12: Three-dimensional structure of Riffle 4, a) before and b) after wood introduction.
Surveys carried out in August 2004 (before) and August 2005 (after).

Figure 4.13: Three-dimensional structure of Riffle 5, a) before and b) after wood introduction.
Surveys carried out in August 2004 (before) and August 2005 (after).
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Figure 4.14: Three-dimensional structure of Riffle 6, a) before and b) after wood introduction.
Surveys carried out in August 2004 (before) and August 2005 (after).

Figure 4.15: Three-dimensional structure of the distant control riffles, a) Olive riffle and b) Keys
riffle. Surveys carried out in August 2005.

Pools
The three treated pools located within the UHRRI reach ranged from 695 – 1,268 m
(Table 4.6), contributing 28% of the total reach river length and 33% of the total reach
water surface area. The two distant control pools (Racecourse and Olive Pool),
located externally to the UHRRI reach, had comparable dimensions with lengths of
627 and 1,198 m and surface areas of 11,964 and 29,595 m2 (Table 4.6). Mean
widths (19.1 to 25.9 m) and depths (1.31 to 1.53 m) were similar in study pools within
and external to the UHRRI reach. While the mean velocities within the pools ranged
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between 0.14 and 0.17 m s-1 over the study period, they were dependent on flow
conditions and were consequently variable between sampling occasions.

Table 4.6:

Physical habitat variables (mean ± SE) measured within each study pool.
Length
(m)

Area
(m2)

Mean
Width
(m)

Mean
Depth
(m)

Max
Depth
(m)

Mean
Velocity
(m s-1)

Treatment
Edinglassie
Whites Winery
Below Whites

827
1,268
695

17,005
32,591
13,462

20.6
25.9
19.1

1.31 ± 0.03
1.50 ± 0.05
1.40 ± 0.03

3.2
2.9
3.2

0.17 ± 0.04
0.14 ± 0.03
0.17 ± 0.04

Control
Olive Pool
Racecourse

627
1,198

11,964
29,595

19.5
25.1

1.53 ± 0.04
1.44 ± 0.05

2.8
2.8

0.14 ± 0.03
0.14 ± 0.03

Pool name

A hundred and twenty five logs (between 21 – 32 logs in each pool) were identified
and measured during the wood survey. The mean physical dimensions of the logs
recorded in each pool site during the pool wood surveys are shown in Appendix 2.
The majority of in-stream logs recorded appeared to be Eucalyptus spp. with smaller
amounts of Casuarina cunninghamiana. Considering the contemporary riparian zone
does not contain appreciable numbers of Eucalyptus spp. it is likely this wood has
been retained in the system from prior to European settlement or has been recruited
from upstream. Logs were largely dispersed, with no accumulations exceeding three
logs observed in any of the study pools. The mean diameter of all logs surveyed was
0.24 m with a mean basal diameter (diameter of the root mass) of 1.1 m, with 21% of
the logs surveyed retaining a root ball. Trunk lengths varied from the minimum
classification of 1.0 m up to 22.0 m, with a mean length of 4.6 m across all pools.
Although up to 20 limbs were recorded on individual logs, more than half of all logs
had only one major limb. The validation surveys suggested that the wood load
recorded during the semi-quantitative survey underestimated the true wood load by
approximately 11% volume and 19% surface area, with the majority of this difference
caused by smaller logs (<2.0 m in length and < 0.1 m diameter). The wood loadings
calculated for each pool from the semi-quantitative survey were subsequently adjusted
to account for smaller logs that may have gone unobserved. Wood volume loading in
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the pools was generally low (0.0004 – 0.0007 m3 m-2), with the higher wood loading
in Below Whites pool (0.0013 m3 m-2) attributable to a solitary large tree trunk (Table
4.7).

Table 4.7:

Wood volume and surface area loadings for each pool study site.

Wood volume loading
(m3 m-2)

Wood surface area loading
(m2 m-2)

Pool name
Preexisting

Introduced

Total

Preexisting

Introduced

Total

Treatment pools
Edinglassie
Whites Winery
Below Whites

0.0007
0.0007
0.0013

0.0016
0.0009
0.0025

0.0023
0.0016
0.0038

0.0103
0.0100
0.0176

0.0292
0.0147
0.0434

0.0395
0.0247
0.0610

Control pools
Olive Pool
Racecourse

0.0006
0.0004

-

0.0006
0.0004

0.0118
0.0054

-

0.0118
0.0054

Two hundred and thirty two logs were used to construct the 18 PJs with between 9
and 20 logs (2-7 layers) used for each structure. The location of each structure is
shown in Figure 4.5 with structural specifications in Appendix 4. The structures
varied in height from 0.6 to 1.8 m and in overall volume from 18.5 to 51.7 m3.
Immediately following construction the PJs varied from 2.3 to 5.37 m3 volume and
41.18 to 78.48 m2. The six PJs randomly selected for complex treatment had between
59 to 103 small logs added wood volume of 3.72 to 6.05 m3 and 60.34 to 113.80 m2
surface area (Appendix 4). The complex wood additions approximately doubled the
wood volume of the PJs and increased the wood surface area by two thirds (Appendix
4). While some smaller debris accumulated periodically at the upstream corner of
each PJ, no large wood was retained by the structures. It is likely that the shape and
orientation of the structures precluded the accumulation of additional wood.
A total volume of 90.35 m3 and surface area of 1,557 m2 of wood was introduced to
the three treatment pools (Appendix 4), equating to increased loadings of between
0.0009 – 0.0025 m3 m-2 wood volume and 0.0147 – 0.0434 m2 m-2 wood surface area
(Table 4.7). The variation in wood loadings resulting from the introduction of the PJs
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was largely a function of pool surface area rather than in the amount wood added
(Table 4.6). The introduction of the PJs more than doubled the wood volume loading
and increased the wood surface area loading by two thirds in each treated pool (Table
4.7). However, the wood volume loadings in the pools (0.0016 – 0.0039 m3 m-2)
were still far below those typically reported for undisturbed streams in south-eastern
Australia (0.011 - 0.044 m3 m-2) (Marsh et al. 1999; Brooks et al. 2003).
4.4

Implications and conclusions

Rehabilitation through the UHRRI reach during the study period was aimed at reintroducing wood structures and re-instating indigenous riparian vegetation. As such
the re-introduced indigenous vegetation was still in early stages of growth during the
study period and is unlikely to have impacted on the assessment of fish responses to
SWH introduction.
The majority of log structures introduced were targeted at addressing site specific
hypotheses rather than trying to return SWH loads to the likely natural levels. This
reflects the experimental approach taken by the UHRRI group that allowed ecological
responses to SWH introduction to be detected within the context of consistent
background influences. However, the scale of works for both re-vegetation and SWH
introduction were at the upper end of the scale for cost and at the lower end for
reestablishing some semblance of return to natural ecological structure and function
for this river system. In effect, this means that to achieve better ecological outcomes
at the reach scale would require placement of higher wood loads and therefore a
greater financial investment supported by long-term monitoring and consistent
government commitment.
Elevated base flows, originating from Glenbawn Dam, dominated the flow regime
over the study period, with no floods approaching the mean annual flood. It was
anticipated that flood flows following construction would re-organise the substrate in
riffle treatments, increasing the diversity of hydraulic habitats available for fishes. As
this did not occur one of the key functional aims of introducing SWH in riffles was
not achieved (i.e. increased morphological diversity). It is likely that this would
impact on fish responses to SWH introduction in riffles. Water quality measured over
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the study period was within the operating range of the electrofishing sampling
equipment, as well within the known tolerances of the fish species collected (Pusey et
al. 2004).
All riffle and pool sites had comparable physical dimensions and appeared to be good
replicate sites for which to undertake experimental introduction of SWH. The notable
exception was in distant control riffles which were longer than either the treatment or
close control riffles.
While the introduction of SWH to riffles increased wood loading to levels that might
be expected in undisturbed streams, very little habitat was available for fish within the
low flow wetted perimeter because much of each structure was buried.

The

introduction of SWH in the treatment pools approximately doubled the existing wood
load, however these levels were still far below those reported for undisturbed streams
in south-eastern Australia. This highlights that large amounts of wood are needed to
be introduced in the relatively large channels of lowland rivers in order to have a
significant effect on wood loads. The contemporary riparian zone is dominated by S.
babylonica which is unable to contribute to in-stream wood due to the rapid decay of
the non-living branches. Hence, potential sources of in-stream wood recruitment are
low in the contemporary setting. The introduced SWH in treatment pools differed
from that previously available throughout the reach. The available SWH prior to
placement of the introduced SWH was typified by single, isolated, large trunks with
few limbs. Due to the differences in physical dimensions it is likely that fish would
respond to the introduced SWH differently to that previously available.
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Chapter 5: Characterisation of fish assemblages in the Hunter River
study sites
5.1

Introduction

The fish assemblage composition and structure in any particular stream location are
determined by a wide range of factors including: zoogeography (both global and
regional) and evolution of fishes, local abiotic phenomena, biotic interactions,
autecology of individual species, as well as the extent and type of anthropogenic
influence (Matthews 1998).

The fish assemblage present at a given site is of

particular importance for rehabilitation works as it defines the species that could be
worthy of particular attention in study design and implementation, and by knowing
their identity it is feasible to take into account of their possible range of movement
and hence the spatial scale of likely responses to modified structure in the form of
SWH.
Reviews of fish biogeography from the northern hemisphere (e.g. Moyle 1994)
suggest that factors influencing the potential presence of particular fish fauna date
back to the Pleistocene period.

In a study of the biogeography of Australian

freshwater fishes Unmack (1999) suggested that such influences in Australia date
back further, perhaps as far as the early Miocene. Unmack (1999) classified fishes
throughout Australia into biogeographic zones.

Between-river exchange in the

Eastern province (encompassing the Hunter River catchment) is likely have been
restricted for exclusively freshwater species as relatively few systems were connected
during low sea levels (Unmack 1999). Species such as Tandanus tandanus appear to
show little genetic exchange between catchments for an extended period of time,
perhaps millions of years (Rowland 1993; Jerry 2005). However, the fish assemblage
compositions of most catchments in the Eastern province are, largely dominated by
species that occur in upper estuaries or whose life history incorporates an estuarine
stage. These species are expected to show some level of dispersion between estuaries
in recent times due to a tolerance of high salinities, and indeed some may still move
between catchments today via flood plumes (Jerry 1997; Jerry & Cairns 1998). These
species include the majority of native fish species recorded in the Hunter River study
reach (Gobiomorphus australis, Gobiomorphus coxii, Hypseleotris compressa,
Macquaria novemaculeata, Notesthes robusta, Philypnodon grandiceps, Potamalosa
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richmondia and Retropinna semoni). A smaller number of native species exhibit long
distance oceanic spawning migrations (Anguilla australis, Anguilla reinhardtii and
Mugil cephalus) with adults capable of moving between river systems with little
impediment, although this is not well documented. Further, return of larval fish from
oceanic spawning grounds almost certainly mixes populations between catchments.
Within geographic regions a diverse range of abiotic and biotic factors operate at a
range of spatial and temporal scales to influence fish community structure (Jackson et
al. 2001). Several conceptual models have proposed a hierarchical framework of
multiple environmental filters that influence assemblage structure of aquatic
communities (Frissell et al. 1986, Angermeier & Winston 1998, Chessman 2006).
Further, variation in fish assemblages along latitudinal and longitudinal gradients has
been widely described with a number of conceptual models proposed to account for
this variation (Vannote et al. 1980, Junk et al. 1989, Poff et al. 1997). According to
these models, species presence or absence is determined at larger scales such as
regions, and the relative abundance at finer scales such as river reaches. This is
supported by several studies that have demonstrated that species richness is
predominantly determined by catchment scale factors, whereas local habitat attributes
are the primary determinants of fish abundance (Rabeni & Sowa 1996; Pusey et al
2000; Grenouillet et al. 2004; Mesquita et al. 2006; Kennard et al. 2007)
Biotic interactions such as predation and competition have been shown to have strong
effects on fish communities via direct and indirect mechanisms (Jackson et al. 2001).
Several studies (e.g. Power et al. 1985; Gilliam & Fraser 2001) have demonstrated
that predators can affect the choice of habitat by prey species within streams. Prey
species may move to areas where predators have difficulty accessing them and these
habitats may be different from those selected when predators are not present (e.g.
Schlosser & Angermeier 1990). Although the effects of inter-specific competition
between fish species are still largely unknown, there is sufficient literature on
resource partitioning among fishes to suggest that competition may play a key role in
structuring local fish assemblages (Ross 1986).
The autecology of individual species (i.e. the biological interactions between a species
and its environment), determines the extent to which the species is able to utilise the
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available resources at a given site to meet its life history requirements. Examples of
the traits that allow a species to exist in a particular location include body structure,
innate habitat preferences, physico-chemical tolerances, resistance to drought and
floods, bioenergetics, food acquisition, reproductive strategy and larval success
(Matthews 1998).
Humans have affected (mostly negatively) a large proportion of the factors that
influence fish assemblages, in addition to directly manipulating the fishes themselves.
The scales at which human disturbance can influence fish assemblage range from
global (e.g. climate change) through to local (e.g. stocking of translocated fish).
Landscape changes influence aquatic systems through multiple pathways and
mechanisms, operating at a range of different spatial scales, and at present there is
only limited understanding of how these inter-relate (Allen & Johnson 1997). The
anthropogenic influences affecting the fish assemblage in the Hunter River study
reach are detailed in Chapter 2 and presented in a conceptual model (Fig. 2.10).
5.1.1 Aims
It is necessary to seek some understanding of the fish assemblages within and among
sites when applying experimental designs that require replication within dynamic
systems. This chapter describes differences in the fish assemblages between mesohabitat types and explores seasonal influences.
Specific objectives are;
•

To characterize the fish assemblages within two types of meso-habitat: pools
and riffles

•

To explore seasonal influences on fish assemblages and potential implications
for testing responses to habitat manipulation

•

To identify species within the fish assemblage which may have a
disproportionate influence on results

•

To assess the adequacy of sites as replicates for testing fish responses to SWH
manipulation.
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5.2

Methods

5.2.1 Sampling techniques
Electrofishing was chosen as the preferred sampling technique as it provides less bias
than other commonly employed techniques and ensures good estimates of fish
assemblage composition within a river or stream reach (Faragher & Rodgers 1997;
Murray Darling Basin Commission 2004). While no gear type is effective in all
habitats, it was believed electrofishing would allow accessibility to a greater range of
habitats, with less associated capture bias than other gear types such as gill nets, seine
nets, fyke nets and traps.

Like all fish sampling methods, boat and backpack

electrofishing techniques are not without their associated biases (Miranda & Schramm
2000).

Capture efficiency of electrofishing can be influenced by the type of

techniques used, environmental variables (e.g. water conductivity, depth, available
cover), and biological attributes of the target fish (Zalewski & Cowx 1990). A
standardised sampling protocol was designed for both riffles and pools ensuring that
any sampling bias associated with the techniques would be consistent between sites
over all sampling occasions. As all sites are within the same reach of Hunter River
and were sampled during the same time period, the effect of water quality was
consistent within sampling occasions. Similarly, as comparisons were drawn between
the same sites throughout the sampling period the influence of habitat variables within
sites was consistent. Variation in capture efficiency due to available cover was
observed, with more electrofishing effort required to capture fish from more complex
habitats than simple ones. As such, rehabilitation created another source of difference
in sampling efficiency, that due to the introduction of large wood.
The biological attribute which appears to have the greatest influence on capture
efficiency is size selectivity (Zalewski 1985). Size selectivity using electrofishing
techniques has been described widely, with larger fish usually more vulnerable to
capture than small fish (e.g. Bayley & Austen 2002). Some studies have attempted to
calibrate electrofishing gear catchability by predicting fish taxon responses for a range
of size classes and in a range of habitat conditions (Mahon 1980; Bohlin & Cowx
1990; Bayley & Austen 2002), although such studies have not yet been undertaken in
Australia. During the present study most species appeared to respond strongly to
electrofishing. However, R. semoni and Gambusia holbrooki were often observed to
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be unaffected during sampling, particularly in water depths in excess of one meter.
This is most likely attributable to their small size.
Fish communities in riffles were sampled using single pass electrofishing with a
combination of boat-mounted electrofisher and a backpack electrofisher. Single pass
electrofishing was adopted to maintain consistency with the existing standard
sampling protocol developed by the New South Wales Department of Primary
Industries. Sampling in each riffle consisted of 4 electrofishing operations. In order
to effectively sample all areas of the riffle without compromising sampling
independence, the following sampling protocol was used: an electrofishing operation
was undertaken at the downstream end of each riffle followed by operations adjacent
to the right bank, through the mid-channel of the riffle and adjacent to the left bank,
electrofishing from downstream to upstream (Fig. 5.1). The downstream end of each
riffle was generally sampled by boat electrofishing (Fisheries Research Vessel
Polevolt, a 3.6 m aluminium punt equipped with a 2.5 kW Smith-Root electrofishing
system operated at between 340 and 1000V DC, 3 to 15 A pulsed at 60 Hz and 70–
90% duty cycle) where water depth allowed.
Each boat electrofishing operation was conducted using intermittent electrofishing,
with approximately 10 seconds application of power followed by approximately 10
seconds pause. On several occasions, low water levels precluded the use of the boat
and the 400W Smith-Root Model 12 backpack electrofisher was used to sample below
riffles. The electrofishing operations undertaken adjacent to both banks and through
the mid-channel of the riffle were performed with the backpack electrofishing unit.
Each backpack operation was carried out using intermittent electrofishing, with the
backpack used to fish all areas accessible to the stationary operators (1.5-2 m radius).
Following electrofishing of that area, the operators moved approximately 3 metres
upstream and repeated the process. The elapsed time and the actual electrofisher
‘power on’ time were recorded upon completion of each electrofishing pass to
measure sampling effort. Electrofisher ‘power on’ time is a more direct measure of
sampling duration than elapsed time (Chapter 3) and was used in all analyses.
The pools were sampled by single pass electrofishing by boat electrofishing. Each
electrofishing operation consisted of 60 seconds electrofishing ‘power on’ time,
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which was necessary to effectively sample the majority of fish associated with the
introduced structural woody habitat (SWH). The mean amount of time each operation
took (operator effort) was 117 ± 0.9 SE seconds. Each electrofishing operation was
undertaken using intermittent electrofishing, with approximately 10 seconds
application of power followed by approximately 10 second pause (and advance of
approximately 5 m) to minimize the effect of ‘herding’ of fish ahead of the anode and
displacing them from the sampled habitat. In order to reduce fish displacement in
open water there was typically an advance of at least 10 m between power
applications.
Sampling in each pool consisted of 24 electrofishing operations, inclusive of SWH
units. Electrofishing sites were selected within a stratified random sampling design,
in which left or right banks were selected randomly and a bank, mid-channel and
opposite bank progression was followed in an upstream direction to increase the
chance of retaining independent samples (Fig. 5.1).

The exact location of each

electrofishing operation varied slightly between sampling periods due to changes in
flow conditions and electrofishing effort time required to use 60 seconds power on
efficiently.

Figure 5.1: Sampling procedure for pools and riffles. Numbers represent sampling sequence, with
numbers 1 – 6 representing a quarter of sampling effort in each pool.
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During each electrofishing operation, dip-netters removed all electrofished
individuals and transferred them directly to an aerated live well (for boat operations)
or bucket (for backpack operations). Fish observed to be affected by the electrofisher
but not caught were also recorded where positive identification could be made. At
the completion of each electrofishing operation, captured individuals were counted,
identified to species level, measured for length (fork length for species with forked
tails, total length for species with rounded tails) and returned to the water alive. Fish
captured in riffles were released at least 20 m below the site prior to the next
electrofishing operation site, while fish captured in pools were released 50 m below
the next electrofishing operation.
5.2.2 Sampling regime
Quarterly sampling of fish assemblages was carried out from October 2003 to July
2004 before SWH introduction and from October 2004 to January 2006 after SWH
introduction. Electrofishing effort on each sampling occasion is shown in Appendix
5. On sampling occasion one (October 2003) control pools had not been located and
the riffle experimental design was not finalised and consequently these sites were not
sampled. All pools and riffles were sampled at quarterly intervals from January 2004
to January 2006. It was considered that samples taken at quarterly intervals would be
sufficiently spaced to minimise temporal dependence and any potential accumulative
effects of sampling effort on fish assemblages. Further, quarterly sampling permitted
the influence of seasonality on fish assemblages to be investigated.
Monthly samplings was carried out for a period of three months for riffles and four
months in pools immediately following construction of the wood structures to gain a
measure of succession in fish assemblages associated with the introduced SWH
(Chapter 8).
5.2.3 Physico-chemical parameters
Water quality parameters: temperature (oC), dissolved oxygen (mg/L), pH, turbidity
(NTU) and conductivity (μS/cm) were measured for each site on each sampling
occasion using a Horiba U10 Water Quality Checker (Horiba Ltd., Japan). Three
replicates of water quality were taken in each pool and riffle on each sampling
occasion. Riffle replicates were measured at the surface, while each pool replicate
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consisted of measurements both at the surface and 1 m. These readings were not used
in the analysis but were used to gauge electrofishing efficiency and guide the operator
in choosing the appropriate electrofishing power settings. To monitor for potential
stratification of the water column during the study period, three replicates of water
quality readings were made through the water column at 50 cm intervals in each pool
site.
5.2.4 Statistical Analysis
To compare length distributions for the eight most abundant fish species recorded in
both riffles and pools, length-frequency diagrams were constructed.

Differences

between the length-frequency distributions were tested using the non-parametric
Smirnov independent samples test (Conover 1999).
Mean fish species richness, abundance and assemblage composition in each mesohabitat type were analysed separately due to differences in the sampling equipment
and techniques. Species richness and abundance data for riffles were standardized to
be catch per 60 seconds electricity ‘power on’ time for each sampling occasion to
account for differences in site dimensions.

Electrofishing operations in pools

consisted of 60 seconds electricity ‘power on’ time and were treated as replicates
within each site.
A two-way ANOVA (site, season) was used to investigate the effect of seasonality on
fish species richness, total abundance and abundance excluding G. holbrooki and R.
semoni. As fish assemblages in riffles were sampled in only three seasons (summer,
autumn and winter 2004) prior to wood introduction, two-way ANOVA of all control
riffles (both close and distant, see section 4.4, Chapter 4) over the sampling period
was used to investigate seasonal effects on species richness and abundance. Two-way
ANOVA was used to detect changes in species richness and abundance between sites
and seasons for pools prior to treatment to isolate any effects of wood introduction.
Significant differences in mean species richness and mean abundance in riffles and
pools were explored with Tukey comparisons. Initial analysis of the relationship
between variances and means for all abundance data indicated heterogeneous
variances, so abundance data were log (x + 1) transformed before further analysis.
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Examination of abundance data for both pools and riffles indicated that the occurrence
and abundance of two species, G. holbrooki and R. semoni, were highly variable
between sites and sampling occasions (section 5.3.2). Gambusia holbrooki and R.
semoni collectively contributed 23% and 43% of the total fish abundance in riffles
and pools, respectively (Table 5.2), and it was considered likely that the high
abundance and patchiness of these species could obscure other trends apparent within
the data set. Therefore, all abundance data were re-analysed excluding these species.
All univariate analyses were performed using the general linear model procedure in
SAS 9.1.3 software (SAS 2003).
Fish assemblages were pooled for each site and for each sampling occasion for
multivariate analyses. Bray-Curtis dissimilarity indices were calculated between all
pairs of sites, employing the fourth-root transformation of abundances to
accommodate the wide spread in values (Field et al. 1982; Clarke & Warwick 2001);
G. holbrooki and R. semoni were included in multivariate analyses. The Bray-Curtis
dissimilarity index provides a measure of the assemblage dissimilarity between sites
(Clarke 1993).

Analysis of similarity (ANOSIM), employing the Bray-Curtis

dissimilarities, was used to compare fish assemblages between sites, within mesohabitat types, prior to wood introduction so as to examine the adequacy of sites as
replicates for experimental introduction of SWH.

Seasonal changes in fish

assemblage structure were also assessed using ANOSIM. To eliminate any effects of
wood introduction, seasonal riffle analyses included only data from controls (both
close and distant), and pool analyses included only data prior to treatment. The taxon
contributing the most to the differences between sites and seasons were identified
using SIMPER (similarity of percentages) (Clarke & Warwick 2001). Non-metric
multidimensional scaling (NMDS) was used to illustrate differences in fish
assemblage composition between seasons.

NMDS plots a measure of similarity

between objects into multi-dimensional space so that distances between objects
correspond closely to their input similarities, making ecologically meaningful patterns
more apparent (Gamito & Raffaelli 1992). All multivariate analyses were performed
using PRIMER (Plymouth Routines in Multivariate Environmental Research) version
5.0 (Clarke & Warwick 2001).
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5.3

Results

5.3.1 Physico-chemical parameters
During sampling occasions over the entire study period, water temperature ranged
from 9.4OC (mean ± SE) (14.1 ± 0.4OC) in the winter months to 28.2OC over summer
(20.8 ± 0.3OC), conductivity from 236 to 456 μS cm-1 (359 ± 3 μS cm-1), pH from 7.2
to 8.9 (8.1 ± 0. l), dissolved oxygen concentration from 6.1 to 13.1 mg L-1 (8.2 ± 0.1
mg L-1), and turbidity from 2 to 255 NTU (42 ± 3 NTU). Water quality parameters
were within the operating range of the electrofishing equipment (Kolz et al. 1998).
No thermal stratification within the water column was observed in any of the study
sites during the project period.
5.3.2 Characterization of fish assemblages
A total of 11,181 fish was recorded in all Hunter River study sites over the sampling
period, representing 15 species from 10 families (Table 5.2). All 15 fish species were
recorded in pools, while A. australis, N. robusta and P. grandiceps were not captured
in riffles during the present study. The exotic fish species Cyprinus carpio and G.
holbrooki were recorded in all study sites, contributing a higher proportion to the total
abundance of fish in pools (44%) than in riffles (8%). Fish abundance in the riffle
sites was dominated by A. reinhardtii, (41%) G. coxii (22%), and R. semoni (16%),
while the most abundant species in pools were G. holbrooki (36%), M. cephalus
(32%), G. coxii (8%) and C. carpio (8%). The eight most abundant species across all
sites, in descending order, were G. holbrooki, M. cephalus, A. reinhardtii, G. coxii, R.
semoni, C. carpio, M. novemaculeata and T. tandanus, accounting for 98.0% and
99.4% of all fish recorded in pools and riffles, respectively.
Examination of individual site total abundances for each sampling occasion revealed
substantial patchiness in the abundance distributions of G. holbrooki and R. semoni.
Over half of G. holbrooki abundance in pools (52%, n = 2,978) was recorded from
nine sites (15% of all site samples), with 456 individuals (19%) recorded from a
single site sample. Similarly, 73% of G. holbrooki (n = 155) was recorded in six riffle
samples (7% of all site samples).

Retropinna semoni also displayed a patchy

distribution, with 75% (n = 382) recorded from six pool samples (10% of all site
samples). Similarly, 32% (n = 162) of R. semoni came from only five samples (6% of
all site samples).
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Table 5.1: Fish species, abundance and proportion of catch sampled in the Hunter study reach
during the study period. The eight most abundant species are shown in bold. *denotes exotic species.
Species

Riffles
(n)
(%)
1,319
41.2
1
0.03
31
1.0
212
6.6
1
0.03
705
22.0
2
0.1
39
1.2
231
7.2
15
0.5
512
16.0
136
4.2
3,204

Anguilla australis
Anguilla reinhardtii
Carassius auratus*
Cyprinus carpio*
Gambusia holbrooki*
Gobiomorphus australis
Gobiomorphus coxii
Hyseleotris compressa
Macquaria novemaculeata
Mugil cephalus
Notesthes robusta
Philypnodon grandiceps
Potamalosa richmondia
Retropinna semoni
Tandanus tandanus
Totals

Pools
(n)
1
300
40
597
2,908
10
622
29
337
2,534
4
5
70
509
11
7,977

(%)
0.01
3.8
0.5
7.5
36.5
0.1
7.8
0.4
4.2
31.8
0.05
0.1
0.9
6.4
0.1

All habitats
(n)
(%)
1
0.01
1,619
14.4
41
0.4
628
5.6
3,120
27.7
11
0.1
1,327
11.8
31
0.3
376
3.3
2,765
24.6
4
0.04
5
0.04
85
0.8
1,021
9.1
147
1.3
11,181

Smirnov independent sample tests revealed significant differences in the lengthfrequency distributions in seven of the eight most abundant species occurring in both
riffles and pools (Fig. 5.2).

There was no difference in the length-frequency

distribution of G. holbrooki between meso-habitat types (p = 0.88). The differences
in length-frequency distribution of C. carpio and R. semoni between meso-habitat
types (p < 0.05) were driven by the higher abundance of smaller individuals in the
riffles, although there was a similar spread in the abundance of all other fish lengths
across meso-habitat types. While a broad range of size classes of A. reinhardtii were
recorded from both riffles and pools, ontogenetic partitioning was evident with riffles
dominated by smaller individuals (<250 mm) and pools dominated by larger
individuals (>250 mm).

Tandanus tandanus also exhibited strong ontogenetic

partitioning between meso-habitat types (p < 0.01), with juveniles more abundant in
riffles and adults in pools. The length-frequency distribution was bimodal in the
riffles for G. coxii and M. cephalus with both juveniles and adults abundant, whereas
pool habitats were dominated by adults. The length-frequency distributions of M.
novemaculeata were significantly different between meso-habitat types (p < 0.001).
Although the mean length of M. novemaculeata in riffles (256.2 ± 6.3 mm) was
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higher than pools (248.6 ± 3.3 mm), the majority (94%) of individuals over 300 mm
were recorded in pools.
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Figure 5.2: Length frequency distributions of the eight most abundant species occurring in riffles
(open bars) and in pools (solid bars). Smirnov test for differences (ns = not significant, * = p < 0.05,
** p < 0.01, *** =p < 0.001).
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No interactions between site and season were detected for any of the riffle analyses (p
= 0.13-0.97); this suggests that the study sites responded similarly to seasonal
changes. When all control riffles were compared in a two-way ANOVA over the
study period, no differences between sites were detected for either species richness
(F4,12 = 0.71, p = 0.58) or total abundance (F4,12 = 2.36, p = 0.06) (Table 5.2).
However, when G. holbrooki and R. semoni were removed from the analysis (F4,12 =
3.6, p < 0.01) it was revealed that Keys riffle had a significantly higher abundance of
fish than Riffle 5 (p < 0.05). Riffle names and positions are shown in Figure 4.6
(Chapter 4).

A strong seasonal effect was observed for species richness, total

abundance and abundance excluding G. holbrooki and R. semoni (Table 5.2). The
difference in species richness between seasons (F3,19 = 5.88, p < 0.001) was driven by
lower numbers of species recorded in winter than during all other seasons (all p <
0.05). The significant difference in total abundance between seasons (F12,19 = 7.81, p
< 0.0001) was driven by a lower abundance of fish in winter than both autumn (p <
0.0001) and spring (p < 0.05), and a higher abundance of fish in autumn than summer
(p < 0.01). Analyses of abundance excluding G. holbrooki and R. semoni revealed the
same differences as total abundance (F12,19 = 8.89, p < 0.0001), however, winter had a
significantly lower abundance than summer (p < 0.05).
Two-way ANOVA of pool sites before rehabilitation revealed no significant
differences in species richness between sites. Comparison of total abundance between
sites (F4,17 = 2.58, p < 0.05) revealed a significantly higher abundance in Racecourse
than in Olive Pool (p < 0.05). However, when G. holbrooki and R. semoni were
removed from the analyses, no difference in species abundance between sites was
detected (F4,17 = 0.85, p = 0.5), suggesting that the difference in abundance between
these two sites was driven by these two fish species.

There was a significant

difference in species richness between seasons (F3,17 = 19.01, p < 0.0001), with lower
species richness in winter than all other seasons (all p < 0.0001) (Table 5.2). A strong
seasonal effect was observed in both total abundance (F3,17 = 12.42, p < 0.0001) and
abundance excluding G. holbrooki and R. semoni (F3,17 = 10.85, p < 0.0001), with fish
numbers lower in winter than all other seasons (all p < 0.001).
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Table 5.2: F values and their associated significance levels (p) for two-way analysis of variance in
estimates of species richness, log (x+1) transformed total abundance and log (x+1) transformed
abundance excluding Gambusia holbrooki and Retropinna semoni for all control riffles over the study
period and all pool sites before wood introduction.
Source of
variation

df
Numerator

df
Denominator

MS
estimates

p

F-value

All control riffles over the study period
Species richness
(mean species richness per 60 seconds electrofishing ‘power on’ time = 1.61 ± 0.08)
site
season
site x season

4
3
12

19
19
19

0.117
0.966
0.065

0.40
4.66
0.39

0.8074
0.0036
0.9670

Total abundance (log transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 5.36 ± 0.33)
site
season
site x season

4
3
12

19
19
19

1.325
4.391
0.266

2.36
7.81
0.47

0.0588
< 0.0001
0.9284

Abundance excluding Gambusia holbrooki and Retropinna semoni (log
transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 4.35 ± 0.29)
site
season
site x season

4
3
12

19
19
19

1.987
4.900
0.217

3.6
8.89
0.39

0.0073
< 0.0001
0.9647

All pools prior to wood introduction
Species richness
(mean species richness per 60 seconds electrofishing ‘power on’ time = 1.71 ± 0.06)
site
season
site x season

4
3
12

17
17
17

2.357
23.547
1.156

1.91
19.07
0.94

0.1078
< 0.0001
0.5102

Total abundance (log transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 7.44 ± 0.55)
site
season
site x season

4
3
12

17
17
17

2.599
12.494
1.479

2.58
12.42
1.47

0.0365
< 0.0001
0.1318

Abundance excluding Gambusia holbrooki and Retropinna semoni (log
transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 3.24 ± 0.15)
site
season
site x season

4
3
12

17
17
17
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0.433
5.555
0.681

0.85
10.85
1.33

0.4963
< 0.0001
0.1976

ANOSIM did not detect any significant differences in fish assemblage composition
between riffle sites prior to wood introduction (Global R = 0.191, p = 0.06).
However, significant differences in the fish assemblage composition of the control
riffles (both distant and close) were identified between seasons (Global R = 0.267, p <
0.01). An ordination of fish assemblage composition in riffles (based on non-metric
multi-dimensional scaling, NMDS) illustrates these differences between seasons (Fig.
5.3). Fish assemblage structure in winter was significantly different to all other
seasons (all p < 0.01).

No significant differences in assemblage structure were

detected between spring, summer and autumn.

Figure 5.3: NMDS ordination of seasonal fish community data from all control riffles in the Hunter
River study reach.

Fish assemblages in the riffles exhibited the greatest difference during winter with
dissimilarities of 39.47%, 38.37% and 36.17% with spring, autumn and summer
respectively (Appendix 6). Fish assemblages sampled in riffles during winter were
characterised by higher abundances of R. semoni, and M. cephalus and a lower
abundance of G. coxii (Appendix 6) than the other three seasons, and a higher
abundance of T. tandanus than spring and summer.
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Comparison between pool sites prior to wood introduction revealed no differences
(Global R = 0.015, p = 0.384) suggesting that essentially the same fish assemblages
were present in all pools. However, ANOSIM identified significant differences in the
fish assemblage structure between seasons in pools before wood introduction (Global
R = 0.471, p < 0.001). An ordination of fish assemblage composition (based on
NMDS) in pools prior to wood introduction confirms these seasonal differences (Fig.
5.4).

Fish assemblage structure in winter was significantly different to spring,

summer and autumn (all p < 0.05). Spring was significantly different to summer (p <
0.05) and autumn (p < 0.01). Fish assemblage structure in autumn and summer were
not significantly different (p = 0.794).

Figure 5.4: NMDS ordination of seasonal fish community data from all study pools prior to wood
introduction in the Hunter River study reach.

Fish assemblages in the pools exhibited the greatest difference in winter with
dissimilarities of 36.58%, 35.40% and 30.51% compared with autumn, summer and
spring respectively (Appendix 6). Fish assemblages in pools during winter were
characterised by the absence of G. holbrooki, lower abundance of G. coxii and a
higher abundance of R. semoni (Appendix 6) than all other seasons. Differences

-122-

between spring and autumn (20.72% dissimilarity) were driven by the increased
abundance of R. semoni in spring and higher abundances of C. auratus and P.
richmondia in autumn. The significant difference between fish assemblages in spring
and summer (20.23% dissimilarity) was predominantly driven by a greater abundance
of G. holbrooki and R. semoni during summer (Appendix 6).
5.4

Discussion

5.4.1 Fish assemblages of the Hunter River study reach
Fish assemblage composition in the Hunter River study sites was typical of that found
within the 50-200 m altitude zone in the Hunter River and adjacent catchments
(Howell & Creese in press).

With the exception of P. richmondia, all species

recorded in the Hunter River study reach are widespread and relatively common
(Table 2.2). Although 15 species were recorded in the present study, eight species (G.
holbrooki, M. cephalus, A. reinhardtii, G. coxii, R. semoni, C. carpio, M.
novemaculeata and T. tandanus) accounted for almost all (98-99%) of the total
abundance recorded in both meso-habitat types.
Species richness was higher in pools, with all species recorded in riffles also recorded
in pools. Furthermore, essentially the same suite of species was present in both mesohabitat types across the study period (Table 5.1).

The three species recorded

exclusively in pools (A. australis, N. robusta and P. grandiceps) were caught in low
numbers and represented only 0.09% of the total abundance recorded across all sites
during the study period.
The higher proportional abundance of the three exotic fish species (C. auratus, C.
carpio and G. holbrooki) in pools than riffles is consistent with the published
information on the meso-habitat preferences for these species (Table 2.3).

No

difference in length frequency distributions of G. holbrooki was observed between
pools and riffles. This may be attributable, in part, to the rapid reproduction and
growth rates of G. holbrooki (Milton & Arthington 1983; Keane & Neira 2004). The
length-frequency distributions of C. carpio in pools and riffles were similar, although
the higher proportional abundance of smaller specimens in riffles may be related to
the physical exclusion of larger specimens from shallower depths.
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Anguilla reinhardtii exhibited strong ontogenetic partitioning between meso-habitat
types with riffles dominated by smaller individuals and specimens exceeding 600 mm
recorded almost exclusively in pools. Pusey et al. (2004) suggested this may be due
to the exclusion of juvenile A. reinhardtii from habitats favoured by adults. Indeed,
A. reinhardtii cannibalism has been reported in several dietary studies (Beumer 1979;
Sloane 1984). The frequent observation of bite marks characteristic of Anguillid
species on A. reinhardtii in the Williams River and Hunter River study reaches also
suggests that this species competes intensely for food and space. Riffles provided
large amounts of gravel which is the preferred habitat of A. reinhardtii juveniles
(Pusey et al. 2004).
The bimodal length-frequency distribution displayed by G. coxii in riffles supports the
meso-habitat preferences documented in the literature suggesting a preference for
rapids, riffles and runs in smaller individuals (Table 2.3). Juvenile G. coxii were far
more abundant in riffles than pools. Examination of G. coxii populations in pools
suggests that the largest individuals (<120 mm) preferred this meso-habitat type.
Meso-habitat partitioning of larger G. coxii may be a result of larger fish being less
susceptible to predation in pools and/or better growth associated with lower energetic
costs in pools due to lower water velocities.
The length-frequency distributions of R. semoni were similar between meso-habitats
with a significant difference due to the higher abundance of individuals <40 mm
occurring in riffles. This may reflect, in part, the differences in sampling equipment
and techniques between the meso-habitat types. In the present study R. semoni
appeared to be more responsive to electrofishing in shallower water depths.
Larger adult M. cephalus occurred in both meso-habitat types; however, the lengthfrequency distribution of M. cephalus in riffles was bimodal. The higher abundance
of individuals less than 280 mm in riffles may have been a predator avoidance
response with the broken water surface associated with riffles offering some
horizontal cover from potential predators such as birds.
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Differences in the length-frequency distributions of M. novemaculeata between mesohabitats were driven by a broader range of sizes present in pools. It is likely that
pools provided a higher diversity of the structural habitat features with which M.
novemaculeata have been associated in previous studies (Table 2.3).
Tandanus tandanus demonstrated ontogenetic changes in meso-habitat preferences,
with juveniles most abundant in riffles and adults found predominantly in pools. The
higher abundances of T. tandanus in riffles in autumn and winter samples can be
attributed to the presence of young of the year during this period (Davis 1977; Pusey
et al. 2004). These results are consistent with those reported elsewhere that juvenile
T. tandanus prefer shallow moderately flowing waters and adults prefer deep pools
and runs (Table 2.3).
5.4.2 Consistency of fish sampling results
Two of the species (G. holbrooki and R. semoni) recorded in the Hunter River study
reach displayed substantial patchiness in occurrence and abundance among sampling
occasions. This is likely to be due to a combination of several factors. Firstly, both
species are small bodied (generally <60 mm). Several studies have demonstrated low
galvanotaxic responses for smaller fish (e.g. Zalewski 1985; Bayley & Austen 2002).
Indeed G. holbrooki and R. semoni were often observed during sampling to be largely
unaffected by electrofishing, particularly in depths exceeding 1 m.

Secondly,

observer bias is believed have affected estimates of occurrence and abundance. While
G. holbrooki were largely visible to electrofishing operators (due to their affinity for
positions within the upper water column), they were often not observed, as a result of
their small size and typical lack of galvanotaxic response, and estimates of abundance
varied widely between operators.

Thirdly, there were wide fluctuations in the

seasonal abundance of G. holbrooki with large numbers recorded during summer
sampling and a complete absence of individuals recorded in winter samples. Fourth,
R. semoni is a mobile schooling species and differences in abundance may reflect the
role of chance.
5.4.3 Seasonal influences on fish assemblages
The lack of an interaction between season and habitat preferences suggests that all
sites responded in a similar manner to seasonal influences. There was a strong
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seasonal signal in mean species richness, total abundance and abundance excluding G.
holbrooki and R. semoni. All sites followed the same seasonal trends, with the lowest
values of all fish measures observed in winter. Similarly mean species richness, total
abundance and abundance excluding G. holbrooki and R. semoni in pools were all
lower in winter than all other seasons. During the New South Wales Rivers Survey,
Harris & Gehrke (1997) noted temporal differences in total abundance and species
richness among regions and river types throughout New South Wales. Fish capture
was lowest in winter and highest in summer (Harris & Gehrke 1997). Those findings
are supported by the results from the pool analyses of this study; however, the riffle
analysis revealed that fish abundance (with and without G. holbrooki and R. semoni)
was highest in autumn.
5.5

Implications and conclusions

With the exception of P. richmondia, all fish species collected in the Hunter River
study reach are widespread and abundant species in catchments along much of the
east coast of Australia. Therefore, any responses to SWH should be transferable to
other sites or rivers in the region. The fish assemblage was dominated by native
species, although the two exotic species (G. holbrooki and C. carpio) contributed
approximately a third of the total abundance.
Ontogenetic meso-habitat partitioning was exhibited by seven of the eight most
abundant species recorded in both meso-habitat types, although the extent of
partitioning varied between species.

In order to fully comprehend the potential

impacts of the habitat modification on fish populations in the Hunter River study
reach, it is important to have an understanding of the habitat requirements of fishes at
all stages in their lifecycle. There are also potential implications for rehabilitation
with regards to appropriateness of placement of SWH.
Two species, G. holbrooki and R. semoni, were identified as potentially having a
disproportionate influence on abundance analyses based on their extreme patchiness
in occurrence and abundance through the study reach. Both species are small bodied
schooling fish which exhibited variable responses to the electrofishing sampling
techniques.
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Based on fish species richness, abundance and assemblage composition all riffle and
pool sites appeared to be adequate replicates for the experimental introduction of
SWH within a Multiple-Before-After-Control-Impact (MBACI) framework.
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Chapter 6: Habitat availability and fish-habitat associations in
Hunter River pools
6.1

Introduction

The availability of suitable local habitat largely dictates the abundance of individual
fish species and consequently fish assemblage structure (Davies 1989; Thevenet &
Statzner 1999; Inoue & Nunokawa 2002). An understanding of the habitat variables
influencing fish and the relative influence of each habitat variable is necessary to
integrate biological requirements into habitat rehabilitation (Rabeni & Sowa 1996).
Indeed, Bond & Lake (2003) have argued that characterizing fish-habitat associations
should be the first step in ecological rehabilitation.

This chapter explores the

availability of habitat for fishes in pools throughout the Hunter River study reach over
the project period, and examines fish associations for individual habitat variables.
The habitat conditions within any given locality are nested within a broader, spatially
explicit, hierarchical framework of habitats (sensu Frissell et al. 1986; Allan et al.
1997). Within this framework, smaller scale features are nested within progressively
larger scales (e.g. micro-habitats within meso-habitats, meso-habitats within reaches,
reaches within geomophological zones, geomorphological zones within catchments)
(Frissell et al. 1986; Wiens 1989; Bisson et al. 1996). Each scale influences the
habitat conditions at a particular location in diverse and complex ways.

The

underlying catchment scale geological and climatic processes largely define the range
of potential habitat conditions. Geology influences the shape of drainage patterns,
bed materials, water chemistry and soil types, while climate is a major factor
controlling stream flow patterns and shaping of landforms and vegetation
communities (Gordon et al. 1992). Geomorphological features constrain physical
changes in the stream and can be considered indicators of the potential capacity of the
associated habitat systems (Frissell et al. 1986). A strong relationship typically exists
between riparian vegetation and geomorphological condition (Thorne 1990; Gregory
& Gurnell 1998; Brooks et al. 2003). In addition, riparian vegetation stabilizes banks
and provides in-stream SWH (Brooks et al. 2003).

In-stream SWH influences

channel form longitudinally and laterally, increasing morphological diversity and
hence meso-scale habitat diversity (Brooks & Brierley 2002).
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Riparian vegetation plays a key role in determining fish habitat structure and the
relative contributions of different micro-habitats. A comprehensive review of the
importance of the riparian zone for fishes is provided in Pusey & Arthington (2003).
The links between the riparian zone and fish assemblages are of such importance that
some authors consider the riparian zone to be fish habitat (Naiman & Lamouroux
2005). For example, overhanging vegetation provides cover and foraging habitat for
fishes (Meyers et al. 1992; Rutherford et al. 2004), while the input of organic matter is
an important driver of aquatic productivity (Vannote et al. 1980). Of most relevance
here is that the recruitment of SWH in-stream can greatly enhance fish habitat (see
Fig. 1.1 Chapter 1; Angermeier & Karr 1984; Pusey & Arthington 2003; Webb &
Erskine 2005).
A fundamental assumption of fish-habitat studies is that individuals will preferentially
select resources which are best able to satisfy their life requirements, and that high
quality resources will be used more than low quality ones (Manly et al. 2002).
Resource selection typically occurs in a hierarchical manner. For example, a fish may
first select a suitable reach of river, followed by suitable meso-habitats within that
reach, and finally suitable micro-habitats (Kramer et al. 1997). Determining which
resources are selected more often than others provides fundamental information about
the disposition of fish species and how they meet their requirements for survival. A
fish-habitat association is inferred when a resource is used disproportionately to its
availability (Manly et al. 2002). Preference or avoidance of habitat variables by fish
is based on their quality relative to nearby patches (Fausch 1984; Schlosser &
Angermeier 1990; Pusey et al. 1993; Hughes 1998). The reasons why a particular
resource is selected or avoided are not directly revealed by the estimation of the
amount of use or avoidance. A resource item may be highly favored but if it is
difficult to find then it cannot be utilized often. Conversely, if resources which are
less favored are the only ones available then they may of necessity comprise a large
proportion of those used (White & Garrott 1990).

Understanding fish-habitat

associations is a starting point for deciding which variables may be manipulated in a
rehabilitation context to improve habitat conditions for fishes.
Fish-habitat associations can be understood and quantified by detecting (visually or
by telemetry) or collecting (often by electrofishing or seine netting) fish and
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measuring habitat variables at that spot (e.g. Petty & Grossman 2004). Either the
percentage of total time individual fish occur in a habitat (Cunjak & Green 1983) or
the proportion of the total number of individuals recorded in a habitat within any
particular time period (Bart 1989) can be determined.

The resulting data are

interpreted as use or electivity values which are then compared relative to others.
Such bottom-up approaches based on individual or fish assemblage behaviour can
help identify key variables influencing populations at larger spatial scales (Peckarsky
et al. 1997; Lamaroux & Capra 2002).

6.1.1 Aims
The aim of this chapter is to examine patterns in habitat availability within the Hunter
River study reach and identify fish-habitat associations in the context of different
levels of coverage of particular habitat characteristics. As riffles were treated as
discrete units and sampling was not geared towards associating habitat elements with
fish location, preferences were examined in pools only.

Examining fish-habitat

associations allows inferences to be drawn about which habitat variables were
potentially limiting, for example habitat variables that were being used out of
proportion to availability. In the context of this thesis assessing habitat availability
and fish habitat electicity provides a measure of whether SWH was a potential factor
limiting fish production within the Hunter River study pools and whether SWH
introduction was an appropriate means of rehabilitation. Specifically objectives are;
•

To identify habitat variables which are potentially limiting factors for fish
species and assemblages in the Hunter River study pools

•
6.2

To examine seasonal interactions in fish-habitat associations.
Methods

6.2.1 Fish sampling procedures
The fish sampling techniques used are described in detail in Chapter 5 (section 5.2).
All data sets in which both fish and habitat variables were collected were used in the
analyses. This study incorporated quarterly sampling data from January 2004 to
January 2006, and monthly sampling data from October 2004 to February 2005.
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The use of electrofishing introduces a potential source of bias in the ability to capture
and associate fish with different habitats.

Electrofishing may bias fish-habitat

association studies by displacing fish from their preferred habitat (e.g. Gatz et al.
1987; King & Crook 2002; Peterson et al. 2005). Displacement may be further
accentuated in turbid waters where fish may not be observed until they appear at the
water surface. This behavioral response can lead to incorrect interpretation of fishhabitat associations, particularly if the degree of displacement is not consistent across
all habitat types. The fish-habitat associations presented in this thesis rely on the
assumption that errors relating to sampling efficiency were consistent across all sites
and sampling occasions. Consequently, it was considered prudent to record habitat
variables at the same scale as electrofishing. At the electrofishing operational scale,
fish are associated with habitat variables within that area and the problems associated
with displacement due electrofishing become negligible.
6.2.2 Habitat parameters
A range of habitat variables describing riparian and in-stream structure (Table 6.1)
was recorded for most electrofishing operations across all fish sampling occasions
(1,199 operations).

Immediately following electrofishing operations, a visual

assessment was made of the percentage coverage of riparian and in-stream variables
through the area sampled. Mid-channel operations in pools and riffles (Fig. 5.1) were
typically undertaken in excess of ten meters from the riparian zone and only habitat
variables impinging on the immediate area sampled were recorded. Consequently,
riparian

characteristics

were

rarely

recorded

for

mid-channel

operations.

Measurements of habitat variables were recorded by the same person throughout the
entire study period. Habitat data recorded during sampling occasions were pooled for
qualitative comparisons between study sites.
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Table 6.1:

Environmental variables visually estimated for each electrofishing operation. % = % surface area.

Habitat variable
Riparian
% Salix babylonica

% Exotic trees
(other than S. babylonica)
% Native trees
% Open bank
% Shrubs
% Overhanging vegetation
% Terrestrial grass
% Littoral grass
Instream
% Undercuts
% Aquatic macrophytes
% Rock embankment
% Simple SWH
% Complex SWH
Depth (m)

Description
Percentage of tree coverage of Salix babylonica specifically of the riparian zone adjacent to where the
electrofishing has taken place. Smaller trees (< 5 m) to be recorded as shrubs. Measured from waterline to
10 m up the bank.
Percentage of exotic tree (other than S. babylonica) coverage of the riparian zone adjacent to where the
electrofishing has taken place. Smaller trees (<5 m) to be recorded as shrubs. Measured from waterline to
10 m up the bank.
Percentage of native tree coverage of the riparian zone adjacent to where the electrofishing has taken place.
Smaller trees (<5 m) were recorded as shrubs. Measured from waterline to 10 m up the bank.
Open bank. No riparian trees, allowing direct sunlight penetration into the water column.
Woody vegetation less than 5 m high. Measured 10 m in from the waterline.
Overhanging terrestrial vegetation in contact with the water surface.
Percentage of grass cover 10 m in from the waterline.
Percentage of the shoreline with partially submerged grasses or sedges.
Percentage of the bank length that is partially or wholly undercut.
Cover of submerged aquatic macrophytes within the area sampled by electrofishing.
Length with rock embankments from riverworks bank stabilisation.
Area covered by in-stream wood with > 0.1 m stem diameter. Generally referring to logs, large branches and
root masses.
Area covered by accumulations of pieces of wood in various sizes. Often in association with simple SWH.
Typically comprised of a diversity of interstitial spaces.
Average vertical depth from existing water surface to channel bottom measured with a graduated stick.
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6.2.3 Statistical Analysis
The data set for fish-habitat associations in pool sites consisted of individual species
abundances and associated habitat measures for each of the 24 standardized electrofishing operations. For habitat association analyses data were categorized, based on
the level of habitat coverage within the area of each electrofishing operation, in order
to reduce error associated with precise measurements.

All recordings of habitat

variables, with the exception of depth, were placed into six categories based on
coverage within the area sampled during electrofishing operations: absent, 0-20%, 2140%, 41-60%, 61-80% and 81-100%. Depth was categorized into seven categories: 00.5, 0.6-1.0, 1.1-1.5, 1.6-2.0, 2.1-2.5, 2.6-3.0 and 3.1-3.5 m. Fish habitat electivity for
each habitat coverage level were evaluated for each site in each season using Jacobs'
(1974) modification of Ivlev's electivity index, as in Copp (1992), for each species:
D =

r–p
r + p - 2rp

where r = proportion of a particular resource level used by a species, and p =
proportion of that particular resource level available.

Resource level use and

availability were determined from measurements of the environmental variables,
which were categorized as in Table 6.1.

D is a value between -1.0 and +1.0

corresponding with total avoidance and total preference for a given category of
environmental variable (Jacobs 1974). However, these preference and avoidance
values are relative to the study sites only.
Intra-specific electivity values between coverage levels for each habitat variable were
examined using two-way ANOVA (season x coverage level) to identify differences
between the percentage coverage and the interaction between coverage levels with
season. Habitat coverage levels with less than 5 available units were excluded from
the analyses due to concerns about the validity of inferences drawn from such small
samples (Manly et al. 2002). The exception to this was electivity calculated for the
81-100% coverage categories of introduced simple and complex SWH in which only
two and four replicates, respectively, were available to calculate electivity.
Significant differences between habitat coverage levels were explored with Tukey
multiple-comparison tests.

There was insufficient replication prior to wood
-133-

introduction to calculate electivity for habitat types within a Before-After-ControlImpact (BACI) study design. Analyses were performed on counts and occurrence of
both schooling and solitary species associated with a range of habitat attributes. Both
analyses yielded comparable results, therefore the models were completed using only
counts of individual species.
6.3

Results

6.3.1 Habitat availability
The riparian and in-stream habitat variables recorded during fish sampling for each
pool site over the research period are shown in Table 6.2. The riparian canopy of all
study pools was dominated by S. babylonica, contributing between 30-38% of the
total area sampled. Small amounts of other exotic trees (0.1-6%) were present in all
study pools except Olive pool. The moderate amount of plant overhang sampled in
all pools (18-21%) was largely supplied by S. babylonica. The contribution of native
trees (largely Casuarina cunninghamiana) to the sampled habitat in pools varied from
4-14%. The riparian understorey of all pools was similar in all pools sites being
largely composed of shrubs (18-24%) with terrestrial grasses (17-23%) dominating
open banks (19-24%).
Although recorded in all pools, submerged macrophytes represented only a small
proportion of the habitat sampled (0.1-2.5% of pool area). Rock embankments were
recorded in low abundance in all treatment pools (0.5-3% of bank length), and none
were recorded in the control pools. Undercuts were recorded in all pool sites with the
percentage varying from 9-18% of bank length. Simple wood levels remained low in
the control pools throughout the study period (3-6% of pool area). The amount of
simple wood sampled in the treatment pools increased from 7-8% to 25-26% after
wood introduction. Prior to wood introduction the control pools (8-10%) had a
slightly higher proportion of complex wood structure than the treatment pools (6-7%).
Following treatment, levels of simple wood in the treatment pools increased to 1718%, while the control pools changed little (8-9%). Mean depths and velocities for
each pool are reported in Table 4.6.
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Table 6.2:

Percentage composition (mean ± SE) of riparian and in-stream variables recorded in the Hunter River study pools.

Riparian habitat variables
Salix
babylonica
(%)

Exotic trees excl.
S. babylonica
(%)

Native trees
(%)

Open
bank
(%)

Shrubs
(%)

Plant
overhang
(%)

Terrestrial
grass
(%)

Littoral
grass
(%)

Treatment
Below Whites (n = 217)
Edinglassie (n = 208)
Whites Winery (n = 226)

37.2 ± 0.9
32.8 ± 2.2
30.4 ± 2.7

0.4 ± 0.1
4.4 ± 1.2
1.8 ± 0.7

10.1 ± 0.5
3.5 ± 0.4
5.7 ± 0.8

20.4 ± 2.4
23.7 ± 2.9
32.0 ± 4.3

19.7 ± 2.6
16.5 ± 1.5
21.8 ± 1.8

18.1 ± 1.2
16.0 ± 1.3
16.6 ± 1.4

22.3 ± 1.3
22.2 ± 1.9
26.5 ± 2.4

5.2 ± 0.6
6.7 ± 0.7
5.8 ± 0.9

Control
Olive pool (n = 213)
Racecourse (n = 213)

33.0 ± 1.6
38.5 ± 1.3

0.1 ± 0.1
0.3 ± 0.1

14.0 ± 1.0
3.7 ± 0.2

18.2 ± 1.3
21.2 ± 3.0

18.4 ± 2.3
24.0 ± 3.5

20.5 ± 1.4
21.3 ± 1.2

23.2 ± 2.1
17.4 ± 2.8

6.7 ± 1.2
10.5 ± 1.9

Undercuts
(%)

Submerged
macrophytes
(%)

Rock
embankment
(%)

Treatment
Below Whites (n = 217)
Edinglassie (n = 208)
Whites Winery (n = 226)

15.3 ± 1.1
13.6 ± 1.0
11.3 ± 1.0

1.7 ± 0.5
2.3 ± 0.9
1.3 ± 0.4

0.5 ± 0.3
0.5 ± 0.3
2.8 ± 0.4

7.7 ± 1.7
6.7 ± 0.6
6.6 ± 1.7

24.7 ± 1.7
24.6 ± 1.6
25.7 ± 1.1

6.7 ± 4.0
5.4 ± 2.8
5.5 ± 2.9

18.2 ± 1.3
16.7 ± 1.1
16.7 ± 1.1

Control
Olive pool (n = 213)
Racecourse (n = 213)

17.8 ± 1.1
8.9 ± 0.7

0.1 ± 0.1
0.6 ± 0.2

-

3.1 ± 0.9
6.4 ± 0.5

3.5 ± 0.6
4.5 ± 0.6

9.6 ± 5.1
8.0 ± 5.9

9.1 ± 1.3
7.8 ± 2.7

Site name

Instream habitat variables
Site name
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Simple wood
(%)
Before
After
treatment
treatment

Complex wood
(%)
Before
After
treatment
treatment

6.3.2 Fish-habitat associations in pools
Fish-habitat electivity was calculated for all species recorded in more than 10% of the
1199 electrofishing operations for which habitat data were also collected (Table 6.4).
Of the fifteen fish species recorded in pools, there was sufficient data to assess habitat
electivity for four native species (A. reinhardtii, G. coxii, M. novemaculeata and M.
cephalus) and two exotic species (C. carpio and G. holbrooki). Gambusia holbrooki
was not recorded in any of the winter samples, and consequently, tests of seasonality
of habitat use for this species were based on three seasons only.

There was

insufficient data to calculate electivity for aquatic macrophytes, rock embankments
and exotic trees (excluding S. babylonica), which were recorded in only 2.5–3.5% of
all electrofishing operations.

Table 6.3: Number of individuals (n) and percentage occurrence of each fish species recorded in
electrofishing operations (n = 1,199) in conjunction with habitat assessment in the Hunter River study
pools. Fish species analyzed for habitat electivity shown in bold. * denotes exotic species.
Species
Anguilla australis
Anguilla reinhardtii
Carassius auratus*
Cyprinus carpio*
Gambusia holbrooki*
Gobiomorphus australis
Gobiomorphus coxii
Hyseleotris compressa
Macquaria novemaculeata
Mugil cephalus
Notesthes robusta
Philypnodon grandiceps
Potamolosa richmondia
Retropinna semoni
Tandanus tandanus

n

%

1
246
20
266
158
8
486
25
273
669
4
3
30
51
11

0.1
20.5
1.7
22.2
13.2
0.7
40.5
2.1
22.8
55.8
0.3
0.3
2.5
4.3
0.9

Tables of F-values and their associated significance levels for each fish species’
electivity and the interaction with season for all habitat variables are provided in
Appendix 7 and Appendix 8 respectively. Electivity values reported represent means
and standard errors, however, standard errors are not included when mean electivity
values are reported for more than one level.
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a) Salix babylonica

c) Open bank

d) Shrubs

Habitat coverage level
Figure 6.1: Habitat availability and mean electivity of the six most commonly recorded fish species
for: a) Salix babylonica, b) Native trees, c) Open bank, and d) Shrubs in pools. Electivity was
calculated using Jacob’s electivity index with zero indicating use was proportional to availability.
Significant differences in electivity between habitat coverage levels as detected by two-way ANOVA
(p <0.05) are denoted by *. For clarity, standard errors are not shown.
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Jacob’s electivity index

Proportion of each habitat coverage level available

b) Native trees

Salix babylonica was recorded in 59% of all electrofishing operations (Fig. 6.1a).
Mugil cephalus was the only fish species that showed no preference for or avoidance
of S. babylonica. Anguilla reinhardtii (F5,55 = 2.60, p < 0.05) and M. novemaculeata
(F5, 55 = 9.99, p < 0.0001) avoided areas without S. babylonica present (both D > 0.49) (all P < 0.001), but displayed no strong preference for any particular level of
coverage (D all < ± 0.27).

Gobiomorphus coxii also avoided areas without S.

babylonica (D = -0.30 ± 0.11) (F5,55 = 4.63 p = 0.01), although showed a significantly
higher electivity for the 1-20% category (D = 0.43 ± 0.12) over all other coverage
levels (all p < 0.05). While both C. carpio (F5,55 = 27.95, p < 0.0001) and G.
holbrooki (F5,42 = 7.25, p < 0.0001) avoided habitat in which S. babylonica was absent
(both D > -0.68) (p < 0.001 compared with all other categories), both species showed
a preference for higher levels of coverage (C. carpio D = 0.52 ± 0.08 for 81-100% and
D = 0.42 ± 0.14 for 61-80% for G. holbrooki) (p < 0.05) compared with all other
coverage categories). No significant interactions were detected between electivity
values for S. babylonica coverage levels and season for any fish species.
Native trees were recorded in 32% of all electrofishing operations.

There was

insufficient availability of habitats with greater than 60% native trees to reliably
calculate fish electivity (Fig. 6.1b). No significant differences in electivity were
detected between coverage levels of native trees for any species except C. carpio.
Cyprinus carpio strongly avoided habitats with moderate levels of native trees (D = 0.30 ± 0.12 and D = -0.67 ± 0.21 for 21-40% and 41-60% respectively) (F3,29 = 3.21,
p < 0.01). There were no significant interactions detected between electivity values
for native tree levels and season.
Open bank was recorded in 52% of all electrofishing operations, with sufficient
availability to calculate electivity for all cover categories (Fig. 6.1c). No differences
were detected in electivity between coverage levels of open bank for A. reinhardtii, C.
carpio, M. novemaculeata and M. cephalus. Both G. holbrooki (F5,36 = 3.15, p <
0.05) and G. coxii (F5,48 = 7.42, p < 0.0001) demonstrated an avoidance of areas in
which open bank was absent (D = -0.49 ± 0.13) over all other levels (all p < 0.001).
While no significant differences in electivity was detected between levels of open
bank for M. cephalus, the interaction between levels and season revealed significant
differences (F11,48 = 2.60, p < 0.05). The electivity of M. cephalus for the 81-100%
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category was higher in summer (D = 0.50 ± 0.19) than in winter (D = - 0.8 ± 0.21) (p
< 0.01) (Fig. 6.2).

Figure 6.2: Habitat availability and mean electivity (± SE) for the interaction between open bank
coverage level use and season for Mugil cephalus. Electivity was calculated using Jacob’s electivity
index with zero indicating use was proportional to availability.

Shrubs were recorded in 58% of all electrofishing operations (Fig. 6.1d). No strong
preference for any shrub categories was observed for Anguilla reinhardtii and M.
novemaculeata (D all < ± 0.25). Cyprinus carpio (F5,47 = 6.94, p < 0.0001) and G.
coxii (F5,47 = 10.45, p < 0.0001) avoided habitat without shrubs (both D < -0.51) in
comparison to any levels of coverage present (all P < 0.001). Differences in electivity
between coverage levels of shrubs for G. holbrooki (F5,34 = 3.71, p < 0.01) were due
to an avoidance of habitat in which shrubs were absent (D = -0.57 ± 0.13) (all p <
0.001) and a preference for 81-100% shrub coverage (D = 0.52 ± 00.14) (all p < 0.01).
A significant difference in electivity between shrub levels for M. cephalus was
detected (F5,47 = 2.77, p < 0.05).

Essentially M. cephalus showed no strong

preference for the absence of shrubs and lower levels present (D < ± 0.11) but avoided
habitat with over 61% shrubs (both D < -0.36) (all p < 0.001). There were no
significant interactions between electivity values for shrub levels and season for any
species.
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a) Overhang

c) Littoral grass

d) Undercuts

Habitat coverage level

Figure 6.3: Habitat availability and mean electivity of the six most commonly recorded fish species
for: a) Overhang, b) Terrestrial grass, c) Littoral grass, and d) Undercuts in pools. Electivity was
calculated using Jacob’s electivity index with zero indicating use was proportional to availability.
Significant differences in electivity between habitat coverage levels as detected by two-way ANOVA
(p <0.05) are denoted by *. For clarity, standard errors are not shown.
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Jacob’s electivity index

Proportion of each habitat coverage level available

b) Terrestrial grass

Overhanging vegetation was recorded in 56% of all electrofishing operations, with the
proportion of availability decreasing with increasing density within category levels
(Fig. 6.3a). The main riparian vegetation providing overhang in all study pools was S.
babylonica.

There was insufficient habitat sampled with 81-100% coverage to

calculate electivity for this overhang category. No significant differences in electivity
between overhang levels were detected for either M. cephalus or A. reinhardtii. The
exotic fish species, C. carpio (F4,51 = 15.18, p < 0.0001) and G. holbrooki (F4,38 =
5.56, p < 0.001) strongly avoided areas in which overhang was absent (both D = 0.61) and showed increasing preference with increasing coverage of overhang (up to
D = 0.49 and 0.52 for C. carpio and G. holbrooki respectively, for the 61-80%
category). Gobiomorphus coxii (F4,51 = 5.50, p < 0.001) electivity for habitat with 120% overhang (D = 0.31 ± 0.18) was significantly higher than the 61-80% category
(D = -0.36 ± 0.13) (p < 0.05). Macquaria novemaculeata (F4,51 = 8.77, p < 0.0001)
preferred habitat with some level of overhang compared to none (all p < 0.01), largely
avoiding areas in which overhang was absent (D = -0.37 ± 0.09). There were no
significant interactions detected between electivity values for vegetation overhang
levels and season for any species.
Terrestrial grass was recorded in 44% of all electrofishing operations (Fig. 6.3b).
Mugil cephalus was the only species that showed no difference in electivity for
terrestrial grass coverage levels. While A. reinhardtii (F5,41 = 3.71, p < 0.01), and M.
novemaculeata (F5,41 = 3.07, p < 0.05) showed little preference for coverage levels in
which terrestrial grass was present (all D < ± 0.14), both demonstrated an avoidance
of habitat in which it was absent (both D > -0.28) (all p < 0.05). Gobiomorphus coxii
(F5,41 = 6.88, p < 0.0001) displayed a strong avoidance of habitat with no terrestrial
grass (D = -0.64 ± 0.10) but a preference for all coverage levels available. Both C.
carpio (F5,41 = 2.74, p < 0.05) and G. holbrooki (F5,32 = 2.72, p < 0.05) showed an
avoidance of the 81-100% level (both mean D > -0.29) in comparison to all other
coverage levels of terrestrial vegetation (all p < 0.05). No significant interactions
were detected between electivity values for terrestrial grass levels and season for any
fish species.
Littoral grass was recorded in 30% of all electrofishing operations, with sufficient
data to compare only absent, 1-20% and 21-40% categories (Fig. 6.3c). Comparison
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of electivity between these three coverage levels revealed no significant differences
for A. reinhardtii, C. carpio, G. holbrooki, M. novemaculeata or M. cephalus.
Gobiomorphus coxii (F3,28 = 3.55, p < 0.05), however, displayed an avoidance of
habitats in which littoral grass was absent (D = -0.55 ± 0.12) and a preference towards
the 1-20% and 21-40% cover categories (D = 0.31 ± 0.18 and D = 0.47 ± 0.22
respectively). Although there was insufficient data to test higher cover levels, the
limited data pooled across all sites and sampling occasions for the 41-60% category
suggested a strong preference of G. coxii (D = 0.50) for this coverage level. No
significant interactions were detected between electivity values for littoral grass levels
and season for any fish species.
Undercuts were observed in 41% of all electrofishing operations, with sufficient data
to calculate electivity for all categories except the 81-100% coverage level (Fig. 6.3d).
There was no difference in electivity between undercut levels for G. holbrooki and G.
coxii.

The significant differences between coverage levels of undercuts for A.

reinhardtii (F4,43 = 2.83, p < 0.05) were driven by the avoidance of the 41-60%
category (D = -0.35 ± 0.11) and preference for the 61-80% category (D = 0.28 ± 0.12)
(p < 0.001). Cyprinus carpio (F4,43 = 2.96, p < 0.05) showed an avoidance of habitat
in which undercuts were absent (D = -0.30 ± 0.10) and a preference for 1-20%
undercuts (D = 0.34 ± 0.18) (p < 0.01). Macquaria novemaculeata (F4,43 = 9.12, p <
0.0001) also displayed an avoidance of areas in which undercuts were absent (D = 0.39 ± 0.09), showing preferences for most coverage levels with the strongest
preference for the 1-20% undercut category (D = 0.32 ± 0.12) (all p < 0.01). A
preference towards habitat absent of undercuts (D = 0.09 ± 0.06) by M. cephalus (F4,43
= 6.67, p < 0.0001) was significantly different to all levels of undercut above 20% (p
< 0.001 – < 0.01) which were all avoided (all D > -0.21) . There were no significant
interactions detected between electivity values for undercut levels and season for any
fish species.
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b) Complex wood
Jacob’s electivity index

Proportion of each habitat coverage level available

a) Simple wood

Habitat coverage level

c) Depth

Depth category

Figure 6.4: Habitat availability and mean electivity of the six most commonly recorded fish species
for: a) Simple wood, b) Complex wood, and c) Depth in pools. Electivity was calculated using Jacob’s
electivity index with zero indicating use was proportional to availability. Significant differences in
electivity between habitat coverage levels as detected by two-way ANOVA (p <0.05) are denoted by *.
For clarity, standard errors are not shown.
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Simple wood, which occurred in 44% of all electrofishing operations, was present in
low levels prior to wood introduction as indicated by the dominance of 1-20%
category (Fig. 6.4a). There was insufficient availability of simple wood in the 4160% and 61-80% levels in the study sites to calculate electivity. The 81-100%
category is entirely composed of sampling concentrated on the simple SWH. Anguilla
reinhardtii was the only fish species that showed no difference in electivity between
coverage levels for simple wood. Cyprinus carpio displayed an avoidance of the
simple SWH (D = -0.23 ± 0.11) (F3,36 = 4.78, p < 0.01), although showed little
preference for any other coverage levels (all D < ± 0.01). The significant difference
in simple wood coverage for G. holbrooki was due to a total avoidance of the simple
SWH (F3,26 = 3.94, p < 0.01) (i.e. D = -1.0). A significant difference in electivity
between coverage levels of simple wood for M. novemaculeata (F3,16 = 7.59, p <
0.001) was driven by preferences for 21-40% (D = 0.34 ± 0.11) and simple SWH (D =
0.37 ± 0.16) compared with habitat lacking simple wood (both p < 0.001).
Gobiomorphus coxii (F3,36 = 6.62, p < 0.001) and M. cephalus (F3,36 = 5.51, p < 0.01)
showed a strong preference for the simple SWH (D = 0.46 ± 0.13 and 0.53 ± 0.12 and
respectively) over all other coverage levels of simple wood (all p < 0.0001). A
significant interaction for M. cephalus was detected for coverage level electivity
between seasons (F6,36 = 11.56, p < 0.0001) (Fig. 6.5). In summer and spring M.
cephalus showed a strong preference (D = 0.61 ± 0.14) towards the 81-100% (simple
SWH) over other levels (all p < 0.0001). The preference of M. cephalus for the 81100% category was higher in summer (D = 0.62 ± 0.14) and spring (D = 0.60 ± 0.14)
than in winter (D = -0.52 ± 0.14) (p < 0.01). Although M. cephalus largely avoided
the simple SWH during winter, they did display a preference for the 21-40% category
for simple wood (D = 0.47 ± 0.25). There was insufficient data to calculate electivity
for levels above 20% in autumn.
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Figure 6.5: Habitat availability and mean electivity (± SE) for the interaction between simple
structural woody habitat (SWH) coverage level use and season for Mugil cephalus. Electivity was
calculated using Jacob’s electivity index with zero indicating use was proportional to availability.

Complex wood was recorded in 51% of all samples, with sufficient habitat availability
to calculate electivity for all but the 61-80% category (Fig. 6.4b). The 81-100%
category is composed entirely of electrofishing operations undertaken on the complex
SWH. Anguilla reinhardtii did not show strong preferences (all D < ± 0.24) for any
coverage level of complex wood. Although G. holbrooki did not show a strong
preference for complex wood levels up to 60%, a significant difference noted between
levels (F4,30 = 2.76, p < 0.05) was due to total avoidance of the complex SWH.
Gobiomorphus coxii (F4,41 = 5.38, p < 0.01) did not show any notable preference or
avoidance for habitat absent of complex wood or the 1-20% category (both D < ±
0.15); however, significant differences were revealed between both the avoidance of
41-60% (D = -0.60) and preference for the 81-100% categories (D = 0.56) in
comparison to all other complex SWH levels (all p < 0.001). Mugil cephalus (F4,41 =
3.23, p < 0.05) showed a stronger preference for the complex SWH (D = 0.46 ± 0.09)
over all other coverage levels (all p < 0.001). Macquaria novemaculeata (F4,41 =
19.82, p < 0.0001) demonstrated an increasing preference for complex wood with
increasing percentage occurrence; significant differences were detected between
habitat in which complex wood was absent (D = -0.59 ± 0.06) and levels of 81-100%
(D = 0.55 ± 0.08) with all other levels (all p < 0.01). A significant difference between
complex wood levels C. carpio (F4,41 = 42.18, p < 0.0001), was driven by a preference
-145-

for the 21-40% and 41-60% categories (D = 0.47 ± 0.08 and 0.59 ± 0.06 respectively)
over other coverage levels (all p < 0.0001). However, a seasonal interaction with
complex wood levels (F8,41 = 10.61, p < 0.0001) revealed that the 21-40% and 4160% levels were preferred primarily in spring and winter (all D > 0.44, Fig. 6.6).
However, there appeared to be no strong preference for or avoidance of any particular
coverage level of complex SWH during summer (all D < ± 0.20). Cyprinus carpio
displayed a higher preference for the complex SWH during summer (D = 0.20 ± 0.18)
than in spring (D = -0.69 ± 0.18) (p < 0.0001).

Figure 6.6: Habitat availability and mean electivity (± SE) for the interaction between complex
structural woody habitat (SWH) coverage level use and season for Cyprinus carpio. Electivity was
calculated using Jacob’s electivity index with zero indicating use was proportional to availability.

Mean depth was recorded for all electrofishing operations.

The proportional

availability of depth classes approximated a normal distribution (Fig. 6.4c).
Significant differences in electivity between depth categories were not detected for
any species except G. coxii (F5,50 = 8.83, p <.0001). Tukey comparisons revealed that
G. coxii strongly preferred depths of less than one metre (D = 0.36 ± 0.11 and 0.55 ±
0.16 for 0-0.5 and 0.6-10 m depth categories, respectively) over all other depth
categories (all p < 0.001).

No significant interactions were detected between

electivity values for depth levels and season for any species.
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6.4

Discussion

6.4.1 Habitat availability in pools
The habitat available for fishes through the Hunter River study reach largely reflects
anthropogenic alterations, particularly land use changes and river training (see
conceptual model, Chapter 2, Fig 2.11). However, there were comparable quantities
of all riparian habitat types across all sites. The riparian zones of all the study pools
were largely dominated by S. babylonica that were planted during river training works
between 1963 and 1992 (Erskine 1992).

Salix babylonica provides shade, bank

stability, and some in-stream habitat in the form of overhang, but does not supply instream SWH. The presence of moderately low quantities of native trees produced
riparian stands comprised almost exclusively of Casuarina cunninghamiana. As C.
cunninghamiana had not been actively planted prior to the commencement of the
Upper Hunter River Rehabilitation Initiative (UHRRI), it is likely that these trees had
self-colonized from upstream seed sources.

The limited capacity of the present

riparian zone to supply in-stream SWH was reflected in the low availability observed
during sampling, as well as in the wood load surveys (see Chapter 4, section 4.3.3).
There were comparably low levels of most in-stream habitat types across all pool sites
prior to SWH introduction.
The proportions of all riparian and in-stream habitat variables were comparable across
all pools in the Hunter River study reach, with the exception of simple and complex
SWH in the treatment pools following introduction of SWH. Similarly, there were no
significant differences detected in fish assemblages between pool sites (see Chapter
5). Based on habitat and fish assemblage characteristics the five pool sites were
considered adequate replicates for assessing habitat electivity.
The coverage levels for individual habitat variables differed substantially between
electrofishing operations in different parts of each pool. There was a high proportion
of the absent category for all habitat variables (excluding depth). For riparian habitat
variables this largely reflects the proportion of electrofishing operations carried out in
the mid-channel (approximately one third) in which riparian habitat rarely impinged
on the immediate area sampled. However, the high proportion of the absent category
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for other in-stream habitat variables highlights the low structural diversity of habitat
within the Hunter River study pool sites.
The presence of multiple habitat variables at any site brings in the potential for spatial
autocorrelation and associated analytical issues. Spatial autocorrelation in fish-habitat
observational data can arise when extrinsic environmental processes and patterns that
influence the spatial distribution of fish are themselves spatially structured (Wintle &
Bardos 2006). Consequently, it is important to consider the interactions between
various habitat variables in the interpretation of fish-habitat associations. Spatial
autocorrelation was most pronounced between riparian habitat variables.

Salix

babylonica was the most frequently recorded riparian habitat variable (59% of
electrofishing operations) throughout pools in the Hunter River study reach. The
frequent occurrence of overhanging vegetation (56%) was largely provided by S.
babylonica. However, there was wide variability in overhang coverage provided by S.
babylonica between electrofishing operations. This was evidenced in the available
proportions of coverage levels, with the most frequently occurring coverage level for
S. babylonica being 81-100%, and the highest proportion of overhang in the 1-20%
category. Native trees were recorded in 32% of electrofishing operations, although
generally represented only a small percentage of coverage (<20%). Shrubs were
recorded in 58% of samples and were present in most bank electrofishing operations,
although generally at low coverage levels. The distribution of shrubs did not appear
to be strongly influenced by riparian canopy cover except in the presence of 81-100%
S. babylonica coverage. This appeared to be a result of heavy shading provided by
the dense foliage of S. babylonica excluding the development of an understorey.
Open bank, which was present in 52% of electrofishing operations, displayed an even
distribution of coverage levels. Terrestrial grass (44%) was typically associated with
open banks as evidenced in the similar proportions of availability between these two
habitat variables. Fish-habitat associations were comparable between open bank and
terrestrial grass for all species, suggesting that both measures of habitat were highly
correlated. Littoral grass, which occurred in 30% of electrofishing operations, at
generally low coverage levels (<40%), was almost exclusively recorded in association
with open banks.
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There appeared to be less interaction between in-stream habitat variables than
observed for riparian habitat variables, perhaps due to their lower availability.
Undercuts were present in 41% of electrofishing operations with the highest
proportion observed for the 1-20% category. The majority of undercuts recorded
were associated with areas of sinuosity within the pools. The low sinuosity of all
study pools reflects the low levels of undercuts in the pools. Depth did not appear to
influence the occurrence of any habitat variables except aquatic macrophytes. A
combination of high turbidity and depth may explain the low abundance of
macrophytes in pool sites.

While simple SWH was recorded in 44% of all

electrofishing operations, 12% was attributable to the introduced simple SWH (i.e. the
entire 81-100% category). The remaining simple SWH was largely recorded in low
levels within electrofishing operations (<20%). It is likely that this SWH had been
recruited from upstream sources or had been retained in the system for an extended
period of time (see Chapter 4). Complex SWH was recorded in 51% of operations
and 4% was attributable to the introduced complex SWH.
6.4.2 Fish-habitat associations in pools
Fish species recorded in Hunter River study pools displayed preferences for a diverse
range of habitat characteristics. Distinct preferences for particular coverage levels of
habitat variables were observed for each fish species at the pool scale.

When

interpreting electivity for fish species there there needs to be consideration of the
potential for inter-specific interactions to affect habitat choice. This type of spatial
autocorrelation can arise when species are subject to intrinsic population processes
(e.g. predation, competition); causing contagion or dispersion effects (Wintle &
Bardos 2006).
The A. reinhardtii specimens captured in pools were generally the larger individuals
(>350 mm), with the smaller individuals (<350 mm) mainly collected in riffles
(Chapter 5). No differences in electivity between coverage levels were detected for
most riparian and in-stream habitat variables.

The facultative habitat use of A.

reinhardtii is reflected in the wide range of lentic and lotic habitats in which it occurs
(Pusey et al. 2004). Anguilla reinhardtii displayed avoidance for areas in which S.
babylonica and overhang were absent but showed no preference for particular levels
of coverage, indicating that they were utilizing this as habitat to some extent. The
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preference of A. reinhardtii for the 61-80% category of undercut availability concurs
with Pusey et al. (2004) who reported a strong association with undercut banks.
While A. reinhardtii were recorded from both simple and complex introduced SWH,
this species did not appear to show a strong preference for either type relative to
availability. This may reflect intra-specific competition, as A. reinhardtii individuals
frequently exhibited bite marks characteristic of anguillid species in both the Williams
River and Hunter River study reaches.
While several studies have documented the meso-habitat preferences of G. coxii
(Richardson 1984; Pusey et al. 2004) there is very little literature on habitat use or
electivity within meso-habitats. The avoidance exhibited by G. coxii of the absent
category for all riparian habitat characteristics was reflected in the low capture of this
species during mid-channel electrofishing operations (Table 8.1, Chapter 8). This
may due, in part, to the strong preference observed for depths less than 1 m which
were rarely recorded in mid-channel electrofishing operations. Pusey et al. (2004)
reported similar depth preferences for G. coxii in south-eastern Queensland streams
with most individuals collected in depths of less than 0.6 m. Gobiomorphus coxii
displayed a strong preference for the 1-20% coverage levels of both S. babylonica and
overhanging vegetation. However, there was an avoidance of the higher coverage
levels of overhang. This most likely reflects obligate use in the absence of alternative
habitat, an assertion supported by the preferences for all levels of coverage in which
open bank and terrestrial grass were present. Further, G. coxii showed a strong
preference for littoral grass, even in moderate amounts (<40% coverage). Littoral
grass was found almost exclusively in electrofishing operations with higher coverage
levels of open bank.
Gobiomorphus coxii did not display a preference or avoidance for lower levels of
simple SWH (i.e. <40%).

However, a strong preference was detected for the

introduced simple SWH (81-100% category). A similar response was observed for
complex SWH, although a significant avoidance of the 41-60% coverage level was
detected. The strong affinity of G. coxii with introduced SWH is consistent with the
response to individual SWH structures in Williams River study (see Chapter 3). The
avoidance of moderate levels of complex SWH may be linked to predator avoidance,
particularly avoidance of M. novemaculeata which displayed an increasing preference
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for increasing coverage of complex SWH. At higher levels of both simple and
complex SWH the increase in interstitial diversity may have constrained predatory
success. Negative relationships between habitat complexity and the foraging success
of predatory fishes have been demonstrated in a variety of aquatic habitats including
tropical reefs (Beukers & Jones 1997), coastal seagrass meadows (Rozas & Odum
1988), freshwater macrophyte beds (Crowder & Cooper 1982), estuarine mangrove
stands and SWH accumulations (Everett & Ruiz 1993). It is thought that declines in
predation success with increasing habitat complexity are due to a reduced number of
visual encounters between predators and their prey (Savino & Stein 1982; Main 1987)
or reduced manoeuvrability of predators within dense structures (Vince et al. 1976).
There is surprisingly little published literature on the micro-habitat preferences of M.
cephalus considering the cosmopolitan distribution of the species. This may reflect
the mobile schooling habits of mullet. Mugil cephalus was the only fish species
analyzed that did not show any strong avoidance of areas lacking riparian habitat
variables.

Mugil cephalus was also the main species recorded in mid-channel

electrofishing operations (Chapter 8). Again, this is most likely a reflection of the
mobile schooling habits of this species. In the Hunter study area there were no
significant differences in electivity by M. cephalus between coverage levels for S.
babylonica, overhanging vegetation, native trees, terrestrial grass, littoral grass and
depth. While no significant differences were detected for the main effect of coverage
level, a significant interaction with season revealed that high levels (81-100%
coverage) of open bank were selected in summer and avoided in winter.

The

preference of M. cephalus for open banks during summer may be related to an
increase in foraging activity associated with higher water temperatures (Chapter 4).
The reason for the increased avoidance of shrubs with increasing coverage by M.
cephalus is unknown.

Mugil cephalus demonstrated an increasing avoidance of

increasing undercut coverage in areas of electrofishing operations. Mugil cephalus is
an important forage species for many piscivorous fishes throughout their life cycle
and the avoidance for undercuts may represent an innate predator avoidance response.
While no preference was shown towards lower levels of simple and complex SWH,
there was a strong preference towards the 81-100% (introduced SWH) coverage
category. This may suggest that a large structural framework and large surface area
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are necessary for SWH to be attractive to M. cephalus. In experimental trials with a
digital acoustic sonar camera (DIDSON) M. cephalus appeared to use the SWH
predominantly for foraging (Howell unpublished data). A seasonal interaction was
observed in electivity for high levels of simple SWH by M. cephalus, with a strong
avoidance in winter and strong preferences in spring and summer. Similarly for the
interaction for open banks, the avoidance of simple SWH in winter may be related to
a reduced foraging activity at lower water temperatures.
In the present study M. novemaculeata showed no differences in electivity between
coverage levels for native trees, open bank, terrestrial grass, shrubs, littoral grass or
depth. Macquaria novemaculeata displayed a preference for all coverage levels of
habitat in which S. babylonica and overhang were present, but did not display an
affinity for any particular level of coverage. Undercuts appeared to provide quality
habitat for M. novemaculeata with a preference shown for most coverage levels.
Macquaria novemaculeata avoided areas in which both simple and complex SWH
were absent and showed an increasing preference for increased SWH coverage.
While M. novemaculeata showed the highest preference for the 81-100% coverage
level (introduced SWH), moderate levels (<40%) were utilized to a similar extent.
These results support previously reported preferences of M. novemaculeata for
overhang, undercuts and SWH (Richardson 1984), and are consistent with the
assertion that this species is an ambush predator.
Cyprinus carpio did not demonstrate any preference for levels of depth, open bank, or
littoral grass in the Hunter River study pools. A strong affinity was displayed by C.
carpio for shrubs, showing a preference for all coverage levels in which shrubs were
present. This appears to be corroborated by the avoidance of electrofishing operations
in which 81-100% coverage of terrestrial grass was recorded and shrubs were rarely
present. Cyprinus carpio avoided areas in which S. babylonica and overhang were
absent, showing an increasing preference for increasing coverage levels, with the
strongest preference for the 81-100% coverage category. However, this relationship
was more pronounced for overhang than S. babylonica. This suggests that C. carpio
was not only capable of utilizing this habitat but in fact strongly preferred it. The
extensive and broad scale planting of Salix spp. along the Hunter River may have
facilitated the success of this species. Interestingly, C. carpio strongly avoided the
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21-60% coverage levels of native trees. This may have been due to the negligible
amounts of overhang provided by the native trees (largely C. cunninghamiana).
While this may appear to a potentially limiting factor for C. carpio populations, it
must be recognized that these results are based on a single species and there are a
broad range of native trees that do provide substantial overhang. The preference
observed for low coverage levels of undercuts (1-20%) may be due to an innate
response to be near cover to avoid terrestrial predators, particularly avian predators.
Pelicans (Pelecanus conspicullatus), cormorants (Phalacrocorax spp.) and darters
(Anhinga melanogaster), which are known to prey upon C. carpio, were periodically
observed in the Hunter River study reach during sampling operations
Interestingly, the relationship between C. carpio and introduced simple and complex
SWH appeared to contradict the association with the lower levels of SWH present
throughout the reach prior to treatment. While, C. carpio did not show a preference
for lower levels of simple SWH (<40%) there was a strong avoidance of the
introduced simple SWH. A different relationship was observed for the relationship
between complex SWH and C. carpio. In all seasons except summer, C. carpio
strongly avoided habitats in which complex SWH was absent showing a preference
for moderate levels of woody habitat. There was insufficient data to examine C.
carpio electivity for introduced SWH (81-100%) for winter and autumn; however,
during spring there was a strong avoidance of the introduced complex SWH. In
summer no preference was displayed for any level of coverage of complex SWH
(including introduced complex SWH). This may have been due to the mobile feeding
behavior of C. carpio (Lammens & Hoogenboezem 1991, Crook et al. 2001) being
enhanced by the warmer water temperatures recorded during summer (Chapter 4).
The presence of C. carpio on introduced SWH in low numbers concurs with the
findings of Nicol et al. (2004) who demonstrated that while C. carpio used introduced
SWH they did not dominate the abundance on them.
The present study supports observations made by Allen et al. (2002) that G. holbrooki
has an affinity for warm, still waters at the edges of streams, being typically collected
close to banks (see Chapter 8). This was supported by the avoidance of areas without
some level of riparian vegetation coverage. Gambusia holbrooki strongly avoided
areas without some level open bank available. While a preference for shallow water
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may be expected for G. holbrooki, considering its affinity with the upper water
column (Arthington & Marshall 1999) and warmer waters (Allen et al. 2002), they
were collected over a range of water depths. However, they were only recorded in
deeper waters (<1 m) in association with overhang provided by S. babylonica. There
appeared to be a strong relationship between G. holbrooki and both S. babylonica and
overhang. Gambusia holbrooki displayed a strong avoidance for habitat in which S.
babylonica was absent and preference for all levels of coverage, with a strong
preference for higher levels of coverage. The strong preference for higher levels of S.
babylonica and overhang coverage is consistent with the preference for lower
coverage of open bank. These results suggest that S. babylonica provided habitat of
high quality for G. holbrooki. Gambusia holbrooki did not exhibit any electivity
among coverage levels of native trees, littoral grass or undercuts.
Gambusia holbrooki displayed an affinity for shrubs with preference observed for
most levels of coverage, with the strongest shown for the highest levels. The 81100% coverage of shrubs was most commonly recorded in shallow water depths (<0.5
m) adjacent to gravel bars where there was typically no established riparian canopy.
In these locations shrubs may have afforded some level of visual protection from
avian predators such as herons (Nycticorax caledonicus, Ardea spp.) and kingfishers
(Alcedo azurea and Todiramphus sanctus). These birds are known to prey on smaller
fish species such as G. holbrooki and were periodically observed throughout the
Hunter River study reach. Similarly, the strong avoidance of habitats with 81-100%
terrestrial grass coverage may have been an avian predator avoidance response as
these sites provided little horizontal cover (such as that provided by S. babylonica).
Gambusia holbrooki displayed no electivity for the absence or moderate coverage
levels of simple SWH (<40%) or complex SWH (<60%), however, this species totally
avoided the 81-100% (introduced SWH) category for both variables. This may have
been a result of predator avoidance of larger species including the piscivorous species
A. reinhardtii and M. novemaculeata which were recorded on the introduced SWH.
6.5

Implications and conclusions

The species composition of riparian vegetation was comparable between all pool sites,
being strongly dominated by S. babylonica. The utilization of S. babylonica by most
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native species, appears to reflect obligatory use in the absence of more suitable habitat
(i.e. there were few strong preferences). However the exotic fish species appeared to
show a strong affinity for habitat associated with S. babylonica, particularly overhang.
As a result of the pools being dominated by S. babylonica there is little potential for
recruitment of SWH in-stream from local riparian sources. The strong associations of
most fish species with most riparian habitat variables suggest that in-stream habitat is
currently a limiting factor in the Hunter River study reach. Indeed, the availability of
all in-stream micro-habit types was low across all sites, including SWH. As such, the
introduction of in-stream habitat in the form of SWH may be expected to benefit fish
assemblages.
The results of this chapter have important implications for SWH introduction,
particularly with regard to the provision of habitat for native and exotics fish species.
The concern that the introduction of SWH would be providing habitat for the exotic
species (C. carpio and G. holbrooki) appears to be unfounded. The total avoidance by
G. holbrooki and negative preference by C. carpio for the introduced SWH suggests
that it did not provide quality habitat for these species. All native species, except A.
reinhardtii, displayed strong preferences for the introduced SWH (both simple and
complex). Furthermore, the strong response of native species to higher levels of SWH
coverage suggests that native species benefit from the availability of SWH and may
be limited by the low amounts available in the study reach.
The fish-habitat associations described in this chapter support and extend the current
understanding of A. reinhardtii, C. carpio, G. holbrooki and M. novemaculeata.
While the habitat associations for G. coxii and M. cephalus provide valuable new
insights into the habitat associations of these species, further study is necessary to
empirically determine preferences across a broader range of stream conditions and
across larger spatial scales. By providing information on fish-habitat associations of
individual species this chapter imparted a strong biological rationale for the
introduction of SWH.
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Chapter 7: Meso-habitat scale fish population responses to
Structural Woody Habitat introduction in the Hunter
River
7.1

Introduction

Throughout Australia and much of the developed world there has been a concerted
effort to mitigate the excessive pressure being placed upon river systems, and reverse
the substantial damage that has been done to the integrity of the ecological systems
they support. One of a wide range of techniques used to rehabilitate rivers for fish is
the restoration of in-stream habitat structures (see Table 1.1, Chapter 1). However,
many of these works are seen as an end in themselves (Race 1985) and few are
evaluated to determine either their success or failure with respect to improvement of
ecological structure and function (Chapman 1999; Lake 2001). Of the works that are
evaluated there is often little consideration given to the experimental design required
to permit a rigorous scientific and statistical assessment to be made (Chapman 1999;
Downes et al. 2002).

Consequently, these evaluations contribute little to our

understanding about how to improve the structure and function of aquatic ecosystems
(Minns et al. 1996; Michener 1997; Smokorowski et al. 1998). To direct effective
rehabilitation works in the future, there is a need for a better understanding of the
scale and types of ecological responses that can be expected. This can only be
achieved through qualitative assessment using appropriate sampling designs and
statistical analyses.
In recent decades the range of experimental designs and analytical tools to measure
and detect environmental degradation has developed considerably (e.g. Green 1979;
Underwood 1991, 1992, 1994; Warwick & Clarke 1995).

Degradation and

rehabilitation may be likened to two sides of the same coin (Chapman 1999).
Degradation is a change in the natural conditions to something considered less
desirable, while rehabilitation attempts to return degraded habitat to a previous
condition or a condition that is an improvement on the degraded state (Bradshaw
1987; Simenstad & Thom 1996). There is, therefore, great potential to apply designs
and statistical techniques developed for assessing degradation towards rehabilitation
monitoring (Chapman 1999; Downes et al 2002). However, many of these techniques
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are yet to be applied for rehabilitation assessments, and consequently, their value in
measuring the success or failure of rehabilitation remains untested.
To accurately quantify spatial patterns and natural changes, data on abundances and
composition need to be collected in a hierarchy of spatial and temporal scales. When
evaluating rehabilitation success it is necessary to consider the adequacy of the lead-in
period, the scale of sampling, replication, and the need for control or reference areas
(Downes et al 2001). While there has been an increase in multivariate techniques for
measuring impacts, these techniques are largely not designed to measure the spatiotemporal interaction that is of key interest in rehabilitation assessment (Chapman
1999).

Often rehabilitation success is assessed in terms of abundance, species

richness and similar univariate measures. There are a range of models that have been
developed for measuring degrading impacts that can be applied to rehabilitation, such
as before-after-control-impact (BACI), before-after-control-impact-paired (BACIP),
multiple-before-after-control-impact (MBACI), and beyond before-after-controlimpact (Beyond BACI) (Downes et al 2002). Up until now, these designs have not
been rigorously applied to rehabilitation assessment.
7.1.1 Aims
In this chapter, fish responses to Structural Woody Habitat (SWH) introduction in the
Hunter River study reach are examined at the meso-habitat scale (riffles and pools).
Structural Woody Habitat was introduced into pool and riffle meso-habitat sites
within the Upper Hunter River Rehabilitation Initiative (UHRRI) reach. To include
all potential sources of variation, changes in fish species richness and abundance are
quantified using a MBACI model (Keough & Mapstone 1995).
Specific objectives are;
•

To test the hypothesis that SWH introduction will increase fish abundance and
richness on a meso-habitat scale in the Hunter River

•

To examine changes in the fish assemblage structure following SWH
introduction.
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7.2

Methods

7.2.1 Sampling techniques
The fish sampling techniques used are described in detail in Chapter 5 (section 5.2.).
Analyses were performed on data collected from all quarterly sampling occasions in
the Hunter River study reach from January 2004 to January 2006.
7.2.2 Experimental design
Fish responses to SWH introduction were assessed within riffle and pool meso-habitat
types within a MBACI framework (Fig. 7.1). Within a section of the Upper Hunter
River Rehabilitation Initiative (UHRRI) river reach, six riffles of comparable
dimensions and morphology (section 4.3.3, Chapter 4) were chosen to compare the
outcomes of experimental introduction of SWH. Three were randomly selected for
treatment with SWH, while the remaining three were used as controls (close controls).
Each treatment riffle had two deflector jams constructed on alternating banks (see
4.3.2, Chapter 4). Due to the close proximity to the treated riffles, the close control
riffles were considered to be potentially spatially confounded (i.e. fish populations
may respond to SWH in the treatment riffles).

Consequently, two riffles of

comparable dimensions and morphology were located at a distance considered to be
spatially independent from the treated riffles (distant controls, Fig 4.6). These riffles
were 6.5 km upstream and 6.5 km downstream from the treatment riffles.
Within the UHRRI reach, three pools of comparable dimensions, morphology and
riparian characteristics (see section 4.3.1, Chapters 4, Table 6.1, Chapter 6) were
selected for the introduction of SWH (treatments). Each treatment pool had six pool
jams introduced, four of which were considered simple SWH and two were made
more structurally complex with additional pieces logs after placement in-stream (see
4.3.2, Chapter 4). Two control pools of comparable dimensions, morphology and
riparian composition were located at a distance (3.9 km and 9.1 km) considered to be
spatially independent from the treated pools (controls) (Chapter 4).
Fish were sampled in all pool and riffle sites three times (summer, autumn and spring)
prior to SWH introduction and six times following SWH introduction (two in spring
and summer, and one each in autumn and winter) (Fig. 7.1). Fish were sampled in

-158-

pools and riffles during the first week of the second month in each season. Each riffle
sample consisted of four electrofishing operations, while 24 operations were
undertaken for pool site sampled (Chapter 5).

Figure 7.1: Sampling design for the Hunter River study reach for the multiple-before-after-controlimpact (MBACI) experiment.

7.2.3 Statistical Design
Differences in species richness and abundance between the test and control pools and
test and control riffles were separately analysed with the MBACI model (Keough &
Mapstone 1995) using the SAS general linear model procedure (SAS 2003). The
MBACI model is a three-factor ANOVA (test-control, before-after, and sampling
occasion) with repeated measurements and spatial replication.
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Locations nested

within test-control (and subsequent interactions) were treated as random factors, while
all other factors were considered fixed. The formal MBACI linear model presented in
Downes et al. (2001) is:
yijpm = μ + Ci + L(C)in + Bp + T(B)jp + CBip + CT(B)ijp + L(C)Bin.p. + L(C)T(B)in.jp (+
Einjpm)
where:
•

yijpm is the mth observation at the Control or Treatment site at Time j in the
Before or After period p

•

μ is the population grand mean for species richness or abundance

•

Ci is the time-averaged effect of being in Control or Treatment sites

•

L(C)in is the time-averaged effect of being at the nth location within treatment i

•

Bp is the spatially averaged effect of the period Before and After treatment

•

T(B)jp is the spatially averaged effect of Time j within Before and After period

B

p
•

CBip is the effect of being in either Control or Treatment sites either Before or
After SWH introduction

•

CT(B)ijp is the effect of being in either Control or Treatment sites at Time j
within either Before or After periods

•

L(C)Bin.p is the effect of being at the nth location in either the Control or
Treatment in either the Before or After period

•

L(C)T(B)in.jp is the effect of being at the nth location in either Control or
Treatment sites at Time j within either the Before or After periods

•

Eijpm is the residual variation.

Downes et al. (2001) consider the treatment x period interaction (CB) as an indication
of long-term impact of treatment, while treatment x time(period) (CT(B)) interaction
as an indication of a short-term impact from which independent variables recover
relatively fast.
All four electrofishing operations within sites were pooled and standardised by
electrofishing time to account for differences in riffle length, and consequently in
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sampling effort. Sampling results for riffles are expressed as units per 60 seconds
electrofishing ‘power on’ time. For the MBACI analysis each riffle site was treated as
a replicate. All electrofishing operations in pool sites consisted of 60 seconds ‘power
on’ time and were treated as replicates within sites for MBACI analyses. Sampling
results for pools are expressed in terms of catch per unit effort (number of individuals
per electrofishing operation). To assess the influence of two highly abundant smaller
bodied fish species, abundance analyses were undertaken with and without G.
holbrooki and R. semoni (Chapter 5).
Initial analysis of the relationship between variances and means for fish abundance
data indicated heterogeneous variances so all abundance data were log (x + 1)
transformed before further analysis. Species richness data fulfilled the assumptions of
parametric statistics and were therefore not transformed.
Abundance of each species was pooled for each site by sampling occasion for
multivariate comparisons of fish assemblages. Bray-Curtis dissimilarity indices were
calculated between all pairs of sites, employing the fourth-root transformation of
abundance to accommodate the wide spread in values (Field et al. 1982; Clarke &
Warwick 2001).

The Bray-Curtis dissimilarity index provides a measure of the

assemblage dissimilarity between sites (Clarke, 1993).

Sites were allocated to

treatment levels (i.e. controls and treatments) before and after SWH introduction.
Non-metric multidimensional scaling (NMDS), based on Bray-Curtis dissimilarities,
was used to examine differences in fish assemblage composition between control and
treatment sites before and after SWH introduction. Analysis of similarity (ANOSIM)
was employed to detect differences between treatment levels within before and after
periods. Differences between treatment levels, in terms of species abundances, were
explored using similarity of percentages (SIMPER) (Clarke & Warwick 2001) to
determine the percentage contribution of individual species to average dissimilarity
between treatment levels and times before and after. All multivariate analyses were
performed using the PRIMER (Plymouth Routines in Multivariate Environmental
Research) version 5.0 statistical package (Clarke and Warwick 2001).

-161-

7.3

Results

7.3.1 Fish responses to SWH introduction in riffles
Standardised species richness recorded during riffle sampling ranged from 0.31 to
1.52 per 60 seconds electrofishing ‘power on’ time (Olive riffle, spring 2004 and
Riffle 3, spring 2004 respectively).

Mean species richness per 60 seconds

electrofishing ‘power on’ time increased marginally in all sites following SWH
introduction, with the greatest increase observed in the treatment riffles (Fig. 7.2).
However, no significant differences in species richness were detected for any of the
main effects or interactions.

Figure 7.2: Species richness per 60 seconds electrofishing ‘power on’ time (mean ± 95% CI) in the
Hunter River study riffles before (January 2004 to July 2004) and after SWH introduction (October
2004 to January 2006).
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Table 7.1
F-values and their associated significance levels (p) for linear mixed effects model
analysis of variation in total species richness, log (x + 1) transformed total abundance and log (x + 1)
transformed abundance excluding Gambusia holbrooki and Retropinna semoni in the Hunter River
study riffles.

Source of
variation

df

MS
estimates

F-ratio
Denominator Denominator
MS
df

F-value

p

Species Richness
(mean species richness per 60 seconds electrofishing ‘power on’ time = 0.73 ± 0.03 SE)
Among locations
C
L(C)B
Within locations
B
T(B)
CB
CT(B)
L(C)B
L(C)T(B)

2
5

0.040
0.145

0.145
-

5
-

0.27
-

0.772
-

1
7
2
14
5
35

0.128
0.083
0.017
0.047
0.040
1.598

0.040
1.598
0.040
1.598
1.598
-

5
35
5
35
35
-

3.18
1.81
0.43
1.03
0.88
-

0.135
0.116
0.671
0.452
0.506
-

Total Abundance (log transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 5.76 ± 0.30 SE)
Among locations
C
L(C)B
Within locations
B
T(B)
CB
CT(B)
L(C)B
L(C)T(B)

2
5

0.670
0.054

0.054
-

5
-

12.47
-

0.011
-

1
7
2
14
5
35

0.011
0.452
0.519
0.075
0.035
0.100

0.035
0.100
0.035
0.100
0.100
-

5
35
5
35
35
-

0.32
4.52
14.73
0.75
0.35
-

0.594
0.001
0.008
0.714
0.878
-

Abundance excluding Gambusia holbrooki and Retropinna semoni (log transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 4.47 ± 0.25 SE)
Among locations
C
L(C)B
Within locations
B
T(B)
CB
CT(B)
L(C)B
L(C)T(B)

2
5

0.451
0.075

0.075
-

5
-

6.03
-

0.047
-

1
7
2
14
5
35

0.471
0.833
0.140
0.067
0.021
0.080

0.021
0.080
0.021
0.080
0.080
-

5
35
5
35
35
-

22.99
10.39
6.85
0.83
0.26
-

0.005
< 0.001
0.037
0.630
0.934
-
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Standardised fish abundance recorded during riffle sampling ranged from 0.69 to
12.61 per 60 seconds electrofishing ‘power on’ time (Riffle 3, winter 2005 and Riffle
2, autumn 2005, respectively). A significant difference in the log transformed total
abundance between control and treatment riffle sites across the study period (F2,5 =
12.47, p < 0.05) was detected due to a higher abundance (mean ± CI) (1.96 ± 0.12) in
the distant controls than in the close controls (1.70 ± 0.10) (p < 0.05). Significant
temporal variation in log transformed total abundance was observed between
sampling occasions (F7,35 = 4.52, p < 0.001) with winter samples significantly lower
than autumn samples (all p < 0.05).

Figure 7.3: Total log transformed fish abundance per 60 seconds electrofishing ‘power on’ time
(mean ± 95% CI) in the Hunter River study riffles before (January 2004 to July 2004) and after SWH
introduction (October 2004 to January 2006).

An interaction between treatment x period (CB) was detected for log transformed fish
abundance (F2,5 = 14.73, p < 0.01). Tukey pair-wise comparisons revealed the close
controls had a lower abundance after SWH introduction (1.59 ± 0.09) than either the
treatment riffles after (2.06 ± 0.09) (p < 0.01) or the external controls before SWH
introduction (2.08 ± 0.16) (p < 0.05).
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Standardised fish abundance excluding G. holbrooki and R. semoni in riffles ranged
from 0.46 to 11.26 per 60 seconds electrofishing ‘power on’ time (Riffle 3, winter
2005 and Keys riffle, autumn 2004, respectively). A significant difference in log
transformed abundance between control and treatment sites (F2,5 = 6.03, p < 0.05) was
detected due to higher abundance in the distant control riffles (mean ± CI) (1.87 ±
0.14) than in either close control (1.60 ± 0.11) or treatment riffles (1.55 ± 11).
Abundance analyses excluding G. holbrooki and R. semoni revealed a difference
before and after SWH introduction (F1,5 = 22.99, p < 0.01), with mean abundance
being significantly higher before SWH introduction (p < 0.01), (1.76 ± 0.13) than
after (1.57 ± 0.09). The decrease in abundance excluding G. holbrooki and R. semoni
in all control and treatment riffles over the study period was less pronounced in the
treatment riffles than either close or distant control (Fig. 7.4).

Strong temporal

variation was observed in abundance after exclusion of G. holbrooki and R. semoni
(F7,35 = 10.39, p < 0.001), with samples taken in winter 2005 (1.01 ± 0.19) being
significantly less abundant than all other sampling occasions except winter 2004 (1.34
± 0.19) (all p < 0.05). Mean abundance excluding G. holbrooki and R. semoni was
significantly higher in autumn 2004 (2.13 ± 19) than winter 2004 (1.34 ± 0.19), winter
2005 (1.01 ± 0.19), spring 2005 (1.51 ± 0.19) and summer 2006 (1.64 ± 0.19) (all p <
0.01).
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Figure 7.4: Mean log transformed fish abundance excluding Gambusia holbrooki and Retropinna
semoni per electrofishing operation (mean ± 95% CI) in the Hunter River study riffles before (January
2004 to July 2004) and after SWH introduction (October 2004 to January 2006).

A significant interaction in abundance excluding G. holbrooki and R. semoni was
revealed (treatment x period (CB) in riffle sites, F2,5 = 6.85, p < 0.05). The distant
controls before SWH introduction (2.04 ± 0.12) had a higher mean abundance
excluding G. holbrooki and R. semoni than all other sites and times (all p < 0.01).
After SWH introduction, abundance in the close controls (1.49 ± 0.07) was
significantly lower than distant controls (1.70 ± 0.08) (p < 0.05). There was a
significant decrease in the abundance excluding G. holbrooki and R. semoni in the
close controls (p < 0.05) from 1.72 ± 0.10 before to 1.49 ± 0.07 after SWH
introduction. After SWH introduction the treatment riffles (1.54 ± 0.07) had a lower
abundance than the distant controls before (2.04 ± 0.12) and after (1.70 ± 0.08), as
well as the close controls before (1.72 ± 0.10) (all p < 0.05). There was no difference
in abundance detected in the treatment riffles before (1.55 ± 0.07) and after SWH
introduction (1.54 ± 0.07) when G. holbrooki and R. semoni were removed from the
analysis (p = 0.88).
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Figure 7.5: Non-metric multi-dimensional scaling ordination (NMDS) of fish assemblages in riffles
across all seasonal sampling occasions. Circles represent the treatment riffles, squares the distant
controls, and triangles close controls. Hollow symbols represent prior to SWH re-introduction and
solid symbols after.

An ordination of fish assemblage composition (based on NMDS) illustrates
substantial overlap in ordination space between treatment levels, with the highest
variability between sampling occasions observed in the close control sites after SWH
introduction (Fig. 7.5).

Analysis of similarity (ANOSIM) detected significant

differences in the fish assemblages between treatment levels (Global R = 0.102, p <
0.01). Although these differences were significant, R values < 0.3 typically indicate
weak differences (Clarke & Warwick 2001). The fish assemblage structure in the
distant controls before SWH introduction was significantly different to the treatment
riffles both before and after SWH introduction (both p < 0.05).

Before SWH

introduction there was a higher abundance of R. semoni and lower abundance of M.
cephalus in the treatment riffles than in the distant controls.

Fish assemblage

structure in the treatment riffles after SWH introduction was significantly different to
that in the treatment riffles before, and the distant and close controls both before and
after wood introduction (all p < 0.05, Table 7.2). A higher abundance of G. holbrooki
and R. semoni in the treated riffles following SWH introduction contributed 38 - 45%
of the difference with all other treatment levels (Table 7.2).

-167-

When G. holbrooki and R. semoni were excluded from the ANOSIM analyses a
significant difference was only evident at the p < 0.1 level (Global R = 0.047, p =
0.09).

Pair-wise comparisons between treatment levels remained significantly

different only between the treatment riffles and distant controls before SWH
introduction (p < 0.05). A higher abundance of T. tandanus and lower abundance of
M. cephalus in the treatment riffles accounted for 43% of the difference between the
treatment riffles and distant control riffles before SWH introduction.
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Table 7.2: Summary of similarity of percentage analysis (SIMPER) for treatment levels in the
Hunter River study riffles before and after SWH introduction for those comparisons identified by
analysis of similarity (ANOSIM) as being significantly different.
Species

Mean abundance per 60 seconds electricity

Cum.%

D%

Mugil cephalus
Retropinna semoni
Tandanus tandanus
Cyprinus carpio

Distant control before
0.017
0.003
0.006
0.002

Treatment before
0.002
0.015
0.007
0

20.22
37.36
51.55
62.24

36.21

Retropinna semoni
Gambusia holbrooki
Mugil cephalus
Tandanus tandanus

Distant control before
0.003
0.001
0.017
0.006

Treatment after
0.035
0.022
0.004
0.002

18.16
34.43
47.88
59.72

38.34

Gambusia holbrooki
Retropinna semoni
Tandanus tandanus
Mugil cephalus

Treatment before
0
0.015
0.007
0.002

Treatment after
0.022
0.035
0.002
0.004

20.11
37.79
51.60
65.15

36.05

Retropinna semoni
Gambusia holbrooki
Mugil cephalus
Tandanus tandanus

Close control before
0.008
0.0004
0.009
0.006

Treatment after
0.035
0.022
0.004
0.002

20.39
38.51
52.67
66.46

39.32

Retropinna semoni
Gambusia holbrooki
Mugil cephalus
Gobiomorphus coxii

Close control after
0.005
0.004
0.009
0.013

Treatment after
0.035
0.022
0.004
0.022

21.70
40.13
54.12
65.70

42.05

Gambusia holbrooki
Retropinna semoni
Tandanus tandanus
Mugil cephalus

Distant control after
0.001
0.013
0.009
0.007

Treatment after
0.022
0.035
0.002
0.004

18.78
35.41
50.29
62.42

35.36

-169-

7.3.2 Fish responses to SWH introduction in pools
Mean species richness per electrofishing operation in pools ranged from 0.67 ± 0.13
SE (Racecourse pool, July 2005) to 2.42 ± 0.22 SE (Below Whites pool, April 2005).
Species richness across all pool sites was higher before (mean ± CI) (1.71 ± 0.09)
than after SWH introduction (1.52 ± 0.08) (F1,3 = 10.83, p < 0.05). Significant
temporal variation in species richness was observed, with both controls and
treatments following the same seasonal trends between sampling occasions (F7,21 =
13.72, p < 0.0001, Fig. 7.6). Species richness in winter 2005 (0.84 ± 0.14) was lower
than all other occasions except winter 2004 (all p < 0.01). Similarly species richness
in winter 2004 (1.06 ± 0.14) was lower than all other sampling occasions except
winter 2005 and summer 2006 (1.39 ± 0.14) (all p < 0.01). Species richness was
typically highest during autumn and summer sampling with the exception of summer
2006 which was lower than autumn 2004 and 2005 samples (1.98 ± 0.14 and 1.98 ±
0.14 respectively) and summer 2004 (1.39 ± 0.14) (all p < 0.01). No interactions
between treatment levels were detected for species richness in pools (Table 7.3).

Figure 7.6: Species richness per electrofishing operation (mean ± 95% CI) in The Hunter River study
pools before (January 2004 to July 2004) and after SWH introduction (October 2004 to January 2006).
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Table 7.3: F-values and their associated significance levels (p) for linear mixed effects model
analysis of variation in total species richness, log (x + 1) transformed total abundance and log (x + 1)
transformed abundance excluding Gambusia holbrooki and Retropinna semoni in the Hunter River
study pools.

Source of
variation

df

MS estimates

F-ratio
Denominator
Denominator
MS
df

F-value

p

Species Richness
(mean species per electrofishing operation = 5.68 ± 0.28 SE)
Among locations
C
L(C)B

1
3

2.489
2.866

2.866
-

3
-

0.87
-

0.420
-

Within locations
B
T(B)
CB
CT(B)
L(C)B
L(C)T(B)

1
7
1
7
3
21

9.086
23.345
0.068
0.572
0.839
1.701

0.839
1.701
0.839
1.701
1.701
-

3
21
3
21
21
-

10.83
13.72
0.08
0.34
0.49
-

0.046
<0.0001
0.794
0.928
0.691
-

Total Abundance (log transformed)
(mean abundance per electrofishing operation = 3.06 ± 0.10 SE)
Spatial variation
C
L(C)B

1
3

0.380
2.822

2.822
-

3
-

Temporal
variation
B
T(B)
CB
CT(B)
L(C)B
L(C)T(B)

1
7
1
7
3
21

25.372
11.675
0.419
0.676
0.963
1.200

0.963
1.200
0.963
1.200
1.200
-

3
21
3
21
21
-

3.36
-

26.36
9.73
0.44
0.56
0.8
-

0.739
-

0.014
<0.0001
0.556
0.777
0.506
-

Abundance excluding Gambusia holbrooki and Retropinna semoni (log transformed)
(mean abundance per electrofishing operation = 1.61 ± 0.04 SE)
Spatial variation
C
L(C)B

1
3

4.596
0.684

0.684
-

3
-

6.72
-

0.081
-

Temporal
variation
B
T(B)
CB
CT(B)
L(C)B
L(C)T(B)

1
7
1
7
3
21

4.684
7.863
0.276
0.279
0.391
0.766

0.391
0.766
0.391
0.766
0.766
-

3
21
3
21
21
-

11.99
10.26
0.71
0.36
0.51
-

0.041
< 0.0001
0.462
0.913
0.680
-
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Mean abundance (log transformed) per electrofishing operation varied from 1.33 ±
0.32 SE (Olive pool, July 2005) to 25.04 ± 4.80 SE (Racecourse, January 2004).
There was a significant difference in abundance between pool sites before (mean ±
CI) (1.54 ± 0.09) and after (1.23 ± 0.08) SWH introduction (F1,3 = 26.36, p < 0.05).
The temporal variation between samples (F7,21 = 9.73, p < 0.0001) was driven by a
lower abundance in winter 2005 (0.72 ± 0.16) than in summer 2004 (1.86 ± 0.16),
autumn 2004 (1.71 ± 0.16), spring 2004 (1.51 ± 0.16) and summer 2005 (1.38 ± 0.16)
(all p < 0.05). No significant interactions were detected for fish abundance in pools
(Table 7.3).

Figure 7.7: Total fish abundance (log transformed) per electrofishing operation (mean ± 95% CI) in
the Hunter River study pools before (January 2004 to July 2004) and after SWH introduction (October
2004 to January 2006).

Mean abundance after exclusion of G. holbrooki and R. semoni (log transformed) per
electrofishing operation ranged from 1.0 ± 0.25 SE (Racecourse pool, July 2005) to
5.08 ± 0.89 SE (Below Whites pool, October 2005). The difference in abundance
excluding G. holbrooki and R. semoni between controls and treatments was
significantly different at the p < 0.1 level (F1,3 = 6.72, p = 0.08) due to the higher fish
abundance in the treatment pools (mean ± CI) (1.18 ± 0.07) than in the control pools
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(1.05 ± 0.08) across the sampling period. Treatment and control pools did not differ
in abundance (after exclusion of R. semoni and G. holbrooki) over the study period
(F1,3 = 6.72, p = 0.08) but abundance decreased over the period of study (F1,3 = 11.99,
p < 0.05) from 1.18 ± 0.06 before to 1.05 ± 0.05 after SWH introduction. Temporal
variation was observed between sampling occasions in abundance excluding G.
holbrooki and R. semoni (F7,21 = 10.26, p < 0.0001, Fig. 7.8). Abundances in winter
2005 (0.69 ± 0.10) and summer 2006 (0.80 ± 0.10) were significantly lower than all
other sampling occasions except winter 2004 (0.86 ± 0.10) (all p < 0.05). Fish
abundance excluding G. holbrooki and R. semoni appeared to follow a seasonal
pattern with the exception of the summer 2006 sampling occasion when abundance
was lower than all occasions except winter 2004 and 2005.

No significant

interactions were detected for fish abundance excluding G. holbrooki and R. semoni
in pools (Table 7.3).

Figure 7.8: Mean fish abundance excluding Gambusia holbrooki and Retropinna semoni (log
transformed) per electrofishing operation (mean ± 95% CI) in the Hunter River study pools before
(January 2004 to July 2004) and after SWH introduction (October 2004 to January 2006).
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Figure 7.9: Non-metric multi-dimensional scaling ordination (NMDS) of fish assemblages in pools
across all quarterly sampling occasions. Circles represent the treatment riffles, squares the distant
controls, and triangles close controls. Hollow symbols represent prior to SWH re-introduction and
solid symbols after.

An NMDS ordination of fish assemblages before and after SWH introduction
illustrates the substantial overlap between treatment levels across all sampling
occasions (Fig. 7.9). The fish assemblages in the treatment sites were less variable in
ordination space over the study period than the control sites both before and after
SWH introduction. Differences in fish assemblages between control and treatment
pools before and after SWH introduction were evident but only at the p < 0.1 level
using (ANOSIM Global R = 0.08, p = 0.076). However, R values < 0.3 typically
indicate weak differences (Clarke & Warwick 2001). Pair-wise comparisons revealed
differences between controls after with treatment pools both before and after SWH
introduction (p < 0.05).

Similarity of percentages (SIMPER) revealed the main

species contributing to the differences between treatments and times were G.
holbrooki and R. semoni (31-33% contribution, Table 7.4). When G. holbrooki and R.
semoni were excluded from the analyses ANOSIM no significant differences were
detected between controls and treatments before and after SWH introduction (Global
R = 0.053, p = 0.20).
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Table 7.4: Summary of similarity of percentage analysis (SIMPER) for treatment levels in the
Hunter River study pools before and after SWH introduction for those comparisons identified by
analysis of similarity (ANOSIM) as being significantly different.
Species

Mean abundance in each pool

Cum.%

D%

Pools
Gambusia holbrooki
Retropinna semoni
Potamalosa richmondia
Hypseleotris compressa
Gobiomorphus coxii

Treatment before
54.58
11.83
2.33
0.00
10.75

Control after
40.33
5.42
1.42
1.00
8.25

18.95
33.05
42.83
51.09
58.96

28.54

Gambusia holbrooki
Retropinna semoni
Potamalosa richmondia
Hypseleotris compressa
Gobiomorphus coxii

Treatment after
33.14
3.00
0.67
0.38
10.67

Control after
40.33
5.42
1.42
1.00
8.25

19.33
31.40
39.96
48.46
56.03

28.25

7.4

Discussion

7.4.1 Fish responses to SWH introduction in riffles
Fish responses to the introduction of SWH in riffles were somewhat ambiguous. The
significant treatment x period (CB) interaction detected for total abundance in the
riffles was attributable to increased abundance in treatment riffles following SWH
introduction relative to the close controls only. While there was an increase in
treatment riffles after SWH introduction relative to distant control riffles this was not
sufficient to be statistically different. The different responses elicited from the two
types of control riffles may suggest that the treatment and close controls were
spatially autocorrelated.

This would appear to be supported by the decreased

abundance in the close controls following SWH introduction, particularly in the first
two samples (October 2004, January 2005). However, drawing this conclusion from
total abundance data may be somewhat misleading. The removal of G. holbrooki and
R. semoni from the abundance analysis suggests that these two species were solely
responsible for the observed increase in abundance in the treatment riffles. This
assertion was supported by the results of the SIMPER analysis which showed that a
higher abundance of G. holbrooki and R. semoni in the treatment riffles after SWH
introduction was the main difference in all treatment x period comparisons. It is
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considered unlikely that the response was due to spatial autocorrelation between the
sites as these two highly mobile species were abundant throughout the runs and pools
between the treatment and close control riffles (pers obs).

A more plausible

explanation for the increase in abundance in the treatment riffles is that the introduced
SWH provided a level of increased habitat heterogeneity which favoured these two
species.

This is supported by observations made during sampling that most G.

holbrooki were collected in the slack water created by the SWH and R. semoni
immediately adjacent to the SWH.

However, the reason for the reduction in

abundance of G. holbrooki and R. semoni in the close controls (as evidenced in the
comparison between the abundance measures, Figs. 7.3 and 7.4) remains unclear and
may represent natural variation in the distribution of these two highly mobile
schooling species. The significant interaction detected when G. holbrooki and R.
semoni were excluded from the analysis reflected inherent differences in fish
abundance between the distant control riffles and the close control and treatment
riffles, particularly in the period from January 2004 to January 2005.
While species richness was comparable between all riffle treatment levels across the
study period, there were differences in abundances between treatment levels.
Preliminary analysis of sites prior to SWH introduction (Chapter 5) indicated that
there were no differences in abundance between all study riffles. However, the lack
of temporal replication in this earlier analysis demonstrates that longer time frames
are necessary to assess the adequacy of sites as replicates. However, as Matthews and
Marsh-Matthews (2006) highlighted, that even when starting with identical fish
assemblages in controlled experimental streams, fish assemblages can naturally
diverge. In natural streams, the divergence between assemblages over time is further
exacerbated by external factors such as flow regime and biotic interactions (Belyea &
Lancaster 1999; Matthews & Marsh-Matthews 2006).

Further, fish assemblage

persistence and stability appears to be greater in undisturbed sites than in disturbed
sites (Karr et al. 1987; Paller 2002). By its very nature, habitat re-instatement is most
likely to be directed towards streams that have been degraded. As such, longer leadin periods may be required to characterize fish assemblages in disturbed streams than
for undisturbed streams. This would require longer term planning and additional
funding.
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With the exception of G. holbrooki and R. semoni, fish responses to the introduction
of SWH in riffles were ambiguous. This may have been due in part to the lack of
morphological diversity induced by the SWH. It was anticipated from the outset,
based on the results from the Williams River study (Brooks et al. 2004), that the DFJs
would induce gravel mobilization during high flow events increasing the
morphological and hydraulic diversity within riffles. However, during the study
period there were no floods approaching the mean annual flood which was considered
necessary to mobilize and re-organize the substrate (Fig. 4.2). The minimal change to
the riffle morphology of the treatment riffles that did occur was largely due to the
construction of the structures (see section 4.5.3, Chapter 4).
Any response of the fish to the SWH directly available for fishes may have been
obscured by the technical difficulties associated with the high flow volume and turbid
water conditions, particularly in the area adjacent to the downstream SWH (see Figs.
4.9, 4.10 & 4.12, Chapter 4). Stop nets (i.e. nets spread across the river immediately
below the area being sampled) have proven to be an effective means of collecting fish
not directly observed during electrofishing operations in small streams (Hortle & Lake
1983, Kennard et al. 2006), however, the large volume of water and associated drift
material made the use of stop nets unfeasible in the Hunter River study riffles. The
structural complexity of the riffle SWH may have also reduced the catchability of fish
with fish being trapped within the structure going unobserved. This is supported by
the results of the depletion survey carried out on an individual SWH in the Williams
River study where many of the individuals recorded were observed within the
structure but not captured. It was considered impractical to repeat the depletion
survey in the Hunter River riffles as it was presumed that fish would not be easily
observed in the turbid water and may also be carried downstream without being
recorded.
Another reason for the weak response of fish assemblages to SWH in riffles may have
been due to the study being undertaken at the end of an extended period of drought.
While this was not reflected in the analysis of species richness or total abundance,
abundances excluding G. holbrooki and R. semoni showed a distinct decrease over the
study period. This decrease in abundance was pronounced for both the distant and
close control riffles. Abundances, excluding G. holbrooki and R. semoni, in the
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treatment riffles; however, did not decrease over the study period and may reflect
some level of assemblage resilience afforded by the introduced SWH.
7.4.2 Fish responses to SWH introduction in pools
Fish responses in the pools were more clear-cut than in the riffles. The MBACI
analysis detected no increase in species richness, total abundances or abundance
excluding G. holbrooki and R. semoni in the study pools that could be attributed to
SWH introduction.
The most likely explanation for the lack of response to SWH is that the volume of
wood introduced was insufficient to elicit a measurable response from the fish
assemblage. Indeed, even though SWH introduction more than doubled the wood
loadings of the treatment pools (wood volume loadings increasing from 0.0007 –
0.0013 m3 m-2 before SWH introduction to 0.0016 – 0.0038 m3 m-2 afterwards) (Table
4.7, Chapter 4) they were still far below (approximately 10%) those typically reported
for undisturbed streams in south-eastern Australia (0.011 - 0.044 m3 m-2) (Marsh et al.
1999, Brooks et al. 2003). This has strong implications for future SWH introduction,
considering the considerable costs involved in introducing the SWH in the Hunter
River pools (> $100,000 for all).
There was a strong seasonal signal observed over the study period for all univariate
measures. Species richness and abundance in pools was lowest during winter and
typically highest in autumn. Harris & Gehrke (1997) observed similarly low capture
rates during winter across New South Wales. This may have been due to a lower
mobility of fish in the lower water temperatures. The seasonal trends followed those
observed prior to SWH introduction for most of the study period (Chapter 5).
However, in January 2006 a significant deviation from this trend was observed for all
univariate measures. While examination of discharge showed that the highest flow
recorded during sampling occasions was recorded in January 2006 (mean ± SD) (822
± 53 ML/day), discharge at this time was also elevated above other sampling January
occasions (2004: 660 ± 108 ML/day, 2005: 606 ± 32 ML/day). However, increased
discharge in January 2006 is unlikely to be the cause of the notable decrease in
January 2006, given that pool meso-habitats are less affected by flow fluctuations than
either riffles or runs. Similarly, there were no deviations from the seasonal trends in
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water quality (Figs. 4.3 and 4.4) detected in January 2006 that could explain the
decrease in richness and abundance. While there appears to have been a gradual
decline in fish richness and abundance in pools across the study period, which may be
attributable to a press disturbance such as the prevailing drought, the reason for the
reduced abundance in January 2006 is more likely related to a pulse disturbance.
Considering the diverse array of anthropogenic influences impacting on fish
assemblages in the Hunter River study reach (Fig. 2.11), it is difficult to identify
which factors may have been responsible for the decline in species richness and
abundance in January 2006. This, however, highlights the potential for external
influences to impact upon inferences drawn from rehabilitation monitoring.
The difference in fish assemblage structure noted between the treatment and control
pools across the study period (p < 0.05) was due to G. holbrooki and R. semoni. It is
possible that if there had been a response for SWH introduction, the inclusion of G.
holbrooki and R. semoni in the abundance analysis may have obscured trends.
Mark-recapture data from the larger fish species suggest that the pool sites were
largely independent (Appendix 9) with few fish recaptured in different pools to that in
which they had originally been tagged. This result was rather surprising considering
the close proximity of the treatment pools to each other and the highly mobile nature
of species such as M. cephalus. Mark-recapture data suggest, however, that to some
extent M. cephalus had defined home ranges with more than half of individuals
recaptured within 50 m of the original tagging site after periods of 1-15 months
(Appendix 9). These findings are important, because patterns of distribution and
abundance of aquatic biota are frequently explained by the behaviour and movements
of the species under consideration, or of those with which they interact (Chapman &
Underwood 2000). Spatial autocorrelation between sites is an issue that is likely to
confront assessments of fish responses to river rehabilitation due to the unidirectional
nature of river flow (Downes et al 2002). In the Hunter River pool experiment, spatial
autocorrelation between sites did not seem to impact on responses (or potential
responses) of fishes to SWH introduction.
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7.4.3 Evaluation of experimental design
The lessons learned from the Williams River study (unbalanced sampling effort
between the test and control reaches, irregular temporal sampling, a lack of spatial
replication of treatments and controls, lack of temporal replication, and potential
spatial autocorrelation) enabled a more robust experimental design to be employed for
the Hunter River study. In particular aspects that improved upon the Williams River
study in the Hunter River study were: balanced sampling effort between sites,
systematic temporal sampling, increased spatial and temporal replication and a
measure of spatial autocorrelation. The provision of standardised effort between
pools sites enabled the variability within sites to be quantified on an equal basis.
While sampling in the riffles was, by necessity, standardised by time there were no
disparate differences in the physical characteristics between sites (Chapter 4). During
the study period the variability within pools was comparable between treatment and
controls. The systematic temporal sampling allowed inferences to be drawn about the
effect of seasonality on fish assemblages. Specifically it allowed seasonal influences
to be separated from potential responses of fish to SWH introduction. The increased
spatial and temporal replication, including the use of two levels of control riffles,
increased the variance against which changes in fish assemblages to the introduction
of SWH could be tested. This provided stronger inferential power for testing for an
effect of SWH introduction for fishes. Gaining a measure of spatial autocorrelation
between replicate pool sites enabled the assessment of site independence. While this
may have been more critical had fish responded to SWH introduction in pools it met
one of the main assumptions of the MBACI analysis (i.e. independent sites).
Within the context of the experimental design the MBACI model proved to be an
effective analytical tool for assessing fish responses to SWH introduction.

The

sensitivity of the MBACI model was conveyed in the riffle experiment, where
relatively small changes and wide variance were able to be quantified.

Most

importantly the model allows effects to be tested against the correct error source and
hence reduces the likelihood of misinterpretation of results due to pseudoreplication,
which can occur when replicates are not statistically independent (sensu Hurlbert
1984). While the use of multivariate measures is limited in its ability to directly
detect the interaction of interest (CB), they provided valuable information which
complimented the univariate analysis.
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7.5

Implications and conclusions

The introduction of SWH did not elicit a strong response from fishes at the mesohabitat scale. There was no response in fish species richness or abundance to SWH
introduction in pools at the meso-habitat scale.

In the riffle experiment, the

introduction of SWH appeared to create additional habitat diversity which was utilised
by one native fish species (R. semoni) and one exotic species (G. holbrooki).
However, this was only significant in comparison to the close controls. As such, the
riffle experiment highlighted the difficulties with trying to locate adequate replicate
sites.

The lack of gravel mobilising flows during the study period may have

contributed to weak responses of fish to SWH introduction in riffles.
The Hunter River study enforces the findings in the Williams River study that fish
ecologists should take into account the potential effects of highly abundant species
when analysing abundance data. In the case of the riffle experiment, analysis of total
abundance would have inferred that the introduction of SWH significantly increased
the abundance of the entire fish assemblage, which may be a little misguided
considering the schooling habits of G. holbrooki and R. semoni.
Total abundance in pools and abundance excluding G. holbrooki and R. semoni in
both riffle and pool sites suggests that there was a decline in fish abundance over the
study period. This is likely to be attributable to the extended drought during which
the study took place and may have negatively impacted on the fish responses to SWH
introduction.
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Chapter 8: Fish assemblage responses to two levels of structural
complexity within introduced Structural Woody Habitat
8.1

Introduction

The influence of habitat complexity on species diversity has been studied extensively
by community ecologists. Studies on terrestrial systems have suggested a positive
correlation between habitat complexity and species diversity (MacArthur &
MacArthur 1961; Pianka 1967; Rozensweig & Winakur 1969; Roth 1976; Murdoch et
al. 1972). As with terrestrial habitats, aquatic habitat with high spatial heterogeneity
favours the structuring of communities with high diversity through provision of
increased diversity of available niches (Freitas et al. 2005; Matthews 1998).
Structural complexity is an important component of fish-habitat, with numerous
observational studies reporting strong correlations between increasing habitat
complexity and increased fish diversity (e.g. Lehtinen et al. 1997; Monzyk et al. 1997;
Horan et al. 2000). The reasons for the increased diversity and abundance associated
with structural diversity are variable and dependent, to some extent, on individual fish
species. Some of the explanations provided for the increased diversity and abundance
associated with structural complexity are: increased food supply (e.g. Benke &
Wallace 2003; Scealy et al. 2007), reduced interactions between individuals (e.g.
Savino & Stein 1982; Diehl 1988; Eklov 1992; Borcherding 2006), provision of
suitable spawning substrate (e.g. Sheldon & Walker 1998; Pusey et al. 2004) and
predator refuge (e.g. Baxter & McPhail 1997; Dolloff & Warren 2003).
These strong associations of fish with natural structural habitat complexity suggest
that fish may associate in a similar manner with introduced complex habitat. The
published literature assessing the influence of complexity within introduced habitat
structure is limited, but has increased in recent years, particularly for marine
environments (Beukers & Jones 1997; Brotto et al 2006; Freitas et al. 2005; Lingo &
Szedlmayer 2006). However, there is presently limited published literature examining
fish responses to differing levels of complexity within introduced structures in
freshwaters.
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In an attempt to increase the fish productivity in residentially developed reservoirs,
Barwick et al. (2004) modified pre-existing piers to increase the structural complexity
of fish habitat. After one year, there were significant increases in abundance of the
target species Micropterus salmoides (largemouth bass) and Lepomis macrochirus
(bluegill) (Barwick et al. 2004), suggesting that increasing structural complexity was
beneficial for these fishes. In an experimental study to introduce Structural Woody
Habitat (SWH) in an Australian lowland river (Murray River) Nicol et al. (2004)
compared reaches in which SWH was evenly dispersed with reaches in which habitat
units were placed at higher densities. Higher abundances of the native fish species
Maccullochella peeli (Murray cod), Maccullochella macquariensis (trout cod) and
Macquaria ambigua (golden perch) were observed in the reaches in which SWH had
been clustered, suggesting that these areas provided higher habitat quality than
isolated SWH. These experimental results are consistent with observational studies
suggesting that habitat patches of increased structural complexity support higher
abundances of fish. However, the influence of structural complexity associated with
introduced SWH need to be tested across a wider range of habitats for a broader range
of fish species.
8.1.1 Aims
This chapter examines responses of fish species richness and abundance to two
different levels of complexity within introduced Structural Woody Habitat (SWH) in
pools of the Hunter River. In each of the treatment pools (Edinglassie, Whites
Winery and Below Whites) two of the six Pool Jams (PJs) had additional logs placed
inside the structure to create additional structural diversity (see section 4.3.2, Chapter
4). These structures were regarded as complex SWH, while the remaining PJs were
designated as simple SWH. In order to determine whether the introduced SWH
provided higher quality habitat than the pre-existing habitat, fish species richness,
abundance and assemblage structure associated with introduced simple and complex
SWH were compared with these biological metrics in bank and mid-channel habitats
within the treatment pools.
Specific objectives are;
•

To compare mean fish species richness and abundance among two levels of
structural complexity within introduced SWH and pre-existing pool habitat
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•

To assess patterns of succession in fish species richness and abundance
associated with two levels of structural complexity within introduced SWH
following introduction

•

To examine differences in fish assemblage structure/composition associated
with two levels of complexity within introduced SWH and pre-existing
habitat.

8.2

Methods

8.2.1 Sampling methods
The techniques and protocol used to sample fish are described in detail in section 5.2,
(Chapter 5). Monthly sampling commenced one month after in-stream placement of
the introduced SWH (October 2004) and continued until February 2005, after which
temporal sampling was continued on a quarterly basis (April 2005 to January 2006).
The two classes of pre-existing habitat were classified as bank and mid-channel
habitat types based on the electrofishing sampling protocol (see Fig. 5.1, Chapter 5).
Within each of the three treatment pools the four habitat types: bank (n = 12), midchannel (n = 6), simple SWH (n = 4) and complex SWH (n = 2) were sampled with 60
seconds electrofishing ‘power on’ time.
8.2.2 Statistical analysis
Comparisons of mean species richness, total abundance and abundance (per
electrofishing operation) excluding G. holbrooki and R. semoni between habitat types
were assessed using a three way ANOVA involving the three factors: habitat type
(bank, mid-channel, simple SWH and complex SWH), site (Edinglassie, Whites
Winery and Below Whites) and sampling occasion, and all possible interactions.
Sampling results for each habitat type are expressed as units per 60 seconds
electrofishing ‘power on’ time. Significant differences between means for habitat
type, site and season were explored with Tukey pair-wise comparisons. To assess the
influence of two highly abundant smaller bodied fish species, abundance analyses
were completed with and without G. holbrooki and R. semoni (for rationale see
Chapter 5). All univariate analyses were performed using the general linear model
procedure in SAS 9.1.3 software (SAS 2003).
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Initial analysis of the relationship between variances and means for abundance data
indicated heterogeneous variances, so abundance data were log (x + 1) transformed
before further analysis. Species richness data fulfilled the assumptions of parametric
statistics and were therefore not transformed.
Comparisons between fish assemblage structure associated with the four habitat types
were made using multivariate analyses. To account for variation in the number of
electrofishing operations at each habitat type within each pool, replicates for each
habitat type were pooled within sites and standardised by effort for each sampling
occasion. Bray-Curtis dissimilarity indices were calculated between all pairs of sites,
employing the fourth-root transformation of abundances to accommodate the wide
spread in values (Field et al. 1982; Clarke & Warwick 2001). Differences in fish
assemblages between habitat types were graphically represented using non-metric
multi-dimensional scaling (NMDS).

Differences in fish assemblage composition

between habitat types in the treatment pools were compared using analysis of
similarities (ANOSIM; Clarke and Warwick 2001). Pair-wise comparisons were used
to establish if there were significant differences in fish assemblages among habitat
habitats (Warwick et al. 1990). Similarity of percentages (SIMPER) was used to
ascertain the taxon contributing to these differences. Analysis excluding G. holbrooki
and R. semoni did not alter the significance of any results and is therefore not
presented. All multivariate analyses were performed using the PRIMER (Plymouth
Routines in Multivariate Environmental Research) version 5.0 (Clarke and Warwick
2001).
8.3

Results

8.3.1 Fish associations with all habitat types in treatment pools after wood
introduction
A total of 3,237 fish was recorded from 648 electrofishing operations in treatment
pools after wood introduction when the six most abundant species recorded in
treatment pools were Mugil cephalus (41.1%), G. holbrooki (26.2%), Gobiomorphus
coxii (9.2%), Cyprinus carpio (7.9%), Macquaria novemaculeata (5.8%) and Anguilla
reinhardtii (4.4%). Fish species composition and relative abundances within habitat
types are summarised in Table 8.1. The most abundant fish species recorded in bank
habitat was G. holbrooki contributing 44.8% of the total abundance recorded in this
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habitat type. Other abundant species recorded in bank habitat were M. cephalus
(19.9%), C. carpio (11.7%) and G. coxii (6.5%). Fish abundance in mid-channel
habitats was dominated by M. cephalus (73.8%), with lower abundances of G.
holbrooki (6.6%), Potamalosa richmondia (4.6%) and R. semoni (3.6%).

Mugil

cephalus was the most abundant species recorded on both simple SWH (73.8%) and
complex SWH (56.3%), with similar mean abundance observed in both habitats (4.23
± 0.33 SE and 4.18 ± 0.56 SE for simple SWH and complex SWH, respectively).
Other abundant species recorded on both simple SWH and complex SWH were G.
coxii (12.8% and 20.2% respectively), M. novemaculeata (5.4% and 10.3%
respectively) and A. reinhardtii (3.8% and 5.4%).

Table 8.1: Mean abundance (mean ± SE) of each fish species per electrofishing operation (60
seconds ‘power on’ time) for each habitat type in the treatment pools after structural woody habitat
(SWH) introduction (from October 2004 to January 2006). The six most abundant species are shown
in bold. *denotes exotic species.
Species

Bank

Mid-channel

Simple

Complex

(n = 335)

(n = 169)

(n = 120)

(n = 60)

Anguilla australis

0.003 ± 0.00

-

-

-

Anguilla reinhardtii

0.26 ± 0.55

0.05 ± 0.00

0.22 ± 0.05

0.40 ± 0.18

Carassius auratus*

0.04 ± 0.22

0.01 ± 0.00

0.01 ± 0.00

-

Cyprinus carpio*

0.56 ± 1.08

0.06 ± 0.04

0.17 ± 0.10

0.33 ± 0.14

Gambusia holbrooki*

2.28 ± 6.32

0.12 ± 0.00

-

-

Gobiomorphus australis

0.01 ± 0.07

0.01 ± 0.00

-

-

Gobiomorphus coxii

0.36 ± 0.68

0.05 ± 0.03

0.73 ± 0.14

1.50 ± 0.26

Hyseleotris compressa

0.02 ± 0.10

0.01 ± 0.00

-

0.03 ± 0.00

Macquaria novemaculeata

0.30 ± 0.60

0.05 ± 0.00

0.31 ± 0.07

0.77 ± 0.12

Mugil cephalus

1.05 ± 1.48

1.38 ± 0.26

4.23 ± 0.33

4.18 ± 0.56

Notesthes robusta

0.003 ± 0.00

0.01 ± 0.00

-

-

Philypnodon grandiceps

0.003 ± 0.00

-

0.02 ± 0.00

-

Potamolosa richmondia

0.02 ± 0.12

0.08 ± 0.11

-

-

Retropinna semoni

0.25 ± 1.25

0.07 ± 0.12

0.04 ± 0.05

0.20 ± 0.73

Tandanus tandanus

0.01 ± 0.03

-

0.01 ± 0.00

0.02 ± 0.00
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Significant differences in mean species richness were detected between all habitat
types over the study period (F3,48 = 99.76, p < 0.0001, Table 8.2). Complex SWH
(mean ± CI) (2.54 ± 0.23) and simple SWH (1.99 ± 0.16) supported a higher mean
species richness than either bank (1.69 ± 0.09) or mid-channel (0.73 ± 0.12) habitats
(all comparisons p < 0.001). Furthermore, complex SWH had significantly higher
mean species richness (2.54 ± 0.23) than simple SWH (1.99 ± 0.16) (p < 0.01). While
there were no significant differences between sites (F2,48 = 1.58, p < 0.22) a
significant interaction between habitat type and site was detected (F6,48 = 2.30, p <
0.05). Tukey comparisons revealed that the interaction was caused by a lower mean
species richness for complex SWH in Edinglassie pool (2.17 ± 0.40) that was not
significantly different from simple SWH for any of the treatment pools (means 1.83 2.17). Temporal variation in species richness was observed across habitat types
between sampling occasions (F8,48 = 12.35, p < 0.0001). Mean species richness in
July 2005 (mean ± CI) (0.99 ± 0.24) was lower than on all other sampling occasions
except December 2004 (1.39 ± 0.24) (all p < 0.05). The highest mean species
richness was recorded in April 2005 (2.35 ± 0.24) and October 2005 (2.14 ± 0.24).
An interaction was detected between habitat type and sampling occasion for mean
species richness (F24,48 = 3.07, p < 0.001) (Fig. 8.1). Temporal variation in species
richness for complex SWH was observed between sampling occasions, with January
2005 (mean ± CI) (3.67 ± 0.69) significantly higher than December 2004 (1.67 ±
0.69) and July 2005 (1.50 ± 0.69) (both p < 0.05). In the first three months following
SWH introduction (October-December 2004) mean species richness values for
complex SWH were almost identical to those for bank habitats (± 0.15 species) (Fig.
8.1). However, four months after SWH introduction (January 2005) mean species
richness for complex SWH (3.67 ± 0.69) increased notably above all other habitat
types (bank 1.79 ± 0.28, mid-channel 0.58 ± 0.38, simple SWH 1.83 ± 0.49). January
2005 was the only sampling occasion over the study period in which species richness
was significantly higher for complex SWH (3.67 ± 0.69) than simple SWH (2.17 ±
0.49) (p < 0.05). Species richness for complex SWH was significantly higher than
bank habitat in January 2005 (3.67 ± 0.69), February 2005 (3.17 ± 0.69), October
2005 (3.33 ± 0.69) and January 2006 (all p < 0.05), and on all sampling occasions for
mid-channel habitats except October 2004 (1.17 ± 0.35) and July 2005 (1.17 ± 0.40)

-187-

(all p > 0.53). In July 2005 species richness decreased on complex SWH (1.50 ±
0.69) and was not significantly different to any other habitat type.

Table 8.2: F-values and their associated significance levels (p) for three-way analysis of variance in
estimates of species richness, abundance and abundance excluding Gambusi holbrooki and Retropinna
semoni for electrofishing habitat types in the Hunter River treatment pools following structural woody
habitat (SWH) introduction. s

Source of variation

df
Numerator

df
Denominator

MS
estimate

Fvalue

p

99.76
1.58
2.30
12.35
3.07
1.2

< 0.0001
0.2163
0.0491
< 0.0001
0.0005
0.3043

103.00
0.05
4.05
10.65
3.60
1.49

< 0.0001
0.9516
0.0023
< 0.0001
< 0.0001
0.1436

Species richness
(mean species richness per electrofishing operation = 1.60 ± 0.05 SE)
Habitat type
Site
Habitat type x Site
Sample
Habitat type x Sample
Site x Sample

3
2
6
8
24
16

48
48
48
48
48
48

68.888
1.092
1.592
8.525
2.123
0.827

Total abundance (log transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 4.81 ± 0.31 SE)

Habitat type
Site
Habitat type x Site
Sample
Habitat type x Sample
Site x Sample

3
2
6
8
24
16

48
48
48
48
48
48

39.689
0.019
1.562
4.104
1.388
0.574

Abundance excluding Gambusia holbrooki and Retropinna semoni (log transformed)
(mean abundance per 60 seconds electrofishing ‘power on’ time = 3.33 ± 0.15 SE)

Habitat type
Site
Habitat type x Site
Sample
Habitat type x Sample
Site x Sample

3
2
6
8
24
16

48
48
48
48
48
48
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41.057
0.044
1.280
3.415
1.248
0.546

130.56
0.14
4.07
10.86
3.97
1.73

< 0.0001
0.8696
0.0022
< 0.0001
< 0.0001
0.0718

Figure 8.1: Species richness per electrofishing habitat (mean ± CI) across sampling occasions for
habitat types in the Hunter River study treatment pools following wood introduction (October 2004 to
January 2006).

There was temporal variation in mean species richness between sampling occasions
for simple SWH, with July 2005 (0.75 ± 0.49) significantly lower than November
2004 (2.17 ± 0.49), February 2005 (2.33 ± 0.49), April 2005 (1.31 ± 0.49) and
October 2005 (2.58 ± 0.49) (all p < 0.05). Mean species richness was comparable
between simple SWH and bank habitats for the first four months (October 2004 to
January 2005) after wood introduction (± 0.40 species). However, mean species
richness for simple SWH increased above that of bank habitats in February 2005 and
remained higher than all bank habitat mean richness values on subsequent sampling
occasions with the exception of July 2005; however, none of the differences were
statistically significant.

Pair-wise comparisons between simple SWH and mid-

channel habitats revealed significantly higher mean species richness in simple SWH
habitats (p < 0.05) than mid-channel habitats for all sampling occasions except
October 2004 (p = 0.93) and July 2005 (p = 1.0).
Bank habitat exhibited less pronounced temporal variation than either simple or
complex SWH, with species richness in July 2005 (1.15 ± 0.29) significantly lower
than October 2004 (1.98 ± 0.24) and April 2005 (2.17 ± 0.28) (both p < 0.05).
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Species richness in April 2005 (2.17 ± 0.28) was also significantly higher than
January 2006 (1.31 ± 0.28) (p < 0.05).

Species richness in bank habitat was

significantly higher than mid-channel habitat for all sampling occasions except in July
2005 (1.15 ± 0.29 and 0.54 ± 0.39 respectively), October 2005 (1.64 ± 0.28 and 1.00
± 0.40 respectively) and January 2006 (1.31 ± 0.28 and 0.61 ± 0.40 respectively) (all
p > 0.75). The lowest mean species richness values for all sampling occasions were
those for mid-channel habitats (0.33 ± 0.35 to 1.17 ± 0.40) with no differences
between sampling occasions detected by Tukey post hoc comparisons (Fig. 8.1).
Differences were detected for both log transformed total abundance (F3,48 = 103.00, p
< 0.0001) and log transformed abundance excluding G. holbrooki and R. semoni (F3,48
= 130.56, p < 0.0001) (Table 8.2) between habitat types in the treatment pools after
SWH introduction. Simple SWH (mean ± CI) (1.74 ± 0.12) and complex SWH (2.01
± 0.17) supported a higher total abundance of fish than either bank (1.31 ± 0.07) or
mid-channel habitats (0.68 ± 0.09) (all p < 0.0001). Similarly, abundance excluding
G. holbrooki and R. semoni was higher for simple SWH (1.72 ± 0.11) and complex
SWH (1.98 ± 0.16) than either bank (1.05 ± 0.06) or mid-channel habitats (0.64 ±
0.08) (all p < 0.0001). Abundance (including and excluding G. holbrooki and R.
semoni) was significantly higher for complex SWH than for simple SWH (p < 0.05).
An interaction between habitat type and sampling occasion was detected for both total
fish abundance (F24,48 = 3.60, p < 0.0001) and abundance excluding G. holbrooki and
R. semoni (F24,48 = 3.97, p < 0.0001) (Fig. 8.2). Temporal variation in abundance
between sampling occasions for complex SWH was marked by a lower abundance in
July 2005 (0.94 ± 0.52) than in October 2005 (2.62 ± 0.52) (p < 0.01). Simple SWH
followed the same seasonal trends as complex SWH with abundance in July 2005
(0.56 ± 0.36) significantly lower than all other sampling occasions (all p < 0.05). The
only significant difference in abundance detected between mid-channel habitats was
between October 2004 (1.19 ± 0.26) and November 2004 (0.42 ± 0.26) (p < 0.05).
There was little variation in mean abundance for bank habitat between sampling
occasions with the only significant difference revealed between October 2004 (1.65 ±
0.18) and July 2005 (0.95 ± 0.21) (p < 0.01). However, when G. holbrooki and R.
semoni were excluded from the analysis no significant differences in abundance were
apparent between sampling occasions for bank habitat.
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An interaction between site and habitat type was observed for total abundance (F6,48 =
4.05, p < 0.01) and abundance excluding G. holbrooki and R. semoni (F6,48 = 4.07, p <
0.01). There was no significant difference in abundance between bank (1.18 ± 0.12
and 1.03 ± 0.11, for total abundance and abundance excluding G. holbrooki and R.
semoni respectively) and mid-channel habitats (0.89 ± 0.15 and 0.88 ± 0.14, for total
abundance and abundance excluding G. holbrooki and R. semoni respectively) in
Below Whites pool over the study period (p > 0.15). There was temporal variation
between sampling occasions for both total abundance (F6,48 = 10.65, p < 0.0001) and
abundance excluding G. holbrooki and R. semoni (F6,48 = 10.86, p < 0.0001), with
abundances in July 2005 lower than all other sampling occasions (all p < 0.01).
Interactions were detected between habitat type and sampling occasion for both total
abundance (F24,48 = 3.60, p < 0.0001) and abundance excluding G. holbrooki and R.
semoni (F24,48 = 3.97, p < 0.0001). The exclusion of G. holbrooki and R. semoni did
not appreciably change means or variances for any habitat type, with the exception of
bank habitats (Figs. 8.2 & 8.3). This is largely attributable to the vast majority of G.
holbrooki (94%) being captured from bank habitat, and none recorded from either
simple SWH or complex SWH, as well as the low abundance of R. semoni recorded in
treatment pools following SWH introduction (3% of total abundance). Consequently,
further discussion of results will refer only to total abundance except for comparisons
between bank habitat and all other habitat types.
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Figure 8.2: Fish abundance (log transformed) per electrofishing habitat (mean ± CI) across sampling
occasions for habitat types in the Hunter River study treatment pools following SWH introduction from
October 2004 to January 2006).

Figure 8.3: Fish abundance excluding Gambusia holbrooki and Retropinna semoni (log transformed)
per electrofishing habitat (mean ± CI) across sampling occasions for habitat types in the Hunter River
study treatment pools following SWH introduction from October 2004 to January 2006).

-192-

In the first month after SWH introduction (October 2004) mean abundance was
comparable between simple SWH (1.60 ± 0.36), complex SWH (1.70 ± 0.52) and
bank habitats (1.65 ± 0.18 for total abundance, 1.34 ± 0.17 for abundance excluding
G. holbrooki and R. semoni).

However, in the second month following SWH

introduction mean fish abundance for both simple SWH (2.09 ± 0.52) and complex
SWH (2.12 ± 0.52) increased above that recorded for bank habitat (1.45 ± 0.18 for
total abundance and 1.07 ± 0.17 for abundance excluding G. holbrooki and R. semoni)
and remained higher for the remainder of the study period except in July 2005. In
July 2005 mean fish abundance on both simple and complex SWH decreased
substantially, with simple SWH (0.56 ± 0.36) comparable to mid-channel habitat
(0.60 ± 0.26), and complex SWH (0.94 ± 0.52) comparable to bank habitat (0.94 ±
0.18 total abundance, 0.95 ± 0.17 abundance excluding G. holbrooki and R. semoni)
in July 2005.
No significant differences in mean fish abundance were detected between complex
and simple SWH for any sampling occasion. However, in the first two months
following wood introduction (October and November 2004) mean abundances were
similar for both simple SWH (2.09 ± 0.36) and complex SWH (2.13 ± 0.52), after
which time they diverged and mean abundance in complex SWH remained higher
than in simple SWH (Fig. 8.2).
Mean total abundance was lower for bank habitat than both simple SWH and complex
SWH for all sampling occasions except October 2004 and July 2005, although the
only statistically significant difference occurred in October 2005 (p < 0.01).
However, removal of G. holbrooki and R. semoni from the analysis revealed
significantly higher fish abundances for both simple and complex SWH than bank
habitat for all sampling occasions (all p < 0.05) except October 2004 and July 2005
(both p > 0.98).

Mean abundance for both complex and simple SWH was

significantly higher than mid-channel habitat for all sampling occasions with the
exception of October 2004 and July 2005 (all p > 0.99).
Bank habitat had significantly higher fish abundance than mid-channel habitat in
November 2004 (1.45 ± 0.18 and 0.42 ± 0.26 respectively), December 2004 (1.20 ±
0.18 and 0.46 ± 0.26 respectively), January 2005 (1.36 ± 0.18 and 0.50 ± 0.26
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respectively), February 2005 (1.48 ± 0.18 and 0.58 ± 0.26 respectively) and April
2005 (1.45 ± 0.21 and 0.76 ± 0.30 respectively) (all p < 0.01). When G. holbrooki
and R. semoni were excluded from the analysis abundance in bank habitat was only
significantly lower than mid-channel habitat in November 2004, December 2004 and
January 2005 sampling occasions (all p < 0.05).

Figure 8.4: Non-metric multi-dimensional scaling ordination of fish assemblages associated with
habitat types in treatment pools after wood introduction (October 2004 – January 2006).

Significant differences in fish assemblages between habitat types were detected by
ANOSIM (Global R = 0.465, p < 0.001). Pair-wise comparisons of fish assemblages
revealed differences between all habitat types (all p < 0.001) except between complex
and simple SWH (p = 0.40). An NMDS ordination illustrates the overlap between
fish assemblage composition for each habitat type in the treatment pools after wood
introduction (Fig. 8.4). Mid-channel habitat exhibited the widest variation in fish
assemblage structure between sampling occasions
The highest dissimilarities in fish assemblage composition were observed between
mid-channel habitat and all other habitat types (54-61%) (Table 8.3). The main
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difference in fish assemblages in mid-channel habitat with both simple SWH and
complex SWH was the lower abundances of G. coxii, M. novemaculeata and M.
cephalus in mid-channel habitat (54-59% contribution). Differences between bank
and mid-channel habitats were attributable to the higher abundances of C. carpio, G.
holbrooki and G. coxii in bank habitat (47% contribution).

Differences in fish

assemblages between bank habitat and both simple and complex SWH were due to
higher abundances of the exotic species C. carpio and G. holbrooki for bank habitats
and higher abundances of the native species M. cephalus and G. coxii caught on
simple and complex SWH, and higher abundances of the native species A. reinhardtii
and M. novemaculeata associated with complex SWH (Table 8.3).
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Table 8.3: Similarity of percentages (SIMPER) for the fish assemblages between habitat types
(bank, mid-channel, simple SWH and complex SWH) in the Hunter River pools from October 2004 to
January 2006). *denotes exotic species
Species

Mean abundance per
electrofishing operation

Cum.%

Gambusia holbrooki*
Cyprinus carpio*
Anguilla reinhardtii
Gobiomorphus coxii
Macquaria novemaculeata
Mugil cephalus

Bank
2.28
0.56
0.26
0.36
0.30
1.10

Complex SWH
0.00
0.33
0.40
1.50
0.77
4.18

19.65
34.25
47.13
58.85
70.17
81.42

Gambusia holbrooki*
Cyprinus carpio*
Gobiomorphus coxii
Macquaria novemaculeata
Anguilla reinhardtii

Bank
2.28
0.56
0.36
0.30
0.26

Mid-channel
0.11
0.06
0.05
0.05
0.05

17.76
32.47
46.92
59.94
72.71

Gobiomorphus coxii
Macquaria novemaculeata
Mugil cephalus
Anguilla reinhardtii
Cyprinus carpio*

Complex SWH
1.50
0.77
4.18
0.40
0.33

Mid-channel
0.05
0.05
1.40
0.05
0.06

24.34
43.27
58.62
70.51
81.91

Gambusia holbrooki*
Cyprinus carpio*
Mugil cephalus
Anguilla reinhardtii
Gobiomorphus coxii
Macquaria novemaculeata

Bank
2.28
0.56
1.10
0.26
0.36
0.30

Simple SWH
0.00
0.17
4.23
0.22
0.73
0.31

21.43
36.10
47.48
58.85
69.79
79.87

Gobiomorphus coxii
Macquaria novemaculeata
Anguilla reinhardtii
Cyprinus carpio*
Mugil cephalus

Complex SWH
1.50
0.77
0.40
0.33
4.18

Simple SWH
0.73
0.31
0.22
0.17
4.23

19.66
38.61
55.95
71.96
86.85

Gobiomorphus coxii
Macquaria novemaculeata
Mugil cephalus
Anguilla reinhardtii
Cyprinus carpio*

Mid-channel
0.05
0.05
1.40
0.05
0.06

Simple SWH
0.73
0.31
4.23
0.22
0.17

22.24
38.32
54.17
67.73
79.87
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p

D%

< 0.001

45.06

< 0.001

60.78

< 0.001

59.31

< 0.001

42.46

0.401

37.34

< 0.001

54.25

8.4

Discussion

The SWH introduced to pools in the Hunter River study reach was utilised by five of
the six most abundant species in the treatment pools (A. reinhardtii, C. carpio, G.
coxii, M. novemaculeata and M. cephalus), however, the extent of use varied among
species. The most abundant exotic species, G. holbrooki, showed a strong avoidance
of introduced SWH, with none recorded from simple or complex SWH throughout the
study period. This may be due, in part, to their affinity for habitat with overhanging
vegetation (Chapter 6) and their preference for shallow water (Allen at el. 2002), as
well as avoidance of the predatory species (e.g. M. novemaculeata and A. reinhardtii)
which were regularly recorded within the introduced SWH. The observation that G.
holbrooki does not use SWH means there is less likelihood of competition with small
native fish for space and food resources and possibly (Arthington & Marshall 1999,
Howe et al. 1997), less predation on their eggs and young (Ivantsoff & Aarn 1999).
Of the two categories of pre-existing habitat sampled in the study pools, all species
except M. cephalus were more abundant in bank than mid-channel habitats. This may
be due, in part, to the low amounts of in-stream habitat available in the study pools
(Chapter 6). The higher abundance of M. cephalus in mid-channel habitat reflects the
mobile foraging habits of this species (Kesteven 1953; Pusey et al. 2004).
The level of structural complexity within introduced SWH appeared to have a strong
influence on the strength of associations for most fish species. Of the five most
abundant species collected from the introduced SWH (A. reinhardtii, C. carpio, G.
coxii, M. novemaculeata and M. cephalus) all species, except M. cephalus, showed a
stronger association with the complex SWH than with simple SWH.
In the pre-existing habitat M. cephalus was more abundant in mid-channel habitat
than bank habitat; however, this species was nearly four times more abundant on both
simple and complex SWH than in bank or mid-channel habitats.

However, M.

cephalus did not show a preference for either level of complexity within introduced
SWH, with comparable numbers recorded for both simple and complex SWH. This
may reflect the use of the structures for foraging such that the surface area of wood
rather than structural complexity within the SWH may be important. Mugil cephalus
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is a filter feeding detritivore (Goldstein & Simon 1999) and the introduced SWH may
have provided a suitable substrate for the development of biofilms upon which this
species feeds (Pusey et al. 2004). This is consistent with the stronger preferences for
high densities of SWH shown by M. cephalus (Chapter 6), and further supported by
observations made with a digital acoustic sonar camera (DIDSON) in a concurrent
experimental trial in which M. cephalus were observed foraging on the SWH (Howell
unpublished data).
Increased complexity within introduced SWH appeared to provide higher quality
habitat for fish than simple SWH.

The abundance of C. carpio collected from

complex SWH was nearly twice that recorded for simple SWH. However, C. carpio
was most abundant in bank habitats, suggesting that while this species used the
introduced SWH they preferred the pre-existing pool habitat. This is consistent with
the habitat preferences of C. carpio (Chapter 6) that show SWH was used in
proportion to availability in summer and avoided in winter. The higher abundance
observed of C. carpio on the introduced SWH in summer may be the result of more
mobile foraging habits in the warmer water temperatures. While M. novemaculeata
and A. reinhardtii were captured from simple SWH in similar abundance to bank
habitat, both fish species were twice as abundant in complex SWH. This may be due
to greater availability of prey, both fish and macroinvertebrates, associated with more
complex accumulations of wood in the Hunter River (Scealy et al. 2007).
Gobiomorphus coxii displayed a strong affinity for the introduced SWH, being twice
as abundant on simple SWH as in bank habitats and four times more abundant on
complex SWH.

While there is little published literature concerning habitat

preferences of G. coxii these results are consistent with observations at individual
SWH units in the Williams River (Chapter 3). It is likely that the introduced SWH
provided a combination of cover and aquatic macroinvertebrates, and that increased
complexity within introduced SWH provided higher levels of both of these factors.
The difference in fish assemblage structure between bank habitat and both simple and
complex SWH was due to the higher abundance of exotic species (C. carpio and G.
holbrooki) from bank habitats and native species (A. reinhardtii, G. coxii, M. cephalus
and M. novemaculeata) from the simple and complex SWH.

However, the

abundances of A. reinhardtii and M. novemaculeata were comparable for simple
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SWH as they were for bank habitat. This would not only suggest that the pre-existing
habitat favours exotic species, but that introduction of SWH provided high quality
habitat for the most abundant native fish species.
There were notable patterns in temporal succession of species richness and abundance
for both simple and complex SWH in the first few months following installation. One
month after installation (October 2004) mean species richness for both simple and
complex SWH was comparable with the pre-existing bank habitat demonstrating that
fish were quick to colonise the introduced SWH. However, it was not until a further
three months (January 2005) for complex SWH and four months (February 2005) for
simple SWH that mean species richness increased above that observed for bank
habitat.

After these sampling occasions, mean species richness for simple and

complex SWH appeared to become stable and followed the same temporal patterns as
bank and mid-channel habitats for the remainder of the study period. Mean fish
abundance in the first month after installation (October 2004) was comparable to that
observed for bank habitats; however, in the second month (November 2004) mean
abundance had increased substantially for both levels of SWH complexity and
remained higher than abundance in the pre-existing habitat types for the remainder of
the study period except July 2005 (winter).
Following the initial increases in mean species richness and abundance in the first five
months after SWH introduction, all habitat types followed the same temporal trends
among sampling occasions. However, the winter (July 2005) decreases in mean
species richness and abundance were most pronounced for simple and complex SWH.
In July 2005 mean fish species richness and abundance for simple SWH were lower
than observed for bank habitat. This suggests that bank habitat was preferred over
simple SWH during winter.

The same trend was observed for complex SWH,

although mean fish abundance was comparable to that for bank habitat and mean
species richness remained higher than in bank habitat in winter.
When G. holbrooki and R. semoni were included in the abundance analysis there was
no significant difference between bank habitat and both levels of complexity within
introduced SWH except in October 2005. However, exclusion of these species from
the analysis clearly demonstrates higher fish abundance for simple and complex SWH
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over both pre-existing habitat types. This highlights the importance of assessing the
fish assemblage for species such as exotics and schooling species which may
disproportionately influence the trends drawn from analysis of total abundance data.
8.5

Implications and conclusions

Although no significant increase in fish species and abundance was detected at the
pool scale, the SWH introduced appeared to provide habitat of high quality for the
fish assemblage at the scale of habitat type within pools.. There was higher mean
species richness and abundance observed in association with the introduced SWH
than with the pre-existing pool habitat. Further, the level of complexity within the
introduced SWH influenced fish responses, with species richness and abundance in
complex SWH higher than in simple SWH across the study period.
The simple SWH was utilized in a higher proportion than pre-existing habitat by the
native species M. cephalus and G. coxii, and habitat that was used in similar
proportions by the native species A. reinhardtii and M. novemaculeata. However, the
provision of increased structural complexity induced by the placement of additional
logs provided habitat of higher quality for most of the abundant native fish species (A.
reinhardtii, G. coxii and M. novemaculeata) than the simple SWH in the Hunter
pools. The introduced SWH was beneficial for the abundant native fish species, with
the abundant exotic species preferring pre-existing habitat.

This was most

pronounced for G. holbrooki which was not recorded from introduced SWH during
the study period. Cyprinus carpio utilized the introduced SWH but to a lesser extent
than the pre-existing habitat.
Patterns of succession were observed following the introduction of the SWH into the
treatment pools. Mean abundance appeared to level off after two months for both
levels of complexity within introduced SWH. There were differences in the rates of
succession between simple and complex SWH, with species richness leveling off after
three months on complex SWH and after four months on simple SWH.
These results suggest that fish species richness and abundance on introduced SWH
become saturated after only a few months.
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This may be a consequence of

interspecific interactions suggesting that each SWH unit can only support so many
fish or particular combinations of species.
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Chapter 9: General discussion
9.1

Introduction and objectives of this thesis

Rapid development of human societies associated with greater productivity of the
land and industrialisation has placed increasing pressure on terrestrial and aquatic
ecosystems all over the globe. Direct and indirect human-induced changes have
altered the natural form and function of river systems, which has led to a continuing
decline of aquatic ecosystem health (Chapter 1; Arthington & Welcomme 1995;
Dudgeon et al. 2006).

Anthropogenic changes to riverine habitats are a well

documented cause of declining fish populations (Arthington & Welcomme 1995;
Matthews 1998; Galat & Zweimuller 2001).

In Australia, the degradation of

freshwater ecosystems by humans (Connell 1974; Kingsford 2000; Bunn &
Arthington 2002) has substantially reduced the distributions and population sizes of
many freshwater fish species (Mallen-Cooper 1993; Gehrke et al 1999; Pollino et al.
2004). This has been particularly pronounced for lowland streams which are typically
associated with urban, agricultural and industrial development. One consequence of
the general decline in river condition has been the loss of in-stream Structural Woody
Habitat (SWH).

Structural woody habitat is now widely recognised as an important component of
stream ecosystems, particularly as fish habitat (Crook & Robertson 1999; Gregory et
al. 2003). Many observational studies have reported strong correlations between instream SWH and fish species diversity and abundance across a range of stream orders
and geographical zones worldwide (e.g. Lehtinen et al. 1997; Crook & Robertson
1999; Roni & Quinn 2001; Dolloff & Warren 2003; Pusey and Arthington 2003).
Chapter 1 reviewed the published literature and described the specific mechanisms
through which SWH can benefit fish assemblage structure and ecosystem function.
The mechanisms underpinning correlations between SWH and riverine fish
communities are diverse and are often site and species dependent. A conceptual
model of these relationships is presented in Figure 1.1.
In response to degradation of aquatic habitats, rehabilitation projects are now common
in developed countries and becoming increasingly so in developing countries (Cowx
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& Welcomme 1998; Shields et al. 2003). In Australia, the introduction of SWH
constitutes a large proportion of the in-stream habitat rehabilitation programs
conducted to date (Rutherford et al. 1999; Nicol et al 2002, 2005; Erskine & Webb
2003; Cottingham et al. 2005). However, until recently, river rehabilitation has been
undertaken with little knowledge or consideration of the natural structure and function
of rivers and the processes set in train when SWH is introduced to a river ecosystem.
Re-establishing SWH in rivers may help to restore some of the natural interactions
between wood, hydraulic processes and sediment regime, thereby increasing the
habitat heterogeneity that promotes increased species diversity and abundance
(Connell 1978; Pusey & Arthington 2003). Restoration of a more dynamic system
should also increase system resilience to some man-made disturbances (Gregory et al.
2003), although this would be partially dependent on a return to a more natural flow
regime (sensu Poff et al. 1997).
Restoration of natural wood sources for rivers (i.e. replanting of vast areas with
riparian vegetation) must be cost-efficient and occur on a large scale. This would
require consistent policy and investment over several decades.

The alternative

approach of deliberately placing SWH into streams may not be economically viable in
a long-term, large-scale plan, but may offer a short to medium term solution for
improving stream habitat and enhancing biological diversity and ecosystem function.
This thesis has explored two case studies involving medium term responses of native
and exotic fishes to the addition of SWH into degraded streams.
There have been many works undertaken introducing SWH to rivers to enhance fish
habitat around the world. While this effort reflects the desire to improve the health of
river systems, the actual biological implications for stream structure and function as a
result of these works remain largely unknown.

Some studies have clearly

demonstrated increases in fish species richness and abundance following SWH
introduction (e.g. Lehane et al. 2002; Zika & Peter 2002), yet only a small proportion
of the projects monitored to date have demonstrated an increase in fish production
(e.g. Beschta et al. 1994; Smokorowski et al. 1998; Pretty et al. 2003; Raborn &
Schramm 2003). Furthermore, of the few projects that have been assessed, many
have employed inappropriate experimental designs for detecting an ecological
response with any certainty. Downes et al. (2002) maintain that at present there is
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little understanding of the aims and techniques applicable to monitoring the outcomes
of stream rehabilitation.
This thesis addresses the need for quantitative evaluation of the ecological outcomes
of stream rehabilitation involving the introduction of SWH in two coastal streams in
New South Wales, Australia. It has assessed the key aspects of experimental design
that need to be taken into consideration when planning a monitoring program. The
structure of the thesis and the major outcomes are presented in Figure 9.1. The
purpose of this chapter is to provide a synthesis of the research design, results and
main insights obtained from the two experimental studies involving introduction of
SWH to streams that have been affected by loss of woody material over the past
decades.
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Figure 9.1: Conceptual model depicting the mechanisms by which Structural Woody Habitat (SWH) impacts on riverine fish communities. In addition, spatial
independence of study sites and habitat affinities were examined for the large bodied fish species (Appendix 9).
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9.2

The need for quantitative assessment of fish responses to SWH

In the absence of robust assessment the effectiveness of stream rehabilitation works
can only be assumed (Palmer et al 1997; Lake 2001). Considering the scale of works
and financial expense involved in introducing SWH to streams, this is a bold
assumption, particularly in light of the low success rates reported from the few
projects that have been assessed (Frissell & Nawa 1992; Smokorowski et al 1998;
Larson et al. 2001). If rehabilitation science is to progress, and resources used to
greatest effect, an understanding of rehabilitation success (i.e. degree to which
ecological structure and function have been restored) is essential.

Only by

quantitatively assessing various designs and techniques for re-introduction of SWH
can iterative development of improved approaches for rehabilitation of rivers and
their fish assemblages be achieved.
Appropriate experimental design is a critical requirement of rehabilitation assessment.
Without an appropriate design the inferences drawn from any statistical analyses may
have low inferential power and hence add little to our understanding of rehabilitation
effectiveness. The experimental design must account for natural spatial and temporal
variation in fish assemblages in order to assess the extent of impact of habitat
manipulations (Grossman et al. 1990; Arthington et al. 2006). An understanding of
the natural spatial and temporal changes in fish assemblages provides a background
against which hypotheses about patterns can be tested.

This is of particular

importance in monitoring stream rehabilitation for fishes due to the inherent natural
spatial and temporal variability exhibited by fish assemblages (Matthews & MarshMatthews 2006). Further, it has been demonstrated that fish assemblages in disturbed
streams (i.e. where rehabilitation is required) exhibit greater temporal variability in
species composition (lower persistence) and relative abundance (lower stability)
(Fitzgerald et al. 1998; Paller 2002).
In recent years there has been considerable development in the sampling designs and
statistical analysis used to measure the effects of negative environmental impacts that
take into account the large spatial and temporal variability that occurs in natural
systems (e.g. Green 1979; Underwood 1991, 1992, 1994; Warwick & Clarke 1995).
Degradation and rehabilitation may be likened to two sides of the same coin
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(Chapman 1999). Degradation is a change in the natural conditions to something
considered less desirable, while rehabilitation attempts to return degraded habitat to a
previous condition, or to a condition that is an improvement on the degraded state
(Bradshaw 1987; Simenstad & Thom 1996). There is, therefore, great potential to
apply designs and statistical techniques developed for assessing degradation towards
the converse situation, that is, monitoring ecological responses to river rehabilitation
(Chapman 1999; Downes et al. 2002). However, many of these techniques are yet to
be applied for rehabilitation assessments, and consequently, their value in measuring
the success or failure of rehabilitation remains untested.
The structure of this thesis follows the conceptual model presented in Figure 9.1.
This model depicts the mechanisms by which Structural Woody Habitat (SWH) can
affect riverine fish communities.

Drawing upon this model the thesis has been

designed to address the following objectives:
Chapter 1
•

To describe the need for SWH introduction in the context of the degradation
of rivers following anthropogenic disturbance

•

To review the published literature describing fish associations with SWH in
streams.

Chapter 2
•

To describe the physical characteristics, hydrology, land use, and fish diversity
of the Williams River study reaches and summarise anthropogenic impacts on
the aquatic environment

•

To provide the background context against which stream rehabilitation based
on the reintroduction of SWH was undertaken in the Williams and Hunter
Rivers.

Chapter 3
•

To assess longer term impacts on fish of river rehabilitation using the
introduction of SWH in the Williams River

•

To critically review the experimental design and subsequent analyses of the
Williams River study so as to inform the approach taken in the Hunter River
study.
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Chapter 4
•

To outline the rationale for rehabilitation of a river reach strongly influenced
by an array of direct and diffuse environmental stresses

•

To describe the hydrological and physico-chemical characteristics of the
Hunter River study reach over the study period

•

To describe the rehabilitation strategy for introducing SWH within riffle and
pool meso-habitat types of the Hunter River.

Chapter 5
•

To characterize the fish assemblages within two types of meso-habitat: pools
and riffles

•

To explore seasonal influences on fish assemblages and potential implications
for testing responses to habitat manipulation

•

To identify species within the fish assemblage which may have a
disproportionate influence on analysis of responses to SWH

•

To assess the adequacy of sites as replicates for testing fish responses to SWH
manipulation.

Chapter 6
•

To describe habitat availability in the Hunter River study pools and to identify
habitat variables which are potentially limiting factors for fish species and
assemblages in the Hunter River study pools, and to examine seasonal
differences in fish-habitat associations.

Chapter 7
•

To test the hypothesis that SWH introduction will increase fish abundance and
richness at a meso-habitat scale in the Hunter River

•

To examine changes in fish assemblage structure following SWH introduction.

Chapter 8
•

To compare mean fish species richness and abundance between two levels of
structural complexity within introduced SWH and pre-existing pool habitat

•

To assess patterns of succession in fish species richness and abundance
associated with two levels of structural complexity within SWH following
introduction
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•

To examine differences in fish assemblage structure/composition associated
with two levels of complexity within introduced SWH and pre-existing
habitat.

Appendix 9
•

To investigate site fidelity and habitat patch affinities of fish species within the
Hunter River study reach

•

To quantify spatial independence of sampling units within and between
sampling occasions.

The main outcomes of each component of the thesis are also presented in Figure 9.1.
The purpose of this chapter is to summarise these outcomes and to discuss and
synthesize them into an overview of issues relating to the design of river rehabilitation
projects and the quantitative assessment of fish responses to introduced SWH at the
reach scale (Williams River study) and the local pool-riffle scale (Hunter River
study). The final objective of this chapter is to develop a set of recommendations
relating to the design and analysis of fish responses to SWH restoration as guidance
for future studies and workers in this field of river rehabilitation.
9.3

Fish population responses to SWH introduction

9.3.1 Reach scale fish population responses to SWH introduction in the Williams
River
Chapter 3 of this thesis evaluated the longer term response of fish assemblages (five
years after SWH treatment) to the reach scale introduction of SWH in the Williams
River utilising a monitoring design created to test for fish responses. Two reaches of
comparable geomorphology 3.1 km apart were designated as control and test reaches,
but these were not of equivalent length (Brooks et al. 2004). It was anticipated that
these reaches would also support similar fish assemblages. Twenty Engineered Log
Jams (ELJs) were constructed throughout the reach (Fig. 3.3) to address site specific
geomorphological objectives (Table 3.1). Fish assemblages were sampled seven
months prior to and at intervals five years after wood introduction; however,
sampling was not systematic but based on the availability of heavily committed
electrofishing equipment and operators.

-209-

In the year following addition of SWH (December 2000 and April 2001) significant
increases in species richness and abundance of fish and changes in fish assemblage
structure were observed in the test reach (Brooks et al. 2004). There appeared to be
an association between the increased habitat complexity induced by the SWH
rehabilitation strategy and changes in the fish assemblage driven by an increased
abundance of Retropinna semoni and Gobiomorphus coxii, based on a two-way
ANOVA and ANOSIM (Brooks et al. 2004). In the test reach five years after SWH
introduction any effect on fish species richness, abundance and assemblage structure
noted in the first year following treatment appeared to have dissipated, with
significant differences between the test and control reaches no longer evident based
on a two-way ANOVA and ANOSIM (Brooks et al. 2006).
However, the two-way ANOVA ignored much of the temporal variation in fish
response attributable to seasonality.

Therefore, as part of this thesis, the fish

response data were re-analysed using a Before-After-Control-Impact-Paired (BACIP)
analysis (Downes et al. 2002). Data analysed with the full expression of the BACIP
model clearly revealed a significant increase in mean species richness per
electrofishing operation in the test reach following treatment, although there was no
sustained increase in abundance in the test reach following wood introduction.
Furthermore, exclusion of the mobile schooling R. semoni revealed that the initial
increase (Brooks et al. 2004) was driven solely by this species. This highlighted the
influence that a single species can have on inferences drawn about responses in terms
of total fish abundance.
The findings of the Williams River experiment suggested that the increased habitat
diversity in the test reach following SWH introduction was sufficient to elicit a
detectable and sustained response by fishes over the study period of five years. The
test reach, which had lower mean species richness than the control reach prior to
SWH introduction, approached mean richness levels of the control reach in the first
sampling period seven months after treatment and then remained comparable for the
remaining sampling periods over 5 years. In effect the control reach performed more
as a reference reach (i.e. target to reach) with respect to fish species richness. The
most plausible reason for the cessation of the increases in fish abundance reported by
Brooks et al. (2004) over five years, was the concurrent decrease in the availability of
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SWH within the wetted channel perimeter during the study period. The decrease in
available SWH was a result of structures being buried under gravel mobilised during
high flow events (Brooks et al. 2006).
The Williams River rehabilitation strategy was primarily aimed at addressing
geomorphic objectives and, as such, was largely successful. The SWH treatment in
the test reach halted further erosion of river banks, increased sediment storage and
increased both pool and bar areas within the test reach (Brooks et al. 2006). However,
this study supports a growing body of literature which suggests that geomorphic
success is not always synonymous with ecological success (Bond & Lake 2005; Borg
et al. 2007). The results from the Williams River study (Chapter 3) highlighted the
need for rehabilitation projects to attempt to take into account, and make allowances
for, multiple objectives a priori if they are to make a measurable difference to the
ecological health of the system.

Furthermore, there is a need to design habitat

structures to address a range of ecological goals and consider all members of the
aquatic community, not just fish assemblages. One of the main weaknesses of the
Williams River study in this regard was that the creation of woody habitat for fish was
regarded as a secondary objective from the outset, with priority given to achieving
geomorphic endpoints. These in themselves were admirable objectives but there was
insufficient attention, partly due to a lack of available information, to the design of
structures that could enhance habitat conditions for fish, and sustain habitat
enhancement over time.
The experimental design for the Williams River rehabilitation project was
representative of those typically employed to quantify rehabilitation success or failure
in the few works that attempt to monitor the effects of habitat manipulations for
fishes. As such it provided the opportunity to assess strengths and weaknesses in
experimental design for rehabilitation studies using SWH. Although some trends
were apparent in the fish response data, it was difficult to draw strong inferences
regarding fish response to SWH introduction due to inadequacies in the experimental
design.

Specifically, the Williams River experimental design suffered from:

unbalanced sampling effort between the test and control reaches (i.e. 11 electrofishing
operations in the control versus 30-39 operations in the test site), irregular temporal
sampling, a lack of spatial replication of treatments and controls, lack of temporal
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replication, and potential spatial autocorrelation (see Chapter 3, section 3.4.2 for a full
discussion).
9.3.2 Meso-habitat scale fish population responses to SWH introduction in the
Hunter River
The identification of experimental design inadequacies in the Williams River study
enabled a more robust experimental design to be employed for the Hunter River
rehabilitation study. In particular, aspects of the Hunter River study that improved
upon the Williams River study were: increased replication of treatments and controls
that were similar at the start of the experiment, increased temporal replication,
balanced sampling effort across all sites, systematic temporal sampling, and a
measure of spatial autocorrelation. Each of these issues is discussed in turn below.
All sites selected for treatment with SWH were located within the river reach selected
for the broader Upper Hunter River Rehabilitation Initiative (UHRRI) (Fig. 4.6). Six
riffles with comparable morphology and riparian characteristics were chosen for
experimentation, with three randomly selected for SWH introduction and the
remaining three used as controls. The distance between the riffles in the UHRRI
reach ranged from 55 to 510 m. Due to the close proximity of the UHRRI riffles to
each other, two comparable riffles were identified 6.5 km upstream, at the top of the
UHRRI reach, and 6.5 km downstream from the UHRRI reach (Fig. 4.6). Three
pools of similar morphology and riparian characteristics (Tables 4.6 and 6.1) within
the UHRRI reach were selected for introduction of SWH. Two pools of comparable
morphological and riparian characteristics (Tables 4.6 and 6.1) located at sufficient
distance to be considered spatially independent (3.9 km upstream and 5.1 kms
downstream from the treatment pools) were designated as controls (Fig. 4.6).
Sampling in both control and treatment sites was initiated 12 months prior to and 15
months after the introduction of SWH. The increased spatial replication of treatment
and control sites and temporal replication increased the variance against which
changes in fish assemblage responses to the introduction of SWH could be tested,
hence providing stronger inferential power.
All riffles were sampled with 4 electrofishing operations with a combination of
backpack and boat electrofishing gear, while pools were sampled with 24
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electrofishing operations (60 seconds electrofishing ‘power on’ time) carried out with
a boat electrofisher. The riffle sampling was, by necessity, standardised by time due
to differences in the physical characteristics among sites (Chapter 4). The provision
of standardised sampling effort between pools sites enabled the variability within
sites to be quantified on an equal basis.
The systematic quarterly sampling allowed changes in fish assemblages related to
seasonal influences to be separated from potential responses of fish to SWH
introduction. It was considered that samples taken at quarterly intervals would be
sufficiently spaced as to minimise temporal dependence and any potential
accumulative effects of sampling effort on fish assemblages.
To gain a measure of fish movement between site replicates and hence potential
spatial autocorrelation, a mark-recapture study was undertaken (Appendix 9). A total
of 902 large bodied fish (i.e. >200 mm) was tagged and released in the Hunter River
study reach between October 2004 and January 2006, with an overall recapture rate of
6.2% (n = 56) on subsequent sampling occasions. Only four fish (all M. cephalus)
were recaptured in a different pool to the one in which they had been tagged,
suggesting that there was little movement of the large bodied fish between pool sites
and that pool replicates and data sets were essentially independent.
To assess all potential sources of spatial and temporal variation, changes in fish
species richness and abundance following SWH introduction in the Hunter River
riffles and pools were quantified using a Multiple-Before-After-Control-Impact
(MBACI) model (Keough & Mapstone 1995). In Chapter 5 the fish assemblages
within two meso-habitat types (riffles and pools) were characterised. Examination of
the patchiness in abundance of individual species identified two species (G. holbrooki
and R. semoni) which may have had a disproportionate influence on abundance
analysis.

Thereafter abundance analyses were carried out with and without G.

holbrooki and R. semoni to assess whether their influence would alter the inferences
drawn from abundance analysis.
The introduction of SWH into riffles and pools in the Hunter River did not elicit a
strong response from fish populations at the meso-habitat scale (Chapter 7). In the
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riffle experiment, the introduction of SWH appeared to create additional habitat
diversity which was utilised by one native fish species (R. semoni) and one exotic
species (G. holbrooki). However, this increase was only statistically significant in
comparison to the close controls.

The lack of significant difference between

treatments and distant controls in the riffle experiment highlighted the difficulties
encountered in trying to locate suitable replicate control sites, even after the
appropriate steps had been taken to compare variances in fish assemblages in control
and treatment sites prior to habitat manipulation. It was anticipated from the outset
that the physical imposition of the riffle SWH structures would induce morphological
change in the riffles by mobilising the gravel during high flow events and thereby
providing a broader range of micro-habitat diversity. The weak response of fish
assemblages to SWH introduction in the treatment riffles may have been due partly to
the lack of gravel mobilising flows during the study period (see Chapter 4) which
coincided with a prolonged drought (Chapter 2).
No increase in fish species richness or abundance following SWH introduction in
treatment pools at the meso-habitat scale was detected by the MBACI analysis. The
most likely explanation for the lack of response to SWH is that the volume of wood
introduced was insufficient to elicit a measurable response from the fish assemblage
at the pool scale. Indeed, even though SWH introduction more than doubled the
wood loadings of the treatment pools (wood volume loadings increasing from 0.0007
– 0.0013 m3 m-2 before SWH introduction to 0.0016 – 0.0038 m3 m-2 afterwards)
(Table 4.7, Chapter 4) they were still only approximately 10% of those typically
reported for undisturbed streams in south-eastern Australia (0.011 - 0.044 m3 m-2)
(Marsh et al. 1999, Brooks et al. 2003).
In January 2006 there was a notable decline in fish species richness and abundance in
pools that was inconsistent with the seasonal trends observed over the rest of the study
period. The cause of the decline in species richness and abundance in January 2006
was not apparent but highlights the need for longer-term monitoring.

Without

ongoing monitoring it is impossible to know whether this decrease was short-term,
and followed by increases in fish abundance, or whether it was the start of a more
protracted decline in fish abundance.
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When G. holbrooki and R. semoni were excluded from the abundance analysis there
appeared to be a decline in fish abundance over the study period in both riffle and
pool sites (Figs. 7.4 and 7.8). Hydrological records presented in Chapter 2 (Fig. 2.3)
highlight the lack of high flows in the Hunter River over the study period. It is
possible that drought conditions may have affected fish responses to SWH
introduction by reducing recruitment in the study reach of the Hunter River, and/or
upstream and downstream of the UHRRI study reach. Reduced recruitment could
result in lower abundances of fish in the study reach and further afield and hence an
overall decline in the population available to colonise the introduced SWH.
9.4

Fish associations with introduced SWH

Fish associations with introduced SWH were examined for the Hunter River pools
(Chapters 6, 8 and Appendix 8) with additional information obtained from two
structures placed in pools in the Williams River (Chapter 3). In Chapter 6 habitat
electivity for different levels of coverage for a range of habitat characteristics were
estimated for two exotic species (C. carpio and G. holbrooki) and four native species
(A. reinhardtii, G. coxii, M. novemaculeata and M. cephalus). Chapter 8 compared
fish responses to two levels of structural complexity within introduced SWH
(designated simple and complex) with associations with pre-existing habitat
(designated bank and mid-channel) in the treatment pools.

Following SWH

introduction, treatment pools were sampled monthly from October 2004 until
February 2005, after which temporal sampling was continued on a quarterly basis
(April 2005 to January 2006). Patterns of succession in fish species richness and
abundance associated with two levels of structural complexity were assessed. A
mark-recapture experiment was carried out in the Hunter River between October 2004
and January 2006 (Appendix 9). Six fish species (Carassius auratus, C. carpio, M.
novemaculeata, M. cephalus, Potamalosa richmondia and T. tandanus) were of
sufficient size to be tagged with T-bar anchor tags. Of the six species tagged three
species (C. carpio, M. novemaculeata, M. cephalus) were recaptured in subsequent
sampling.
Chapter 6 examined the availability of habitat for fishes in Hunter River pools over
the project period. The contemporary habitat conditions within the Hunter River
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pools, and the entire Hunter River study reach, largely reflect the anthropogenic
impacts/alterations following European settlement in the 1820s (Chapter 2). The
species composition of riparian vegetation was comparable between all Hunter River
pools, being strongly dominated by Salix babylonica which were planted from 1964
onwards in an effort to stabilize heavily eroding banks (Erskine 1992). As a result of
the pools being dominated by S. babylonica there was little potential for recruitment
of SWH in-stream from local riparian sources. The availability of all in-stream
habitat types, including SWH, was low across all pools in the Hunter River study
reach. Part of the reason for the low levels of in-stream habitat was the targeted
removal of flow obstructions (such as fallen timber) during the river training works
period (1964 until the late 1990s) (Fig. 2.9).
Most rivers in south eastern Australia have been severely modified, often to the
detriment of native fish species and benefit of exotic species (Harris & Gehrke 1997;
Murray Darling Basin Commission 2002).

The contemporary, highly modified,

condition of the Hunter River (Fig 2.11) is likely to have facilitated the invasion and
subsequent successful establishment of exotic fish species, particularly C. carpio and
G. holbrooki. This assertion is consistent with the findings that C. carpio and G.
holbrooki displayed a strong affinity for high coverage levels of S. babylonica and
associated overhanging vegetation (Fig. 6.3a, Chapter 6).

The utilization of S.

babylonica by most native fish species, in contrast, appeared to reflect obligatory use
in the absence of more suitable habitat (i.e. there were few strong preferences for S.
babylonica or associated overhang). The success of the exotic fish species was likely
to have placed pressure, additional to that imposed by the anthropogenic alterations to
the river system, on native fish species through competition for resources and/or
predation on eggs and larvae (e.g. G. holbrooki) (Fig. 2.11).
Many species of stream fish are not micro-habitat specialists but are capable of
occupying a broad range of habitat conditions (e.g. Moyle & Baltz 1985; Pusey et al.
2004). Fish-habitat associations within a given stream or river reach are expressed
relative to the available habitat and may represent obligatory rather than facultative
use. Among habitat variables, individual fish species displayed differing strengths of
association and degrees of specificity (Chapter 6).
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Two of the native fish species, A. reinhardtii and M. cephalus, did not show strong
associations for particular coverage levels of most riparian and in-stream habitat
variables. Anguilla reinhardtii is capable of utilising a diverse array of habitats as
reflected in the wide range of lentic and lotic habitats in which it occurs (Pusey et al.
2004). The broad range of coverage levels for most habitat characteristics over which
M. cephalus was collected was considered to be a reflection of the mobile foraging
habits of this species (Kesteven 1953; Pusey et al. 2004).

The most notable

association for habitat coverage levels by M. cephalus was the preference for both the
introduced SWH (both simple and complex). Mugil cephalus showed a seasonal
interaction in its electivity for simple SWH, with strong avoidance in winter and
strong preferences in spring and summer, which may have been related to a reduction
in foraging activity at lower water temperatures.
While several studies have documented the meso-habitat associations of G. coxii
(Richardson 1984; Pusey et al. 2004) there is very little literature on habitat
associations within meso-habitat types.

Gobiomorphus coxii displayed a strong

preference for the 1-20% coverage levels of both S. babylonica and overhanging
vegetation.

However, there was an avoidance of the higher coverage levels of

overhang. G. coxii showed a preference for littoral grass, even in moderate amounts
(<40% coverage). While G. coxii did not show a preference for pre-existing lower
levels of complex and simple SWH, and even an avoidance of moderate levels of
complex SWH, there was a strong preference for the introduced SWH (both simple
and complex). The strong affinity of G. coxii with introduced SWH was consistent
with the response to individual SWH structures observed in the Williams River (Figs.
3.10 and 3.11).
Macquaria novemaculeata displayed preferences for moderate levels of S.
babylonica, overhang, undercuts and both pre-existing simple and complex SWH.
While M. novemaculeata showed an increasing preference for increasing coverage
levels of complex and simple SWH, the strongest preference for these habitat features
was exhibited for the introduced SWH (both simple and complex).

The strong

affinity of M. novemaculeata with introduced SWH was consistent with the response
to individual SWH structures in the Williams River (Figs. 3.10 and 3.11). These
results support previously reported preferences of M. novemaculeata for overhanging
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vegetation, bank undercuts and SWH (Richardson 1984), and are consistent with the
assertion that this species is an ambush predator (Allan et al. 2002; Pusey et al. 2004).
The habitat associations described in Chapter 6 support and extend current
understanding of fish-habitat associations for the species recorded in Hunter River
pools.

These results contribute to the growing body of literature regarding the

ecological requirements of Australian freshwater fishes (e.g. Pusey et al. 2004).
However, further study is required to empirically determine habitat associations
across a broader range of stream conditions and across larger spatial scales.
Comparisons of fish associations between two levels of complexity within introduced
SWH and pre-existing habitat (i.e. bank and mid-channel), described in Chapter 8,
suggested that the introduced SWH provided habitat of high quality. Higher mean
fish species richness and abundance were observed in association with introduced
SWH (both simple and complex) than with the pre-existing pool habitat across the
study period (October 2004 to January 2006).
Of the two categories of pre-existing habitat sampled in the study pools, all species
except M. cephalus were more abundant in bank than mid-channel habitats. This may
be due, in part, to the low amounts of in-stream habitat such as SWH in the study
pools (Chapter 6) supporting the assertion that in-stream habitat was a limiting factor
for fish in the Hunter River. The higher abundance of M. cephalus in mid-channel
habitat likely reflected the mobile foraging habits of this species (Kesteven 1953;
Pusey et al. 2004).
The level of complexity within introduced SWH influenced fish responses, with
species richness and abundance in complex SWH higher than in simple SWH across
the study period. This response was reflected in the abundances of the five most
abundant species collected from the introduced SWH (A. reinhardtii, C. carpio, G.
coxii, M. novemaculeata and M. cephalus) with all species, except M. cephalus,
showing a stronger association with the complex SWH than with simple SWH. The
simple SWH was utilized in a higher proportion than pre-existing habitat by the native
species M. cephalus and G. coxii. However, the provision of increased structural
complexity within the introduced SWH, induced by the placement of additional logs,
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provided habitat of higher quality for three of the four most abundant native fish
species (A. reinhardtii, G. coxii and M. novemaculeata) than the simple SWH in the
Hunter River pools.
The difference in fish assemblage structure between bank habitat and both simple and
complex SWH was due to the higher abundance of exotic species (C. carpio and G.
holbrooki) from bank habitats and higher abundance of native species (A. reinhardtii,
G. coxii, M. cephalus and M. novemaculeata) from the simple and complex SWH.
However, the abundances of A. reinhardtii and M. novemaculeata were comparable
for simple SWH as they were for bank habitat.
Gambusia holbrooki was not captured in association with the introduced SWH during
the study period. While C. carpio utilized the introduced SWH, this species showed a
stronger association with the pre-existing habitat. The concern that the introduction
of SWH would also provide habitat for the two abundant exotic species (C. carpio
and G. holbrooki) appears to be unfounded for the Hunter River pools. In contrast,
the strong preference of all abundant native species for the introduced SWH suggests
that this provided a habitat type of high quality which appeared to be limiting in the
study reach.

These results are consistent with results reported in the published

literature that SWH provides important habitat for a number of Australian native
species (Koehn & O’Connor 1990, Pusey et al. 2004, Boys & Thoms 2006), and
support the suggestion that habitat rehabilitation using SWH may help prevent the
establishment of exotic fish populations, reduce their abundance where already
present and benefit native fish populations (Arthington et al. 1990; Moyle & Light
1996; Koehn et al. 2000).
There were notable patterns in temporal succession of species richness and abundance
for both simple and complex SWH in the first few months following installation. One
month after installation (October 2004) mean species richness for both simple and
complex SWH was comparable with that for pre-existing bank habitat, demonstrating
that fish were quick to colonise the introduced SWH. However, it was not until a
further three months (January 2005) for complex SWH and four months (February
2005) for simple SWH that mean species richness increased above that observed for
bank habitat. Mean fish abundance in the first month after installation (October 2004)
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was comparable to that observed for bank habitats; however, in the second month
(November 2004) mean abundance had increased substantially for both levels of
SWH complexity and remained higher than abundance in the pre-existing habitat
types for the remainder of the study period except July 2005 (winter). These results
suggest that fish species richness and abundance on introduced SWH may have
become saturated after only a few months.

This may be a consequence of

interspecific interactions, suggesting that each SWH unit can only support a particular
density of fish or particular combinations of species.
Following the initial increases in mean species richness and abundance in the first five
months after SWH introduction, all habitat types (i.e. bank, mid-channel, simple SWH
and complex SWH) followed the same temporal trends among sampling occasions.
However, the winter (July 2005) decreases in mean species richness and abundance
were most pronounced for simple and complex SWH. In July 2005 mean fish species
richness and abundance for simple SWH were lower than observed for bank habitat
(Fig. 8.1). This suggested that bank habitat was preferred over simple SWH during
winter.

A similar trend was observed for complex SWH, although mean fish

abundance was comparable to that for bank habitat and mean species richness
remained higher than in bank habitat in winter.
All fishes recaptured during the present study displayed some evidence of restricted
home ranges and fidelity for habitat patches within the reach (Appendix 9). All four
C. carpio were recaptured in the same pool in which they were tagged after periods of
between 1-10 months, suggesting a confined home range for these individuals at least.
These results are consistent with other studies undertaken in Australia describing
restricted movements of riverine populations of C. carpio (Reynolds 1983; Crook
2004; Jones & Stuart 2007). At smaller scales C. carpio appeared to have a strong
association with SWH with all individuals either caught and/or recaptured on SWH.
These findings are consistent with recent research (Crook et al. 2001; Nicol et al.
2004) that C. carpio are less associated with habitat variables at the meso-habitat
scale than at the micro-habitat scale.
There was strong evidence of site fidelity and restricted home range for M.
novemaculeata with 77.8% (n = 7) of fish recaptured within 25 m of the tagging site.
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All but one recaptured M. novemaculeata was caught and/or recaptured on SWH,
although there did not appear to be any preference for complex or simple SWH.
These results are consistent with the findings of Gehrke et al. (2001) who observed a
restricted home range for daily movements of M. novemaculeata except for infrequent
excursions over greater distances undertaken by a small number of individuals.
The recapture of seven M. cephalus along the coast north of the Hunter River estuary,
up to 650 km from the study reach. Extensive northward spawning runs of M.
cephalus are well documented (Kesteven 1953, Thomson 1955). This highlighted the
connectivity of stream and marine ecosystems and the potential for rehabilitation
works to have effects far beyond the study reach and vice versa.
While the spawning movements of M. cephalus are well documented in the literature
(Kesteven 1953; Thomson 1955) there is little published literature on the localised
movements of adults during residence in freshwaters. The present study suggested
that M. cephalus have restricted home ranges for at least part of their residency in
freshwaters, with 60.4% of individuals recaptured within 50 m of the original tagging
site after periods of 1-15 months. Mugil cephalus recaptured in pools showed a
strong affinity for SWH with 88.4% of individuals either tagged or recaptured on
SWH. Furthermore, of individuals tagged on SWH and recaptured at other sites,
30.8% were recaptured on another SWH unit. The mark-recapture experiment did not
indicate a preference of M. cephalus towards the level of complexity (i.e. simple or
complex) within SWH, which was consistent with the findings of Chapter 8 where
similar mean abundances were recorded for M. cephalus on both simple and complex
SWH. Mugil cephalus also displayed a high degree of site fidelity towards SWH with
94% of individuals recaptured at their tagging location caught on SWH, and one fish
recaptured twice off the same SWH unit. These results suggest that SWH provided
high quality habitat for this species, and suggested that some of the needs of the fish
(e.g. food and habitat) were being met by remaining near or visiting SWH. The
higher rate of recapture of M. cephalus in the treatment pools (7.6-9.9%) than control
pools (0-3.8%) suggested that introduction of SWH may have increased retention of
this species in the treatment pools.
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The mark-recapture study provided valuable information on fish movements and
affinities for particular habitat patches within the Hunter River study reach (Appendix
9). While the results of the mark-recapture experiment provided insight into the site
fidelity and home ranges of theses species, to adequately characterise fish movements
of the three species recaptured, detailed movements of individuals and/or a longer
term mark-recapture dataset would be required.

Behavioural studies allow

comparisons of habitat quality of treatment and reference sites based on behaviours
that have fitness consequences (Lindell 2008). The absence or presence of critical
resources in sites undergoing restoration may determine the success of the restoration
effort with regard to particular species.

The few studies that have incorporated

behavioural data into assessments of rehabilitation success have been focussed largely
on birds (e.g. Holl 1998; Brusati et al. 2001; Armitage et al. 2007). The results of the
mark-recapture study in the Hunter River, although limited, highlighted the significant
role behavioural studies of fish can have in assessing rehabilitation success.
The results for habitat preferences and site specific responses are consistent with the
available literature describing strong associations for particular fish species with SWH
(e.g. Koehn & O’Connor 1990; Pusey et al. 2004), and imparted a strong biological
rationale and justification for the introduction of SWH as a river rehabilitation
strategy.
9.5

Insights into the improvement of design of habitat rehabilitation programs

This thesis has demonstrated that in order to detect a true effect of rehabilitation
success (or otherwise) the natural spatial and temporal variation of riverine fish
assemblages needs to be adequately characterized (Downes et al. 2005; Arthington et
al. 2006). This requires the establishment of suitable treatments and controls, in terms
of geomorphology, habitat structure and fish assemblages. To determine the inherent
differences in these factors among study sites there needs to be ample lead in time to
assess temporal patterns in physical and biological attributes, such as those that can be
expected to arise in relation to seasonal variations in flow and sediment regime,
temperature, habitat structure (including natural woody habitat features), and the
response of the fish assemblage to such environmental variability.

Quarterly

sampling proved to an effective way of achieving this. Alternatively, in situations
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where funding does not allow for seasonal sampling, all annual sampling should take
place at the same time of year in relation to flow regime or thermal regime, or both
(Kennard et al. 2006).
The Hunter River study reinforced the findings of the Williams River study that fish
ecologists should take into account the potential influences of highly abundant species
when analysing abundance data.

Examination of site total abundances for each

sampling occasion revealed substantial patchiness in the abundance distributions of G.
holbrooki and R. semoni in the Hunter River (Chapter 5). Over half of G. holbrooki
abundance in pools (52%, n = 2,978) was recorded from nine sites (15% of all site
samples), with 456 individuals (19%) recorded from a single site sample. Similarly,
73% of G. holbrooki (n = 155) was recorded in six riffle samples (7% of all site
samples). Retropinna semoni also displayed a patchy distribution, with 75% (n =
382) recorded from six pool samples (10% of all site samples). Similarly, 32% (n =
162) came from only five samples (6% of all site samples).
In the case of the riffle experiment, analysis of total fish abundance would have
inferred that the introduction of SWH significantly increased the abundance members
of the fish assemblage relative to the close controls, which may be a little misleading
considering the mobile, schooling habits of G. holbrooki and R. semoni. When G.
holbrooki and R. semoni were included in the abundance analysis there was no
significant difference between bank habitat and both levels of complexity within
introduced SWH except in October 2005. However, exclusion of these species from
the analysis clearly demonstrated higher fish abundance for simple and complex SWH
compared with both pre-existing bank and mid-channel habitat types.

This

highlighted the importance of assessing the fish assemblage for species such as
exotics and schooling species which may disproportionately influence the trends
drawn from analysis of total abundance data.
The BACIP model was an effective statistical tool for monitoring changes in fish
assemblages between paired treatment and control reaches, detecting a change in
species richness which was not detected in the Williams River study using a two-way
ANOVA. The Williams River study demonstrated that the strength of the inferences
that can be drawn from BACIP analyses is largely dependent on the adequacy of the
-223-

experimental design. Specifically, the Williams River experimental design suffered
from: unbalanced sampling effort between the test and control reaches (i.e. 11
electrofishing operations in the control versus 30-39 operations in the test site),
irregular temporal sampling, a lack of spatial replication of treatments and controls,
lack of temporal replication, and potential spatial autocorrelation.
Within the context of the Hunter River experimental design, the MBACI model
proved to be an effective analytical tool for assessing fish responses to SWH
introduction.

The sensitivity of the MBACI model was conveyed in the riffle

experiment, where relatively small changes were detectable in spite of background
seasonal variation. Most importantly the model allowed effects to be tested against
the correct error source hence reducing the chance of the misinterpretation of results
due to pseudoreplication (sensu Hurlbert 1984).

While the use of multivariate

measures is limited in its ability to directly detect the interaction of interest (BeforeAfter x Control-Impact), here they provided valuable information which
complemented the univariate analyses.
It is important to gain a measure of independence of sites in rivers due to their
unidirectional nature and movement patterns of fish. This thesis demonstrated that
this may be achieved in a number of ways. The use of close (potentially spatially
confounded) and distant controls (spatially independent) in the Hunter River riffle
experiment provided a means of testing site independence. In the Hunter River pool
experiment the mark-capture of individual fish provided a means understanding the
movements of individual fish.
While the BACIP and MBACI designs were appropriate for the Williams River and
Hunter River studies, several authors have cautioned against the use of cookbook
recipe style approaches to rehabilitation assessment (Chapman 1999; Downes et al.
2002). The type of model appropriate for any particular monitoring of rehabilitation
will be dictated largely by the availability of suitable sites, funding and logistical
constraints (Howell et al. 2005). There has been a broad range of experimental
designs and associated analytical tools developed for impact assessment, many of
which are likely to be as transferable as BACIP and MBACI approaches to measuring
rehabilitation responses.

In many cases, due to funding constraints, replicated
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treatments may not be possible. In such circumstances more than one control can be
used to gain a better measure of natural variation, and although such analyses will be
asymmetrical, models have been designed to account for asymmetrical designs
(Underwood 1992, 1993, 1994).
9.6

Management implications

The decrease in habitat availability typical in most degraded stream ecosystems is
often regarded as the primary factor that limits population and community recovery in
aquatic ecosystems. While the identification of habitat characteristics which may be
limiting ecological structure and function is a critical step in the rehabilitation
process, it is often overlooked (Bond & Lake 2003a). It is important to identify
variables that may be limiting fish assemblages and where they matter in the river
system so that habitat changes are implemented efficiently with respect to funding,
resources and the desired ecological outcomes (Bond & Lake 2003b). It is often
assumed that creating new habitat will rehabilitate ecological structure and function in
aquatic ecological communities (Palmer et al. 1997; Lake 2001; Brooks et al. 2002).
This approach to rehabilitation is based on the observation that increased habitat
heterogeneity is positively correlated with species richness and abundance (e.g. Bell
et al. 1991; Rosenzweig 1995). In reality this is not always the case, as demonstrated
by the population scale responses in the Williams River study (Chapter 3) and Hunter
River study (Chapter 7).
Experimental manipulations examining relationships between fish and SWH are
required to assist the development of techniques for the effective replacement of SWH
in rivers. However, information from any given project may only be relevant when
the techniques are applied at the same scale and in the biogeographic area where they
were developed. Not until techniques have been tested for a wide range of SWH
types and stream and fish assemblages can there be any level of confidence that there
will be any meaningful ecological benefit for aquatic communities.
One of the key outcomes of this thesis is the potential benefits for Australian native
fishes. In the Hunter River pools, the introduction of SWH provided habitat of quality
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for the native fish species, while the pre-existing, highly modified, habitat that
appeared to favor the exotic fish species.
Issues of cost effectiveness and ability to detect changes with a degree of confidence
and scientific defensibility are necessary to convince environmental managers and
funding agencies to invest (Maher et al. 1994). Therefore it is useful to spend money
at the outset when setting up the most appropriate design.

There needs to be

collaboration between ecologists, statisticians and geomorphologists working with
managers to develop strong experimental designs with clearly defined ecological
endpoints. A few well-designed projects can convince managers to invest in SWH
introduction in degraded rivers, while poorly designed SWH experiments may
undermine such rehabilitation efforts and turn managers and the community against
such investments.
The reach scale proved to be useful for experimentally testing for fish responses, but
is unlikely to have a meaningful impact to fish populations.

Some theoretical

rehabilitation models suggest that rehabilitation efforts should concentrate on the
upper, less disturbed parts of catchments before attempts are made on downstream
reaches (e.g. Rutherfurd et al. 1999). Wood reintroduction may be more effective
where local habitats or fish communities are known to be potential strongholds for
recolonization of adjacent degraded sites or in reaches that could serve as “stepping
stones” between known strongholds. The amount of introduced SWH required to
return wood loadings in rivers to pre-disturbance levels may be beyond the funding
and available wood resources for most agencies.

It is therefore imperative that

introduction of SWH be accompanied by re-instatement of riparian vegetation.
Effective revegetation through active planting and natural colonization, accompanied
by control of the causes of devegetation (e.g. livestock grazing, agriculture,
urbanization), may be the most effective long term method of increasing wood
loadings in streams over large spatial scales and timeframes. The re-establishment of
riparian vegetation would not only provide a long-term solution to SWH recruitment,
but would also provide a broad range of additional ecological benefits for fishes
(Pusey & Arthington 2003).
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This thesis highlighted the benefits of increasing complexity within introduced SWH
at little additional cost.

The provision of increased structural complexity was

achieved with little additional cost but with greater ecological benefits (i.e. higher fish
species richness and abundance).
9.7

Conclusions

In the face of these widescale changes in land use there has been a continuing decline
in the biological diversity of freshwater ecosystems (Dudgeon et al. 2006). The
increasing concern among scientists and the general community of the widescale
regarding impacts of human activities on rivers has articulated the need for river
rehabilitation.

One of a range of techniques attempting to improve ecological

structure and function in rivers in recent times has been the introduction of SWH.
A comprehensive approach is needed to take into account the degree to which SWH is
limiting habitat, food resources, spawning, recruitment and fish production. The
constraints on fish production due to limited SWH must be assessed in the context of
other factors that limit fish populations such as altered flows, catchment degradation
and pollution (Crook & Robertson 1999). Introduced SWH may not suit all species in
a river system, and this must be acknowledged at the outset when setting ecological
goals. This study has identified the Australian native fish species that are likely to
respond well in future SWH restoration projects, specifically G. coxii, M.
novemculeata and M. cephalus.
This thesis has highlighted the need for assessment of a wider range of fish responses
to SWH such as how the addition of woody habitat might affect recruitment and long
term population viability in the river system, not just the treated reach. Such an
analysis should be informed at the outset by knowledge of the life history strategies
and movement behaviour/migration of fish species and how species possessing a
range of traits might be expected to respond to introduced SWH at various spatial
scales. Such investigations were beyond the scope of this thesis.
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Appendix 1: Specifications of introduced Engineered Log Jams (ELJs) in the
Williams River test reach (Chapter 3).
Log structure identification codes and characteristics as per Figure 3.3. Low flow wetted surface areas
were estimated for the typical low flow conditions of around 1 cumec (modified from Brooks et al.
2006).
Estimated Surface Area of Wood in Low Flow
2
Channel (m )
Total
Surface
Approx. Area of
Wood
Structure Structure Number Volume Structure Wood
3
3
2
Number
ID
logs
(m ) Volume (m ) (m )
1

Nov
2000

Mar
2001

Jun
2001

Dec
2003

May
2004

DFJ1

59

53.4

224

750

187

225

225

206

195

2

DFJ2

59

43.7

231

587

147

176

176

161

153

3

BRVT1

7

8.6

12

95

29

29

38

33

31

4

DFJ3

6

6.6

26

82

4

0

0

0

0

5

LS1

3

2.6

2.6

39

4

10

10

4

6

6

BAJ1

24

18.3

65

261

0

13

52

65

26

7

DFJ4

25

19.5

104

279

70

0

0

0

0

8

DFJ5

28

23.8

106

331

17

66

17

33

0

9

DFJ6

40

40.2

132

583

146

29

29

29

29

10

LS2

3

2.1

2.1

37

18

22

33

33

28

11

BRVT2

7

12.8

14

114

57

68

68

68

68

12

LS3

5

4.5

4.5

65

0

0

0

0

0

13

DFJ7

109

91.9

260

1284

96

0

0

0

0

14

LS4

5

6.2

6.2

73

18

29

0

0

0

15

LS5

6

4.9

4.9

79

20

12

0

0

0

16

DFJ8

11

9.6

19

129

0

0

0

13

6

17

LSC1

14

16.7

16.7

197

59

59

69

79

69

18

BRVT3

9

10.9

17

121

24

18

6

0

0

19

BAJ2

13

10.6

55

154

8

0

15

23

8

20

DFJ9

3

2.5

11

34

0

0

1.7

1.7

1.7

TOTAL

436

389

1277

5294

903

756

740

750

621
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Appendix 2:

Average dimensions of SWH recorded in pools during surveys prior to wood reintroduction

Characteristic
Mean diameter (trunk)
(m)
Length (trunk)
(m)
Surface area (trunk)
(m2)
Volume (trunk)
(m3)
Number of appendages

Volume (trunk and branches)
(m3)
Root ball diameter
(m)

Min
Max
Mean (± SE)
Min
Max
Mean (± SE)
Min
Max
Mean (± SE)
Min
Max
Mean (± SE)
Min
Max
Mean (± SE)
Min
Max
Mean (± SE)
N
Min
Max
Mean (± SE)

Below Whites
(n = 25)
0.1
0.6
0.24 ± 0.03
1.0
22.0
5.5 ± 0.8
0.7
28.8
4.97 ± 1.2
0.02
4.24
0.35 ± 0.14
0
11
1.0 ± 0.4
0.02
4.56
0.44 ± 0.16
6
0.15
2.0
1.1 ± 0.2

Edinglassie
(n = 23)
0.1
0.4
0.23 ± 0.02
1.0
10.0
4.3 ± 0.6
0.6
12.8
3.47 ± 0.65
0.02
1.26
0.20 ± 0.06
0
6
1.8 ± 0.4
0.02
1.83
0.30 ± 0.09
6
0.15
2.0
0.9 ± 0.2
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Whites Winery
(n = 32)
0.1
0.45
0.27 ± 0.02
1.0
15.0
5.3 ± 0.8
0.5
13.4
4.67 ± 0.70
0.01
1.4
0.29 ± 0.06
0
20
2.7 ± 0.7
0.01
2.63
0.39 ± 0.09
12
0.15
1.5
1.1 ± 0.1

Olive pool
(n = 24)
0.1
0.65
0.20 ± 0.03
1.0
9.0
4.1 ± 0.4
0.4
8.8
2.87 ± 0.45
0.01
1.33
0.17 ± 0.06
0
10
2.9 ± 0.6
0.01
1.45
0.24 ± 0.07
1
0.15
1.0
1.0 ± 0.1

Racecourse
(n = 21)
0.1
0.75
0.26 ± 0.4
1.0
10.0
3.6 ± 0.5
0.5
10.3
3.17 ± 0.58
0.01
1.77
0.21 ± 0.07
0
10
2.0± 0.48
0.02
4.69
0.35 ± 0.17
2
0.15
2.0
1.5 ± 0.5

All pools
(n = 125)
0.1
0.75
0.24 ± 0.01
1.0
22.0
4.64 ± 0.28
0.4
28.8
3.89 ± 0.33
0.01
4.24
0.26 ± 0.04
0
20
2.2 ± 0.3
0.01
4.69
0.36 ± 0.06
27
0.15
2.0
1.1 ± 0.10

Appendix 3:

Specifications of introduced riffle Deflector Jams (DFJs)
Log type

Riffle 1
Upstream structure
Downstream structure
Riffle 2
Upstream structure
Downstream structure
Riffle 4
Upstream structure
Downstream structure

Key
footers

Key
logs

CrossSpanners

Longitudinal
Logs

Piles

Total
Logs

Approx.
Wood
Volume
(m3)

Approx.
Structure
Volume
(m3)

Total
Surface
Area
(m2)

Estimated Surface Area
of Wood in Low Flow
Channel
(m2)

1
1

4
4

3
3

7
9

11
4

26
21

24.8
23.1

100
160

198.8
215.2

9.9
75.3

1
1

4
4

1
3

4
9

5
7

15
24

16.1
23.5

105
120

135.8
140.6

13.6
35.1

1
1

4
4

2
3

5
9

2
0

14
17

14.9
21.6

96
180

132.4
190.8

6.6
66.8
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Specifications of introduced Pool Jams (PJs)

8
7
6
6
8
8
6
6
8
6
8
8
6
7
6
6
6
6
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2.1
4.2
4.2
4.2
2.1
2.1
2.1
4.2
2.1
4.2
2.1
2.1
4.2
4.2
4.2
4.2
4.2
4.2

2.06
3.86
3.26
3.40
2.64
2.56
5.37
3.80
2.25
5.31
2.32
2.27
3.49
5.26
3.99
2.41
4.72
4.05

6.05 (103)
3.76 (55)
4.11 (60)
3.72 (59)
3.91 (64)
5.83 (75)

2.06
3.86
9.30
3.40
6.40
2.56
5.37
3.80
6.36
5.30
2.31
5.98
3.49
5.26
3.99
6.31
4.72
9.88

40.38
72.39
62.34
63.56
42.04
41.18
71.57
71.86
44.11
71.32
42.03
42.06
52.86
78.48
64.07
61.88
73.89
61.50

113.80
60.34
72.09
62.84
84.98
106.17

Totals

16.8
29.4
25.2
25.2
16.8
16.8
12.6
25.2
16.8
25.2
16.8
16.8
25.2
29.4
25.2
25.2
25.2
25.2

Complex
additions

24.6
44.9
38.4
39.1
29.1
26.7
18.5
44.6
31.4
45.2
26.5
26.4
31.3
51.7
41.5
35.1
45.9
40.0

Simple
structure

0.8
1.5
1.3
1.3
1.0
0.9
0.6
1.5
1.1
1.5
0.9
0.9
1.1
1.8
1.4
1.2
1.6
1.4

Total surface area of wood
(m2)

Totals

10
17
15
15
9
9
12
17
11
12
10
10
10
15
13
20
15
12

Complex
additions
(N)

Simple
Simple
Complex
Simple
Complex
Simple
Simple
Simple
Complex
Simple
Simple
Complex
Simple
Simple
Simple
Complex
Simple
Complex

Wood volume
(m3)
Structure

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Weight
(tonnes)

Number of
logs

Ballast
specifications
Number

Structure level

Volume
(m3)

Fish
Jam
Number

Structure
Height
(m)

Structure
dimensions

Totals

Appendix 4:

40.38
72.38
176.14
63.55
102.38
41.17
71.56
71.86
116.20
71.31
42.03
104.90
52.87
78.48
64.08
146.87
73.89
167.67

Appendix 5: Electrofishing operations in the Hunter River study reach. Sampling types Q = quarterly sampling and M = monthly post SWH
introduction.

Sample type
Pools
Treatment
Edinglassie
Whites winery
Below whites
Control
Olive pool
Racecourse
Totals
Riffles
Treatment
Riffle 1
Riffle 2
Riffle 4
Close control
Riffle 3
Riffle 5
Riffle 6
Distant control
Olive riffle
Keys bridge

Before SWH introduction
Oct-03 Jan-04
Apr-04 Jul-04
Q
Q
Q
Q

Nov-04
Q,M

Totals
Jul-05
Q

Oct-05
Q

Jan-06
Q

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

24
24
24

312
312
312

-

24
24

24
24

24
24

24
24

24
24

-

24
24

-

24
24

24
24

24
24

24
24

240
240

72

120

120

120

120

120

72

120

72

120

120

120

120

1416

-

4
4
4

4
4
4

4
4
4

4
4
4

4
4
4

4
4
4

4
4
4

-

4
4
4

4
4
4

4
4
4

4
4
4

44
44
44

-

4
4
4

4
4
4

4
4
4

4
4
4

4
4
4

4
4
4

4
4
4

-

4
4
4

4
4
4

4
4
4

4
4
4

44
44
44

-

4
4

4
4

4
4

4
4

4
4

4
4

4
4

-

4
4

4
4

4
4

4
4

44
44

32

32

32

32

32

32

32

32

32

32

32

352

152

152

152

152

152

104

152

152

152

152

152

2120

Totals
Grand Total

Oct-04
Q

Sampling Time
After SWH introduction
Dec-04
Jan-05
Feb-05 Apr-05
M
Q,M
M
Q

72
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Appendix 6: Similarity of percentages (SIMPER) of fish assemblages between
seasons in all control riffles over the study period and all pools prior to wood
introduction for which significant differences were detected (p < 0.05)
Species
Riffles

Mean Abundance per 60 seconds electricity

Cum.%

Mugil cephalus
Retropinna semoni
Tandanus tandanus
Anguilla reinhardtii

Winter
0.0064
0.0171
0.0076
0.0252

Spring
0.0302
0.0000
0.0014
0.0658

26.65
51.5
68.79
78.05

Tandanus tandanus
Retropinna semoni
Mugil cephalus
Gobiomorphus coxii

Winter
0.0076
0.0171
0.0064
0.0065

Summer
0.0013
0.0049
0.0045
0.04

20.79
39.63
54.77
69.56

Retropinna semoni
Mugil cephalus
Tandanus tandanus
Gobiomorphus coxii

Winter
0.0171
0.0064
0.0076
0.0065

Autumn
0.0071
0.0112
0.0103
0.0360

18.09
35.59
50.63
64.27

Gambusia holbrooki
Retropinna semoni
Gobiomorphus coxii
Carassius auratus

Winter
0.2
52.2
2.0
0.0

Autumn
98.4
0.2
16.2
1.6

31.33
49.8
60.67
70.27

Gambusia holbrooki
Retropinna semoni
Gobiomorphus coxii
Potamolosa richmondia

Winter
0.0
52.2
2.0
1.6

Summer
167.4
10.0
16.2
1.4

35.35
53.84
64.85
73.29

Gambusia holbrooki
Retropinna semoni
Potamolosa richmondia
Anguilla reinhardtii
Gobiomorphus coxii

Winter
0.0
52.2
1.6
3.4
2.0

Spring
48.0
7.8
1.3
6.5
6.0

30.83
50.49
59.39
67.12
74.71

Retropinna semoni
Carassius auratus
Potamolosa richmondia
Gambusia holbrooki
Gobiomorphus coxii
Hypseleotris compressa

Spring
7.8
0.3
1.3
48.0
6.0
0.5

Autumn
0.2
1.6
2.2
98.4
16.2
0.2

21.5
35.26
47.08
57.38
66.78
74.07

Retropinna semoni
Gambusia holbrooki
Potamolosa richmondia
Gobiomorphus coxii
Carassius auratus
Hypseleotris compressa

Spring
7.8
48.0
1.3
6.0
0.3
0.5

Summer
10.0
167.4
1.4
16.2
1.4
0.0

24.13
38.85
50.04
59.55
68.94
75.54

D%
39.47

38.37

36.17

Pools
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36.58

35.40

30.51

20.72

20.23

Appendix 7: Summary of F values and their associated significance levels (p) for fish electivity between coverage levels of habitat variables
for the six most abundant fish species in the Hunter River pools. Significant values in bold.
Anguilla
reinhardtii

Cyprinus
carpio

Gobiomorphus
coxii

Macquaria
novemaculeata

Mugil
cephalus

Gambusia
holbrooki

df

F

p

F

p

F

p

F

p

F

p

df

F

p

Salix babylonica

5,55

2.6

0.0349

27.95

<0.0001

4.63

0.0013

9.99

<0.0001

0.96

0.4525

5,42

7.25

<0.0001

Native trees

3,29

2.31

0.969

3.84

0.030245

1.76

0.1762

1.73

0.1825

2.62

0.0697

2,20

0.76

0.4823

Open bank

5,48

2.1

0.0816

2.21

0.0685

7.42

<0.0001

2.2

0.0693

2.31

0.0585

5,36

3.15

0.0186

Shrubs

5,47

3.38

0.0109

6.94

<0.0001

10.45

<0.0001

2.11

0.0807

2.77

0.0284

5,34

3.71

0.0087

Overhang

4,51

4.75

0.0025

15.18

<0.0001

5.5

0.0009

8.77

<0.0001

2.32

0.0579

4,38

5.56

0.0013

Terrestrial grass

5,41

2.41

0.0536

2.74

0.0319

6.88

<0.0001

2.16

0.0774

0.58

0.7123

5,32

2.56

0.0467

Littoral grass

3,28

0.15

0.9282

1.33

0.2832

3.55

0.0270

2.44

0.0855

2.92

0.0515

3,21

0.07

0.9770

Undercuts

4,43

2.83

0.0362

2.96

0.0301

0.37

0.8281

9.12

<0.0001

4.19

0.0059

4,32

0.61

0.6553

Simple wood

3,36

1.1

0.3635

4.78

0.0066

6.62

0.0011

7.59

0.0005

5.51

0.0032

3,26

6.37

0.0022

Complex wood

4,41

0.8

0.5359

42.18

<0.0001

5.38

0.0014

19.82

<0.0001

3.23

0.0216

4,30

2.96

0.0357

Depth

5,50

1.93

0.1061

1.04

0.4038

8.83

<0.0001

1.32

0.2727

0.4

0.8455

5,34

0.86

0.5209
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Appendix 8: Summary of F values and their associated significance levels (p) for the interaction between fish electivity and season for the six
most abundant fish species in the Hunter River pools. Significant values in bold.
Anguilla
reinhardtii

Cyprinus
carpio

Gobiomorphus
coxii

Macquaria
novemaculeata

Mugil
cephalus

Gambusia
holbrooki

df

F

p

F

p

F

p

F

p

F

p

df

F

p

Salix babylonica

12,55

0.99

0.4679

1.81

0.0692

1.39

0.1983

1.79

0.0722

0.85

0.5981

8,42

1.00

0.453

Native trees

5,29

1.06

0.4026

2.01

0.107

1.16

0.3545

0.85

0.526

1.76

0.1518

3,20

2.06

0.1376

Open bank

11,48

1.83

0.074

1.96

0.0544

1.81

0.0775

1.65

0.114

2.60

0.011

6,36

2.15

0.0712

Shrubs

9,47

1.57

0.1529

1.57

0.1511

1.75

0.1032

0.42

0.9167

1.84

0.0847

4,34

0.93

0.4586

Overhang

8,51

1.61

0.145

0.99

0.4526

1.62

0.142

2.38

0.293

2.02

0.0625

5,38

1.09

0.3811

Terrestrial grass

9,41

1.77

0.1035

0.87

0.5556

0.44

0.9037

1.10

0.3832

1.76

0.107

6,32

0.92

0.4941

Littoral grass

4,28

1.12

0.3649

0.78

0.5457

0.96

0.4463

2.15

0.1003

1.12

0.3683

3,21

2.94

0.0568

Undercuts

8,43

1.22

0.3086

0.72

0.6746

0.53

0.8275

0.36

0.9381

2.01

0.0680

5,32

1.14

0.3577

Simple wood

6,36

2.63

0.32

2.22

0.0634

0.82

0.5619

0.39

0.8786

11.56

<0.0001

3,26

0.38

0.7652

Complex wood

8,41

2.03

0.0666

10.61

<0.0001

1.59

0.1577

2.13

0.0546

1.83

0.0996

5,30

2.37

0.0631

Depth

10,50

1.88

0.0705

1.54

0.1532

0.98

0.4729

1.12

0.3698

1.87

0.0725

6,34

0.53

0.7816
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Appendix 9:

Fish movement within and among sites in the Hunter River study reach

Introduction
Consideration of movements of stream fishes is important for understanding key
ecological processes including habitat requirements (Crook et al. 2001, Khan et al.
2004), population structure (Schlosser 1991), community composition (Tilman 1994)
and anthropogenic impacts (Roni & Quinn 2001).

Fish movement behaviour is

affected by a range of factors including: species, fish age/size, time of year and local
environmental conditions (Matthews 1998).

Long distance movements are often

associated with life history strategies (Schlosser 1991) or dispersion to new habitats
(Matthew 1998, Pusey et al. 2004). Less is known of the reasons for short distance
movements although some research suggests that such movements may be a response
to unfavourable interactions with other organisms (e.g. predation) or changing
resource conditions (Fraser & Sise 1980, Gowan & Fausch 1996, Lonzarich et al.
2000).
Traditionally, stream ecologists have accepted the notion that adults of resident fish
species are sedentary and spend most of their lives within short (20–50 m) stream
reaches (Gerking 1959). However, recent studies have expanded upon this notion to
include periods of mobility resulting in shifts in home ranges (Gowan et al. 1994,
Rodriguez 2002, Crook et al. 2001).

Many stream fishes are associated with a

relatively discrete set of environmental features that can be characterised as habitat
patches, such as wood accumulations (Monzyk et al. 1997; Lehtinen et al. 1997) and
macrophyte beds (Chick & McIvor 1994; Growns et al. 2001). Several studies have
suggested that resource patchiness may influence site fidelity or residency of fish (e.g.
Crook et al. 2001; Belica & Rahul 2007). Site fidelity is an adaptive that maximises
an individuals’ ability to survive and use nearby resources within a recognisable area
(Crook 2004). Site fidelity and residency suggest that the needs of the fish (e.g. food
and habitat) are being met by remaining in a resource patch or visiting nearby
resource patches.
Understanding fish behaviour and movement is of particular importance in the
assessment of river rehabilitation projects (Lindell 2008).

The scales at which

rehabilitation works are undertaken are generally much smaller than those over which
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stream fish operate so that, in most cases, there will inevitably be some measure of
spatial autocorrelation and thus spatial confounding between sites.

Spatial

autocorrelation in repeated measures analyses may artificially inflate or deflate true
responses and lead to incorrect inferences being drawn about the effectiveness of
rehabilitation (Downes et al. 2002). However, most rehabilitation assessments are
still designed without attempting to gain a measure of the independence of sites.

Aims
Specific objectives are;
•

To investigate site fidelity and habitat patch affinities of fish species within the
Hunter River study reach

•

To quantify spatial independence of sampling within and between sampling
occasions.

Methods
A mark-recapture experiment was carried out in the Hunter River study reach between
October 2004 and January 2006.

Six fish species (Carassius auratus, Cyprinus

carpio, Macquaria novemaculeata, Mugil cephalus, Potamalosa richmondia and
Tandanus tandanus) were of sufficient size to be tagged with T-bar anchor tags. Only
fish over 200 mm fork length (FL) were tagged. To minimise handling stress, fish
were sedated with clove oil mixed with aerated stream water prior to measuring and
marking. All fish collected were examined by two people for marks that may suggest
the fish had been tagged previously but the tag had not been retained, such fish were
re-tagged. The tag was inserted posterior to the base of the first dorsal spine between
the dorsal fin rays, in the flesh just below the dorsal fin. All fish were tagged on the
left side of the body. After tagging fish were allowed to recover from the anaesthesia
in a dark-covered bin filled with aerated stream water. Each tag number was recorded
along with the date and location of capture prior to release of fish. Initial tagging of
Potamalosa richmondia showed this species to be sensitive to excessive handling and
tagging and was discontinued after the first two specimens.

Fish with obvious

parasitic or bacterial infections were not tagged. To gain a measure of tag retention
the first 105 fish were double tagged (two T-bar tags inserted parallel).
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Results
A total of 902 fish were tagged and released in the Hunter River study reach between
October 2004 and January 2006, with an overall recapture rate of 6.2% (n = 56) on
subsequent sampling occasions. Times between release and capture of tagged fish
varied from 1-16 months. The length of fish tagged ranged from 200 to 700 mm. The
majority of fish (98.7%) was tagged in pool sites. The low number of fish tagged in
riffles (n = 12) was largely reflects the lower abundance of large-bodied individuals
captured in this meso-habitat type of suitable size for tagging (Chapter 5). Table 1
summarises the numbers of each fish species tagged and recaptured on subsequent
sampling occasions within the Hunter study reach. Habitat patch types in which fish
were caught initially and recaptured are shown in Table 2. Cyprinus carpio, M.
novemaculeata and M. cephalus, contributed 97.8% of all fish tagged during the study
and were the only species recaptured. The 561 M. cephalus tagged and released
represented 30.3% of the total abundance recorded for this species (all fish caught and
observed) during electrofishing operations over the post SWH introduction period.
Similarly, the tagged numbers of C. carpio (n = 164) and M. novemaculeata (n = 158)
represented 41.6% and 58.8% of the total abundances of these species, respectively.
In addition, seven tagged M. cephalus were caught in commercial fishing operations
along the coast north of the Hunter River estuary between Port Stephens and Ballina
(approximately 200 – 650 km from the study reach) in the months of April and May
in 2005 and 2006. Information on these tagged fish was provided by professional
fishermen however data on length and weight were not returned.

Tag retention
Ninety eight percent of the 105 fish double tagged were C. carpio (n = 23), M.
novemaculeata (n = 7) and M. cephalus (n = 73). The sole specimens of both C.
auratus and T. tandanus double tagged were not recaptured during the study period.
The only double tagged specimen of C. carpio recaptured in the study reach had
retained both tags after a period of nine months. Similarly, the only double tagged M.
novemaculeata recaptured during the study period had retained both tags after 15
months. Ten M. cephalus double tagged were recaptured in the study reach 2-15
months after release, with nine fish retaining both tags and one fish retaining only one
tag. One specimen of double tagged M. cephalus was recaptured along the coast
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(over 300 km from the tagging site) 19 months after release with both tags retained.
Of all large-bodied fish (>200 mm) caught during electrofishing operations that were
inspected for scars, only a single specimen of M. cephalus showed scarring which
would suggest that a tag had been rejected during the study period.
Table 1: Summary of fish species tagged in the Hunter River study reach from October 2004 to
January 2006. Numbers represent tagged fish and numbers in brackets represent fish recaptured within
the study reach on subsequent sampling occasions.

Mugil
cephalus

Potamalosa
richmondia

Tandanus
tandanus

Pool total

Macquaria
novemaculeata

Treatment pools
Below Whites
Edinglassie
Whites Creek
Control pools
Olive pool
Racecourse

Cyprinus
carpio

Site name

Carassius
auratus

Fish species

Total

2
9
1

30
37 (2)
65 (2)

37 (2)
52 (4)
38 (1)

131 (10)
159 (15)
161 (16)

1
-

3

200 (12)
258 (21)
268 (19)

1

19
12

19 (1)
9

50
52 (2)

1
-

1

89 (1)
75 (2)

13

163 (4)

155 (8)

553 (43)

2

4

890 (55)

-

1 (1)
-

1
1

-

-

1 (1)
1
1

Treatment riffles
Riffle 1
Riffle 2
Riffle 4
Close control riffles
Riffle 3
Riffle 5
Riffle 6
Distant control riffles
Olive riffle
Keys Bridge
-

-

1
-

-

-

-

1
0
0

1

1
-

1
5

-

-

2
6

Riffle total

0

1

3 (1)

8

0

0

12 (1)

Grand total

13

164 (4)

158 (9)

561 (43)

2

4

902 (56)
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Site fidelity and home ranges
All three recaptured species displayed a strong affinity for the introduced SWH, with
88.4% of fish tagged and/or recaptured on introduced SWH. Table 2 summarises
habitat patch types in which fish were tagged and recaptured, as well as distances
moved by individual fish. Movement distances of all species recaptured within the
study reach were not significantly correlated with time elapsed between tagging and
recapture (R2 = 0.008 – 0.155).
All four C. carpio recaptured were caught in the same treatment pools in which they
were originally tagged. The distance moved from the site of release by C. carpio
ranged from 75-200 m with a median distance of 135 m. While no C. carpio were
recaptured at the same site, two fish tagged and released on simple SWH were
subsequently recaptured on a different simple SWH. Two specimens of C. carpio
tagged at bank sites were recaptured on SWH one to nine months after release. Of the
four recaptured C. carpio one had moved downstream while the other three moved
upstream.
The distances moved by M. novemaculeata ranged from 0-120 m with a median
distance of 25 m. Macquaria novemaculeata displayed strong site fidelity with 44.4%
(n = 4) of fish recaptured in the same location of release, and a further 33.3% (n = 3)
recaptured within 25 m of the location at which they had been tagged. The only M.
novemaculeata recaptured in riffles was caught 13 months after being tagged on the
same deflector jam in Riffle 1. Two of the three M. novemaculeata recaptured at the
same site in pools were caught on introduced SWH (10 and 11 months after release),
with a third caught under the same undercut bank after a period of nine months. The
three M. novemaculeata caught within 25 m of original tagging location were either
tagged or recaptured on SWH over periods of two to 15 months. Similarly, the two M.
novemaculeata that moved in excess of 100 m were either tagged or recaptured on
SWH after periods of one and four months after tagging. All five M. novemaculeata
recaptured at a location other than where they had been tagged had moved
downstream.
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Table 2: Summary of habitat types in which fish were tagged and recaptured on subsequent sampling occasions, and distances moved by recaptured fish in the Hunter River
study reach between October 2004 and January 2006.
Fish species
Cyprinus carpio

Habitat patch type
Tagged
Recaptured
Simple SWH
Simple SWH
Bank
Bank

Simple SWH
Bank
Simple SWH
Complex SWH

0

0

1
1

1
1
1
3

0

Riffle 1
Simple SWH
Simple SWH
Simple SWH
Complex SWH
Bank
Bank

Riffle 1
Simple SWH
Bank
Mid-channel
Complex SWH
Complex SWH
Bank

1
1
1
1
4

1
2
3

0

1
1
2

0

Simple SWH
Simple SWH
Simple SWH
Complex SWH
Complex SWH
Complex SWH
Bank
Bank
Bank
Mid-channel
Mid-channel
Mid-channel

Simple SWH
Complex SWH
Bank
Simple SWH
Complex SWH
Bank
Simple SWH
Complex SWH
Bank
Complex SWH
Bank
Mid-channel

9
7
1
17

2
1
1
1
2
2
9

1
2
2
1
6

1
3
2
2
1
1
10

1
1

Total
Macquaria novemaculeata

Total
Mugil cephalus

Total

0 metres

Number of fish recaptured within distance classes
< 50 metres
50-100 metres 100-1000 metres > 1000 metres
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Mugil cephalus was the most abundant fish species recaptured within the Hunter
River study reach (n = 43). The mean distance M. cephalus moved from the initial
capture site was 25 m, with a maximum distance moved within the reach of 5.1 km.
Mugil cephalus displayed strong site fidelity with 39.5% (n = 17) of fish recaptured in
the same location (between one and 15 months apart), and a further 20.9% (n = 9)
recaptured within 50 m (between two and 15 months apart) of the location at which
they had been tagged. Ninety-four percent of the M. cephalus recaptured at the same
site were recaptured on introduced simple SWH (n = 9) and complex SWH (n = 7).
Furthermore, the only specimen that was recaptured twice was caught on the same
simple SWH one and eleven months after tagging. One M. cephalus was recaptured
at the same bank site one month after tagging. All M. cephalus recaptured within 50
m of the tagging site were either caught or recaptured on SWH, with four individuals
moving between SWH units. Of the six M. cephalus that were recorded within 50100 m from the release site (one to seven months after tagging) three had moved
between SWH units, with a further two either tagged or recaptured on SWH. Ten M.
cephalus were recaptured within 100-1000 m from the sites of tagging, with one
moving between SWH and a further six either caught or recaptured on SWH over a
period of two to 16 months. Mugil cephalus did not appear to exhibit any trends
towards any up- or downstream movement, with 17 individuals recaptured at the same
site and equal numbers of fish recaptured upstream (n = 13) and downstream (n = 13)
of the original tagging location.

Independence of the pool sampling protocol
The recapture of fish tagged within the same pool on the same day provided the
opportunity to estimate the spatial independence of the electrofishing sampling
protocol. Nineteen tagged fish (18 M. cephalus and one C. carpio) were recaptured
in the same pool on the same sampling occasion, representing 3.3% of all M. cephalus
and 0.6% of all C. carpio tagged over the study period. The single specimen of
tagged C. carpio recaptured twice on the same day was recaptured 20 m away from
the site of tagging.

The distances moved by M. cephalus between tagging and

recapture within the same sampling occasion ranged from 25 to 615 m with a median
distance moved of 75 m.
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Spatial and temporal independence between sampling occasions
Mugil cephalus was the only species recorded to have moved between study pools.
Four M. cephalus were recaptured in a different pool to the one in which they had
been tagged. Three M. cephalus moved between the two closest treatment pools
(Edinglassie and Whites Winery pools) moving a distance of 565-870 m over a period
of 6-12 months. These three fish represent 0.6% of fish tagged in these pools, and
7.5% of fish recaptured in these pools. One specimen of M. cephalus tagged in Whites
Winery pool was recaptured a month later 5.1 km upstream in Racecourse pool (Fig.
4.6). None of the 12 fish tagged in riffles were recaptured at different locations.

Discussion
The recapture of tagged fish provided valuable insights into the movement patterns
and habitat patch affinities of three species within the Hunter River study reach. The
recapture rates of M. cephalus (7.7%) were higher than those reported for this species
by Thomson (1955) of between 0.71-6.16% recapture from various streams and
estuaries around Australia. There is little available information on tag retention for C.
carpio and M. novemaculeata. The fact that all fish had gained length and weight
since initial tagging suggests that tagging was having a minimal effect on these
species.
The recapture of M. cephalus along the coast north of the Hunter River estuary by
fishermen highlights the connectivity of stream and marine ecosystems. Extensive
spawning runs of M. cephalus are well documented (Kesteven 1953). Runs are nearly
always northward (Kesteven 1953) with eggs and larvae carried south passively in
prevailing currents (Thomson 1955, Pusey et al. 2004). The results of this study are
consistent with existing literature on the scale and direction of M. cephalus spawning
movements (Kesteven 1953, Thomson 1955).
Tag retention of double tagged fish was 92.3% suggesting that tag loss was minimal
during the study period. This assertion is supported by the low occurrence of fish
(one individual) captured over the study period with scarring that indicated tag
rejection. These estimates of tag retention are considered to be conservative as double
tagging was undertaken on the first suitably sized 105 fish caught.
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All fishes recaptured during the present study displayed some evidence of restricted
home ranges and fidelity for habitat patches within the study reach. All four C. carpio
were recaptured in the same pool in which they were tagged after periods of between
1-10 months, suggesting a definite home range for these individuals at least. These
results are consistent with other studies undertaken in Australia describing restricted
movements of riverine populations of C. carpio (Reynolds 1983, Crook 2004, Jones
& Stuart 2007). However, Crook (2004) observed that some C. carpio which had
established home ranges exhibited relatively short periods of mobility associated with
a shift in home range. Further, long distance movements (>100 km in one month)
have been recorded for this species (Koehn & Nicol 1998). These two factors may, in
part, account for the low recapture rate of C. carpio (2.4%) over the study period. At
smaller scales C. carpio appeared to have a strong association with SWH with all
individuals either caught and/or recaptured on SWH. These findings are consistent
with recent research (Crook et al. 2001, Nicol et al. 2004) that C. carpio are more
associated with habitat variables at the micro-habitat scale than at the meso-habitat
scale.
There was strong evidence of site fidelity and restricted home range for M.
novemaculeata with 77.8% of fish recaptured within 25 m of the tagging site. All but
one recaptured M. novemaculeata was caught and/or recaptured on SWH, although
there did not appear to be any preference for complex or simple SWH. These results
are consistent with the findings of Gehrke et al. (2001) who observed a home range
for daily movements of M. novemaculeata except for infrequent excursions over
greater distances undertaken by a small number of individuals. It is difficult to draw
any inferences from directional movement patterns of recaptured M. novemaculeata
due to the short distances moved and insufficient sample size.
While the spawning movements of M. cephalus are well documented in the literature
(Kesteven 1953, Thomson 1955) there is little information available on localised
movements of adults during residence in freshwaters. The present study suggests that
M. cephalus have restricted home ranges for at least part of their residency in
freshwaters, with 60.4% of individuals recaptured within 50 m of the original tagging
site after periods of 1-15 months. Mugil cephalus recaptured in pools showed a strong
affinity for SWH with 88.4% of individuals either tagged or recaptured on SWH.
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This was disproportionate to the overall sampling effort in the study pools of which
only 15% was focussed towards SWH. Further, of individuals tagged on SWH and
recaptured at other sites 30.8% were recaptured on a different SWH. The markrecapture experiment did not indicate a preference of M. cephalus towards the level of
complexity (i.e. simple or complex) within SWH. This is supported by the similar
mean abundances recorded for M. cephalus on both simple and complex SWH
(Chapter 8). Mugil cephalus also displayed a high degree of site fidelity towards
SWH with 94% of individuals recaptured at their tagging location caught on SWH,
and one fish recaptured twice off the same SWH. These results suggest that SWH
provided high quality habitat for this species, and suggests that some of the needs of
the fish (e.g. food and habitat) were being met by remaining near or visiting SWH.
The higher rate of recapture of M. cephalus in the treatment pools (7.6-9.9%) than
control pools (0-3.8%) suggests that the introduction of SWH may have increased fish
retention in the treatment pools.
The low percentages of M. cephalus and C. carpio recaptured on the same sampling
occasion suggest that the sampling protocol was essentially obtaining temporally
independent samples of fish abundance. These two species contributed 30.2% of all
fish recorded over the study period (Chapter 5) and were the most abundant of the
larger bodied mobile species. The other large bodied mobile species (P. richmondia,
C. auratus and T. tandanus) were caught in low abundances (collectively 2.5% of all
fish recorded) and, as such, are unlikely to have impacted on univariate measures of
sampling independence. The remaining species were comprised of smaller pelagic
species (G. holbrooki and R. semoni) which would not be expected to move upstream
at a rate faster than the temporal sequence of sampling events, and sedentary species
(Anguilla australis, Anguilla reinhardtii, Gobiomorphus coxii, Gobiomorphus
australis, Hypseleotris compressa, M. novemaculeata, Notesthes robusta and
Philypnodon grandiceps) which would have been expected to seek cover following a
stressful event such as sampling.
The low recapture rate of fish that had moved between study sites suggests that the
sites can be considered largely independent between sampling occasions. However,
there did appear to be some degree of spatial confounding between the two closest
treatment pools (Edinglassie and Whites Winery pools, Fig. 4.5). The results of the
-283-

mark-recapture study suggest that the distance between these pools (368 m) was
insufficient for them to be spatially independent. However, the amount of movement
detected between these pools was low (7.5% of recaptures of M. cephalus in both
pools). Mugil cephalus is capable of making extensive migrations (as evidenced by
the several individuals recaptured over 200 km further north along the coast) and the
distances of the three fish that moved between the two treatment pools are likely to
reflect local patterns of movement. This is supported by the extended time periods of
6-12 months between tagging and recapture dates. The fish tagged in Whites Winery
pool that was re-captured a month later in Racecourse pool (a distance of 5.1 km) is
likely to have been migrating upstream, an assertion supported by the fact that on both
occasions it was caught at the far upstream extent of each pool.

Summary of key findings and conclusions
This mark-recapture study has provided valuable information on fish movements
within the Hunter River study reach. The movements of fish species tagged and
recaptured within the reach appeared to be largely constrained to home ranges. While
the results of the mark-recapture experiment provide insight into the site fidelity and
home ranges of theses species, to adequately characterise fish movements of these
three species, detailed movements of individuals and/or a longer term mark-recapture
dataset would be required. There appeared to be a strong affinity of introduced SWH,
with the majority of fish tagged and/or recaptured on SWH. For the three species
recaptured there did not appear to be particular preferences between simple or
complex SWH.
The recapture of fish on the same sampling occasion largely supports the assumption
that the sampling protocol was providing independent samples. Similarly, sites were
essentially independent between sampling occasions. The only exception was the
movement of M. cephalus between the two closest treatment pools (Edinglassie and
Whites Winery pools) in which a low level of spatial confounding between sampling
occasions was detected.
The mark-recapture also provided some unanticipated results with the recapture of
several M. cephalus along the north coast up to 650 km from the Hunter River study
reach. This highlights the connectivity of stream and marine ecosystems and the
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potential for rehabilitation works to have effects on fish populations far beyond the
study reach.
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