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NON-TECHNICAL SUMMARY

Evaluation of the effectiveness of Tallowa Dam Fishway

PRINCIPAL INVESTIGATORS: Dr Chris Walsh and Dr Dean Gilligan

ADDRESS: Batemans Bay Fisheries Centre
P.O. Box 17 Batemans Bay, NSW, 2536
Telephone: +61 2 4478 9101 Fax: +61 2 4472 7542
E-mail: chris.walsh@dpi.nsw.gov.au

OBJECTIVES:

To evaluate the performance of the Tallowa Dam Fishway in remediating upstream and
downstream passage for fish communities in the Shoalhaven River.

Specifically, to:

1. Determine changes in fish community structure in the Shoalhaven River after fishway
construction.

2. Evaluate the effectiveness of the Tallowa Dam fish lift in facilitating upstream fish
passage.

3. Assess the mortality, physiological consequences and long-term survival of Australian
bass and freshwater mullet migrating downstream over the Tallowa Dam spillway.

During the course of the evaluation, the findings have been used to make research and
management recommendations to improve the effectiveness of the Tallowa Dam Fishway.

NON-TECHNICAL SUMMARY:

Since the completion of Tallowa Dam in 1976, the migration of fish within the Shoalhaven
catchment has been obstructed. As migratory fish represent 96% of freshwater fish species that
potentially occur in the catchment, Tallowa Dam prevents a large proportion of species from using
54% of available habitat within the river channel. Twenty-three years after the construction of the
dam no fish species that naturally migrate between freshwater and the sea existed in reaches
upstream of the dam, except for those that had been stocked or those capable of climbing (e.g.
some gudgeon species and eels) (Gehrke et al. 2002). This study conducted by New South Wales
Department of Primary Industries (NSW DPI) identified regular accumulations of at least
10 species of migrating fish downstream of the dam. Importantly, more species, numbers and size
classes of fish were caught immediately downstream of the dam than at any other site in the
system. This demonstrated that Tallowa Dam was a significant barrier within the Shoalhaven
catchment and identified the need to remediate fish passage to restore the longitudinal connectivity
of habitats for native fish.

Tallowa Dam Fishway Assessment Walsh et al.
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In 2009, the Sydney Catchment Authority (SCA) constructed a fish lift, commenced new
environmental flows and removed a source of cold water pollution at Tallowa Dam, aimed at
enabling native fish to complete upstream migrations. Works were also undertaken to modify the
spillway, consisting of an over-shot gate that can be fully retracted to allow for greater control over
downstream environmental flow releases and to provide downstream fish passage. Hence, Tallowa
Dam Fishway not only needs to be evaluated for its effectiveness in facilitating the upstream
passage of fish, but also for its potential to cause mortality to fish undertaking downstream
migrations. This report consists of information on seasonal and annual variation in fish
distributions and abundance in the Shoalhaven River, an analysis of changes in fish communities
resulting from the construction of the Tallowa Dam Fishway, and a series of manipulative
experiments to assess the success of upstream and downstream fish passage.

Component 1: Detecting changes in fish community structure after fishway construction

To assess the overall effectiveness of the Tallowa Dam Fishway in restoring longitudinal
connectivity of habitats for native fish in the Shoalhaven River, spatial and temporal variation in
contemporary fish communities was compared with that from historical and more recent surveys.
This involved community-based fish sampling using standardised electrofishing. Fish were
sampled twice yearly for 4 years at 12 sites throughout the catchment.

There was reduced species richness upstream of the fishway, including the absence of several
catadromous species, while significant accumulations of fish were present directly below the dam.
Differences in population structure remained evident for species present above and below the dam,
with the majority of fish upstream being larger individuals. Moreover, fish assemblages were
significantly different between the upstream riverine reaches and the lacustrine habitats within
Lake Yarrunga. Comparing historical, pre-fishway and contemporary fish assemblage abundances
confirmed that Tallowa Dam still represents a critical discontinuity in contemporary fish
communities. However, small numbers of two previously absent diadromous fish species were
captured within Lake Yarrunga—striped gudgeon and empire gudgeon. In addition, several species
historically reported to have higher population abundances above the dam compared to those
downstream, have now been determined as similar. This component, further detailed in Chapter 2,
meets objective 1 (see above).

Component 2: Effectiveness of the Tallowa Dam Fishway in facilitating upstream fish
passage

The performance of the fish lift in providing upstream fish passage was evaluated by documenting
the species composition, abundance and population structure of fish migrating through the
fishway, as well as fish behaviour and environmental conditions relevant to fishway usage. This
involved alternate trap/hopper sampling experiments comparing species and size classes of fish
that approached the bottom of the fishway with those that successfully ascended and exited.
Eighteen paired samples were collected between 2010 and 2013 over several upstream migration
periods (spring and autumn). Frequency, timing and diel activity of tagged individuals migrating
through the fishway was assessed for the same period using passive integrated transponder (PIT)
technology.

The fishway provided successful upstream fish passage for 12 fish species, 11 of which were
native, including both small and large-bodied individuals (22-1,110 mm). This included four
diadromous fish species formerly considered locally extinct upstream of Tallowa Dam. However,
two catadromous fishes (sea mullet and of dwarf flat-headed gudgeon) found downstream of the
dam were not detected utilising the fishway. Apart from the greater numbers of Cox’s gudgeon
exiting the fishway, abundances at the entrance and the exit for all other species were similar. PIT-
tag data revealed that approximately 40% of individuals, for the majority of tagged species,
detected at the entrance of the attraction chamber continued on their ascent and successfully
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migrated through the fishway. Tagged fish were mostly recorded using the attraction chamber
during the day and through the warmer months of spring and autumn; the timing of which
coincides with important life-history strategies. Differences in population size structure were
detected between fish entering the attraction chamber and those exiting via the fish lift.
Nevertheless, the species richness and successful passage of medium and of small-bodied species
suggests that the fishway provides upstream fish passage. This component, further detailed in
Chapter 3, meets objective 2 (see above).

Component 3: Effectiveness of the Tallowa Dam spillway in ensuring safe downstream fish
passage

The performance of the over-shot gate and spillway in providing safe downstream fish passage was
evaluated by assessing the immediate fate and long-term survivability of Australian bass and
freshwater mullet migrating over the Tallowa Dam over-shot gate and spillway. Mortality rates and
blood physiology of Australian bass passing downstream over the modified spillway were assessed
during low-flow and high-flow release conditions. Information on long-term survival and
movement behaviour of Australian bass and freshwater mullet migrating downstream over
spillway was also derived through the use of acoustic telemetry and PIT tagging.

There were no immediate mortalities of fish entrained over the modified spillway during either
low- or high-flow conditions, with all fish (including control fish which were confined as per the
treatment fish, but did not pass over the spillway) recorded in similar condition to that prior to
entrainment. However, there were significant deaths (up to 25%) across all groups and time
periods 24 hours and 72 hours after passing over the spillway. Analysis of blood chemistry
immediately after fish were recaptured confirmed high stress levels. Although stress decreased
between 24 and 72 hours after the experiment, it remained elevated compared to that of ‘wild’ fish
(which had not been confined). As there were no differences in mortality rate or blood physiology
between the controls and treatment groups among all time periods, we attributed the deaths of
highly stressed individuals to the significant and potentially cumulative influence of two factors—
general handling (including angling the fish) and confinement—rather than passage over the
spillway. Acoustic and PIT-tag data revealed high long-term survival rates for Australian bass and
freshwater mullet (up to 945 days and 340 days, respectively) that had migrated over the spillway
(either the original spillway or the newly modified over-shot gate). Moreover, the timing and
movement strategy of both species mirrored previously known life-history studies, confirming that
stress associated with travelling downstream over the spillway is not likely to interrupt their
normal movement patterns and spawning behaviour. This component, further detailed in Chapter
4, meets objective 3 (see above).

Conclusions

This study represents the first stage in assessing the effectiveness of the Tallowa Dam fish lift and
associated modified spillway works in providing successful upstream and downstream fish passage
in the Shoalhaven River. Encouragingly, results suggest that a broad range of species and size
classes are using the fish lift in large numbers and at appropriate times of the year. Short- and long-
term survivability of large-bodied fish passing downstream over the Tallowa Dam modified
spillway is high and conducive to normal movement patterns and spawning behaviour. Despite
this, fish community surveys indicate that the biodiversity of the river system within the
Shoalhaven catchment upstream of Tallowa Dam remains depauperate, due to the continued
absence of several migratory species. However, this is not surprising considering the flood damage
and recurring reliability issues associated with the fish-lift hopper and attraction chamber flows
over the first 4 years of operation. Nevertheless, the detection of two fish species formerly extinct
upstream of Tallowa Dam (striped gudgeon and empire gudgeon), the trapping of diadromous
species in the fish-lift hopper and evidence of equilibration of the size-frequency distribution in
formerly disconnected populations of several other species suggests a gradual shift in continuity of
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fish assemblages above and below Tallowa Dam. These shifts likely represent the first stages of
recovery as a result of the construction and operation of the new fishway.

Recommendations

This study has provided a detailed assessment of the fish communities in the Shoalhaven River
after fishway construction, including the effectiveness of the fish lift and the modified spillway in
facilitating successful upstream and downstream fish passage, respectively. Therefore,
recommendations resulting from this study are summarised below:

(i) Once the fish lift is fully and consistently operational, it is recommended that
electrofishing surveys on the Shoalhaven River be ‘revisited’ after a period of 3 years to
assess if there are any further changes in fish community structure as a result of successful
ascension of the Tallowa Dam Fishway.

(ii) To gain further information on the timing and seasonal occurrence of fish species utilising
the fish lift, as well as assist SCA in prioritising the functional aspect of fishway
operations, more frequent alternate hopper/trap experiments (on a monthly basis)
replicated over multiple years is recommended. Note: this aspect is proposed to commence
in 2014.

(iii) As the PIT-tag and acoustic telemetry infrastructure is now established in the Shoalhaven
River, fish tagging and monitoring should continue to complement existing information on
successful upstream and downstream fish passage over Tallowa Dam. In addition, this
technology can provide information on fish passage in relation to environmental flows, as
well as the behaviour of fish in the lake and their ability to locate riverine habitats
upstream of the dam once they have passed through the fishway.

(iv) Further investigation is required into reasons why some fish species may not be using the
fish lift.

(v) Further investigation of potential research techniques is needed, including the use of
chemical marking, to determine the fate of juvenile and small-bodied species (which are
too small for PIT tagging) migrating downstream over the dam wall.

KEYWORDS

Fish passage, migration barrier, acoustic telemetry, downstream mortality, Shoalhaven River,
species assemblages, PIT tagging
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1 GENERAL INTRODUCTION

1.1 Restoring fish passage within the Shoalhaven River

Many fish species inhabit a broad range of freshwater and estuarine habitats throughout their life
and need to be able to freely migrate between these habitats. In coastal rivers of south-eastern
Australia, it has been estimated that 70% of fish may move between rivers and an estuary at some
stage of their life (Harris 1984). These migrations can be for a variety of reasons, including
spawning, dispersal of juveniles from nursery grounds or the movement of fish between habitats.
These movements also maintain gene flow and support ecological processes essential for
maintaining the integrity and resilience to change of native fish assemblages (Harris 1984; Mallen-
Cooper and Harris 1990). Moreover, effective fish dispersal in coastal environments is likely to
maintain the productivity of estuarine, coastal and marine fisheries (Meynecke et al. 2008; Blaber
1980). For many species, these freshwater to estuarine/marine migrations are an obligatory process
required for the species to fulfil its life cycle and, if impeded, result in the local extinction of
populations upstream of barriers (Bishop and Bell 1978; Brumley 1987; Gehrke et al. 2002).

Artificial barriers on rivers, such as dams, weirs and culverts, present significant impediments to
these migrations and have detrimental effects on fish populations (Orth and White 1993;
Holmquist et al. 1998). Because of the declines and localised extinctions of migratory species
above anthropogenic barriers, fishways are often the obvious solution. Fishways not only allow for
continued utilisation of the water resource, but allow migratory species to access habitats upstream
of the fish passage barrier. Wherever upstream fish passage is provided, the capacity for
downstream fish passage is equally important. By restoring fish passage and reducing the
obstructive effect of dams, fishways constitute a key component of rebuilding riverine ecosystems
and restoring degraded fish communities. Notwithstanding the complexities of fishway design and
the value of ascending fish as a measure of effectiveness, the ultimate goal of restoring fish
passage is to rehabilitate fish communities upstream and downstream of the barrier. Thus, there is
aneed for more detailed assessment of the effectiveness of fishways in achieving this goal.

Completed in 1976, Tallowa Dam is located at the junction of the Shoalhaven and Kangaroo rivers
on the New South Wales (NSW) South Coast. The impounded waters above Tallowa Dam are
known as Lake Yarrunga. The 43-metre-high dam and reservoir are an integral part of the Sydney
Catchment Authority’s (SCA’s) Shoalhaven Scheme, and are essential to the bulk raw water
supply system for Greater Sydney. Since construction, several studies of the fish communities of
the Shoalhaven River demonstrated that Tallowa Dam represents a major barrier to fish migration,
and has caused a significant loss of biodiversity upstream of the barrier. Importantly, more species
and greater numbers and broader ranges of size classes of fish were found downstream of the dam
than at any other site in the system (Bishop and Bell 1978; Marsden and Harris 1996; Gehrke et al.
2002). Therefore, a need was identified to restore the longitudinal connectivity of habitats for
native fish within the river system.

In 2001, the SMEC company was engaged by the SCA to undertake a feasibility study to examine
the viability of constructing a high-level fishway at Tallowa Dam to transport the fish from
downstream of the dam into Lake Yarrunga. This assessment was done with the involvement of
NSW Department of Primary Industries (DPI) and with the assistance of Australian and
international experts on fishway design, fish biologists and key stakeholders. The study concluded
that the preferred option for Tallowa Dam was a fish lift that could trap migrating fish at the base
of the dam and transport them in a hopper over the abutment of the dam and into the impoundment
(SMEC 2001). There was also the need for a multi-level offtake to improve the quality of the water
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released from the dam’s outlet. In 2004, the Hawkesbury—Nepean River Management Forum
recommended a new environmental flow regime be instigated for Tallowa Dam releases. In
response to this recommendation, the NSW Government directed SCA to fund studies to develop a
Shoalhaven environmental flow regime for the Shoalhaven River. Furthermore, in 2007, the NSW
Government announced that, together with changes to water transfer rules from Tallowa Dam,
SCA would design and implement measures that would: (1) introduce new variable releases of
water from Tallowa Dam specifically for the river environment; (2) improve the quality of water
released from the dam; and (3) provide fish passage past the dam.

In 2009, a high-dam fish lift was constructed at Tallowa Dam, in association with a revised
environmental flow regime, to restore the longitudinal connectivity of habitats for native fish
within the Shoalhaven River system. The design of this fishway is such that fish are attracted to the
entrance of the fishway by turbulent water, created by a series of perforated pipes and screens.
This flow encourages fish to swim along a rectangular concrete channel and into a chamber that
contains a stainless-steel hopper at its base. Fish enter the hopper through a cone trap and, on a set
cycle, the hopper is then winched up and over the 43-m-high abutment of the dam. The fish are
released into the dam through a tilt gate in the hopper floor. For downstream fish passage, the new
works improved the range of flows over the spillway by which downstream migration can occur.
Previously, downstream fish passage was only possible when a sufficient depth of water flowed
over the dam crest. Now, a 1.5-m-deep slot cut into the existing spillway near the left abutment,
controlled by a vertical-lift over-shot gate, allows fish to pass downstream over the spillway under
a greater range of impoundment water levels. Fish pass over the gate, down the face of the dam
and into the new stilling basin below.

1.2 Objectives of the study

To evaluate the performance of the Tallowa Dam Fishway in remediating upstream and
downstream passage for fish communities in the Shoalhaven River.

Specifically, to:

1. Identify changes in fish community structure in the Shoalhaven River after fishway
construction.

2. Evaluate the effectiveness of the Tallowa Dam fish lift in facilitating upstream fish
passage.

3. Assess the mortality, physiological consequences and long-term survival of Australian
bass and freshwater mullet migrating downstream over the Tallowa Dam spillway.

During the course of the evaluation, the findings have been used to make research and
management recommendations to further evaluate and improve the effectiveness of the Tallowa
Dam Fishway.
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2 CHANGES IN FISH COMMUNITY STRUCTURE IN THE
SHOALHAVEN RIVER AFTER FISHWAY CONSTRUCTION

2.1 Introduction

Movement is integral to the ecology of fishes, often associated with completing their life cycle,
enabling them to access resources such as food, shelter and potential mates, and to avoid threats
(Koehn and Crook 2013). Among fishes, these movements can be over a range of temporal and
spatial scales, from vertical movements over diel cycles within the water column (Jellyman and
Tsukamoto 2002) to longitudinal spawning migrations over thousands of kilometres (O’Connor et
al. 2005). Although the migrations of Australian freshwater fishes may be less conspicuous than
the famous spawning runs of Northern Hemisphere salmonids, the smaller-scale migrations they
undertake are just as ecologically important to their survival. In the coastal rivers of south-eastern
Australia, 70% of fish species exhibit ‘diadromy’, referring to the migration of fishes between
freshwater and marine habitats (Miles et al. 2014). Anthropogenic influences on the migratory
habits of Australian diadromous fishes have led to 9% of this group being listed as threatened
(McDowall 1999). This is considerably less than the rest of the world, however this may reflect the
lack of available information on the life cycles and status of these and other Australian fish species
(Miles et al. 2014).

The natural distributions of many Australian diadromous species are limited by the presence of
natural barriers, such as cascades and waterfalls. Artificial barriers on rivers, such as dams, weirs
and culverts, create additional and often significant impediments to fish migrations, further
limiting their potential distribution and often having detrimental effects on entire populations (Orth
and White 1993; Holmquist et al. 1998). Barriers disrupt all forms of connectivity between
populations, including longitudinal migrations and lateral connections between river and
floodplain habitats. In particular, obstructed movements can lead to declines and localised
extinctions of migratory species above and below barriers (Bishop and Bell 1978; Brumley 1987;
Gehrke et al. 2002). Compounding the impacts of a physical migration barrier are the effects of
river regulation and thermal pollution. Indeed, many Australian diadromous species are thought to
rely heavily on flood events for either the downstream drift of juveniles from freshwater to marine
habitats, or as a cue to initiate migratory behaviour (Koehn and O’Connor 1990; O’Connor and
Koehn 1998; Pusey et al. 2004).

Construction of Tallowa Dam on the Shoalhaven River effectively blocked access to
approximately 54% of the freshwater habitat likely to have been historically utilised by the
majority of diadromous species in the Shoalhaven catchment (altitude <250 m above sea level,
maximum downstream slope <5 and average flow >5 ML/day). Gehrke et al. (2002) demonstrated
that Tallowa Dam is a major barrier to fish migration and has caused a significant loss of
biodiversity in the system. In particular, 10 diadromous species were found to be locally extinct
above Tallowa Dam, with more species, numbers and size classes of fish being caught immediately
downstream of the dam than at any other site in the system. Recommendations from that study
supported the construction of a fishway to provide fish passage at Tallowa Dam with the objective
of restoring the longitudinal connectivity of habitats for native fish. Upstream and downstream
works to facilitate fish passage were completed in 20009.

The aim of this study was to investigate spatial and temporal variation in contemporary fish
communities after fishway construction, and to document changes that have occurred in species
distributions since the fishway was constructed. This represents a component of the joint project
between the Sydney Catchment Authority (SCA), New South Wales Department of Primary
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Industries (NSW DPI) and the former Cooperative Research Centre for Freshwater Ecology, ‘Post-
construction ecological assessment after fishway construction to assess the effectiveness of the
fishway’.

2.2 Methods

2.2.1 Study area

Fish were sampled at the same 12 sites established and sampled prior to fishway construction
(Gehrke et al. 2002). These included: three sites in the Shoalhaven River downstream of Tallowa
Dam; four sites within the impounded waters of Lake Yarrunga; and five sites upstream of the
storage. Upstream sites included two sites in each of the Shoalhaven and Kangaroo rivers and one
site in the Mongarlowe River in the upland zone of the catchment (Fig. 2.1). Details of the sites
and habitat characteristics at each are given in Table 2.1 and Appendices 2.1 and 2.2, respectively.

2.2.2 Sampling strategy

Between 2009 and 2013, all 12 sites were sampled twice a year in both spring and autumn (eight
sampling events at each site). The sampling protocol applied during each sampling event was
identical to that used during the pre-fishway-construction assessment (see Gehrke et al. 2002),
allowing a standardised before—after comparison. This comprised single-pass electrofishing using
a combination of boat and backpack electrofishing, all undertaken during daylight hours. Each
major habitat type present at a site was sampled at least once and then remaining sampling effort
occurred in the most abundant habitat types. Boat electrofishing consisted of 15 x 2-minute
(elapsed time) electrofishing operations using either a 2.5 kW or 7.5 kW Smith-Root electrofishing
unit (depending on the size of the waterway at the site). Boat electrofishing units were generally
operated at between 500 and 1,000 V DC, 4-10 amps pulsed at 120 Hz and 20-90% duty cycle.
Backpack electrofishing was used at a subset of sites (site numbers: 2, 4, 5, 8, 11 and 12) to sample
riffle or backwater habitats too shallow to navigate with a boat electrofisher. Backpack
electrofishing effort consisted of 2 x 50 m stretches of river using a Smith-Root LR20 or LR24
backpack electrofisher in addition to the standard boat electrofishing effort.

At the completion of each electrofishing operation, all fish sampled were identified to species
level, counted, measured and released alive. Length measurements to the nearest millimetre were
taken as fork length for species with forked tails, and total length for all other species. Where large
catches of a species occurred, only a sub-sample of 20 individuals of each species was measured
per operation. Fish observed during the sampling operations, but not dip-netted from the water,
were recorded as observed.

2.2.3 Reconstruction of historical Shoalhaven River fish assemblages

Historical fish distributions (Bishop and Bell 1978; Llewellyn 1983) and species recorded from
previous studies at similar elevations in the Shoalhaven and neighbouring river systems (Gehrke
and Harris 1996; McDowall 1996) were used to reconstruct fish assemblages before the
construction of Tallowa Dam. The resulting binary matrix of species presence/absence at each site
served as a model to allow comparison between pre-fishway (Gehrke et al. 2002) and present-day
assemblages.
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Figure 2.1. Study sites sampled above/below Tallowa Dam and within Lake Yarrunga.

//‘A—X

Tallowa Dam :,'
i

v

.-

¢
.5
)

-

Tallowa Dam

Tolwong Mines @

Fossickers
Flat

) Upper Kangaroo Rivgr;

—

wel
(an@2° Rt\:' B
y Yatt ~
o Kangaroo Valley \7
|
]
| !
Shoalhaven River
.. ) I
Burrier = Nowra I\(

Pump
Station M

1 5
g - /f
o i
3 > Mongarlowe /jp
J > _River J e Sampling site
;. " n Locality
§ o y
! n &'
i Braidwood &+ Y

r“) ’E\-)

/ )

Iﬁ -3 \‘\., \)} Beehive
J Point
N ) °

j Tallowa Dam
! ) Sawyers

,_E Spur

5 e\ @

\ LZiEfut @ Below dam wall
§ 2500 m downstream of dam wall

/ o
{ _)} Monarchs
\ N Bluff
o N
0 5 10 20 30 40 50
[ = = E— s Kilometres

Walsh et al.

Tallowa Dam Fishway Assessment



NSW Dept of Primary Industries 13

Table 2.1. Details of sites sampled above/below Tallowa Dam and within Lake Yarrunga.
Note: sites 1 and 3 were not part of this study.

Site  Site name Zone Latitude  Longitude Altitude
no. °S) CE) (m)
11 Mongarlowe River Mongarlowe River 35.2480 149.9187 550
12 Tolwong Mines Shoalhaven River upstream 34.8321 150.0424 130
2 Fossickers Flat Shoalhaven River upstream 34.8226 150.1594 70
4 Upper Kangaroo River Kangaroo River 34.6516 150.6039 140
5 Kangaroo Valley Kangaroo River 34.7300 150.5246 70
14 Beehive Point Lake Yarrunga 34.7425 150.3737 65
6 Sawyers Spur Lake Yarrunga 34.7614 150.3267 65
7 Pauls Lookout Lake Yarrunga 34.7712 150.3054 65
13 Monarchs Bluff Lake Yarrunga 34.7872 150.2594 65
8 Below dam wall Directly below Tallowa Dam 34.7731 150.3144 35
9 500 m downstream of Directly below Tallowa Dam

dam wall 34.7774 150.3152 30
10 Burrier pump station Burrier 34.8640 150.4333 <10

2.2.4 Analytical methodology

The catch from each electrofishing operation for each sampling event per site was pooled for
analysis and standardised to catch per unit effort (CPUE) by dividing by the total number of
electrofishing operations. A suite of multivariate analyses of species abundances, univariate
assessment of individual species abundances and comparison of population size structures of
individual species were undertaken to identify spatial and temporal effects of the new fishway on
fish assemblages in the Shoalhaven River.

Multivariate analyses of fish assemblages were done in PRIMER 6.0 (Plymouth Marine
Laboratory). For analysis of spatial patterns, species abundances were transformed to the fourth
root and similarities between fish assemblages at each site were calculated using the Bray—Curtis
similarity measure (Bray and Curtis 1957). Two-dimensional multidimensional scaling (MDS)
ordinations were done on similarities among sites to illustrate the affinities of fish assemblages
among sites, and the effect of the Tallowa Dam Fishway on the composition of assemblages. One-
way analysis of similarity (ANOSIM) comparisons (Clarke 1993) were done to identify differences
in fish assemblage composition across six catchment zones (Table 2.1): Burrier; sites below the
dam; within Lake Yarrunga; Shoalhaven River upstream; Kangaroo River; and Mongarlowe River.
Similarity percentage (SIMPER) analyses were used to identify species contributing most to
observed dissimilarities among sites. Temporal analyses were done by comparing contemporary
fish assemblages (pre- and post-fishway) with reconstructed natural fish distributions in the
Shoalhaven River system before the dam was built. As the reconstructed species distributions
could only be expressed as binary data, fish samples from the pre-fishway and present studies were
pooled over sampling occasions and converted to binary form. Assemblages for the three time
periods were analysed using the Bray—Curtis similarity matrix to generate a two-dimensional MDS
of the sites over the three time periods, while a permutational multivariate analysis of variance
(PERMANOVA) (Anderson 2001) model was used to test for any significant temporal differences
in fish community assemblages.

Univariate analyses of total abundance were done in Statistica (Statsoft). Abundances were log;,-
transformed to stabilise variances. Spatial and temporal differences in CPUE were analysed using
factorial analysis of variance (ANOVA). The spatial analysis used data collected during this study
(2009-2013) to compare CPUE across catchment zones. A priori comparisons were used to
compare total abundance, and the abundance of individual species within the ‘Directly below
Tallowa Dam’ zone with each of the other catchment zones (Table 2.1). The temporal analysis
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compared abundances of fish captured within each catchment zone during the pre-fishway study
(Gehrke et al. 2002) and present study using factorial ANOVA.

Size distributions of species above and below the dam were compared using Kolmogorov-Smirnov
tests to assess the effect of the dam on contemporary fish populations. This analysis was done for
species where the lengths of at least 50 individuals were recorded in each of the following three
catchment zones: above Tallowa Dam; in Lake Yarrunga; and below the dam (but excluding
Burrier). These species were longfinned eel, common carp, Cox’s gudgeon, Australian bass, flat-
headed gudgeon and Australian smelt.

2.3 Results

2.3.1 Description of current fish assemblages

Overall, 17,428 individuals representing 26 species were captured during this study. Of these, 16
species and 7,486 individuals were caught from nine sites within and upstream of Lake Yarrunga
(Table 2.2, Appendix 2.3) and 21 species and 9,942 fish were sampled from three sites
downstream of Tallowa Dam. Species richness (SR) was greater at all sites downstream of
Tallowa Dam than at any site upstream (Table 2.2, Fig. 2.2). The Mongarlowe River supported
eight species, which is within the range of SR observed at other sites upstream of the dam, with
two species unique to this site; mountain galaxias and Macquarie perch. The upper Kangaroo
River site had by far the lowest SR (4) despite a lack of any significant fish passage obstructions
between that site and the next site downstream at Kangaroo Valley, where the SR was 8. Of the
seven diadromous species collected during this study that require passage past Tallowa Dam
(excluding the three species that are capable of climbing and those that have been stocked in Lake
Yarrunga), two—striped gudgeon and empire gudgeon—were captured upstream of Tallowa Dam
in Lake Yarrunga.

There were significant accumulations of fish directly downstream of Tallowa Dam. The mean
(+ standard error (SE)) total abundance of fish collected per site across all eight sampling events
was greater directly below the dam (812 +217) and 500 m downstream of the dam (721 + 286)
(Fig. 2.3) than at any other sites either upstream or downstream (minimum 22 + 5.9 fish per sample
from the Mongarlowe River) (ANOVA: Fy;g0 = 5.61, p < 0.0001). Significant accumulations of
individuals below the dam were detected for freshwater herring, common jollytail, Australian bass,
sea mullet, freshwater mullet, striped gudgeon and empire gudgeon (ANOVA: p < 0.05).
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Table 2.2. Summary of fish captured in the Shoalhaven River. Sites upstream of Tallowa Dam are Mongarlowe River (MR),
Shoalhaven River upstream (SR), Kangaroo River (KR) and Lake Yarrunga (L); and downstream of the dam are: directly below the
dam (DB) and Burrier (B). For site names, see Table 2.1. Catches are pooled results from eight sampling occasions.

Upstream of Lake Yarrunga

Lake Yarrunga

Downstream of dam

Species MR | SR \ KR \ L | DB | B ot
11 12 2 4 5 14 6 7 13 8 9 10

Anguillidae

Shortfinned eel 1 1

Longfinned eel 3 19 17 54 50 16 10 12 4 120 35 14 354

Clupeidae

Freshwater herring 2 38 22 62

Galaxiidae

Common jollytail 37 62 21 120

Mountain galaxias 69 69

Gerreidae

Silver biddy 6 6

Salmonidae

Brown trout 1 1 2

Retropinnidae

Australian smelt 153 299 580 354 632 558 989 890 1,144 4,079 314 9,992

Cyprinidae

Goldfish 2 2 1 6 11

Common carp 30 47 40 47 14 9 23 35 26 34 22 327

Plotosidae

Freshwater catfish 2 5 13 11 8 4 1 10 6 60
continued
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Table 2.2. (continued) Summary of fish captured in the Shoalhaven River.

Upstream of Lake Yarrunga

Lake Yarrunga

Downstream of dam

Species MR SR KR L DB B

11 12 2 4 5 14 6 7 13 8 9 10 Total
Poeciliidae
Eastern gambusia 10 4 22 13 46 5 1 101
Scorpaenidae
Bullrout 3 8 3 14
Percichthyidae
Macquarie perch 2 2
Estuary perch 1 1
Australian bass 20 43 18 60 37 47 21 19 342 158 124 889
Sparidae
Yellowfin bream 7 7
Mugilidae
Sea mullet 62 93 130 285
Freshwater mullet 70 97 122 289
Gobiidae
Striped gudgeon 7 74 136 104 322
Cox’s gudgeon 9 10 34 7 3 3 1 262 199 131 664
Empire gudgeon 2 1 50 51 158 263
Firetail gudgeon 1 1
Western carp-gudgeon 56 56
Flat-headed gudgeon 61 35 64 573 444 602 68 762 755 13 3377
;’J’é‘;refofr:at'headed 1 22 53 24 25 3 5 15 5 153
Total 173 312 453 686 608 1,366 1,119 1,730 1,039 2,962 5771 1,209 17,428
Species richness 8 8 10 4 8 10 9 10 12 17 16 19 26
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Figure 2.2. Species richness sampled at each site over eight sampling events
between 2009 and 2013: Mongarlowe River (MR); Shoalhaven River upstream
(SR); Kangaroo River (KR); Lake Yarrunga (L); directly below Tallowa Dam
(DB); and Burrier (B).
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Figure 2.3. Abundance of fish sampled (all species combined) at each site
averaged over eight sampling events between 2009 and 2013: Mongarlowe River
(MR); Shoalhaven River upstream (SR); Kangaroo River (KR); Lake Yarrunga
(L); directly below the dam (DB); and Burrier (B). Note: * denotes significant
difference (p < 0.0001); numbers of fish sampled were standardised based on
electrofishing operations.
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2.3.2 Spatial variation among sites

Significant spatial differences were observed between contemporary fish communities within
catchment zones (Fig. 2.4) (ANOSIM: R = 0.635, p < 0.001; Table 2.3). The Mongarlowe River in
the upland reaches of the catchment, along with sites directly below the dam and at Burrier,
supported the most distinctive fish assemblages (p < 0.001). The Mongarlowe River fish
assemblage was characterised by the absence of Australian smelt, Australian bass, flat-headed
gudgeon and Cox’s gudgeon, the occurrence of mountain galaxias and the low abundance of
longfinned eel (Table 2.4). Fish communities downstream of Tallowa Dam were characterised by
the presence of catadromous freshwater mullet and sea mullet, and relatively higher abundance of
striped, Cox’s and flat-headed gudgeons. Fish assemblages within the remaining three zones
upstream of the dam were less distinctive (Table 2.4); however, there were significant differences
between the lacustrine habitats of Lake Yarrunga and the riverine habitats upstream in the
Shoalhaven and Kangaroo rivers (p < 0.002), with no significant difference found between the two
upstream catchment zones (p = 0.06). Riverine fish assemblages were characterised by greater
abundances of Australian smelt, Cox’s gudgeon and common carp, while lacustrine sites had
comparatively greater abundances of flat-headed and dwarf flat-headed gudgeon and freshwater
catfish (Table 2.4).

Figure 2.4. Multidimensional scaling (MDS) ordinations based on similarities
among fish assemblages sampled at 12 sites within 6 catchment zones in the
Shoalhaven catchment between 2009 and 2013.
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Table 2.3. Analysis of similarity (ANOSIM) results for fish communities in
designated reaches of the Shoalhaven River.
Comparisons R p
Among zones 0.635 0.001
Pairwise comparisons
Lake Yarrunga v Burrier 0.912 0.001
Lake Yarrunga v Directly below dam 0.788 0.001
Lake Yarrunga v Mongarlowe River 0.998 0.001
Lake Yarrunga v Shoalhaven River upstream 0.278 0.001
Lake Yarrunga v Kangaroo River 0.301 0.002
Burrier v Directly below dam 0.395 0.001
Burrier v Mongarlowe River 1.000 0.001
Burrier v Shoalhaven River upstream 0.885 0.001
Burrier v Kangaroo River 0.863 0.001
Directly below the dam v Mongarlowe River 1.000 0.001
Directly below the dam v Shoalhaven River upstream 0.866 0.001
Directly below the dam v Kangaroo River 0.828 0.001
Mongarlowe River v Shoalhaven River upstream 0.982 0.001
Mongarlowe River v Kangaroo River 0.998 0.001
Shoalhaven River upstream v Kangaroo River 0.113 0.060
Tallowa Dam Fishway Assessment Walsh et al.
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Table 2.4. Contributions of species to the dissimilarity (D) between fish assemblages in different
zones within the Shoalhaven catchment.

Consistency  Cumulative

Species Mean abundance ratio % D%
Mongarlowe River v rest of catchment 87.41
Mongarlowe Rest
Australian smelt 2.64 - 15.74 18.00 18.00
Mountain galaxias - 1.65 10.62 12.15 30.16
Flat-headed gudgeon 1.72 - 9.66 11.05 41.21
Australian bass 1.49 - 8.53 9.76 50.97
Western carp-gudgeon 0.02 1.05 6.12 7.00 57.96
Longfinned eel 1.14 0.28 6.10 6.98 64.94
Below Tallowa Dam v Riverine® 54.95
Below Riverine
Freshwater mullet - 1.85 6.12 11.14 11.14
Sea mullet - 1.75 5.67 10.32 21.45
Striped gudgeon 0.04 1.69 5.3 9.64 31.1
Cox’s gudgeon 0.47 1.85 4.71 8.57 39.66
Flat-headed gudgeon 1.59 211 4.63 8.42 48.09
Eastern gambusia 2.44 3.18 4.62 8.41 56.49
Empire gudgeon 0.05 1.31 4.14 7.54 64.03
Riverine ® v lacustrine” habitats 41.37
Riverine Lacustrine
Flat-headed gudgeon 2.22 0.91 8.2 19.82 19.82
Australian smelt 2.54 2.35 6.41 155 35.32
;’l;’;agrefofr:at'heade‘j 0.87 0.29 4.22 10.2 45.51
Common carp 1.06 1.13 3.91 9.44 54.96
Freshwater catfish 0.74 0.18 3.77 9.1 64.06
Cox’s gudgeon 0.27 0.69 3.76 9.08 73.14

# Shoalhaven River upstream and Kangaroo River sites
®|_ake Yarrunga sites

Of those species that were abundant both upstream and downstream of the dam, all showed a
significant difference between size distributions of individuals upstream and downstream
(Kolmogorov—-Smirnov tests: p < 0.001) (Fig. 2.5). Differences in population size structure were
highly significant (p < 0.0001) for longfinned eels, Australian bass, Cox’s gudgeon, Australian
smelt and flat-headed gudgeon, with a smaller modal population size downstream of Tallowa Dam
(Fig. 2.5). The size structures of common carp were also significantly different (p < 0.001),
however common carp downstream of the dam had a larger modal size (Fig 2.5). For both
Australian bass and common carp, modal patterns showed evidence of recent recruitment. This
was particularly evident among Australian bass upstream of Tallowa Dam and both upstream and
downstream for common carp.
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Figure 2.5. Length-frequency distributions of six fish species from sites upstream (white
bars) and downstream (grey bars) of Tallowa Dam. Kolmorogorov-Smirnov tests are
illustrated. Asterisks denote significant difference (** = p < 0. 001, *** = p < 0.0001.
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2.3.3 Temporal differences between historical and contemporary assemblages

Temporal comparisons between reconstructed historical (before dam), after dam but pre-fishway
(Gehrke et al. 2002) and contemporary fish communities, based on binary data matrices, revealed
significant changes over the three time periods (PERMANOVA: p < 0.001) (Appendix 2.4). The
Mongarlowe River continues to display the lowest similarity to sites within other zones across the
three time periods. The expected fish community before dam construction showed no evidence of a
discontinuity in species distributions across the remaining 11 sites, with all sites demonstrating
greater than 90% similarity. In contrast, similarities in species assemblages for both the pre-
fishway and present study were less than 50%, with ordination supporting distinctive fish
communities found below Tallowa Dam and those in Lake Yarrunga and upstream (excluding
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upper Kangaroo River which remains unique) (Fig. 2.6). A pair-wise comparison revealed there
was no significant difference between pre-fishway and current fish assemblages (p = 0.855). A
two-factor ANOVA also confirmed higher numbers of individuals were present below Tallowa
Dam for both the current study and communities sampled before fishway construction (Fy;, 115 =
4.09, p < 0.001). There was no significant difference in total species abundance between the two
time periods (p > 0.1).

Figure 2.6. Mulitdimensional scaling (MDS) ordinations of binary matrices from
sites in the Shoalhaven River before dam and pre- and post-fishway fish communities.
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2.4 Discussion

Over the period 2009 to 2013, following installation of the fish lift on Tallowa Dam, 21 fish
species were captured in the Shoalhaven River below Tallowa Dam and the fishway, while 17
species were captured upstream of the dam. Significant accumulations of fish were present directly
below the dam (with the lowest abundances at higher elevations in the riverine reaches upstream of
Lake Yarrunga) and length—frequency distribution analyses suggest a discontinuity in population
size structures of those species present both above and below the dam. Differences in species
diversity in catchment zones above and below Tallowa Dam are generally attributable to the
absence of several catadromous species upstream of the dam. The biodiversity of the river system
within the Shoalhaven catchment upstream of Tallowa Dam remains depauperate due to the
continued absence of several migratory species. Even with the fishway in operation since 2009,
populations of freshwater mullet, sea mullet, common jollytail, bullrout and freshwater herring
were not captured upstream of the dam, and continue to accumulate downstream of the dam wall.
However, in contrast to pre-fishway-construction fish assemblage patterns, the abundances of flat-
headed gudgeon, longfinned eel and Australian smelt are now similar between upstream and
downstream habitats, suggesting the continuity of populations above and below the dam. Although
the first two species are capable of climbing barriers (Beumer 1996; Larson and Hoese 1996),
sampling of the fishway exit (see Chapter 3) showed significant numbers of these fish and
Australian smelt successfully utilising the fishway.
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Fish assemblages were not significantly different between the upstream riverine reaches of the
Shoalhaven and Kangaroo rivers; however, there was a divergence in community structure
between these catchment zones and the lacustrine habitats within Lake Yarrunga. Reasons for
impounded lakes developing divergent biological communities to those that originally occurred in
the river may include loss of flow (Sheldon and Walker 1997), changes in vegetation within the
impoundment and changes in water quality (Cogels et al. 1997; Garnier et al. 2000). Greater
numbers of flat-headed gudgeon, dwarf flat-headed gudgeon and freshwater catfish were captured
in Lake Yarrunga than in the upstream riverine habitats. It is possible that the littoral zone of the
lake may have increased the amount of spawning habitat for these species, while the upstream
riverine habitats are susceptible to episodic torrential flows which may displace individuals
venturing upstream (Gehrke et al. 2002).

In addition to localised extinction of migratory species and decreases in population abundances
upstream of dams (Ribeiro et al. 1995; Holmquist et al. 1998; Peter 1998), fragmented populations
upstream and downstream of dams often develop independent population structures (Almodévar
and Nicola 1999). In this study, differences in population size structure were observed for all of
the six species analysed—Cox’s gudgeon, longfinned eel, Australian bass, Australian smelt,
common carp and flat-headed gudgeon—all of which have been recorded successfully ascending
the fishway (see Chapter 3). This demonstrates that despite allowing fish to move upstream or
downstream of a barrier, fishways do not provide a solution to all of the problems that dams create
for riverine fish communities. In fact, lentic habitats are an unavoidable by-product of impounding
rivers. Moreover, the population of Australian bass only existed in Lake Yarrunga previously
because of extensive stocking over the last 20 years. Indeed, recent stockings (i.e. hew recruits)
upstream of the dam are still being detected as evidenced from multi-modal population size
structures. Therefore, this population will continue to differ from the natural population below the
dam until there is significant mixing between upstream and downstream populations. Similarly,
there was evidence of recent recruitment success in common carp populations above the dam,
although this was apparently confined to the upper catchment zones of the Shoalhaven River and is
not likely to have resulted from juvenile carp migrating upstream through the fishway.

Comparing historical, pre-fishway and present fish assemblage abundances confirms that Tallowa
Dam still represents a critical discontinuity in contemporary fish communities. The overall
characteristics of the fish communities of the Shoalhaven River system, some 4 years after Tallowa
Dam fishway first commenced operation, have demonstrated minimal change. Consistent with
Gehrke et al. (2002), there is still evidence of (i) reduced species richness upstream of the dam
compared to that of populations below; (ii) accumulations of fish directly below the dam wall; and
(iii) divergence of population size structures of species that live upstream and downstream of the
dam. Encouragingly, however, during the last two sampling events (spring 2012 and autumn
2013), two diadromous species, the striped gudgeon and empire gudgeon, were detected for the
first time within Lake Yarrunga. In addition, several species historically reported to have
significantly higher population abundances above the dam, compared to those downstream, have
now been determined as similar. The detection of two species that were formerly locally extinct
upstream of Tallowa Dam and evidence for equilibration of formerly disconnected populations of
several other species suggests a gradual shift in continuity of fish assemblages above and below
Tallowa Dam and the first stages of recovery as a result of the construction and operation of the
Tallowa Dam Fishway.
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3 EFFECTIVENESS OF TALLOWA DAM FISHWAY IN
FACILITATING UPSTREAM FISH PASSAGE

3.1 Introduction

The need to ensure fish passage in the rivers of Australia was recognised more than a century ago,
and the challenge since has been to facilitate movements over dams, weirs and other structures
without compromising their operation (Humphries and Walker 2013). Adapting passage systems to
species-specific biological needs and behaviour, as well as providing suitable hydraulic conditions,
remain the most critical aspects for fishway effectiveness (Mallen-Cooper and Stuart 2003). Over
the last 20 years, substantial research has been undertaken to maximise fish passage success for all
species and size classes of migratory fish. These include assessments of self-operating rock ramp,
vertical-slot and Denil designs. Mechanical fishway designs, including fish locks and lifts, are still
considered highly experimental in Australia, as their ability to pass a significant biomass of fish
over a broad range of size classes remains largely unknown (Baumgartner 2005). Currently, there
are only two high dam fish lifts operating in Australia; at Paradise Dam in central-eastern
Queensland and, more recently, at Tallowa Dam on the Shoalhaven River in New South Wales
(NSW).

Fishway evaluation requires appropriate monitoring strategies to ensure integrity of the data and
thus a comprehensive understanding of fishway performance (Baumgartner et al. 2010). Trapping
fish from the fishway entrance and exit is a common method of determining fish movement and
passage success of diadromous (Stuart and Berghuis 2002; Morgan and Beatty 2006) and
potamodromous species (Mallen-Cooper and Stuart 2003; Stuart et al. 2008). Specifically,
independent trap catches (exit and entrance) are compared to determine the proportion of fish
species and size classes that can successfully ascend. However, fishway trapping does have
limitations, and can be biased by fish behaviour or trap avoidance (Sugimoto et al. 1996). Often
done in conjunction with trapping, electronic monitoring of fishways through the use of passive
integrated transponder (PIT) technology provides a cost-effective method of studying the
movements of medium- to large-bodied fish over large spatial and temporal scales (Castro-Santos
et al. 1996; Zydlewski et al. 2006). A well-designed system has the potential to correlate
behaviour, migration and fishway use with a range of environmental variables such as season, time
of day, temperature and river discharge.

A high dam fish lift was constructed at Tallowa Dam in 2009, in association with a revised
environmental flow regime to restore the longitudinal connectivity of habitats for native fish
within the river system. In addition to an ‘outcomes assessment’ of fish assemblages throughout
the catchment before and after fishway construction (Chapter 2), an evaluation of fishway
performance in providing upstream fish passage was required. Such evaluation can provide
explanations for unexpected results observed during catchment-wide fish assemblage monitoring
and identify design issues limiting fishway performance for particular species or size classes of
fish. The aim of this study was to combine the use of fishway trapping and PIT-tag technology to:
(i) document the species composition, including richness, abundance and population structure of
fish migrating through the fishway; and (ii) assess fish behaviour and environmental conditions
relevant to fishway usage. This represents a component of the joint project undertaken by the
Sydney Catchment Authority (SCA), NSW Department of Primary Industries (DPI) and the former
Cooperative Research Centre for Freshwater Ecology, ‘Assessment of fishway effectiveness, and
optimisation of operations for fish migrations’.
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3.2 Methods

3.2.1 Site and fishway description

Both components of this chapter were carried out at Tallowa Dam on the Shoalhaven River (see
Chapter 2, Fig. 2.1), with PIT tagging of fish in the upstream and downstream reaches of the river,
including smaller tributaries.

The fish lift is a mechanical system that attracts, captures and then transports upstream-migrating
fish from the base of Tallowa Dam into Lake Yarrunga (Fig. 3.1a). The attraction chamber of the
fishway is a 3.5-m-wide open-topped channel which fish enter through a 300-mm-wide vertical
slot positioned close to the upstream limit of migration at the dam (Fig. 3.1b). An attraction flow is
maintained within the attraction chamber at all times, with an entrance slot velocity of
approximately 0.8 m/s (favourable for fish passage). Fish entering the attraction chamber must
move upstream against the attraction flow for a distance of 50 m to access a cone trap at the
entrance to the trapping chamber. The trapping chamber contains a hopper at its base. The
stainless-steel hopper is 3.5 m long x 1.5 m wide x 1.0 m deep and holds approximately 3 m* of
water (Fig. 3.2a). The upper walls and roof of the hopper are constructed from 4-mm screen to
prevent fish from leaping out during transportation. The hopper is raised out of the water by a
hoisting system and transported over the dam wall. The hopper is then lowered to the surface of
the water on the upstream side of the dam and fish are released from the hopper through a hinged
flap in the hopper’s floor. No fish can remain within the hopper over multiple fishway cycles. The
time taken for fish to be transported from the attraction chamber to release is approximately
10 minutes and the cycle is repeated 15 to 20 times each day. Although the fishway’s attraction,
transport and re-setting phase operations are al fully automated, these operations can be manually
overridden and the hopper contains a manual water-release valve allowing inspection of the hopper
and the removal of any fish it contains during the transportation phase.

3.2.2 Fishway trapping

Direct trapping in the fishway (Fig. 3.2) was done at two locations: (i) the attraction chamber, 20
m upstream of the entrance slot (‘entrance’—representing fish entering the attraction chamber);
and (ii) in the fish-lift hopper (‘exit’—fish considered to have successfully utilised the fishway to
move upstream). Trapping events were stratified so that a paired entrance and exit sample was
collected over a 48-hour period, with the hopper and downstream trap set for an alternate 24 hours
at each location. During trapping events, the fishway was manually set to “attraction mode’ for the
full 48-hour duration and the hopper or trap was left in place for 24 hours, thus providing results
comparable between the entrance and exit. The entrance sample was collected using a purpose-
built cage trap (3.25 m (H) x 3.40 m (L) x 1.40 m (W)) (Fig 3.2b) constructed from 4-mm bar
mesh and with six dual cone-trap entrances. The trap was lowered and set into the attraction
chamber. Rubber flanges around the face of the trap ensured fish could not pass between the trap
and the attraction chamber floor or walls. The exit sample was collected from the hopper (accessed
manually) (Fig. 3.2a) as it was being transported over the crest of the dam wall (Fig. 3.2c) at the
completion of the 24-hour sampling period.

Tallowa Dam Fishway Assessment Walsh et al.



NSW Dept of Primary Industries 26

Figure 3.1. Schematic diagram of fishway at Shoalhaven Dam (a) and entrance to attraction
chamber where one of the PIT-tag antennae was located (b).
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Figure 3.2. Hopper (exit) (a) and trap (entrance) (b) in relation to their location on the crest of the
dam and within the fish attraction chamber, respectively (c).

|
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A total of 12 x 48-hour paired trapping events were proposed in each year between 2010 and 2013,
with six trapping events in spring and six events in autumn. Trapping times were chosen to
coincide with different fish species’ migration patterns. Adults of most diadromous species
generally migrate between September and November, while juveniles and sub-adults generally
move upstream between January and April (McDowall 1996).

All fish were identified, counted, measured and released after capture. Length measurements were
to the nearest millimetre and were taken as fork length for species with forked tails, and total
length for all other species. Where large catches of a species occurred, a sub-sample of
100 individuals of each species was measured per 24-hour period. Those fish captured in the fish-
lift hopper were released into Lake Yarrunga. Water temperature (°C) and daily water discharge
outflows from Tallowa Dam were supplied by SCA.

3.2.3 PIT antennae system

To collect data on the fishway ascent success and the migratory behaviour of individual fish, PIT
tags (Texas Instruments eco-line glass transponder, half and full duplex, 11 mm and 22 mm,
respectively) were implanted in the gut cavity of individual fish of >200 mm in length that were
collected during dedicated biannual ‘tagging trips’, during fishway trapping events, and as part of
fish community surveys (Chapter 2) between 2005 and 2013. Smaller-bodied species and small
juveniles of large-bodied species were not tagged due to the physical size of the PIT tags used.
Suitable fish were anaesthetised with a light sedative (Aquis®, 10 mg/L) before implantation and
released at point of capture. Subsequent recapture of PIT-tagged fish indicated that the entry
wound healed completely within a few weeks. In total, 3,741 individuals of nine species were PIT
tagged. Of these, 1,502 were Australian bass tagged by members of the Southern Bass Fishing
Club between 2004 and 2013.

A dual-antennae, fixed PIT-tag reader system (KarlTek KLK5000) was installed within the fish
attraction chamber (Fig. 3.1a). The locations of the swim-through antennae included the vertical
slot located at the attraction chamber entrance (Fig. 3.1b) and the entrance of the fishway trapping
chamber (i.e. the hopper entrance). Any time a tagged fish swam through the antennae, its presence
was recorded along with time of day and date. The detection of a tagged fish at the hopper
entrance with no subsequent detections would indicate that the fish had successfully utilised the
fishway and had migrated over the dam wall. Alternatively, if a fish was not detected at the hopper
entrance, or it was last recorded by the attraction chamber entrance antenna, then it had not
successfully utilised the fishway. Data were downloaded from the antennae on a bimonthly basis
by DPI personnel and collated in a Microsoft Access database.

3.2.4 Data analysis

A suite of multivariate and non-parametric analyses were undertaken to detect spatial and temporal
differences in fish assemblages and species abundances, including the comparison of population
size structures for those species that were captured in sufficient numbers ascending the fish lift or
trapped in the attraction chamber downstream. Spatial and temporal analyses of fish assemblages
were done using PRIMER 6.0 (Plymouth Marine Laboratory). Abundances were transformed to
the fourth root, with similarities between fish assemblages at each site calculated using the Bray-
Curtis similarity measure (Bray and Curtis 1957). A permutational multivariate analysis of
variance (PERMANOVA) (Anderson 2001) model was used to test for significant differences in
fish community structure between the entrance and the exit among seasons. Individual species
abundances at the exit and entrance of the fishway were compared using Wilcoxin's rank sum tests
on the raw abundance data. Size distribution data of fish from the entrance and exit were compared
using Kolmogorov-Smirnov (KS) two-tailed tests. KS analyses could only be done for those
species where >50 individuals were recorded at both the fishway entrance and exit sites;
Australian bass, Australian smelt, Cox’s gudgeon and flat-headed gudgeon.
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For PIT-tag data, size distributions of species tagged and those detected by the PIT-tag antennae
were compared using KS two-tailed tests. A generalised linear model determined whether fish
species were more likely to use, or be active in, the fish attraction chamber at night or during the
day. Detection data were based on a Poisson distribution and because the same fish were used to
determine detections at antennae for day and night treatment, individual fish were included in the
models as subjects in a repeated measures design using generalised estimating equations (Liang
and Zeger 1986).

3.3 Results

3.3.1 Present fish assemblages

In all, 29,091 individuals representing 15 fish species were caught within the Tallowa Dam
Fishway over 18 paired trapping events between October 2010 and March 2013 (Table 3.1). Eight
of the 10 catadromous native species sampled at the entrance to the fishway were also collected at
the exit. The two exceptions were freshwater herring and bullrout. The introduced species,
common carp, was also caught at the entrance but not the exit. By far the most common species
captured at both the entrance and exit was Cox’s gudgeon, representing 97% and 88% of all fish
caught, respectively. There were no significant differences in fish assemblage structure between
the fishway entrance and exit or among seasons (PERMANOVA: site, p = 0.81; season, p =
0.328). There were significantly more Cox’s gudgeon (Wilcoxin’s test: p = 0.032) at the exit of the
fishway, while there were no significant differences in mean catch rates between the entrance and
the exit for Australian bass (p = 0.92), Australian smelt (p = 0.56) and longfinned eel (p = 0.59)
(Fig. 3.3). Of the species captured that were abundant at both the entrance and exit, all except flat-
headed gudgeon displayed a significant difference in size distributions (KS test: p < 0.001)
(Fig. 3.4). Australian bass, Cox’s gudgeon and Australian smelt reaching the exit were all
significantly larger than those caught at the entrance.

Australian bass made up the majority (60%) of fish PIT tagged, and comprised approximately 60%
of the fish detected swimming through the fish attraction chamber. Recapture rates (i.e. tagged fish
captured by DPI personnel, members of Southern Bass Fishing Club and the general public) ranged
from <1% for longfinned eels through to 9% for common carp (Table 3.2, Appendix 3.1).
Importantly, seven individual fish comprising five Australian bass and two common carp,
originally tagged downstream of the fishway were recaptured later above the dam in Lake
Yarrunga. With the exception of longfinned eels (22%), similar detection (‘recapture’) rates (1-
8%) were also observed for tagged fish within the attraction chamber. Five of the nine tagged fish
species were last detected at the hopper, after swimming through the entrance, meaning it was
likely these fish ascended the fishway (Table 3.2). For four of these species, at least 40% of
individuals were successful. The exception was freshwater mullet (10%), indicating the potential
reluctance of this species to enter the fish-lift hopper. The size distribution of Australian bass
detected by the PIT antenna within the attraction chamber was significantly larger than the size
distribution of the tagged Australian bass population as a whole (KS tests: p < 0.001). For all of
the other fish species with sufficient sample sizes to allow comparisons (common carp, longfinned
eel and freshwater mullet, Table 3.2), there were no significant differences in the size distributions
(KS tests: p > 0.1).
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Table 3.1. Summary table of fish species captured in the hopper (exit) and the trap
(entrance) of the Tallowa Dam Fishway.
Species Hopper Trap Total
Length Length
n n n
(mm) (mm)
Shortfinned eel® 2 107-113 6 100-122 8
Longfinned eel® 32 110-975 19 65-1,110 51
Goldfish 1 281
Common carp 1 432
Common jollytail? 14 43-47 14
Striped gudgeon® 4 37-58 2 48-50 6
Cox’s gudgeon® 24,295 24-56 3,659 22-89 27,954
Empire gudgeon® 20 33-37 21 32-38 41
Australian bass? 208 89-435 87 85-448 295
Bullrout® 4 67-78 4
Flat-headed gudgeon 237 31-58 259 17-66 496
Freshwater herring® 1 142 1
Australian smelt 140 32-62 72 30-77 212
Freshwater catfish 1 465 4 468-532 5
Freshwater mullet® 1 477 1 422 2
Total 24,955 4,136 29,091
Total no. of species caught 12 13 15
& Catadromous species
Figure 3.3. Mean catch rates (+ SE) of fish per day at the exit and entrance
of the Tallowa Dam Fishway. Asterisk denotes a significant difference (p
< 0.05). Log-scale on y-axis.
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Figure 3.4. Length—frequency distributions of four fish species from the hopper (white
bars) and the trap (grey bars). Kolmogorov—Smirnov comparisons are illustrated.

Asterisks denote significant difference (p < 0.0001).
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Table 3.2. Summary table of fish species PIT tagged, the number of fish recaptured by
Department of Primary Industries personnel and Southern Bass Fishing Club, and number
detected by the antennae in the attraction chamber.
Species No. tagged size range  No. of fish No. of fish  Last detected
P -tagg (mm) recaptured detected at reader 3°
Longfinned eel 156 400-1,210 1 (<1%) 34 (22%) 17 (50.0%)
Goldfish 8 220-290 0 0 0
Common carp 348 150-810 30 (8.6%) 29 (8%) 12 (41.4%)
Estuary perch 36 210-320 0 0 0
Australian bass 2,253 110-500 107 (4.8%) 135 (6%) 54 (40.0%)
Sea mullet 261 210-490 20 (7.7%) 2 (1%) 0
Freshwater mullet 572 200-500 34 (5.9%) 21 (4%) 2 (9.5%)
Freshwater herring 13 200-260 0 0 0
Freshwater catfish 94 160-530 2 (2.1%) 5 (5%) 2 (40.0%)
Total 3,741 194 (5.1%) 226 87
# Percentage indicates proportion of number of fish detected by PIT-tag readers
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3.3.2 Diel and seasonal variability of upstream fish passage

Significantly higher mean diurnal detections were recorded for Australian bass (X?= 4.26, df = 1,
p = 0.04), freshwater mullet (X°>= 113.1, df = 1, p < 0.0001) and common carp (X*= 93.75, df = 1,
p < 0.0001) (Table 3.3, Fig. 3.5). Although longfinned eel detections were mostly nocturnal, no
significance difference was detected for this species. Detections of migrating tagged fish through
the fishway were highly seasonal, with peaks in numbers of individuals coinciding with the austral
spring (September to November) and late summer to autumn (February to May) periods (Fig. 3.6).
Small numbers or no detections were recorded in the fishway during June to August (austral
winter). There was no relationship evident between number of tagged individuals of any species
visiting the fishway and increased flows (Appendix 3.2).

Table 3.3. Mean percentage and number of individuals (in brackets) detected during
the day and the night in the fish attraction chamber. Note: an individual can be detected
during both the day and the night.

No. of fish No. of

Species detected  detections Day Night
Australian bass 135 535,364 70.37% (123)  29.62% (99)
Freshwater mullet 21 4,362 91.37% (20) 8.63% (6)
Common carp 29 22,312 83.49% (29) 16.51% (14)
Longfinned eel 34 432,341 36.72% (29) 63.28% (32)
Freshwater catfish 5 1,986 70.45% (5) 29.55% (3)

Figure 3.5. Mean (+ SE) number of detections of tagged fish species recorded in
the attraction chamber. Asterisks denote significant difference (* means p < 0.05,
*** means p < 0.0001).
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Figure 3.6. Total number of individuals of different species detected within
the attraction chamber (readers 1 and 3) each month. Years 2009-2013 were

pooled.
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3.4 Discussion

The combined use of trapping and PIT-tag technology provided a useful insight into fish behaviour
and the effectiveness of the fish lift in providing upstream fish passage. Our results indicate that
the Tallowa Dam fish lift provides effective fish passage for the majority of those species that
enter the fishway and provides passage for a broad range of size classes of those species. The
fishway successfully provided upstream fish passage for 12 fish species, 11 of which were native,
including small- to large-bodied fish (22-1,110 mm). However, not all species found below the
dam wall (Chapter 2) were represented in the trap and hopper experiments. There was a complete
absence of the catadromous species sea mullet, and of dwarf flat-headed gudgeon, as well as an
under-representation of other fishes, including freshwater herring, freshwater mullet, common carp
and bullrout.

All fish captured in the hopper were observed to be in excellent condition, with no identifiable
evidence of trauma. Even though fish numbers were dominated by small-bodied species
(<100 mm), the physical size and capacity of the hopper and speed at which fish are transferred
into Lake Yarrunga appears to be adequate. During normal operations, the time for the hopper to
be lifted from the bottom of the dam and lowered into Lake Yarrunga is relatively short
(approximately 10 minutes). Only during peak migration times, when high numbers of adult large-
bodied species (e.g. Australian bass) are entering the hopper, would the depletion of dissolved
oxygen potentially be an issue. In the initial stages of the monitoring program, large numbers of
Cox’s gudgeon were observed stranded outside the mesh on the top of the hopper while in travel
mode. The mesh size on the roof of the hopper has since been widened to allow small-bodied fish
to drop back into the hopper. Gaps between the mesh and the roof sections of the hopper have also
been sealed to minimise any risk of fish escaping from the hopper during transit.
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Marginal differences in abundances and size structure were observed between fish populations
entering the attraction chamber and those exiting via the fish lift, with discrepancies likely being
the result of differences in configurations between the hopper and trap. Other reasons for fish
species or smaller-sized individuals not entering the attraction chamber, or migrating successfully
through the fishway, are numerous, but have been linked to species-specific biological behaviour,
as well as differential flow requirements (Stuart and Mallen-Cooper 1999). Studies on fish
behaviour have shown the inhibition of some native species (e.g. silver perch, bony bream and sea
mullet) to pass through tunnels and confined spaces (Mallen-Cooper 1996; DEEDI 2012). Based
on the absence and low utilisation rates for some species at Tallowa Dam, this ‘shyness’ effect
may hold true for the more “flighty’ fishes, including freshwater herring and the two mullet species
(freshwater and sea mullet). Moreover, homogenous hydrological conditions within fishways have
led to a decrease in species diversity and size range of fishes that pass through them (Mallen-
Cooper and Stuart 2007; Baumgartner et al. 2010). However, the large numbers of Cox’s gudgeon
and flat-headed gudgeon captured in the hopper appear to confirm that water velocity in the
attraction chamber is suitable for migrating small-bodied species.

Australian bass, common carp and freshwater herring were mostly detected swimming in the fish
attraction chamber during the day. Diel habitat preference has been reported among many
freshwater and marine fishes, whether it be related to food availability (Pedersen 2000), predator
avoidance (Culp 1989) or as a migration strategy (Reichard et al. 2002; Walsh et al. 2013).
Therefore, the unfamiliar environment and low light intensity of the fish attraction chamber may
be conducive for these three species to be more active during the day. For fish such as longfinned
eels, similar detections were recorded in the attraction chamber for both day and night.
Interestingly, 22% of all longfinned eels tagged downstream of the fishway were eventually
detected by the PIT antennae, suggesting a preference for upstream habitats. During a number of
hopper sampling events, longfinned eels were observed regurgitating partially eaten fish and
displayed evidence of full stomachs. It is evident that fishes such as eels may be exploiting the
fishway for predation purposes; however, this behaviour is likely linked to the long cycle times (up
to 24 hours) used during sampling. Operation of the fishway in a normal frequent-cycling mode
should reduce predation within the hopper as well as minimise the fatigue levels of small fish
trying to migrate.

Tagged fish species predominantly moved through the fishway during the warmer months of
spring and autumn, the timing of which coincides with important life-history strategies, including
spawning and juvenile recruitment. Adult Australian bass returning from their winter estuarine
spawning grounds (Harris 1986; Walsh et al. 2012a; Reinfelds et al. 2013) were detected in
considerable numbers as water temperatures rose in the spring months, while more juvenile
Australian bass were detected migrating during the autumn months. Increased numbers of tagged
freshwater mullet returning from late-summer spawning activity (C. Walsh, unpubl. data) also
visited during this time. Periods of least activity among species were detected during the winter
months, which is understandable considering their life-history strategies and the lack of activity
associated with minimal water temperatures. Being ectotherms, the metabolic rate of a fish will
decrease as the ambient temperature lowers (Katersky and Carter 2007). Periods of inactivity
among fishes suggests that fishway operations may not be required all year round. This effectively
would enable routine maintenance to be carried out at certain times without affecting the overall
performance of the fishway.

Due to flood damage and reliability issues associated with the fish-lift hopper and attraction
chamber flows, only 50% of the trapping events scheduled were completed. This affected the
autumn and spring sampling periods in 2012, when no sampling occurred. Furthermore, due to
water ingress and power failures, the PIT-tag antennae responsible for detecting tagged fish, were
reduced in efficiency, or had failed for approximately 55% of the time (Appendix 3.2). Because
medium to large flow events in the Shoalhaven fell within these time periods, the effect of flows
on fish migration could not be appropriately investigated. Further replicated alternate trap/hopper
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experiments throughout the whole year, in conjunction with the PIT-tag data, will provide finer
detailed information into the seasonal timing and hydrological requirements for fish migrating
through the fishway.
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4 EFFECTIVENESS OF TALLOWA DAM SPILLWAY IN
FACILITATING DOWNSTREAM FISH PASSAGE

4.1 Introduction

In the coastal rivers of south-eastern Australia, 70% of fish species exhibit ‘diadromy’,
undertaking obligatory and regular migrations between freshwater and marine habitats (Miles et al.
2014). Artificial barriers on rivers, such as dams, weirs and culverts, are significant impediments
to these migrations and have detrimental effects on fish populations (Orth and White 1993;
Holmquist et al. 1998). Because of the declines and localised extinctions of diadromous species
above barriers (Bishop and Bell 1978; Brumley 1987; Gehrke et al. 2002), fishways are often
constructed, allowing the continued utilisation of the water resource upstream of the fish passage
barrier. However, wherever upstream fish passage is provided, the capacity for downstream fish
passage is equally important. Providing upstream fish passage at a barrier without provisions for
downstream passage would have a perverse negative outcome on fish populations downstream of
the barrier, by allowing them to access upstream reaches from which they cannot return safely to
reproduce, thus leading to a net loss of reproductive potential within the overall population.

Downstream dispersal during larval/juvenile phases (Humphries et al. 1999; Gilligan and Schiller
2003) and downstream adult spawning migrations (Crook et al. 2010; Reinfelds et al. 2013) are
undertaken by several freshwater fish species in south-eastern Australia. Barriers to downstream
fish passage have been identified as having negative impacts on survival, behaviour, reproduction
and overall fish community structure (O’Connor et al. 2003; Schilt 2007; Baumgartner et al.
2008). However, there is a paucity of data on the effects of dams, weirs and other physical
structures on downstream fish passage; in particular, the survivability of fish migrating over high
dam spillways. Although spillway passage is generally considered the most benign way to pass
large numbers of fish downstream (Schilt 2007), disadvantages include the release of elevated
dissolved oxygen gas downstream which can stress or kill fish (Backman and Evans 2002), as well
as reduced swimming performance and resistance to pathogens (Weiland et al. 1999).

A high dam fish lift was constructed at Tallowa Dam on the Shoalhaven River (see Chapter 2, Fig.
2.1) in 2009 to restore the longitudinal connectivity of habitats for native fish within the catchment
and reverse the significant loss of biodiversity upstream of the dam (Gehrke et al. 2002).
Downstream fish passage is via a 32-m-high overflow spillway which is 352 m wide, has a
maximum slope of 1:0.7 on the downstream face and discharges into a roller bucket energy
dissipater. In association with fishway construction, a 2-m-wide x 1.5-m-deep gate-controlled
channel was recessed into the eastern extremity of the spillway (Fig. 4.1a). This vertical-lift over-
shot gate allows for downstream fish passage and delivery of environmental releases when the
water level within the lake is below the spillway crest. When fully lowered and the storage level is
at full supply, the over-shot gate is capable of discharging up to 700 ML/day. The spillway face
downstream of the gate has been coated with epoxy resin to provide a less abrasive surface.
Migrating fish slide over the spillway into the stilling basin that in turn distributes fish to the
downstream river channel.

The emergence and use of acoustic telemetry and passive integrated transponder (PIT) tag
technology has provided an effective tool for investigating movement biology of many fish species
(Koehn 2000). In particular, acoustic telemetry allows individuals to be tracked with high spatial
and temporal resolution, by using an array of fixed logging stations that passively and continuously
monitor fish movement. As acoustic signals are unaffected by salinity, they are especially useful
for species that traverse freshwater, estuarine and marine waters. Several studies using this
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technology on diadromous fish within the Shoalhaven River in New South Wales (NSW) have
examined survivability and home range sizes (Walsh et al. 2012a) and spawning behaviour and
movement in relation to environmental flows (Reinfelds et al. 2013; Walsh et al. 2013; van der
Meulen et al. 2014).

The aim of this study was to assess the effectiveness of the Tallowa Dam spillway in providing
downstream fish passage—specifically, to: (i) assess the mortality and physiological consequences
of Australian bass entrained over the modified spillway; and (ii) determine the long-term
survivability and timing of Australian bass and freshwater mullet migrating over the dam wall.
This represents a component of the joint project undertaken by the Sydney Catchment Authority
(SCA), NSW Department of Primary Industries (DPI) and the former Cooperative Research Centre
for Freshwater Ecology, ‘Assessment of fishway effectiveness, and optimisation of operations for
fish migrations’.

4.2 Methods

4.2.1 Downstream mortality assessment

An experiment was carried out at Tallowa Dam in February 2013 to assess the fate and long-term
mortality of Australian bass migrating downstream over the spillway gate and down the spillway.
In all, 144 fish, including controls and two flow treatment groups (low flow and high flow) were
used. Treatment fish were released over the over-shot gate during either low-flow (50 ML/day) or
high-flow (500 ML/day) conditions, and then recaptured in the stilling basin. Control fish were
introduced into the stilling basin without going over the dam wall. All control and treatment fish
were released in randomised blocks of four (Appendix 4.1) to minimise time spent adjusting to
flow conditions, and to maximise recapture and processing efficiency.

Fish were collected by boat electrofishing downstream of the dam wall <48 hours prior to the start
of the experiment. Each fish was mildly sedated (10 mg/L AQUIS®) and tagged for identification
with an external dart tag (Hallprint®). Fish were then housed in cylindrical floating cages as shown
in Fig 4.1b (2.5 m*, 22 mm knotless mesh) in the impoundment at a density of 10 fish per m°.

On the day of the experiment, fish were removed from the cages in four equal-sized batches, and
transferred to an oxygenated 1,000 L tank for transport to the crest of the dam. Each individual
was assigned a treatment, block and recovery cage based on the order in which they were removed
from the transport tank (Appendix 4.1). Each fish was tethered to a 100 mm diameter polystyrene
float using a 2 m length of 15 kg monofilament fishing line attached to a circle hook through the
upper jaw, photographed, placed in a 20 L bucket containing 5 L of water and lowered 10 m to the
release position—about 1 m upstream of the vertical over-shot gate (Fig. 4.1a). When the bucket
had reached the water surface, it was inverted to release the fish. The direction the fish was facing
at release could not be controlled, but it was observed that the ratio of fish facing upstream into the
flow, or facing downstream over the gate crest, when they were entrained in the current and swept
over the spillway was approximately equal.

Fish assigned as controls were similarly tethered, but not released over the spillway. Instead they
were released directly into the spilling basin pool one at a time and then retrieved using the same
procedure used to recapture fish in the low-flow and high-flow treatment groups. This ensured that
any differences between control and treatment fish in mortality and/or blood physiology would be
a direct result of passage through the over-shot gate.
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Figure 4.1. Modified spillway (a) and cages (b) used to house the fish following treatment.
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The polystyrene float tether was used to retrieve fish from the stilling basin. Recaptured fish were
photographed before being placed into one of 12 cages (2.5 m®, 22 mm knotless mesh) (Fig. 4.1b)
for monitoring of mortality and blood physiology over a period of 72 hours. Each cage contained
12 fish (four from each treatment). At each time period—O0, 24 and 72 hours—four cages were
randomly selected, mortalities counted and live fish released back into the river. Any fish that died
during the monitoring period were replaced with an untagged fish to maintain constant fish
densities within the cages.

To monitor the relative stress of control and treatment fish, blood was sampled from 12 random
fish (three fish from each cage; control, high flow and low flow) at each time period. Three blood
chemistry parameters were used to determine sublethal stress levels. Cortisol levels and certain
energy metabolites—in particular, glucose and lactate—increase dramatically in response to most
types of stressors and are now commonly used as indicators of stress in fish (Barton and Iwama
1991; Butcher et al.2011). Within 2 minutes of removal from the cage, each fish was inverted and
restrained in a foam block for blood collection via caudal puncture using heparinised syringes (22-
gauge needles). Blood was stored on ice and the plasma separated by centrifugation within 6 hours
of collection. Plasma was stored at —18 °C until cortisol concentrations were measured by
radioimmunoassay using the reagents and protocol of Pankhurst and Sharples (1992) and
Broadhurst et al. (2005). Whole blood plasma glucose and lactate were measured immediately by
handheld meters using Accu-Chek® Advantage 1l and Accutrend® Plus by Cobas, respectively.
Blood was also collected from an additional 12 ‘wild” Australian bass caught by electrofishing
following the methods described by Haddy and Pankhurst (1999). Such an approach is considered
the most appropriate for estimating the baseline physiological status of fish (Hanson and Cooke
2009).

4.2.2 Acoustic telemetry and PIT tagging

Movement data generated using acoustic telemetry and PIT tagging were interrogated to assess
longer-term survival of downstream-migrating Australian bass and freshwater mullet. In 2011 and
2012, 20 adult Australian bass were captured by angling or electrofishing within Lake Yarrunga
and 20 adult freshwater mullet were captured by electrofishing below the Tallowa Dam wall. Fish
were placed in an anaesthetic bath containing 50 mg/ L of Aqui-S® solution until their operculum
rate became slow and irregular (2-3 minutes). Fish were then weighed (£ 1 g), measured (fork
length, £ 1 mm) and placed ventral-side up in a VV-shaped surgical cradle. During surgery, 25 mg/L
of anaesthetic was irrigated over the gills of the fish using a battery-operated pump. A Vemco V13
or V9 acoustic transmitter, with a battery life of 2 years and weighing <2% of the body mass of the
fish, was inserted into the peritoneal cavity of each fish via a 20-mm incision on the ventral
midline between the pelvic fins and the anus. The incision was closed with two synthetic
absorbable sutures (Ethicon Vicryl®) and tied with a double surgeon’s knot. All fish were marked
with an external T-bar anchor tag (Hallprint®) inserted below the dorsal fin. Fish were allowed to
recover in holding tanks until they were able to swim normally, after which they were released into
Lake Yarrunga (typically within 1 hour of capture).

A linear array of nine acoustic receivers (Vemco VR2W) was deployed in Lake Yarrunga (Fig.
4.2), building on an existing acoustic array already established in the Shoalhaven River below
Tallowa Dam. Methods for deploying the receivers are described in Walsh et al. (2012a).
Receivers recorded the time, date and identity of the tagged fish that swam within range of a unit.
Receivers were single frequency (69 kHz) omni-directional units and had mean detection ranges of
350 m (range of 280-420 m). The location of receivers within the array ensured that there was
minimal chance of tagged fish escaping detection when swimming past a receiver. Data from
receivers were downloaded bi-monthly and stored in a Microsoft SQL Server database. The mean
hourly location of individuals (i.e. distance from sea) was calculated based on the proportion of
time spent within the vicinity of a receiver (a proxy for known river distance, Walsh et al. 2012b).
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Figure 4.2. Location of VR2W receivers within Lake Yarrunga and the lower Shoalhaven River.
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In addition to the acoustic telemetry data, 138 Australian bass captured in the hopper during
trapping experiments (see Chapter 3) were PIT tagged at the crest of the dam and released
immediately above the modified spillway. Re-detection on PIT-tag readers within the fish
attraction chamber provided additional information on the long-term survival of Australian bass
migrating down over the modified spillway.

4.2.3 Data analysis

All statistical analyses were done with Statistica software (Statsoft 2010) using a significance level
of p < 0.05. All response variables were assessed for normality and homogeneity of variances prior
to analysis. Mortality and blood physiology (cortisol, glucose and lactate) concentrations were
log,o transformed to normalise data. Although data for ‘wild” controls were included in graphs,
they were excluded from statistical analyses because none were captured at similar sample times to
those fish from the experiment. Experimental data were analysed by factorial analysis of variance
(ANOVA) to test the null hypothesis that there were no differences in mortality and stress levels
between control and treatment fish among the three different time periods. Significant F-ratios
were investigated with post-hoc Tukey’s honest significant difference (HSD) means tests. Analysis
of acoustic telemetry and PIT-tag data were descriptive with no formal statistical tests used.
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4.3 Results

4.3.1 Downstream mortality assessment

In association with 48 controls, 96 Australian bass were released through the low-flow over-shot
gate and down the modified spillway during either low-flow or high-flow conditions. All groups
had similar size distributions (mean = SE: controls, 252.7 mm + 5.5; low flow, 263.8 mm + 7.3;
high flow, 266.6 mm % 7.5) (Kolmogorov—-Smirnov: p < 0.05 for all tests). Environmental
conditions were similar for all blocks of fish released, as well as for the three monitoring days.
During the course of the experiment, several nets developed holes due to cages rubbing up against
the concrete abutment, which resulted in the escape of 11 fish.

On recapture (time 0), all fish were observed to be in similar condition to that before the
experiment, with some fish across controls and both treatments showing evidence of scale loss due
to handling. No immediate mortalities were recorded among the three groups. After 24 hours,
significant mortality occurred (27.5%), while at 72 hours the percentage of mortalities in the last
batch of cages remained stable (22.5%). There was no significant difference in mortality between
the control and the treatment groups (ANOVA: F,, ,; = 2.47, p = 0.10); however, mortality rates at
24 hours and 72 hours were significantly higher than at time 0 (ANOVA: F, ,; = 1.08,
p < 0.001). This pattern was similar among all three groups tested (ANOVA: interaction, F, »7 =
0.88, p = 0.49).

Table 4.1. Summary table of mortalities, blood sampled and unaccountable fish for each time
period post recapture.

Time Control Low flow High flow
(hours . . .
since No. Blood Fish No. Blood Fish No. Blood Fish
recapture) dead sampled lost dead sampled lost dead sampled lost
0 0 4 1 0 3 1 0 4 2
24 5 4 2 3 3 1 3 4 1
72 5 4 1 1 5 0 3 4 2

4.3.2 Blood physiology

Compared to the ‘wild” individuals (baseline control sample), all low-flow, high-flow and control
treatment fish from all time periods had elevated cortisol, glucose and lactate blood concentrations
(Fig. 4.3). There were no significant differences (Table 4.2) between the three groups for any
blood parameter. All blood parameters for control and treatment fish were significantly higher at
time of recapture (0 hour, p < 0.004; Table 4.2) than at the other time periods, with no significant
differences between treatments after 24 and 72 hours. As with the mortality assessment, changes in
control and treatment group blood physiology levels were consistent through time (all interactions,
p > 0.30).
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Figure 4.3. Mean (x SE) cortisol (a) glucose (b)
and lactate (c) concentrations in blood samples
of Australian bass from each experimental
treatment at each sample time.
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Table 4.2. Summary table results for blood physiology comparisons using factorial analysis of
variance (ANOVA)

Blood

analysis Treatment Time Treatment x Time

Cortisol Fy07=1.16,p=0.32 F2 27 =9.98, p <0.0001 F4,7=1.28,p=0.30
Lactate Fy2;=153,p=0.24 F,, 27 = 18.50, p < 0.0001 Fs27=0.10,p=0.98
Glucose F2 27 =3.30,p=0.06 F, 27 =6.75, p = 0.004 Fs27=112,p=0.36
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4.3.3 Acoustic telemetry and PIT tagging

Acoustically tagged Australian bass and freshwater mullet were detected within the acoustic array
for 495 + 60 and 235 + 30 days (mean * SE), respectively. Nine (45%) of the Australian bass and
17 (85%) of the freshwater mullet migrated downstream over the spillway on at least one occasion
(Table 4.3). The remaining individuals of both species were last detected within Lake Yarrunga.
Survival rates of both species were high, with 81% of all fish that did pass downstream being re-
detected between 105 and 589 days after descending the spillway. Individual movement histories
were typical of each species’ behaviour, with the majority of fish making large-scale migrations to
their estuarine spawning grounds (Appendices 4.2 and 4.3). The timing of downstream migrations
over the spillway was highly correlated with spillway flows. The majority of Australian bass
migrated down the spillway during variable freshwater inflow pulses. Fourteen of the 17
freshwater mullet descended over the spillway within a 48-hour period during the initial rise of a
moderate flow event in February 2013 (Fig. 4.4). The three remaining fish descended on a receding
flow 1 week later. Five (of nine) Australian bass and only one (of 17) freshwater mullet made at
least one return migration upstream through the fishway.

Of the 138 Australian bass PIT tagged during trapping experiments (Chapter 3) and then released
down the modified spillway, 18 were subsequently detected in the fish attraction chamber. Fish
were recorded at liberty between 24 and 945 days (395 mean + 58 SE) after descending the
spillway.

4.4 Discussion

Our controlled and replicated downstream mortality experiment, in conjunction with long-term
acoustic telemetry and PIT-tag-derived movement data, demonstrates that the spillway and/or low-
flow over-shot gate provide safe downstream fish passage for Australian bass and freshwater
mullet at Tallowa Dam. We did not observe any immediate mortality of Australian bass during
downstream passage through the low-flow over-shot gate at either low or high discharge rates and
we did not observe any obvious external physical injuries or trauma. Despite recording elevated
mortality and physiological alterations to blood chemistry consistent with stress during the
experiment, the same responses were observed in the control group, suggesting that mortality and
stress was in response to handling and the conditions within the cages in which the fish were held.
There was no evidence that downstream passage increased the probability of mortality or the
physiological responses. The data from tagged fish indicate that most fish that pass downstream do
so successfully. There were no data collected during any of the tagging programs that could be
interpreted as suggesting that fish died during or after passing downstream over the spillway.

Previous studies assessing the post-release survival of angled Australian bass and other estuarine-
dependent species determined short-term mortality rates as low as 0-6%, depending on bait type,
hook location and fish size (Hall et al. 2009a; Butcher et al. 2011). However, Hall et al. (2009b)
recorded significant delayed mortality (up to 25%) and restricted gonad development in harshly
handled Australian bass confined to nets over a 3-week period. Despite their apparent ability to
withstand the immediate physical consequences of migrating down the low-flow over-shot gate at
Tallowa Dam, Australian bass exhibited significant physiological stress during the experiment. On
initial capture among the experimental fish, stress levels peaked across all three groups. Blood
cortisol concentrations were around 10 times higher compared with wild angled fish, and more
than twice those reported in harshly angled fish (Hall et al. 2009a). Although by 24 hours blood
cortisol, glucose and lactate levels in control and treated fish significantly dropped (approximately
40%); similar elevated levels across all three groups remained another 48 hours later.
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Table 4.3. Summary table of acoustically tagged Australian bass and freshwater mullet, including
migration success downstream over the Tallowa Dam spillway and upstream through the fish lift.

Fork Fishway success No. of days

. Release Days at No. of since

Fish 1D length date liberty  detections descended
(mm) downstream upstream ;
spillway
Australian bass
1122820 359 12/11/2011 649 5,531
1122821 324 12/11/2011 109 9,483 1 2
1122822 384 01/12/2011 692 11,888 1 503
1122823 311 12/11/2011 703 10,108
1122824 406 12/11/2011 703 24,059 1 1 546
1122825 309 12/11/2011 10 1,620
1122826 346 12/11/2011 698 6,808
1122827 399 30/11/2011 47 435
1122828 307 12/11/2011 573 11,746
1122829 375 12/11/2011 79 161
1122830 335 12/11/2011 703 23,522
1122831 311 12/11/2011 703 13,161
1122832 374 21/11/2011 689 117,924 3 2 589
1122833 353 12/11/2011 6 97
1122834 301 12/11/2011 594 482
1122835 370 13/10/2011 558 15,128 1 367
1122836 408 12/11/2011 524 22,773 1 405
1122837 318 12/11/2011 557 16,590 2 1 538
1122838 397 13/10/2011 605 775 1 604
Freshwater mullet
1149295 404 05/12/2012 297 29,545 1 216
1149296 383 05/12/2012 308 31,102 1 228
1149297 415 29/11/2012 210 14,073 1 118
1149298 433 29/11/2012 267 33,322 1 180
1149299 405 29/11/2012 87 2,154 1 1
1149300 367 05/12/2012 242 19,235 1 160
1149301 396 05/12/2012 343 2,425
1149302 440 29/11/2012 176 8,657 1 84
1149303 412 05/12/2012 286 12,244 1 206
1149304 394 05/12/2012 310 50,558 1 224
1149305 482 29/11/2012 295 11,044 1 208
1149306 426 29/11/2012 315 30,901 1 229
1149307 425 29/11/2012 272 29,063 1 186
1149308 400 05/12/2012 176 1,266
1149309 422 05/12/2012 186 12,496 1 105
1149310 380 05/12/2012 305 23,616 1 225
1149311 421 29/11/2012 340 1,599 1 1 254
1149312 440 29/11/2012 92 227 1 6
1149313 382 05/12/2012 282 5,174
1149314 438 05/12/2012 82 195 1 0
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Figure 4.4. Timing of Australian bass and freshwater mullet individual
downstream migrations over the spillway and upstream migration via the fish lift,
relative to river discharge. Note : O = 17 individuals.
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This persistent elevation of all blood chemistry variables 72 hours after the experiment
commenced suggests that either this species has (i) a comparatively slower rate of recovery from
capture-induced stressors or, more than likely, (ii) their confinement was stressful (Butcher et al.
2011). Previous research on many fish species indicates that most blood chemistry variables,
including cortisol, glucose and lactate, recover to near baseline values within around 120 minutes
after angling and handling (Suski et al. 2007). It is only when technical or environmental
conditions are extreme (e.g. confinement, long angling play times, warm water conditions) that
recovery time can become protracted (Cooke and Suski 2005). Hall et al. (2009a) found that
cortisol concentrations in harshly angled Australian bass that were confined to net cages only
returned to pre-treatment levels after 1 week. Because blood physiology variables remained
elevated across all three treatment groups, we propose that post-release cumulative stressors—in
particular, net confinement—Iikely contributed to the observed delayed mortality in these fish.

There were no such confounding influences when investigating the long-term survivability of
Australian bass and freshwater mullet migrating downstream over the spillway. Both acoustic
telemetry and PIT-tag data revealed that Australian bass and freshwater mullet were still being
detected after descending the spillway, for up to 945 days and 340 days, respectively. As both
species migrated on moderate to large flood events (i.e. when the dam was spilling), this meant
that fish had access to the entire spillway, not just the modified section—which is designed to
provide passage during low-flow conditions. Hence, long-term survival was not only evident in
Australian bass descending down the modified spillway, but also of both species surviving the
descent over the original spillway. Tagged freshwater mullet were translocated into Lake Yarrunga
from below the dam, and it was not known whether these fish, or resident Australian bass, would
possess the innate ability to migrate in response to spawning activity and/or increased flows. In
this study, there was a direct relationship between the timing of fish passage downstream and
increased freshwater inflows into Lake Yarrunga. In particular, 17 of the 20 freshwater mullet
migrated downstream over the spillway on a single moderate flood event in February 2013.
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Moreover, Australian bass and freshwater mullet travelled down to the estuary before returning
back to freshwater habitats below the dam. Thus, the timing and movement strategy of both
species coincides with previously known reproductive biology work (Harris 1986; Humphrey
1980) and, importantly, confirms that stress associated with travelling downstream over the
spillway does not appear to interrupt their normal spawning behaviour.

Despite proving that downstream fish passage was safe for adults of two representative large-
bodied species, due to methodological constraints (an inability to tether, or implant acoustic or PIT
tags in fish under 100-mm fork length), we were unable to experimentally quantify in situ
survivability of downstream-migrating juvenile or small-bodied species. Previous mitigation
studies have shown that survivability of individuals and species is size-selective (Powers et al.
1985; Bunt et al. 2001). While it may be credible to assume the success of original and modified
spillway at Tallowa Dam in ensuring safe downstream fish passage for Australian bass and
freshwater mullet is also applicable for species across the entire fish community, the suitable
sampling of a wide variety and size range of fishes, including juveniles and smaller bodied species,
should also be considered when determining the success of downstream fish passage.
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APPENDICES

Appendix 2.1. Habitat descriptions at the 12 sites within the Shoalhaven River system

Site  Name Elev.? Habitat description

Extreme upper reach site above the confluence the Mongarlowe River and

Mongarlowe Shoalhaven River. Long pool 1.5 m deep with riffles upstream and downstream.

1 River 550 Substratum bedrock, boulders, cobble and sand. Frequent macrophyte beds and
timber cover with abundant riparian vegetation.
Shoalhaven River upstream of Lake Yarrunga. Long pool 3 m deep, bounded by
12 Tolwong 130 rapids and riffles. Substratum cobble with abundant bedrock and boulders. Frequent
Mines macrophyte beds and rushes. Abundant riparian vegetation on one bank, sparse on
other bank.
Shoalhaven River upstream of Lake Yarrunga. Long pool up to 2 m deep, bounded
2 Fossickers 70 by rapids and riffles. Substratum is a mixture of sand, bedrock and cobble with
Flat abundant boulders. Vegetation includes occasional macrophyte beds and native
trees and shrubs.
Upper Upper reaches of Kangaroo River. Two short pools up to 2.1 m deep separated by a
series of low cascades and bounded by riffles and rapids. Substratum bedrock with
4 Kangaroo 120 .
River abundant boulders a_nd Igrge cobblgs. Littoral grasses common. No macrophyte
beds and abundant riparian vegetation.
Kangaroo River upstream of the weir above Hampden Bridge. Medium-sized pool
5 Kangaroo 60 up to 3 m deep, bounded by riffle downstream and riffles and rapids upstream.
Valley Substratum cobble with some sand, bedrock and boulders. Large rock faces exist on
both banks. Vegetation is predominantly trees on the banks.
Kangaroo River arm within Lake Yarrunga. Average depth 5 m. Substratum mud
14 Beehive 50 and silt with frequent boulders and bedrock. Frequent drowned trees. Frequent
Point macrophyte beds and rushes with some riparian vegetation dominated by native
trees and shrubs.
Sawyers Kanggroo River arm within Lake Yarrunga. Substratum mud and silt W_ith
6 Spur 50 occasional bedrock and boulders. Frequent macrophyte beds and occasional rushes,

with the riparian vegetation dominated by native trees.

Shoalhaven River arm within Lake Yarrunga. Sampled depth up to 3 m. Substratum

7 Pauls 50 mud and silt with occasional bedrock and boulders. Occasional macrophyte beds
Lookout . L :
and frequent timber structure. Frequent riparian vegetation.
Shoalhaven River arm within Lake Yarrunga. Sampled depth to 5 m. Substratum
13 Monarchs 50 mud and silt with occasional bedrock and boulders. Frequent drowned trees.
Bluff Occasional macrophyte beds and rushes with abundant riparian vegetation
dominated by native trees and shrubs.
Complex of two small pools and interconnecting rapids/riffles. Depth up to 3 m.
Below dam Includes bottom of fishway. Substratum cobble, boulders with occasional bedrock
8 30 - o
wall and gravel. Sparse macrophyte beds. Occasional dense stands of riparian
vegetation. Subject to immediate flows released from Tallowa Dam.
500 m Long pool with maximum depth 3 m. Substratum diverse, including bedrock,
9 downstream 30 boulders, mud and silt. Frequent macrophyte beds and riparian vegetation
of dam wall dominated by native trees and shrubs.
Burrier Long pool 22 km downstream of dam, just upstream of the tidal limit. Maximum
depth 3.8 m. Substratum mud, silt and sand with occasional cobbles and boulders.
10 pump <10 - L
station Macrophyte beds common. Riparian vegetation is abundant on one bank and sparse

on the other.

# Elevation (m above sea level)
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Appendix 2.2. Habitat and water quality variables at the 12 sites within the Shoalhaven

River system

Site name: Mongarlowe River

Zone: Mongarlowe River

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 35 Native trees 76 Rock 75
Cobble 90 Exotic trees 11 Undercuts 1
Gravel 71 Native shrubs 85 Timber 69
Sand 28 Exotic shrubs 28 Plant Litter 2
Boulder 41 Terrestrial grass 22
Mud / Silt 26 Floating macrophytes 2
Unknown 2 Emergent macrophytes 39
Clay 0 Submerged macrophytes 80
Filamentous Algae 10
Biofilms 4
Dissolved .
Survey Tf? P oxygen pH Concsiblctlwty Turbidity | Velocity®
(°C) (malL) (uS/em)

Spring 2009 20.60 5.62 7.47 0.05 Clear Slow

Autumn 2010 19.50 8.28 7.20 0.04 Clear Slow

Spring 2010 22.94 7.00 4.28 0.07 Clear Slow

Autumn 2011 17.10 11.05 6.77 0.05 - Slow

Spring 2011 17.00 - - - Low Slow

Autumn 2012 17.88 9.05 5.89 0.07 Low Slow

Spring 2012 19.40 7.75 7.40 0.09 Low Slow

Autumn 2013 17.98 8.04 7.32 0.07 Clear Slow

® Velocity = None, Slow, Moderate or Fast
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Site name: Towlong Mines

Zone: Shoalhaven River upstream

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 39 Native trees 84 Rock 76
Cobble 45 Exotic trees 0 Undercuts 7
Gravel 19 Native shrubs 41 Timber 50
Sand 34 Exotic shrubs 5 Plant Litter 3
Boulder 57 Terrestrial grass 39
Mud / Silt 61 Floating macrophytes 2
Unknown 9 Emergent macrophytes 14
Clay 1 Submerged macrophytes 39
Filamentous Algae 3
Biofilms 6
Dissolved o
Survey Tf? P oxygen pH Condsl;Ct'V'ty Turbidity | Velocity®
(°C) (mg/L) (uS/cm)

Spring 2009 24.85 7.90 7.81 0.09 High Slow

Autumn 2010 18.60 7.06 7.04 0.06 Low Slow

Spring 2010 24.76 10.15 - 0.11 Low Slow

Autumn 2011 10.40 11.22 418 0.06 - Slow

Spring 2011 21.12 8.78 6.90 0.10 Low Slow

Autumn 2012 19.97 10.41 6.12 0.11 Moderate Slow

Spring 2012 21.35 8.34 7.50 0.13 Clear Slow

Autumn 2013 - - - - - Slow

? Velocity = None, Slow, Moderate or Fast
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Site name: Fossickers Flat

Zone: Shoalhaven River upstream

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 50 Native trees 86 Rock 87
Cobble 19 Exotic trees 0 Undercuts 0
Gravel 10 Native shrubs 27 Timber 25
Sand 49 Exotic shrubs 3 Plant Litter 0
Boulder 76 Terrestrial grass 25
Mud / Silt 15 Floating macrophytes 0
Unknown 11 Emergent macrophytes 4
Clay 0 Submerged macrophytes 24
Filamentous Algae 1
Biofilms 0
Dissolved .
Survey T(tzrcn)p oxygen pH C(zng?gr%'ty Turbidity | Velocity®
(mg/L) H

Spring 2009 25.70 8.93 8.08 0.10 Moderate Slow

Autumn 2010 18.60 7.07 7.02 0.06 Low Slow

Spring 2010 26.06 10.25 4.21 0.11 Moderate Slow

Autumn 2011 10.43 12.09 8.06 0.07 - Slow

Spring 2011 21.71 9.49 6.73 0.10 Low Slow

Autumn 2012 20.68 10.93 6.23 0.13 Low Slow

Spring 2012 21.75 8.54 7.35 0.13 Low Slow

Autumn 2013 - - - - - Slow

® Velocity = None, Slow, Moderate or Fast
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Site name: Upper Kangaroo River

Zone: Kangaroo River

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 79 Native trees 88 Rock 96
Cobble 46 Exotic trees 0 Undercuts 7
Gravel 27 Native shrubs 68 Timber 15
Sand 22 Exotic shrubs 6 Plant Litter 11
Boulder 71 Terrestrial grass 29
Mud / Silt 6 Floating macrophytes 0
Unknown 1 Emergent macrophytes 11
Clay 0 Submerged macrophytes 0
Filamentous Algae 2
Biofilms 13
Dissolved -
Survey TEQ P oxygen pH Congl;Ct'V'ty Turbidity | Velocity®
(°C) (mg/L) (HS/cm)

Spring 2009 21.85 8.35 7.95 0.06 Clear Slow

Autumn 2010 15.20 8.84 7.13 0.04 Clear Slow

Spring 2010 19.47 8.31 4.44 0.06 Clear Medium

Autumn 2011 16.99 10.43 6.94 0.06 - Medium

Spring 2011 16.00 - - - Low Slow

Autumn 2012 17.24 10.79 5.77 0.07 Low Medium

Spring 2012 15.04 8.47 3.67 0.08 Low Slow

Autumn 2013 15.45 9.71 6.69 0.68 Low Medium

? Velocity = None, Slow, Moderate or Fast
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Site name: Kangaroo Valley

Zone: Kangaroo River

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 64 Native trees 79 Rock 78
Cobble 46 Exotic trees 22 Undercuts 13
Gravel 14 Native shrubs 47 Timber 41
Sand 36 Exotic shrubs 25 Plant Litter 3
Boulder 59 Terrestrial grass 14
Mud / Silt 29 Floating macrophytes 0
Unknown 8 Emergent macrophytes 4
Clay 1 Submerged macrophytes 2
Filamentous Algae 0
Biofilms 3
Dissolved -
Survey T(oemp oxygen pH Condl;Ct'V'ty Turbidity | Velocity®
9 | o) (uS/cm)

Spring 2009 22.80 7.89 7.84 0.07 Low Slow

Autumn 2010 18.40 9.22 6.80 0.06 Low Slow

Spring 2010 18.88 8.62 5.57 0.11 Clear Slow

Autumn 2011 19.17 10.51 7.21 0.10 - Slow

Spring 2011 19.00 - - - Low Slow

Autumn 2012 17.62 10.35 6.01 0.11 Low Slow

Spring 2012 21.45 8.31 6.67 0.11 Low Slow

Autumn 2013 18.11 9.70 6.58 0.10 Low Slow

® Velocity = None, Slow, Moderate or Fast
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Site name: Beehive Point

Zone: Lake Yarrunga

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 62 Native trees 80 Rock 66
Cobble 8 Exotic trees 1 Undercuts 0
Gravel 11 Native shrubs 68 Timber 75
Sand 7 Exotic shrubs 1 Plant Litter 0
Boulder 38 Terrestrial grass 23
Mud / Silt 53 Floating macrophytes 10
Unknown 24 Emergent macrophytes 49
Clay 3 Submerged macrophytes 52
Filamentous Algae 3
Biofilms 7
Dissolved -
Survey Depth Ti:mp oxygen pH Conductivity Turbidity | Dam level
(m) C) (ma/L) (nS/cm)
Spring 2009 0.2 23.9 8.17 8.07 0.07 Clear High
Spring 2009 - - - - - Clear High
Autumn 2010 0.2 18.7 4.38 6.61 0.06 Clear High
Autumn 2010 9.0 18.7 3.85 5.86 0.062 Clear High
Spring 2010 0.2 21.22 6.85 8.81 0.08 Clear High
Spring 2010 5.0 18.2 3.29 7.3 0.078 Clear High
Autumn 2011 0.2 24.85 5.65 7.08 0.09 - High
Autumn 2011 6.0 22.27 3.72 6.25 0.093 - High
Spring 2011 0.2 18.16 9.91 7.11 0.10 Low High
Spring 2011 7.0 16.17 8.54 5.88 0.096 Low High
Autumn 2012 0.2 18.27 5.92 571 0.46 High High
Autumn 2012 10.0 17.15 5.1 5.1 0.106 High High
Spring 2012 0.2 21.88 8.40 7.31 0.12 Low High
Spring 2012 5.0 17.57 6.8 7.41 0.118 Low High
Autumn 2013 0.2 24.40 9.92 7.48 0.09 Low High
Autumn 2013 4.0 20.6 141 5.9 0.089 Low High
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Site name: Sawyers Spur

Zone: Lake Yarrunga

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 21 Native trees 87 Rock 73
Cobble 32 Exotic trees 1 Undercuts 0
Gravel 45 Native shrubs 83 Timber 83
Sand 18 Exotic shrubs 0 Plant Litter 8
Boulder 54 Terrestrial grass 11
Mud / Silt 53 Floating macrophytes 3
Unknown 17 Emergent macrophytes 39
Clay 8 Submerged macrophytes 48
Filamentous Algae 2
Biofilms 2
Dissolved .
Depth Temp Conductivity - Dam
Survey m) ¢C) %):]yéq/el_;\ pH (uS/cm) Turbidity level
Spring 2009 0.2 24.00 8.99 8.35 0.07 Clear High
Spring 2009 6.0 18.90 6.12 7.21 0.07 Clear High
Autumn 2010 0.2 19.25 5.82 7.11 0.06 Low High
Autumn 2010 9.0 18.40 0.08 5.81 0.06 Low High
Spring 2010 0.2 19.90 3.92 7.47 0.10 Low High
Spring 2010 6.0 17.38 3.43 6.80 0.10 Low High
Autumn 2011 0.2 2491 6.15 5.95 0.10 - High
Autumn 2011 8.0 21.99 0.00 6.25 0.10 - High
Spring 2011 0.2 17.56 9.47 6.10 0.09 Clear High
Spring 2011 5.0 15.79 8.66 6.03 0.09 Clear High
Autumn 2012 0.2 18.55 7.59 6.64 0.10 Low High
Autumn 2012 10.0 16.70 2.92 5.90 0.08 Low High
Spring 2012 0.2 20.19 8.42 6.84 0.12 Low High
Spring 2012 6.0 13.78 6.11 5.85 0.12 Low High
Autumn 2013 0.2 26.51 9.24 7.24 0.11 Low High
Autumn 2013 2.0 22.82 9.46 6.87 0.10 Low High
Tallowa Dam Fishway Assessment Walsh et al.




NSW Dept of Primary Industries

61

Site name: Pauls Lookout

Zone: Lake Yarrunga

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 12 Native trees 83 Rock 60
Cobble 53 Exotic trees 0 Undercuts 0
Gravel 44 Native shrubs 78 Timber 86
Sand 26 Exotic shrubs 1 Plant Litter 6
Boulder 27 Terrestrial grass 11
Mud / Silt 73 Floating macrophytes 8
Unknown 16 Emergent macrophytes 28
Clay 12 Submerged macrophytes 39
Filamentous Algae 0
Biofilms 5
Dissolved .
Depth Temp Conductivity .- Dam
Survey m) °C) cz;y&i? pH (uS/cm) Turbidity level
Spring 2009 0.2 24.00 8.99 8.35 0.07 Clear High
Spring 2009 - - - - - Clear High
Autumn 2010 0.2 19.25 5.82 7.11 0.06 Low High
Autumn 2010 8.0 18.70 472 5.76 0.06 Low High
Spring 2010 0.2 19.90 3.92 7.47 0.10 Low High
Spring 2010 8.0 17.13 2.30 7.16 0.11 Low High
Autumn 2011 0.2 2491 6.15 5.95 0.10 - High
Autumn 2011 2.0 23.49 5.00 6.66 0.10 - High
Spring 2011 0.2 17.56 9.47 6.10 0.09 Clear High
Spring 2011 7.0 14.17 7.13 7.02 0.09 Clear High
Autumn 2012 0.2 18.55 7.59 6.64 0.10 Low High
Autumn 2012 10.0 16.73 5.60 6.56 0.10 Low High
Spring 2012 0.2 20.19 8.42 6.84 0.12 Low High
Spring 2012 6.0 12.86 6.40 5.51 0.11 Low High
Autumn 2013 0.2 26.51 9.24 7.24 0.11 Low High
Autumn 2013 4.0 21.22 6.94 6.85 0.10 Low High
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Site name: Monarchs Bluff

Zone: Lake Yarrunga

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 34 Native trees 73 Rock 48
Cobble 8 Exotic trees 3 Undercuts 5
Gravel 8 Native shrubs 59 Timber 75
Sand 2 Exotic shrubs 2 Plant Litter 0
Boulder 28 Terrestrial grass 5
Mud / Silt 60 Floating macrophytes 0
Unknown 33 Emergent macrophytes 22
Clay 4 Submerged macrophytes 22
Filamentous Algae 1
Biofilms 7
Dissolved .
Depth Temp Conductivity - Dam
Survey m) °C) cz:;yé;/i? pH (uS/cm) Turbidity level
Spring 2009 0.2 22.10 7.91 7.83 0.08 Clear High
Spring 2009 0.2 - - - - Clear High
Autumn 2010 0.2 17.70 4.20 6.56 0.07 Low High
Autumn 2010 0.2 - - - - Low High
Spring 2010 0.2 19.90 3.00 7.50 0.13 Clear High
Spring 2010 6.0 15.85 1.56 7.10 0.12 Clear High
Autumn 2011 0.2 23.44 6.98 6.36 0.10 - High
Autumn 2011 8.0 20.40 0.00 6.14 0.11 - High
Spring 2011 0.2 15.81 7.64 6.06 0.08 Low High
Spring 2011 9.0 13.68 6.13 6.10 0.09 Low High
Autumn 2012 0.2 16.73 5.48 5.88 0.11 Low High
Autumn 2012 10.0 16.27 7.42 5.42 0.12 Low High
Spring 2012 0.2 21.47 8.70 6.70 0.12 Low High
Spring 2012 4.0 16.31 6.21 5.80 0.12 Low High
Autumn 2013 0.2 22.32 6.98 7.04 0.10 Moderate High
Autumn 2013 5.0 19.60 493 6.55 0.10 Moderate High
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Site name: Below dam wall

Zone: Directly below Tallowa Dam

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 7 Native trees 78 Rock 100
Cobble 97 Exotic trees 1 Undercuts 0
Gravel 55 Native shrubs 15 Timber 16
Sand 7 Exotic shrubs 9 Plant Litter 6
Boulder 100 Terrestrial grass 15
Mud / Silt 0 Floating macrophytes 0
Unknown 0 Emergent macrophytes 0
Clay 0 Submerged macrophytes 19
Filamentous Algae 3
Biofilms 37
Dissolved -
Survey T(tzrcn)p oxygen pH Cc(mgl;grt]'q\;'ty Turbidity | Velocity®
(mglL) H

Spring 2009 27.10 7.89 8.64 0.07 Clear Slow

Autumn 2010 19.50 8.72 7.08 0.06 Clear Medium

Spring 2010 - - - - - -

Autumn 2011 29.59 5.56 7.56 0.09 - Medium

Spring 2011 24.64 10.46 8.17 0.10 Low Medium

Autumn 2012 — — — — — —

Spring 2012 22.90 9.00 7.24 0.12 Low Medium

Autumn 2013 22.99 10.07 6.49 0.10 Low Slow

® Velocity = None, Slow, Moderate or Fast
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Site name: 500 m downstream of dam wall

Zone: Directly below Tallowa Dam

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 27 Native trees 86 Rock 87
Cobble 78 Exotic trees 0 Undercuts 2
Gravel 36 Native shrubs 42 Timber 34
Sand 7 Exotic shrubs 2 Plant Litter 5
Boulder 73 Terrestrial grass 11
Mud / Silt 25 Floating macrophytes 1
Unknown 7 Emergent macrophytes 3
Clay 1 Submerged macrophytes 48
Filamentous Algae 3
Biofilms 16
Dissolved .
Survey Tf? P oxygen pH Concsiblctlwty Turbidity | Velocity®
(°C) (ma/L) (uS/cm)

Spring 2009 23.90 8.54 8.19 0.07 Clear Slow

Autumn 2010 18.65 8.05 6.80 0.06 Low Slow

Spring 2010 24.13 4.73 7.54 0.54 Moderate Medium

Autumn 2011 23.80 5,51 7.07 0.10 - Slow

Spring 2011 16.34 11.01 6.58 0.08 Low Slow

Autumn 2012 18.15 9.94 6.75 0.10 Low Slow

Spring 2012 21.69 10.27 7.15 0.12 Low Slow

Autumn 2013 23.18 10.72 7.22 0.11 Low Slow

® Velocity = None, Slow, Moderate or Fast
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Site name: Burrier pump station

Zone: Burrier

Substratum % of habitat Plants % of habitat Cover % of habitat
Bedrock 24 Native trees 73 Rock 43
Cobble 14 Exotic trees 2 Undercuts 6
Gravel 17 Native shrubs 19 Timber 56
Sand 41 Exotic shrubs 22 Plant Litter 2
Boulder 34 Terrestrial grass 24
Mud / Silt 76 Floating macrophytes 12
Unknown 10 Emergent macrophytes 36
Clay 0 Submerged macrophytes 61
Filamentous Algae 3
Biofilms 13
Dissolved .
Survey ngp oxygen pH COﬂdSL/JCtIVIty Turbidity | Velocity®
(°C) (ma/L) (uS/cm)

Spring 2009 23.05 8.05 8.16 0.08 Clear Slow

Autumn 2010 18.00 7.95 6.96 0.06 Clear Slow

Spring 2010 24.45 8.60 7.04 0.10 Low Slow

Autumn 2011 24.33 12.00 7.84 0.11 - Slow

Spring 2011 17.01 9.81 5.90 0.09 Low Slow

Autumn 2012 18.95 9.02 7.09 0.11 Low Slow

Spring 2012 23.79 8.69 6.51 0.12 Low Slow

Autumn 2013 18.62 8.94 6.78 0.10 Low Slow

® Velocity = None, Slow, Moderate or Fast
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Appendix 2.3. Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River upstream;
KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Anguillidae 1 2 0 8 25 4 1 2 1 0 58 7 1 109
Longfinned eel 2 0 4 4 5 8 2 1 0 0 7 4 0 35
3 0 2 1 6 8 3 3 2 2 - 4 2 33
4 0 0 1 3 2 2 1 2 0 22 5 2 40
5 1 4 2 4 8 1 2 2 1 6 4 4 39
6 0 1 0 3 6 2 0 1 0 - 8 2 23
7 0 8 1 5 12 2 1 1 1 10 3 3 47
8 0 - - 3 2 3 0 3 0 17 0 0 28
Total 3 19 17 54 50 16 10 12 4 120 35 14 354
Shortfinned eel 1 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 1 0 0 0 0 0 0 0 - 0 0 1
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 0 1 0 0 0 0 0 0 0 0 0 0 1
Clupeidae 1 0 0 0 0 0 0 0 0 0 0 5 17 22
Freshwater herring 2 0 0 0 0 0 0 0 0 0 0 1 0 1
3 0 0 0 0 0 0 0 0 0 - 10 2 12
4 0 0 0 0 0 0 0 0 0 0 0 1 1
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 - 0 1 1
7 0 0 0 0 0 0 0 0 0 0 6 0 6
8 0 - - 0 0 0 0 0 0 2 16 1 19
Total 0 0 0 0 0 0 0 0 0 2 38 22 62
continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10

Galaxiidae 1 0 0 0 0 0 0 0 0 0 12 0 0 12
Common jollytail 2 0 0 0 0 0 0 0 0 0 0 1 0 1
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 2 0 0 2
6 0 0 0 0 0 0 0 0 0 - 0 0 0

7 0 0 0 0 0 0 0 0 0 17 60 21 98
8 0 - - 0 0 0 0 0 0 6 1 0 7

Total 0 0 0 0 0 0 0 0 0 37 62 21 120

Mountain galaxias 1 16 0 0 0 0 0 0 0 0 0 0 0 16
2 2 0 0 0 0 0 0 0 0 0 0 0 2

3 14 0 0 0 0 0 0 0 0 - 0 0 14
4 6 0 0 0 0 0 0 0 0 0 0 0 6
5 5 0 0 0 0 0 0 0 0 0 0 0 5
6 5 0 0 0 0 0 0 0 0 - 0 0 5

7 15 0 0 0 0 0 0 0 0 0 0 0 15
8 6 - - 0 0 0 0 0 0 0 0 0 6

Total 69 0 0 0 0 0 0 0 0 0 0 0 69
Gerreidae 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Silver biddy 2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 6 6
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 - 0 0 0
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 0 0 0 0 0 0 0 0 0 0 0 6 6

continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Gobiidae 1 0 0 0 0 0 0 0 0 0 52 4 10 66
Striped gudgeon 2 0 0 0 0 0 0 0 0 0 1 28 2 31
3 0 0 0 0 0 0 0 0 0 - 18 6 24
4 0 0 0 0 0 0 0 0 0 3 31 8 42
5 0 0 0 0 0 0 0 0 0 0 3 2 5
6 0 0 0 0 0 0 0 0 0 - 4 7 11
7 0 0 0 0 0 0 0 0 0 1 20 66 87
8 0 - - 0 0 1 0 0 7 17 28 3 56
Total 0 0 0 0 0 1 0 0 7 74 136 104 322
Cox’s gudgeon 1 0 0 3 3 0 0 0 1 0 27 5 1 40
2 0 0 0 0 0 0 0 0 0 7 6 0 13
3 0 0 1 0 1 1 1 0 0 - 9 90 103
4 0 0 0 0 0 0 0 0 0 47 7 5 59
5 0 0 2 2 0 0 0 0 0 31 0 2 37
6 0 5 3 6 1 1 0 0 0 - 9 22 47
7 0 4 1 3 2 0 0 0 0 110 161 7 288
8 0 - - 20 3 3 2 2 1 40 2 4 77
Total 0 9 10 34 7 5 3 3 1 262 199 131 664
Empire gudgeon 1 0 0 0 0 0 0 0 0 0 0 1 36 37
2 0 0 0 0 0 0 0 1 0 0 2 8 11
3 0 0 2 0 0 0 0 0 0 - 0 9 11
4 0 0 0 0 0 0 0 0 0 0 12 24 36
5 0 0 0 0 0 0 0 0 0 0 0 8 8
6 0 0 0 0 0 0 0 0 0 - 3 31 34
7 0 0 0 0 0 0 0 0 0 0 7 29 36
8 0 - - 0 0 0 0 0 1 50 26 13 90
Total 0 0 2 0 0 0 0 1 1 50 51 158 263
continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Gobiidae (continued) 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Firetail gudgeon 2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 0 0 0 0 1 0 0 1
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 - 0 0 0
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 0 0 0 0 0 0 0 0 0 1 0 0 1
Western carp-gudgeon 1 35 0 0 0 0 0 0 0 0 0 0 0 35
2 10 0 0 0 0 0 0 0 0 0 0 0 10
3 4 0 0 0 0 0 0 0 0 - 0 0 4
4 4 0 0 0 0 0 0 0 0 0 0 0 4
5 3 0 0 0 0 0 0 0 0 0 0 0 3
6 0 0 0 0 0 0 0 0 0 - 0 0 0
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 56 0 0 0 0 0 0 0 0 0 0 0 56
Flat-headed gudgeon 1 0 8 14 0 11 6 21 37 18 35 3 0 153
2 0 25 15 0 4 75 12 48 17 66 348 2 612
3 0 20 6 0 12 142 235 370 6 - 71 1 863
4 0 3 0 0 9 111 51 71 2 42 104 2 395
5 0 5 0 0 3 4 0 8 1 36 8 0 65
6 0 0 0 0 4 10 51 1 2 - 22 5 95
7 0 0 0 0 16 204 39 39 7 20 24 3 352
8 0 - - 0 5 21 35 28 15 563 175 0 842
Total 0 61 35 0 64 573 444 602 68 762 755 13 3,377
continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B | Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Gobiidae (continued) 1 0 0 0 0 2 1 1 0 0 2 0 0 6
Dwarf flat-headed 2 0 0 0 0 6 13 1 1 0 0 2 2 25
gudgeon
3 0 0 0 0 2 6 4 4 0 - 0 0 16
4 0 0 1 0 1 24 11 11 0 3 8 3 62
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 1 0 2 1 0 - 1 0 5
7 0 0 0 0 0 4 2 3 0 0 2 0 11
8 0 - - 0 10 5 3 5 3 0 2 0 28
Total 0 0 1 0 22 53 24 25 3 5 15 5 153
Mugilidae 1 0 0 0 0 0 0 0 0 0 12 16 17 45
Sea mullet 2 0 0 0 0 0 0 0 0 0 30 16 4 50
3 0 0 0 0 0 0 0 0 0 - 22 37 59
4 0 0 0 0 0 0 0 0 0 10 15 15 40
5 0 0 0 0 0 0 0 0 0 0 0 25 25
6 0 0 0 0 0 0 0 0 0 - 6 8 14
7 0 0 0 0 0 0 0 0 0 8 7 20 35
8 0 - - 0 0 0 0 0 0 2 11 4 17
Total 0 0 0 0 0 0 0 0 0 62 93 130 285
Freshwater mullet 1 0 0 0 0 0 0 0 0 0 9 30 4 43
2 0 0 0 0 0 0 0 0 0 5 9 51 65
3 0 0 0 0 0 0 0 0 0 - 18 2 20
4 0 0 0 0 0 0 0 0 0 4 2 17 23
5 0 0 0 0 0 0 0 0 0 9 12 2 23
6 0 0 0 0 0 0 0 0 0 - 17 15 32
7 0 0 0 0 0 0 0 0 0 26 6 13 45
8 0 - - 0 0 0 0 0 0 17 3 18 38
Total 0 0 0 0 0 0 0 0 0 70 97 122 289
continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Percichthyidae 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Macquarie perch 2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 1 0 0 0 0 0 0 0 0 - 0 0 1
4 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 1 0 0 0 0 0 0 0 0 - 0 0 1
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 2 0 0 0 0 0 0 0 0 0 0 0 2
Australian bass 1 0 0 4 0 9 5 10 2 0 67 64 24 185
2 0 4 8 0 3 9 7 0 4 112 23 24 194
3 0 2 18 0 6 2 1 2 5 - 4 33 73
4 0 0 3 2 1 12 5 5 3 101 27 15 174
5 0 7 5 1 10 1 4 2 1 15 6 3 55
6 0 4 2 4 8 1 4 1 2 - 12 3 41
7 0 3 3 5 14 3 0 2 2 15 10 12 69
8 0 - - 6 9 4 16 7 2 32 12 10 98
Total 0 20 43 18 60 37 47 21 19 342 158 124 889
Estuary perch 1 0 0 0 0 0 0 0 0 0 0 0 1 1
2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 - 0 0 0
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 0 0 0 0 0 0 0 0 0 0 0 1 1
continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Plotosidae 1 0 0 1 0 0 2 0 1 2 0 1 2 9
Freshwater catfish 2 0 0 3 0 0 1 1 1 0 0 1 1 8
3 0 0 0 0 0 3 2 0 0 - 0 0 5
4 0 1 0 0 0 0 3 2 0 1 3 0 10
5 0 0 0 0 0 3 2 1 0 0 1 0 7
6 0 0 0 0 0 0 0 1 0 - 1 2 4
7 0 1 1 0 0 2 2 0 1 0 2 0 9
8 0 - - 0 0 2 1 2 1 0 1 1 8
Total 0 2 5 0 0 13 11 8 4 1 10 6 60
Retropinnidae 1 0 40 66 30 15 26 5 42 10 42 3 3 282
Australian smelt 2 0 27 51 270 29 329 257 172 461 77 34 28 1,735
3 0 7 39 53 6 201 111 154 146 - 60 41 818
4 0 24 40 53 55 29 57 219 101 421 1612 104 2,715
5 0 2 6 2 14 2 0 0 14 271 8 28 347
6 0 53 61 65 101 3 29 6 9 - 3 19 349
7 0 0 36 47 42 11 13 1 49 135 562 53 949
8 0 - - 60 92 31 86 395 100 198 1797 38 2,797
Total 0 153 299 580 354 632 558 989 890 1,144 4,079 314 9,992
Scorpaenidae 1 0 0 0 0 0 0 0 0 0 2 1 1 4
Bullrout 2 0 0 0 0 0 0 0 0 0 0 4 0 4
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 0 0 0 0 0 1 2 3
5 0 0 0 0 0 0 0 0 0 0 1 0 1
6 0 0 0 0 0 0 0 0 0 - 0 0 0
7 0 0 0 0 0 0 0 0 0 0 1 0 1
8 0 - - 0 0 0 0 0 0 1 0 0 1
Total 0 0 0 0 0 0 0 0 0 3 8 3 14
continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L | DB | B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Sparidae 1 0 0 0 0 0 0 0 0 0 0 0 1 1
Yellowfin bream 2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 5 5
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 - 0 1 1
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 0 0 0 0 0 0 0 0 0 0 0 7 7
Cyprinidae 1 0 0 0 0 0 0 0 0 2 0 0 1 3
Goldfish 2 1 0 0 0 0 0 0 0 0 0 0 5 6
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 1 0 0 0 0 0 0 0 0 0 1 0 2
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 - 0 0 0
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 2 0 0 0 0 0 0 0 2 0 1 6 11
Common carp 1 0 12 5 0 9 0 2 0 1 2 1 4 36
2 11 6 4 0 4 4 1 2 0 6 3 4 45
3 8 7 10 0 4 3 0 2 3 - 1 2 40
4 2 10 3 0 4 2 2 7 12 7 2 2 53
5 5 4 6 0 7 2 2 2 3 5 4 0 40
6 0 6 5 0 6 1 1 4 2 - 6 3 34
7 3 2 7 0 7 1 0 2 7 6 13 4 52
8 1 - - 0 6 1 1 4 7 0 4 3 27
Total 30 47 40 0 47 14 9 23 35 26 34 22 327
continued
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Appendix 2.3. (continued) Abundances of fish sampled within the Shoalhaven River system. Note: MR = Mongarlowe River; SR = Shoalhaven River
upstream; KR = Kangaroo River; L = Lake Yarrunga; DB = directly below Tallowa Dam; B = Burrier; for site names, see Appendix 2.1.

Locality
Species Survey MR | SR | KR | L DB B Total
no. 11 12 2 4 5 14 6 7 13 8 9 10
Poeciliidae 1 2 0 0 0 0 0 0 0 0 0 0 0 2
Eastern gambusia 2 8 0 0 0 1 0 0 0 0 0 0 0 9
3 0 0 0 0 0 0 0 0 0 - 0 0 0
4 0 0 0 0 0 16 7 22 0 0 0 0 45
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 1 1 0 2 - 0 0 4
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 - - 0 3 5 5 24 3 1 0 0 41
Total 10 0 0 0 4 22 13 46 5 1 0 0 101
Salmonidae 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Brown trout 2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 1 0 0 0 0 0 0 - 0 0 1
4 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 - 0 0 0
7 1 0 0 0 0 0 0 0 0 0 0 0 1
8 0 - - 0 0 0 0 0 0 0 0 0 0
Total 1 0 1 0 0 0 0 0 0 0 0 0 2
Total no. of fish 173 312 453 68 60 1,366 1,119 1,730 1,039 2962 5771 1,209 17,428
Total no. of species 8 8 10 4 8 11 9 10 12 17 16 19
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Appendix 2.4. Migratory status and occurrence of fish species in each reach: Mongarlowe River
(MR); Shoalhaven River upstream (SR); Kangaroo River (KR); Lake Yarrunga (L); directly below
Tallowa Dam (DB); and Burrier (B).

Behaviour type Species MR SR KR L DB B
Catadromous Shortfinned eel *f *fe *i *f *f *F
Longfinned eel *ie *te *te *te *ie *te
Common jollytail * * * *ie *te
Striped gudgeon * * *o *te *te
Empire gudgeon * * *o *te *te
Sea mullet * * * *te *te
Bullrout * * * *te *te
Estuary perch *fe
Australian bass *feo *te *ie *te *fe
Freshwater herring * * * *te *te
Freshwater mullet * * * *te *te
Cox’s gudgeon *feo *te *ie *te *fe
Undefined Goldfish *o 1 * *ie *ie
migratory behaviour  Eastern gambusia te t *o te .
Western carp-gudgeon feo ° ¥
Flat-headed gudgeon *teo *1e *ie *1e *teo
Dwarf flat-headed *e *te *te *te *te
gudgeon
Freshwater catfish ° te te e
Southern blue-eye *
Potamodromus Common carp ° te feo te feo *te
Mountain galaxias *e
Firetail gudgeon ¥ )
Macquarie perch *of * * * *
Australian smelt *fe *te *feo *te *te
Brown trout feo feo i
Amphidromus Climbing galaxias *f * *
Awustralian grayling * * * * *
Marine estuarine Silver biddy °
Yellowfin bream *o
Anadromous Lamprey * * * * *F
* Reconstructed historical fish distribution (Bishop and Bell 1978; Llewellyn 1983; Gehrke and Harris 1996;
McDowall 1996)
¥ Caught in pre-fishway survey (Gehrke et al. 2002)
e Caught in present survey
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Appendix 3.1. Location, number and proportion of fish PIT tagged and recaptured
by New South Wales Department of Primary Industries (NSW DPI), Southern
Bass Fishing Club and the general public.
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Appendix 3.2. Number of PIT-tagged Australian bass (a); longfinned eel (b); common carp
(c) and freshwater mullet (d) individuals detected each month in relation to river discharge.
Yellow and blue bars indicate periods where one and both PIT-tag antennae, respectively,
were not operational.
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Appendix 4.1. Experimental design for downstream mortality assessment.

Fish| Flow |Cage|Block| |Fish| Flow |Cage|Block| |Fish| Flow |Cage|Block| [Fish| Flow [Cage|Block
1 low 2 1 37 | low 3 10 73 | high 7 19 109 [control| 1 28
2 low 10 1 38 | low 5 10 74 | high 5 19 110 [control| 7 28
3 low 1 1 39 | low 7 10 75 | high 6 19 111 [control| 8 28
4 low 6 1 40 | low 2 10 76 | high 11 19 112 |control| 12 28
5 low 6 2 41 |control| 5 11 77 |control| 5 20 113 | high 2 29
6 low 3 2 42 |control| 9 11 78 |control| 7 20 114 | high 5 29
7 low 12 2 43 |control| 3 11 79 |control| 9 20 115 high 7 29
8 low 11 2 44 |control[ 6 11 80 [control| 2 20 116 | high | 11 29
9 |control| 8 3 45 | low 10 12 81 | high 1 21 117 | high 9 30
10 [control| 7 3 46 | low 1 12 82 | high 2 21 118 | high 4 30
11 |control| 11 3 47 | low 12 12 83 [ high 8 21 119| high | 12 30
12 |control| 1 3 48 | low 9 12 84 | high | 11 21 120 [ high | 10 30
13 | high 9 4 49 | high 9 13 85 [control| 2 22 121 | low 10 31
14 | high | 12 4 50 | high 8 13 86 |control| 9 22 122 low 9 31
15 | high 3 4 51 | high 10 13 87 |control| 4 22 123 | low 2 31
16 | high 6 4 52 | high 2 13 88 |control| 10 22 124 | low 4 31
17 |control| 6 5 53 [ high 7 14 89 [ low 8 23 125 |control[ 3 32
18 |control| 7 5 54 | high [ 12 14 90 | low 3 23 126 [control| 12 32
19 |control| 10 5 55 | high 5 14 91 | low 9 23 127 |control| 5 32
20 [control| 2 5 56 | high 3 14 92 | low 6 23 128 |control[ 6 32
21 | high 6 6 57 |control| 4 15 93 | low 7 24 129 | low 12 33
22 | high 10 6 58 [control| 10 15 94 | low 4 24 130 | low 3 33
23 | high 7 6 59 |control| 9 15 95 | low 5 24 131 low 6 33
24 | high 3 6 60 |control| 2 15 96 low 1 24 132 | low 7 33
25| high | 12 7 61 | low 8 16 97 | low 7 25 133 [control| 3 34
26 | high 6 7 62 | low 8 16 98 | low 9 25 134 |control| 4 34
27 | high 2 7 63 low 11 16 99 low 11 25 135 |control| 12 34
28 | high 3 7 64 | low 4 16 100 | low 4 25 136 [control| 11 34
29 [ high 1 8 65 [control| 3 17 101 |control| 8 26 137] high | 11 35
30 | high 4 8 66 |control| 10 17 102 |control| 1 26 138 | high 4 35
31 [ high 9 8 67 [control| 1 17 103 |control| 11 26 139 | high 5 35
32 | high 8 8 68 |control| 6 17 104 |control| 5 26 140 | high 1 35
33 |control| 4 9 69 low 11 18 105 | low 1 27 141 | high 10 36
34 |[control| 11 9 70 | low 2 18 106 | low 8 27 142 | high 4 36
35 |control| 8 9 71 | low 10 18 107 | low 5 27 143 | high 8 36
36 [control| 12 9 72 low 5 18 108 | low 12 27 144 | high 1 36
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Appendix 4.2. Mean daily river location of tagged Australian bass individuals at liberty between
2011 and 2013 (transmitter number noted in each plot). The red dashed line represents the position
of Tallowa Dam.
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Appendix 4.3. Mean daily river location of tagged freshwater mullet individuals at liberty between
2011 and 2013 (transmitter number noted in each plot). The red dashed line represents the position
of Tallowa Dam.
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