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The vision of fish passage along the Murray River 
started in the mid-1980s when the Murray-Darling 
Basin Commission (MDBC) (then River Murray 
Commission) established a Working Group of 
interstate scientists to examine the issue of fish 
passage. The Working Group prioritised all the 
weirs on the main stem of the Murray River for 
fish passage, based on their ecological impact. 
The construction of the Torrumbarry fishway, as 
the highest priority, was the beginning of a fish 
passage strategy. Then, in 1995, a power station 
was constructed at Yarrawonga Weir, the next 
barrier upstream, providing an opportunity to install 
another fishway. Contemporary world practice for 
an 8 metre high weir suggested this be a fish lock. 
Although this was the first fish lock in the Murray-
Darling Basin, the experience gained at Torrumbarry 
on fish behaviour and swimming abilities had 
provided direct design input. These two fishways 
opened up 1115 km of river from Hume Dam to 
Lock 15 (Euston). 

The genesis of the present program with a wholly-
funded fish passage strategy from the “Sea to 
Hume Dam” came from improving OH&S standards 
at Murray River weirs and in 2000 River Murray 
Water (RMW) took a decision to refurbish Locks 1 
to 11 and 15, covering a continuous river length of 
1110 km. This drew the issue of fish passage on 
these structures to the attention of Ministers under 

relevant State legislation, with the result that in 
March of 2001 the Murray-Darling Basin Ministerial 
Council adopted a River Murray structural works 
program to provide passage for migratory fish from 
the sea to Hume Dam, a distance of 2,225 km. The 
program included the tidal Barrages at the Murray 
mouth which then provided the continuous length 
of river connected with the sea. This is a nine year 
program estimated to cost a total of $45 million. 

The “Sea to Hume Dam” program is due to be 
completed in 2010. However there are over 4,000 
other licensed structures in the Basin that impede 
fish passage. Hopefully the lessons learned from 
the new Murray River fishways will be useful in 
prioritising, designing, constructing and assessing 
fishways on many of these structures.

This collection of papers demonstrates the unique 
nature of the ecology and hydrology of this system, 
and therefore the importance of both integration 
and co-operation between disciplines in developing 
these fishways. It also demonstrates the need for 
true adaptive management as new information 
comes to light.

Wendy�Craik
Chief Executive,
Murray-Darling Basin Commission
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The Sea to Hume Dam: Restoring Fish Passage in the Murray River

Protection of biodiversity and ecosystem processes 
is a priority for natural resource management in 
Australia. Dam construction in Australian rivers has 
led to a dramatic decline in native fish populations 
and aquatic biodiversity by reducing the opportunity 
for native fish migrations for spawning and dispersal. 
In 2001, the Murray-Darling Basin Commission 
(MDBC) initiated a program to improve fish passage 
to over 2000 km of the Murray River, from the sea to 
Hume Dam. The program comprised:

establishing a team of scientists and engineers 
to recommend fishway design criteria (Fish 
Passage Task Force), 

funding the construction of 14 new fishways, 

establishing a team of freshwater fish scientists 
from three states of the Murray-Darling Basin 
(NSW, Victoria, South Australia) to quantitatively 
assess fishway performance and any associated 
longer term benefits from improved fish passage. 

An adaptive management approach to fishway 
design was taken, thus leading to constant design 
improvements, optimisation, and improved 
cost-effectiveness as the construction program 
progressed. The tri-state team regularly reports 
to the Fish Passage Task Force (FPTF) to 
discuss fishway performance and the ecological 
requirements for new fishways. The new information 
generated by the Murray fishways project has been 
disseminated widely through several scientific 
papers, reports and numerous media outputs.

The research team tested four major questions:

1. to assess whether the fishways were optimally 
designed, located and operated; 

2. to quantify any reduction in accumulations of  
fish downstream of barriers; 

3. to assess the performance in enabling passage 
of a wide size range (40 to 1000 mm long) and 
species community; and 

4. to demonstrate any positive changes in 
abundance and diversity of native fish in the 
Murray River post fishway construction.

•

•

•

The intensive field schedule has produced robust 
results that clearly demonstrate that the 10 new 
fishways (to October 2007) are setting a new 
worldwide standard for ecosystem restoration. 
Whilst many overseas fishways are designed to pass 
only a few large-bodied economically important 
fish species, the Murray River fishways are unique 
in their design intent of restoring passage for the 
majority of the migratory fish community. The 
fishways are passing large numbers (>50,000 fish 
over 40 days), high diversity (13 species), and a wide 
size-range of fish (31 mm to 1040 mm long). 

During this assessment more than 242,500 fish were 
collected at the tidal Barrages, Locks 1-3 and Locks 
7-10. As the Murray fishways near completion it can 
be estimated that about one million fish migrating 
in the Murray River each year will utilise at least one 
of the new fishways. The Murray fishways provide 
one of the greatest examples of a restoration effort 
undertaken on a catchment scale.

Research conducted as part of the Murray Fishways 
Assessment Project has resulted in substantial 
advances in the knowledge of native fish species 
within the Murray-Darling Basin. Small fish species, 
such as Carp gudgeon, Murray rainbowfish and 
Unspecked hardyhead, previously thought not to be 
migratory, have been trapped within the fishways 
in their thousands. This new ecological knowledge 
has been utilised in several innovative experiments 
to advance fishway design and provide improved 
passage for the smallest fish (14+ mm long) and 
crustaceans among the migratory community.

Considerable effort has been invested in developing, 
installing and maintaining seven remote passive 
integrated transponder (PIT) tag reader systems at 
Lock 7-10, 15, 26 and Yarrawonga Weir. This system 
continually monitors fishways for any of the 20,000 
fish PIT tagged in the Murray River. A tagged fish can 
now be tracked up and down the Murray River for 
its whole lifetime providing ecological data that can 
be used, not only to refine fishway design, but also 
for river and habitat management, environmental 
flows, and optimising weir operation to enhance fish 
passage. PIT readers will also be installed at the 
remaining fishways.

ExECUTIvE SUMMARy
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The Murray fishways have met their unique design 
requirement of passing both small and large fishes 
(from 40 to 1000 mm long). Importantly, for the first 
time in Australia, ongoing monitoring is likely to 
show a change in riverine fish communities post 
fishway construction. The vision of the MDBC to 
restore fish passage from the sea to Hume Dam is 
well underway but further research under guidance 
from the FPTF will lead to more efficient and lower 
cost fishway designs and a greater understanding of 
native fish populations. 

Through collaboration with stakeholders, river 
management agencies and the wider community, 
practical on-ground strategies for the rehabilitation 
of native fish populations are being achieved in 
the Murray River, contributing to the long-term 
management and conservation of fish populations in 
the Murray-Darling Basin. Restoring fish migration 
in over 2000 km of river is likely have flow-on 
benefits. These will maximise the potential success 
of other management practices such as habitat 
restoration and threatened species protection for 
the rehabilitation of native fish populations in the 
Murray-Darling Basin.





1

Dams, weirs and flow regulation  
in the Murray-Darling Basin
The Murray-Darling Basin is Australia’s largest 
catchment covering over one million square 
kilometres and draining water from five separate 
states and territories (Figure 1.1). Its main river 
system is the Murray, which rises in the alpine 
regions of southern NSW and flows south-

westwards to the Coorong estuary in South Australia, 
a distance of 2560 km (Walker, 1985). The Darling 
River is the second largest drainage system in the 
Murray-Darling Basin, originating as the Condamine 
River in Queensland, and joining the Murray River 
near Wentworth, approximately 700 km upstream 
from the sea. Although the Darling River is greater 
in length (2,740 km), its total discharge is much less 
than the Murray River (Walker, 1985).

1.  ThE NEED FOR FISh PASSAgE IN ThE  
MURRAy-DARLINg BASIN

Jim Barrett
Native Fish Strategy Manager, Murray-Darling Basin Commission

Lee J. Baumgartner
Freshwater Fish Ecologist, NSW Department of Primary Industries

Craig Boys
Freshwater Fish Ecologist, NSW Department of Primary Industries

Martin Mallen-Cooper
Fish Passage Expert, Fishway Consulting Services

Ivor G. Stuart
Senior Scientist, Arthur Rylah Institute

Brenton P. Zampatti
Senior Research Scientist, SARDI Aquatic Sciences

Figure 1.1: The Murray-Darling Basin showing major rivers and tributaries. Red and green dots 
represent locks and weirs.
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The Sea to Hume Dam: Restoring Fish Passage in the Murray River

Much of the Murray-Darling Basin is located within 
the semi-arid and arid climatic zones of Australia, 
receiving a low mean annual rainfall (430 mm) and 
having a relatively high evaporation rate (King, 2000). 
Ninety-eight percent of the catchment contributes 
little or no run-off, and subsequently, many of 
the river systems are considered to be dryland in 
nature and have relatively small annual discharges 
(totalling 12,200 GL for the Basin) (Crabb, 1997). 
Despite having rivers with relatively low discharge, 
flows within the Murray-Darling Basin support at 
least 40% of Australia’s agricultural production and 
a population of over 2 million people (MDBC, 2003). 
The Murray-Darling Basin is therefore an extremely 
important natural resource in Australia.

The average annual flow for the Murray River is 
11,250 GL but this is highly variable and may range 
from 2,500 GL in a dry year to 40,000 GL in a wet 
year (Eastburn, 1990). The Murray River was once 
a hydrologically-variable dryland system, however 
over 100 storages now regulate flows in the main 
channel and its tributaries (Figure 1.2; Walker, 1985). 
This includes a series of Barrages at the tidal limit, 
installed to prevent the incursion of salt water into 
the Murray River (Eastburn, 1990). Seventeen weirs 
were constructed on the main stem of the Murray 
River to increase navigability for paddle steamers 
and other recreational vessels. 

Figure 1.2: A typical weir constructed on the main stem of the Murray River. These structures are used for 
irrigation, storage and navigation. Photo: Lee Baumgartner – NSW DPI.

Figure 1.3. A typical vertical-slot fishway in the 
Murray-Darling. Fish migrate upstream through 
the full-depth slots. Note the low water velocities 
and turbulence within the large pools.  
Photo: Ivor Stuart – ARI.
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The lower Murray River, downstream of the Darling 
River confluence, is characterised by ten low-level 
(average of 3 m high) weirs. These weirs create 
a stable pool environment from Blanchetown 
(Lock and Weir 1) to the Darling River. Regulated 
flows in the lower River are approximately 44% of 
unregulated flows but, in contast to the Murray River 
below Hume Dam, seasonality of flow is maintained 
(Walker and Thoms, 1993).

Barriers to migration and their impact 
on fish of the Murray-Darling Basin
In the Native Fish Strategy for the Murray-Darling 
Basin 2003–2013 (MDBC 2003), barriers and fish 
passage is identified as one of eight key threats 
to native fish populations. This is not unusual in 
regulated rivers throughout the world where fish 
passage is frequently identified as a major cause 
of the declines of freshwater fish (Northcote 1998). 
Scientists suggest that native fish numbers within 
the Murray-Darling Basin may now be as low as 
10% of pre-European levels (MDBC, 2003). This 
has important environmental, social and economic 
consequences for the Murray-Darling Basin. 
Already, dramatic declines in catch-per-unit-effort 
of commercial freshwater fin-fisheries in the states 
of New South Wales and Victoria have led to their 
eventual closure (Reid et al, 1997). Commercial 
fishing within the Murray-Darling Basin is prohibited 
in Queensland and the Murray cod fishery in South 
Australia was recently closed. Of the 43 native fish 
species known to reside in the Murray-Darling Basin 
(Table 1.1), 16 are now listed as threatened under 
either State or Commonwealth legislation (Morris 
et al, 2001). Furthermore, the overall decline of 
native fish within the Murray-Darling Basin has been 
recognised through the nomination of the Lower 
Murray Fish Community as the first Threatened 
Ecological Community in New South Wales and 
Victoria (Fisheries Scientific Committee, 2001).

The Native Fish Strategy aims to restore native fish 
populations to 60% of their pre-European levels 
within 50 years. The Strategy takes a multi-faceted 
approach to rehabilitating native fish populations 
by initiating research and implementing sound 
management outcomes into the following areas 
(MDBC, 2003):

Rehabilitating and protecting fish habitat,

Managing riverine structures such as dams and 
weirs,

Controlling alien fish species,

Protecting threatened native fish species, and

Managing the translocation and stocking of fish.

•

•

•

•

•

The construction of dams and weirs has had a 
profound impact on abundance and diversity of native 
fish within the Murray-Darling Basin (Cadwallader, 
1978; Mallen-Cooper, 1988, 1996; Horwitz, 1999; 
Thorncraft and Harris 2000). Construction of dams 
has resulted in riverine fragmentation and disrupted 
longitudinal connectivity for many species (Gehrke, 
1995; Thorncraft and Harris, 2000). Barriers impact 
on fish by restricting access to spawning grounds 
and preferred habitats, and preventing dispersal and 
recolonisation. Barriers also interrupt the migrations 
of freshwater fish, an essential step for various life 
history stages (Reynolds, 1983; Mallen-Cooper and 
Brand, 1991; Harris et al, 1992; Mallen-Cooper, 1996 
& 1999; Thorncraft and Harris, 2000). 

The fish fauna of the Murray-Darling Basin is 
dominated by potamodromous species. That is, most 
migration occurs wholly within freshwater reaches. 
For many species, migrations are an essential 
part of their life histories (Reynolds, 1983; Mallen-
Cooper, 1999), and are undertaken by both adult 
(Reynolds, 1983; Mallen-Cooper, 1999; Thorncraft 
and Harris, 2000) and juvenile life stages (Mallen-
Cooper and Brand, 1991; Harris et al, 1992; Mallen-
Cooper, 1996). Migrations can occur in any direction, 
and substantial downstream movements of native 
fish have been recorded (Reynolds, 1983; O’Connor 
et al, 2003).

A number of diadromous fish also occur in the 
Murray-Darling Basin (Scott et al., 1974; McDowall, 
1996). These species exhibit a facultative movement 
between fresh and saltwater during one or more life 
history stages. The Murray Barrages and weirs form 
physical barriers to this movement and are likely 
to have had a significant impact on the distribution 
and abundance of these species. Nevertheless, 
quantitative data on this impact are scarce.

The Sea to hume Dam program –  
how it started
The vision of fish passage along the Murray River 
started in the mid-1980’s when the MDBC (then 
River Murray Commission) established a Working 
Group of interstate scientists to examine the issue 
of fish passage. The Working Group prioritised all 
the weirs on the main stem of the Murray River for 
fish passage, based on their ecological impact. The 
construction of the Torrumbarry fishway, as the 
highest priority, was the beginning of a fish passage 
strategy. In 1995 a power station was constructed at 
Yarrawonga Weir, the next barrier upstream, which 
provided an opportunity to install another fishway. 
Contemporary world practice for an 8 metre high 
weir suggested this be a fish Lock. Although this was 
the first fish Lock in the Murray-Darling Basin, 
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The Sea to Hume Dam: Restoring Fish Passage in the Murray River

Table 1.1: Fish of the Murray-Darling Basin (excluding estuarine species). Body size refers to size at sexual 
maturity (large > 500mm; Medium 100–500mm; small < 100mm).

Scientific�name Common�name Body�Size

Native�species
Mordacia mordax Short-headed lamprey M
Geotria australis Pouched lamprey M
Nematalosa erebi Bony herring M
Galaxias brevipinnis Climbing galaxias S
Galaxias fuscus Barred galaxias S
Galaxias olidus Mountain galaxias S
Galaxias sp 1. Obscure galaxias S
Galaxias sp 2. Riffle galaxias S
Galaxias rostratus Flat-headed galaxias S
Galaxias truttaceus Spotted galaxias S
Retropinna semoni Australian smelt S
Porochilus rendahli Rendahl’s tandan M
Neosilurus hyrtlii Hyrtl’s tandan M
Tandanus tandanus Freshwater catfish M
Craterocephalus amniculus Darling River hardyhead S
Craterocephalus fluviatilis Murray hardyhead S
Craterocephalus stercusmuscarum Unspecked hardyhead S
Melanotaenia fluviatilis Murray-Darling rainbowfish S
Melanotaenia splendida tatei Desert rainbowfish S
Ambassis agassizii Olive perchlet S
Macquaria ambigua ambigua Golden perch M/L
Macquaria australasica Macquarie perch M
Maccullochella macquariensis Trout cod/Bluenose cod M/L
Maccullochella peelii peelii Murray cod L
Bidyanus bidyanus Silver perch M/L
Leiopotherapon unicolor Spangled perch M
Nannoperca australis Southern pygmy perch S
Nannoperca obscura Yarra pygmy perch S
Gadopsis bispinosus Two-spined blackfish S
Gadopsis marmoratus River blackfish S
Philypnodon grandiceps Flat-headed gudgeon S
Philypnodon sp.1 Dwarf flat-headed gudgeon S
Mogurnda adspersa Southern purple-spotted gudgeon S
Hypseleotris spp Carp gudgeon S

Introduced�species
Salmo trutta Brown trout M/L
Salmo salar Atlantic salmon M/L
Salvelinus fontinalis Brook char M
Oncorhynchus mykiss Rainbow trout M/L
Cyprinus Carpio Carp M/L
Carassius auratus Goldfish M
Tinca tinca Tench M
Rutilus rutilus Roach M
Misgurnus anguillicaudatus Oriental weatherloach M
Gambusia holbrooki Eastern Gambusia N, S
Perca fluviatilis Redfin perch S
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the experience gained at Torrumbarry on fish 
behaviour and swimming abilities provided direct 
design input. These two fishways opened up 1115 km 
of river from Hume Dam to Lock/weir 15 (Euston). 

The catalyst for the present program of a wholly-
funded fish passage strategy from the sea to Hume 
Dam came from the need to improve OH&S 
standards at Murray River weirs and in 2000 the 
MDBC took a decision to refurbish Locks 1 to 11 and 
15, covering a continuous river length of 1110 km. 
This drew the issue of fish passage on these 
structures to the attention of Ministers under 
relevant State legislation, with the result that, in 
March of 2001, the Murray-Darling Basin Ministerial 
Council adopted a River Murray structural works 
program to provide passage for migratory fish from 
the sea to Hume Dam, a distance of 2,225 km. The 
fishways were to be built at the same time as the 
OH&S refurbishments. The program included the 
tidal Barrages at the Murray mouth which then 
provided the continuous length of river connected 
with the sea. This is an eight year program with the 
fishways estimated to cost a total of $45 million. 

Biology, hydraulics and engineering
These three disciplines are inherently linked in 
fishway design. The biological challenge is to build 
a model of fish migration identifying species and 
life stage, seasonality of movement, response to 
flow, and interaction with river hydrology. From that 
model, as the cost-sensitive areas of the design 
are identified engineering, hydraulics and biology 
interact . Design decisions can, additionally, have an 
ecological basis.

Fishways at Lock/weirs 1 to 15 represent the single 
major challenge in the ‘Sea to Hume Dam’ program. 
These weirs average 3.1 m (metres) high (difference 
in upstream and downstream water levels) and are 
86 to 169 m wide (excluding the 20 m wide navigation 
Lock) comprising stop-log sluice bays and a 
navigable pass section. 

The particular engineering and design challenges at 
these sites were that: 

i) the weirs are old structures built from 1922 to 
1937, 

ii) the fishway entrance needed to be designed to 
enable a wide range of fish, from a 40 mm long 
gudgeon to a one-metre long Murray cod, to 
locate the fishway in a wide river, 

iii) the river can flood in any season during 
construction although the low gradient of the 
river generally enables weeks of notice of a 
coming flood,

iv) the hydraulics of the fishways needed to 
be designed for future environmental flow 
manipulations where headwater could be 
raised or lowered. 

Initial investigations confirmed the stability and 
foundations of these old structures and the design 
approach was to disturb as little as possible of the 
original weir. The fishway entrance was integrated 
closely into the abutment of the weir where fish 
had been observed aggregating, and an existing 
sluice bay adjacent to the fishway was modified 
to give the capability to finely adjust flow to guide 
fish to the entrance. The flow pattern across the 
whole weir can also be adjusted as flow in the river 
changes, to provide similar guidance. To protect the 
construction site from potential flooding the whole 
site was surrounded in a sheet-pile coffer dam, 
up to 5 m deep, and dewatered. To accommodate 
the future environmental flow manipulations 
the fishway hydraulics were modeled with CFD 
(Computational Fluid Dynamics) and the solution 
was to lower the floor, and raise the walls and 
internal baffles of the fishway.

The Barrages that separate the freshwater lower 
lakes of the River Murray from the estuarine 
Coorong and Goolwa Channel occur in a complex 
estuarine-freshwater environment that presents 
specific challenges in terms of design. Each of 
the five waterways crossed by a barrage is widely 
separated by islands and each is an important 
migratory route for native fish. The Barrages 
themselves total 7.6 kms in length. In general the 
daily flow of water through a fishway at any of the 
locks and weirs on the Murray is only a small portion 
of the total flow and therefore not of concern. The 
Barrages can have high flows but also experience 
long periods of very low flows or total closure (as 
upstream demand and evaporation draws down 
the lakes’ level).

Design and construction considerations
Retrofitting of any structure to an existing weir, and 
especially an older weir, has its potential problems. 
Each fishway is a substantial, sealed concrete 
sluiceway, with a plan area of around 300m². Walls 
are 400mm thick and vary in height from 2m at 
the upstream end to over 5m at the downstream 
fishway “entrance”. Most of the weirs on the Murray 
River are founded on alluvial sands and clays. Each, 
therefore, relies on deeply driven sheet piling, and a 
substantial concrete foundation ‘apron’ at river bed 
level, for its stability. Also, ‘fitting’ a new fishway into 
such an existing weir inevitably means cutting into 
the structure to some degree. Care was taken during 
design to minimise this, and to analyse the possible 
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effects under all river conditions. Each fishway is 
essentially a long sluiceway, 2m wide with a gently 
sloping floor. Flow is interrupted by baffles at regular 
intervals, each having a vertical slot 300mm wide. 
Initially, it was intended to build each fishway as 
a straight sluiceway along the bank of the river. 
However, coffer damming (using sheet piling) was 
found to be very expensive and a major factor in the 
estimated construction cost.

The project team also liaised closely with 
the indigenous, heritage and environmental 
representatives to ensure sensitive fishway designs 
of minimal impact. The resulting fishway designs are 
a compact rectangle containing a ‘folded’ sluiceway 
with a much smaller ‘footprint’. Constructing each 
fishway as much as possible “in the dry” (ie in 
the river bank) produced substantial cost savings 
compared to the construction at Lock/weir 7 in 

the river and founded on piles. However sheet pile 
coffer damming on three sides to enable the site to 
be dewatered was still necessary (pumping from 
wells in the river bank to lower the water table was 
analysed as ineffective) (Figure 1.4).

A significant construction problem occurred early 
at the upstream junction where the coffer dam 
sheet piling met the concrete ‘apron’ of the weir. 
This proved impossible to seal initially. However, the 
local knowledge of weir staff, working co-operatively 
with the contractor, produced a successful outcome 
using sealing material, grout and gravel. A further 
potential problem was the buoyancy of the fishway 
chamber under certain weir conditions. The 
designers were careful to avoid this. The 400mm 
thickness of all walls, for example, not only ensured 
quality concrete placement but added ‘dead weight’ 
to anchor the structure.

Figure 1.4: Fishway during construction at Weir/lock 9. Note the extent of the sheet pile coffer dam 
surrounding the structure. Photo: Alf Richter – SA Water.
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Other significant design features have included:

grid mesh to ensure adequate OH&S,

gantry cranes for lifting gates and monitoring 
cages,

adequate vehicle access for maintenance, and

river bed protection adjacent to the fishway 
where required.

Technical advice and Political Support
A Fish Passage Task Force (FPTF) comprising 
engineers, fish biologists and river operators was 
established in 2001 to oversee the design and 
assessment of the fishways. At the Barrages the 
FPTF identified that multiple fishways were needed 
because of the length of the Barrages and the 
fishways needed to operate at variable lake levels 
which are influenced by irrigation and by wind effects 
on the lake. Separate fishway designs are needed 
that can provide a high attraction for fish at high 
flows and conserve water at low flows. Many of the 
fish species at the Barrages are different to the sites 
upstream in the Murray River but the anticipated size 
range was again considered to be very wide from  
20-1000 mm. Separate fishways for large fish and 
small fish have so far been considered the most 
practical at this site. 

The scope, duration and cost of such a large initiative 
involves long-term political support especially 
where extraneous factors (eg a long-term drought, 
increasing construction costs) and competing 
demands for resources (eg salinity, balancing 
irrigation requirements against environmental 
needs) are at the forefront of government agendas. 
Fortunately the Murray-Darling Basin Ministerial 
Council, which has representatives of the federal and 
four state governments in the Basin, has affirmed 
its commitment to the construction and quantitative 
assessment of the fishways.

The vertical-slot fishways presently being installed 
at the Lock/weirs on the Murray River are world-
class in functionality but costly, and their broad-
scale application throughout the rest of the Basin 
is unlikely to be practical. In 2004 the FPTF utilised 
the Australian Centre for Value Management to 
explore opportunities to reduce costs of fishway 
design and construction. This consultation ensured 
that functionality and other benefits were preserved 
whilst several cost-saving fishway configurations 
were identified. 

A major factor in the cost is the slope of the fishway 
channel, which determines the total length of the 
fishway. Hence an experiment was conducted at the 
Weir and Lock/weir 8 fishway in 2005 to compare the 

•

•

•

•

performance of variations in the vertical-slot baffle 
at higher slopes. The experiments yielded major 
findings that are likely to lead to reduced cost and 
improved performance of fishways. One finding was 
that separating the function of passing small fish 
and large fish has significant potential to reduce the 
capital cost, and improve the function, of fishways 
at a range of sites. The significant knowledge 
gap in applying this approach is the design of an 
inexpensive fishway for small native fish. Fish locks 
for small fish are favoured. However, small Denil 
fishways have been used overseas for small fish 
in Japan and these are now being tested for small 
native fish in the Murray River.

Setting fishway design criteria for a 
whole fish community 
The first challenge of the FPTF was to set ecological 
objectives for fish passage for a whole-of-ecosystem 
approach to a river reach with high conservation 
value. These objectives drove the design criteria 
for the fishways. The fish community of the lower 
Murray River is listed as a threatened ecological 
community in NSW. It contains a range of larger 
fish species (e.g. Murray cod, Golden perch 
Macquaria ambigua, and the threatened Silver 
perch Bidyanus bidyanus) and 11 small fish species 
(ranging from 20-70 mm in size) with 5 of these 
known to specifically move upstream. Of the small 
fish, three are classified as threatened species: 
Murray hardyhead Craterocephalus fluviatilis, Olive 
perchlet Ambassis agasizii and Flat-headed galaxias 
Galaxias rostratus.

The Murray River is a large river system with a 
large fish population and the lower reaches can be 
expected to have a high migratory biomass. Related 
to season and river flow, the migratory response 
of native fish species creates pulses of migratory 
biomass. Most fish are moving in spring and 
summer, tapering off in early autumn. Within these 
seasons Golden perch, Silver perch, and Murray cod 
are stimulated to move by increases in river flow 
and high flows, but not stable low flows (Mallen-
Cooper 1999). Immature and mature life stages of 
these species also respond differently to varying 
increases in river flow. Small fish species, however, 
appear to be moving mainly at the stable lower flows 
while Bony herring (Nematalosa erebi) and the non-
native common Carp (Cyprinus Carpio) are moving 
upstream in relation to temperature which can 
include a wide range of flows (Mallen-Cooper 1999). 

In semi-arid rivers migration of native fish that 
spend their whole life in freshwater appears to 
be complex and does not follow classic migration 
models of the whole, or bulk, of the population of a 
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species migrating from A to B. The challenge is to 
incorporate present data, identify knowledge gaps 
and include some flexibility in the fishway design. 
Murray cod is a good example. Juvenile Murray 
cod (300-600 mm) are commonly found migrating 
upstream in fishways (e.g. Yarrawonga Fish Lock, 
White 2003), as in Golden perch and Silver perch 
populations (Mallen-Cooper 1999). Adult Murray 
cod, however, show a diversity of migration with 
some fish making large scale upstream movements 
in spring while others remain within a home range 
(Koehn and Nicol 1998). 

For fishway design the migratory fish can be grouped 
into three major size classes: 20-70 mm (e.g. 
Australian smelt, Flyspecked hardyhead, gudgeon 
species); 90-600 mm (immature and mature Silver 
perch and Golden perch, Bony herring, immature 
Murray cod); and 600-1400 mm (adult Murray cod). 
Providing passage for the full size range of fish 
would have made the cost of the fishways prohibitive. 
Designing for the smallest fish would make the 
water velocities very low and the fishway very long, 
while designing for the largest fish would make 
the fishway pools very large; these parameters 
can double or halve the cost of a fishway. The FPTF 
therefore identified a goal of designing fishways 
to allow passage for a substantial proportion of all 
species and life stages of fish. 

A minimum fish length criterion of 40-60 mm was 
established for the fishway designs. This is intended 
to enable upstream passage of approximately half 
of the fish between 20-70 mm, with the ecological 
objective of enabling dispersal and gene flow of 
these species. Passing all fish between 90-600 mm 
was identified as a goal for this group which includes 
species with well-known migratory patterns. A 
maximum size criterion of 1000 mm is intended to 
enable the upstream passage of the majority of the 
adult Murray Cod.

The range of river flows over which a fishway 
operates has a major bearing on cost as this relates 
to river height and therefore the height of fishway 
walls. The FPTF considered that the fishways 
needed to operate for a wide range of flows, as 
different species and life stages of fish are migrating 
at different flows. It followed that reducing the 
operational range could have greatly affected some 
life stages of some species but had little effect 
on others. This reduction of ranges did not have a 
consistent impact across all species and life stages. 

These biological and hydrological criteria determine 
specific aspects of the fishway design. For the 
Murray River the vertical-slot design was used on a 
1-on-32 gradient with 3 metre long by 2 metre wide 
pools. The hydraulic step height (head loss) between 

pools is 0.1 metre which creates a maximum water 
velocity of 1.4 m s-1. Combined with the pool volume 
this generates a low turbulence of 40 Watts per cubic 
metre. The pool size enables the passage of Murray 
cod and the low water velocities and turbulence are 
intended for the small fish. The fishways also have 
rocks glued to the floor to enhance the passage of 
crustaceans (Figure 1.5). Each fishway is designed 
according to these generic criteria, taking into 
account the dimensions and configurations of the 
individual locks and weirs in question.

Where the fishways are being built
The Sea to Hume Dam program has been underway 
since July 2001. It aims to deliver effective fishways 
at 13 sites from the tidal Barrages near the Murray 
Mouth to Lock/weir 15 at Euston. Eight of the 
planned fishways have been installed to date; five 
at the riverine weirs and three at the Barrages. At 
each site, the FPTF considers several options for 
the location and design of fishways. At the weirs 
fish passage along both banks was preferred, but 
the cost was prohibitive. It was considered that by 
manipulating flows across the weir a single fish 
passage was adequate. The abutment side opposite 
the navigation lock, which was cheaper, was selected 
for all but one, Lock/weir 7, where fish aggregations 
and water depth favoured the lock side. 

Assessment of the tidal Barrages showed that all 
five impede the passage of fish, but two (Goolwa 
and Tauwitchere Barrages) were identified as the 
highest priorities for intervention because of the 
high biomass of fish present. These two Barrages 
have been given early attention with fishways now 
constructed at both. However low cost, effective 
fishways are feasible at all five Barrages because 
the difference in water levels on either side is 
small (although downstream is tidal). A schedule is 
proposed that will see the construction of fishways 
at all remaining structures at the rate of one or two 
annually until 2010. 

Biological Assessment of newly 
constructed fishways
If rehabilitation of Murray-Darling Basin populations 
is to be achieved, there is a pressing need to 
mitigate the impact of regulatory and impoundment 
structures through the construction of suitable 
fishways (Mallen-Cooper, 2000). Construction of 
fishways (Figure 1.6) will help mitigate the impacts 
of instream barriers on native fish (Mallen-Cooper, 
2000), whilst simultaneously helping the Native Fish 
Strategy achieve its main objective of restoring native 
fish populations to 60% of their pre European levels.
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Figure 1.5: Rocks glued to fishway floor to enhance passage of small biota. Photo: MDBC.

Figure 1.6: An aerial view of the Lock 7 vertical slot fishway during construction in 2003. Note the 
deep entrance that can cope with a wide range of tailwater levels which can be seen as a large 
vertical slot in the bottom right corner.
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In 2001, to monitor and assess the outcomes of the 
program, the MDBC established a collaborative 
research team of fish ecologists from New South 
Wales (NSW Department of Primary Industries), 
Victoria (Arthur Rylah Institute for Environmental 
Research) and South Australia (SARDI Aquatic 
Sciences). The tri-state collaboration comprises 
three scientists, six technicians, three fisheries 
managers and was established to ensure the  
‘Sea to Hume Dam Fish Passage Program’ 
delivers positive benefits to fish communities  
of the Murray-Darling Basin.

Fundamental to assessing the ecological benefits 
of fishway installation, researchers have posed 
four questions pertaining to the operation of the 
fishways including:

1. Are the fishways allowing passage of a full range 
of size classes and species of fish?

2. Are the fishways reducing accumulations of fish 
downstream of the barrier?

3. Are the fishways contributing to positive changes 
in the abundance and diversity of native fish in 
the river?

4. Are the location, design and operation of the 
fishways optimised?

The Murray River Fishway Assessment Program 
was divided into three distinct phases: Stage I (Pilot 
Study), Stage II (Refinement of an experimental 
design) and Stage III (fishway assessment and fish 
community sampling). This report summarises the 
major findings of Stage III, which was undertaken 
between 2002 and 2006. 
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Introduction
In Australia, there are 302 species of freshwater 
fish and, for most, migration is an essential part of 
their life history (Mallen-Cooper, 1999; Allen  
et al, 2002: Pusey et al, 2004). Accumulations of fish 
are frequently observed downstream of barriers 
such as dams and weirs (Baumgartner, 2006a). 
Performing targeted sampling at times of expected 
movement can therefore provide a useful mechanism 
to benchmark the accumulating fish community and 
to further the development of mitigation measures. 
This information could be incorporated into fish 
passage design to ensure the swimming abilities 
of local species are duly considered. Despite this, 
many fishways are still constructed without prior 
knowledge of local fish communities and often exhibit 
sub-optimal performance for one or more species. 

Boat electrofishing is used worldwide as a sampling 
tool to document the composition of riverine fish 
assemblages (Pierce et al, 2001; Hardie et al, 
2006). In Australia, most electrofishing activities 
are undertaken in a standardised manner, but 
activities are largely confined to daytime hours (See 
for example Gehrke and Harris, 2001; King and 
Crook, 2002). Many studies, however, have identified 
changes in fish feeding strategies (Przybylski, 1996; 
Sammons & Maceina, 2005), habitat use (Johnson 
& Covich, 2000), migration (Mallen-Cooper, 1999) 
or larval drifting rates (Baras & Nindaba, 1999; 
Araujo-Lima et al., 2001) between day and night. 
This daily variation in behaviour can be advantageous 
for fish, especially for small-bodied species, to 
avoid predation during periods of reduced visibility 
(Hohausova et al,. 2003; Copp et al., 2005). It can 
also present disadvantages, where downstream 
migrations of freshwater eels, Anguilla spp., are 
interrupted by hydroelectric power generation during 
the night (Boubee and Williams, 2006). Diurnal 
mobility varies with species and this can have 
serious implications for the design of monitoring 

programs, as observations obtained specifically 
from day or night sampling may introduce species-
specific biases (Johnson and Covich, 2000). 

Thirteen fishways are presently being constructed 
along the Murray River to restore over 2,000km of 
longitudinal connectivity (Barrett and Mallen-Cooper, 
2006). Biological monitoring was undertaken at each 
site to provide advice on fish community composition 
prior to fishway construction and to ensure each new 
fishway would perform satisfactorily for all species 
and size classes (Barrett and Mallen-Cooper, 2006). 
Boat electrofishing surveys were performed to obtain 
information on fish species located downstream 
of each weir. Few surveys in Australian rivers have 
considered night sampling, and the implications 
of confining sampling activities to daytime periods 
remain largely unknown.

The current study aimed to document diel variations 
in the structure of fish communities downstream 
of three low-level (3 m) weirs in the Murray River. 
Standardised boat electrofishing surveys were used 
(day and night) to determine whether nocturnal 
sampling is required to adequately describe fish 
community composition. The results were used to 
describe an appropriate monitoring framework for 
future electrofishing surveys in riverine areas. 

Methods

Site�description

The present study was undertaken in the Murray 
River at Lock and Weir 1, 2 and 3, all of which include 
navigation locks. These weirs were constructed 
between 1924 and 1928 and are 274 km, 362 km 
and 431 km from the river mouth respectively. 
Together, the locks form three connected weir  
pools, raising the water height by an average of  
3.1 m. All weirs regulate flow with concrete stop-
logs and their primary purpose is to maintain water 
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levels for permanent navigation, town water supply 
and irrigation. All three weirs are barriers to fish 
movement, as none have fishways present, however, 
fish passage is possible when flows in the Murray 
River exceed approximately 60,000 MLd-1 (historically 
6% of the time) and the weirs are removed. At each 
site, the width of the river is approximately 100 
metres and depth varies from 0.5–5.5 metres.

A boat mounted 7.5kW Smith-Root Model GPP 
7.5 H/L electrofishing system was used to collect 
fish immediately below each weir. Sampling was 
conducted monthly between September and 
February of each year between 2000 and 2005  
(15 trips in total). Each site was sampled during 
daylight and again at night. The sampling strategy 
was fully randomised among sites and sampling 
period (day or night) to minimise any bias that may 
be associated with multiple-pass electrofishing. 
The only condition within the randomisation process 
was that 24 hours had elapsed since the previous 
sampling event for any given site.

Sampling operations consisted of 18 replicate 
90-second (on-time) electrofishing ‘shots’ with 
nine performed on each bank downstream of each 
weir. Electrofishing shots were evenly spaced 
and commenced 600 m downstream of the weir 
proceeding in an upstream direction. During each 
sample, fish were collected by dip net and placed 
into a live well, to recover prior to identification and 
measurement (total length [TL] or for fork-tailed 
species, fork length [FL]). Any positively identified 

fishes unable to be dip netted were recorded as 
“observed”. In instances where large numbers of 
individual species were collected, a random sub-
sample of 50 individuals was measured per shot.

Data�analysis

Data were analysed using the PRIMER (Version 5.0) 
multivariate statistical package and S-PLUS 2000 
(Insightful corporation, 2001). Multidimensional 
scaling ordinations of Bray-Curtis similarity 
measures were used to plot fish community data in 
two dimensions. Some electrofishing shots contained 
low numbers of fish and high variance so replicate 
shots were pooled from each site. For the purposes 
of this study, fish communities were defined by 
species counts (standardised to electrofishing time) 
that were converted to Bray-Curtis similarity values 
as described in Clarke and Warwick (1994). Two-way 
analyses of similarities (ANOSIM), (as described in 
Clarke and Warwick, 1994), using sites (Lock 1, 2 
and 3) and sampling period (day or night), as factors 
were performed on fourth-root transformed data 
to determine spatial and temporal differences in 
fish communities. All data were standardised to 
electrofishing time (fish per minute).

A two-way factorial Analysis of Variance (ANOVA), 
using sites and diel period as factors, was performed 
to identify any significant (P <0.05) differences in 
the relative abundance of individual species and 
species richness (total number of species). Where 

Figure 2.1: Electrofishing downstream of Lock 1 as part of this study. Photo: Ivor Stuart – ARI.
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the abundance of individual species was tested, 
a Bonferroni correction was performed (Sokal 
and Rohlf, 1996) to reduce the probability of type I 
errors. Prior to performing ANOVA, Cochran’s tests 
determined non-homogeneity of variances in the 
data set and a variance stabilising transformation 
(log x + 1) was subsequently performed. Quantile-
quantile plots (as described in Insightful Corporation, 
2001) confirmed the data were approximately 
normally distributed.

Two-tailed large-sample Kolmogorov-Smirnov tests 
(KS: Sokal and Rohlf, 1996) were performed on the 
most common fish species from each site to assess 
differences in length-frequency distributions among 
sampling periods. For the purpose of the present 
study, length-frequency analysis revealed whether 
fish populations accumulating downstream of weirs 
were dominated by particular size classes. 

Results

Fish�community�structure

A total of 40,003 fishes from 12 species was collected 
downstream of Locks 1, 2 and 3 (Table 2.1). The 
abundance of most species was generally greater 
from Lock 1, than at Lock 2 or Lock 3. Ordination 
demonstrated a clear separation between fish 
communities at Lock 1, compared with Lock 2 and 
Lock 3 (Fig 2.3). Although species richness did not 
vary among sites (Two-Way ANOVA: F = 0.720,  

P >0.05), shortheaded lamprey, Mordacia mordax 
was only found at Lock 1. Significantly more fish 
were sampled downstream of Lock 1 (Two-Way 
ANOSIM: R = 0.568, P <0.001), than Locks 2 or 3 
because many Carp, Australian smelt and Bony 
herring were accumulating downstream of the weir. 
Fish communities downstream of Lock 2 and 3 did 
not differ (One-Way ANOSIM: R = 0.296, P >0.05). 

Ordination further revealed a clear separation 
between the day and night structure of fish 
communities at each site which was determined 
significant (Fig. 2.3, Two=Way ANOSIM: R = 0.642,  
P <0.01). In particular, more non-native Carp 
Cyprinus Carpio, Australian smelt Retropinna 
semoni, Bony herring Nematalosa erebi, Unspecked 
hardyhead Craterocephalus stercusmuscarum 
fulvus and Murray rainbowfish Melanotaenia 
fluviatilis were caught downstream of each weir 
during daytime samples. In contrast, significantly 
more non-native Goldfish Carassius auratus, Golden 
perch Macquaria ambigua and non-native Redfin 
perch Perca fluviatilis were caught at night from 
Locks 1, 2 and 3. 

Diel�abundance�patterns

In total, daytime sampling yielded 23,206 fishes 
with catches dominated by the Carp, followed 
by Australian smelt and Bony herring. Nightime 
sampling yielded 16,797 fishes and, although similar 
species dominated catches, substantially more 

Table 2.1: A summary of diel fish catches from sites sampled below Locks 1, 2 and 3 on the Murray River, 
South Australia. Data are pooled across all replicates within day and night periods. Max refers to the 
maximum body length attained.

�Species
Max
(mm)

Lock�1 Lock�2 Lock�3

D N D N D N

Native�fish

Australian smelt 95 1,320 1,157 462 249 718 316

Bony herring 400 3,408 2,599 3,370 2,107 3,153 1,195

Flat-headed gudgeon 95 21 76 35 46 57 30

Unspecked hardyhead 70 102 153 339 145 354 44

Golden perch 550 135 275 91 177 57 108

Murray cod 1800 2 2 2 2 0 5

Murray rainbowfish 90 79 11 71 49 128 29

Shortheaded lamprey 500 2 1 0 0 0 0

Silver perch 500 11 5 23 17 35 25

Carp gudgeon 45 13 62 57 85 61 209

Non-native�fish

Carp 550 5,935 4,092 1,935 1,371 984 814

Redfin perch 450 81 148 4 30 8 22

Goldfish 400 74 431 44 295 35 415
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non-native Goldfish, Carp gudgeon Hypseleotris spp, 
and Golden perch were collected. No fish species 
was sampled exclusively during the day or night. 
Significantly more species occurred at night (Two 
Way ANOVA: F = 15.80, P <0.001) due largely to the 
inconsistent daytime collection of Redfin perch, 
Goldfish and Golden perch (Table 2.1). 

Day and night abundance patterns were similar 
among sites. For instance, Goldfish, Golden perch 
and Redfin perch were all sampled in significantly 
greater abundance at night from all three sites  
(Fig 2.2, ANOVA: P <0.05). In contrast, Carp, 
Australian smelt, Bony herring and Murray 
rainbowfish, Melanotaenia fluviatilis (Castelnau, 

1878) were significantly more abundant during 
daytime samples at all three sites (Fig 2.2,  
ANOVA: P <0.05). 

Diel�size�variation

Whilst differences in fish abundance were distinct, 
the size of fish also showed substantial diel variation. 
Significantly smaller Goldfish, Australian smelt, 
Bony herring and Unspecked hardyhead were 
sampled during the day (KS: P <0.05;  
Table 2.3). At night, significantly smaller Golden 
perch and Carp were collected downstream of 
the weirs (KS: P <0.05; Table 2.3), with daytime 
samples predominantly comprising adult fish. 

Figure 2.2: Log mean (±SD) abundance of the most commonly sampled fish species downstream of Locks 1, 
2 and 3 on the Murray River, South Australia. gF: goldfish; Uh: Unspecked hardyhead; CC: Carp; gP: golden 
perch; MR: Murray rainbowfish; Bh: Bony herring; RP: Redfin perch and AS: Australian smelt. Day samples 
are white and night samples are orange.
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Figure 2.3: Multidimensional scaling ordination 
of day night differences in fish community 
composition among the three sites. Day samples 
are white whilst night samples are orange. Sites 
are defined as Lock 1 (square), Lock 2 (triangle) and 
Lock 3 (circle). 

These patterns were consistent among Locks 1, 2 
and 3, with species demonstrating almost identical 
size class differences at each site. Significantly 
smaller Goldfish, Australian smelt, Bony herring 
and Unspecked hardyhead were sampled during the 
day (KS: P <0.05; Table 2.3). At night, significantly 
smaller Golden perch and Carp were collected 
downstream of the weirs (KS: P <0.05; Table 2.3), 
with daytime samples predominantly comprising 
adult fish.

Discussion
Our study identified diel differences in fish 
composition, size class structure and total number 
of species. Most important was that the pattern 
was consistent across Locks 1, 2 and 3, despite 
the geographic separation. Day and night changes 
in migratory behaviour are commonly observed 
among several freshwater species (Reebs, 2002). 
Appearance patterns of fish from day and night 
samples in the lower Murray River were remarkably 
similar among sites. Small-bodied fish occurred 
in higher abundances during the day, whilst larger 

Table 2.3: A comparison of size classes of the most abundant fish caught during day and night in the Murray 
River, South Australia. “n” represents the number of fish used in the analyses, mean (±SD), with the mean 
length (mm) ± one standard deviation. Sig. smaller fish denotes whether significantly (P <0.05) smaller size 
classes were caught during the day or night. 

Species

Day Night

KS�stat

Sig.�
Smaller�
fishn

Mean�length
±SD n

Mean�length
±SD

Lock�1
Goldfish 79 121±58 398 141±43 0.288 Day
Unspecked hardyhead 96 36±10 89 42±9 0.341 Day
Carp 1032 470±126 1374 377±151 0.314 Night
Golden perch 125 326±123 263 211±98 0.469 Night
Bony herring 2144 134±60 1470 147±68 0.215 Day
Australian smelt 579 52±10 381 53±12 0.147 Day

Lock�2
Goldfish 31 141±56 286 154±42 0.199 -
Unspecked hardyhead 171 36±10 74 40±8 0.202 Day
Carp 762 455±126 728 368±155 0.340 Night
Golden perch 80 345±90 180 273±101 0.392 Night
Bony herring 1561 130±68 1116 156±53 0.368 Day
Australian smelt 181 46±10 108 50±14 0.297 Day

Lock�3
Goldfish 59 83±33 455 125±38 0.437 Day
Unspecked hardyhead 267 32±11 40 38±9 0.359 Day
Carp 438 440±142 554 340±156 0.336 Night
Golden perch 65 317±107 112 277±92 0.347 Night
Bony herring 1724 125±76 750 157±70 0.326 Day
Australian smelt 327 42±12 94 50±12 0.292 Day
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predatory fish were more abundant at night. Similar 
patterns are observed in salmonids where patterns 
of migratory behaviour (whether nocturnal or 
diurnal) are consistent over large spatial scales 
(Ibbotson et al. 2006). These observations suggest 
that factors influencing timing of migrations may 
not be solely influenced by local factors (such as 
flow or habitat), but may be a general, and common, 
characteristic of migratory fish over a river reach.

Previous studies have identified three major 
mechanisms accounting for changes in fish 
assemblage structure over the diel cycle: vertical 
migrations between the surface and the river bed 
(Clark & Levy, 1988), lateral migrations between 
the bank and the channel (Hanych et al, 1983; 
Copp & Juradja, 1999) and longitudinal migrations 
downstream from the study area (Reynolds, 1983). 
The nature and extent of these migrations can 
be species-specific and change with respect to 
season (Wolter & Freyhof, 2004). The specific type 
of migration associated with the observed diel 
differences was not investigated as part of this study. 

Behavioural changes that minimise predation 
risk are also a commonly reported trait of 
riverine species (Dirksen et al., 1995; Heermann 
& Borcherding, 2006). During daytime samples, 
substantially larger predatory species such as 
Golden perch and Redfin perch were present within 
the study areas. In addition, piscivorous birds, 
the Australian pelican Pelicanus conspicillatus 
(Temminck) and pied cormorant Phalacrocorax 
varius (Gmelin), were more evident during the 
day, and their presence presumably occurred in 
response to fish accumulating downstream of the 
weirs (Figure 2.4). Two fish species, Golden perch 
and Goldfish, demonstrated substantial increases 
in abundance at night when smaller size classes 
of both species were also apparent. Fish are 
frequently recorded in the diets of large predatory 
fish (Baumgartner, 2006b) and birds (Barlow & 
Bock, 1981) in other areas of the Murray-Darling 
Basin. The appearance of large numbers of smaller 
individuals at night, therefore, may represent an 
avoidance strategy to minimise predation risk during 
daytime when avian predators and piscivorous fish 
are most active.

Changes in feeding behaviour could also account for 
changes in the catchability of certain fish species. 
Changes in the abundance of microphagic feeders, 
such as Unspecked hardyhead and Australian 
smelt could be related to diel vertical migration of 
plankton. In Germany, highest densities of plankton 
occur at the surface during the day but near the 
bottom at night (Bohl, 1980). Planktivorous fish 
undertake concurrent vertical migrations which 

coincide with plankton re-distribution (Bohl, 1980). 
These migrations, however, would increase the 
predation risk of these small-species during the day. 
This observation suggests that, for some species, 
there may be an ecological trade-off between the 
importance of feeding opportunities and predation 
risk. In areas of expected fish accumulations, such 
as downstream of weirs, increases in predator 
abundance would contribute to increased mortality 
from predation pressure. This would necessitate the 
development of appropriate fish passage facilities 
at these structures. The identification of trophic 
interactions was beyond the scope of this study, but 
these may have a substantial influence on the re-
distribution of fish. 

The observed differences in diel fish assemblages 
may also relate to sampling efficiency. There are 
inherent biases involved in electrofishing which 
may influence the total number of fish caught 
during routine sampling. Factors such as depth, 
conductivity and turbidity can influence the efficiency 
of electrofishing equipment (Rogers et al., 2003; 
Sanders, 1992). At night, some species may shelter 
and feed in deeper water, or move away from 
the study area, possibly to avoid predation. Such 
behaviour is common in lake systems of Poland, 
where fish retreat to deeper water at times of high 
predation risk (Gliwicz & Jachner, 1992). Under such 
circumstances, decreased nocturnal abundances 
could be expected, as fish would be too deep to be 
sampled efficiently using electrofishing techniques. 

Operator efficiency could also be reduced at 
night due to decreased visibility, even though 
the electrofishing boats were fitted with strong 
spotlights. Sanders (1992) suggested that the degree 
of light reflection and the penetration of lights 
can influence catch rates in Ohio (USA). If altered 
visibility was a major factor, any subsequent change 
in catch rates should be uniform across all species. 
The abundance of some species, however, such as 
Golden perch and Redfin perch, actually increased at 
night. Mallen-Cooper (1999) further demonstrated 
that Bony herring and Australian smelt rarely 
migrated upstream through fishways on the Murray 
River at night. The abundance of these two species, 
and also Carp gudgeon and rainbowfish, was 
substantially lower during nocturnal sampling on 
the lower Murray River. In other situations, species 
like the migratory mimic shiner Notropis volucellus 
(L.) exhibit diel resting behaviour, occupying 
deeper water at night and accounting for nocturnal 
decreases in catch rates (Hanych et al, 1983). These 
observations suggest that operator efficiency does 
not adequately account for all observed differences. 
Certain aspects of fish behaviour, therefore, may 
influence the susceptibility of capture, especially 
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if fish move into, or out of, the effective range of 
electrofishing equipment. 

Our results have shown that day and night sampling 
is required to obtain an accurate indication of fish 
assemblage (size-class, abundances) accumulating, 
which is similar to other studies (Paragamian, 
1989), however day sampling alone may be sufficient 
for indicating species presence. For example, if 
sampling was only undertaken during nocturnal 
periods, abundances of non-native species such 
as Goldfish and Redfin perch would have been 
overestimated. In contrast, if sites had only been 
sampled during daytime hours, little information 
would have been gathered on smaller-size classes of 
Goldfish and Golden perch. 

Diel changes in fish community structure 
downstream of barriers has important implications 
for the design of future survey projects relating 
to attempted restoration of fish passage (Barrett 
& Mallen-Cooper, 2006). Data from daytime 
electrofishing alone would have provided inadequate 
information for designing a suitable fishway because 
the size structure of fish would not have been 
accurately determined by the sampling program. 
Logistics often restrict sampling to daytime hours 
only, and this is probably appropriate for general 
monitoring studies of riverine fish across large 
geographic areas. Nevertheless, in circumstances 

where a more detailed understanding of fish 
assemblages is required at specific sites, such 
as in designing fishways or other types of habitat 
restoration measures, night-time sampling may 
provide valuable additional data (see also Divens 
et al, 1998). Before commencing fish passage 
improvement programs, it would be useful to 
conduct a pilot study incorporating night sampling 
(and possibly also additional gear types) to assess 
the potential for bias arising from diel changes in 
abundance and size structure. Such an approach 
would ensure better fish passage outcomes that 
are based on accurate data and that are more 
representative of the entire fish assemblage.
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Introduction
Worldwide, there is increasing recognition of 
the importance of freshwater fish migration 
and facilitating fish passage to rehabilitate fish 
assemblages (Northcote 1998; Barrett and Mallen-
Cooper 2006). Fishways are a major tool used to 
increase stream continuity and improve connectivity 
for whole fish assemblages (Northcote 1998; Mallen-
Cooper 1999). In south-eastern Australia, in the 
Murray-Darling river system, there are over 3500 
stream barriers that supply water for irrigation, 
hydropower, domestic water supply and recreation. 
These barriers block the movement of fish and 
have contributed to widespread declines in the 
distribution and abundance of migratory species 
by restricting access to spawning grounds and 
preferred habitat (Walker and Thoms 1993). 

Longitudinal movement is a major part of the 
ecology for all Australian freshwater fish species 
(Harris et al. 1998; Stuart and Mallen-Cooper 1999; 
Pusey et al. 2004). Subsequently, recent advances 
in fishway design now target both small (>40 mm 
long) and large (up to 1000 mm long) fish species 
(Mallen-Cooper 1999; Stuart and Berghuis 2002; 
Baumgartner 2005). A major design challenge has 
been integrating conservative fishway hydraulics 
with highly variable river hydrology to cater for all 
of the expected differences in swimming ability and 
migration behaviour of fish.

The Murray-Darling Basin Commission (MDBC) 
manages natural resources within the river system 
and is facilitating an extensive 10 (2001-2011) year 
fishway construction program to restore passage 
on 15 low (most <3 m high) weirs along 2225 km of 
the Murray River between Lake Hume and the sea 
(Barrett and Mallen-Cooper 2006). The new Murray 
River fishways are a conservative variation of the 
successful vertical-slot fishway at the 6 m high 
Torrumbarry Weir (Murray River, Australia) which 

effectively passes fish from 120 to 600 mm long 
(Mallen-Cooper 1999).

At the remaining 14 low weirs, the MDBC determined 
a need to pass a wide size range of fish including 
about half of the fish between 20 and 70 mm long (or 
all those over 40 mm long) and all between 90 and 
600 mm long, with a maximum size criterion of 1000 
mm for Murray cod (Maccullochella peelii peelii; 
Barrett and Mallen-Cooper 2006). A vertical-slot 
fishway design was selected, as it operated over a 
wide range of river levels, with a low gradient (1:32), 
low water velocities (maximum 1.4 m.s-1) and large 
pools with low turbulence (40 W/m3; Barrett and 
Mallen-Cooper 2006). 

The construction of the 14 new fishways will be a 
staged process, from 2001 to 2011, thus providing an 
opportunity to assess function and provide feedback 
to design engineers. Hence, the first of the new 
Murray River fishways, at Lock 8, was assessed in 
detail by a collaborative research team, involving 
state agencies from Victoria, New South Wales and 
South Australia. The aim was to investigate whether 
the fishway met the ecological performance target 
of enabling passage, for each species, of half of the 
20 to 70 mm size range, all fish from 90 to 600 mm 
long, and Murray cod to 1000 mm long by trapping 
the exit and entrance. 

Methods
Lock 8 is a 2.6 m high, 131 m wide weir that backs up 
24 GL of freshwater to Lock 9. The weir consists of 
a series of concrete piers along a concrete slab and 
apron extending the full width of the river. The height 
of the weir-pool is regulated by adding or removing 
concrete stop logs between the piers. The daily 
variation in weir-pool height is relatively constant, 
though the tail-water varies the full height of the 
weir. During floods of approximately 40,000 ML d-1, 
or greater, all of the concrete stop logs are removed 
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and at approximately 52,000 ML d-1 the abutments 
are inundated and fish can potentially swim around 
the weir. Since 1970, this flood level was exceeded 
for 10% of the time, but only 3% of the time since 
1995 (Barry Porter, Department of Water, Land and 
Biodiversity Conservation, pers. com.).

Fishway

The Lock 8 fishway, completed in November 2003, is 
a vertical-slot design with 25 pools. 21 of these pools 
are 3 m long by 2 m wide, while there are 5 larger 
resting pools, each 3 m long by 4.4 m wide (Barrett 
and Mallen-Cooper 2006; Fig. 3.1 & 3.2). The 
minimum operating depth is 1.5 m at normal weir-
pool height; however the fishway channel deepens 
(1:32 gradient) toward the entrance (maximum depth 
4.7 m) and consequently operates over the full range 
of tail-water levels until the abutments are 
inundated. The slot-widths, which determine the 
maximum size of fish that can enter, are 0.3 m wide. 
There are 0.1 m head losses between each fishway 
pool and the maximum water velocity and average 
pool turbulence, which determines the minimum size 
of fish that can ascend, are 1.4 m s-1 and 40 W m-3 
respectively. The fishway has 5 exits of which only one 

is open at any time. During increasing river flow, as 
the tail-water rises, a progressively deeper exit is 
manually opened. This short circuits the overall 
fishway length, to maintain an attraction head loss of 
0.05 to 0.12 m at the entrance. To facilitate passage of 
small fish and invertebrates, rocks (approximately 
0.20 m average diameter, 0.15 m spacing) were fixed 
into the floor of the fishway. 

Fishway�assessment

Between November 2003 and November 2005, fish 
were trapped for 24 hours on consecutive days at 
the exit and entrance of the Lock 8 fishway. The 
exit trap was in the slow flowing water of the weir-
pool immediately above the last vertical-slot. The 
entrance trap was placed in the straight section of 
channel, with no vertical-slots, approximately 4 m 
upstream of the entrance. 

This sampling regime enabled a pooled comparison 
of abundance and size classes between fish entering 
the fishway and those that successfully ascended. 
Fish were trapped at these locations with a cage  
2.5 m long by 1.95 m wide by 1.5 m high. There were 
80 mm long nylon brushes on each outside edge 

Figure 3.1: Site map.
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of the cage so that it fitted flush into the 2 m wide 
fishway channel. To reduce escapement of fish, the 
cage incorporated a cone-trap that was 0.7 m long by 
1.95 m wide with an exit 0.4 m high and 0.3 m wide. 
The cage was covered in 50 mm square mesh for 
strength. It also had a 6 mm square mesh covering 
to collect small fish. To minimise injuries of trapped 
fish, the floor of the cage and the bottom 0.5 m of the 
side-walls was covered in rubber matting.

All trapped fish were identified and counted, and 
in the cases of large catches of individual species 
a sub-sample of 50 fish per species was measured 
for length. Fork length (FL) was measured for fork-
tailed species and total length (TL) for others. In 
October/November 2005, during three consecutive 
weeks in spring, four large-bodied species, Golden 
perch (Macquaria ambigua), Silver perch (Bidyanus 
bidyanus), Bony herring (Nematalosa erebi) and Carp 
(Cyprinus Carpio) were examined for final stages of 
maturation by applying firm abdominal pressure to 
manually extrude milt or eggs. 

Water temperature and river flow conditions were 
taken daily during sampling and a programmable 
temperature data logger (Hastings Stowaway Tidbit) 
recorded water temperature every four hours in the 
Murray River approximately 1 km below Lock 8. 

Data�analyses

A one-way factorial Analysis of Variance (ANOVA) 
was performed to identify any significant differences 
in the relative abundance of individual species 

sampled between the entrance (bottom) and exit 
(top) of the fishway. Prior to performing ANOVA an 
F-test determined non-homogeneity of variances 
within the data set and a variance stabilising 
transformation (log x+1) was subsequently 
performed. Quantile-quantile plots (as described 
in Insightful Corporation, 2001) confirmed the data 
were approximately normally distributed.

Two tailed Kolmogorov-Smirnov tests (KS: Sokal and 
Rohlf, 1996) were performed on the most common 
species from each site to assess differences in 
length frequency distributions among fish collected 
from the entrance and exit. For the purpose of the 
present study, length frequency analysis revealed 
whether particular size classes were unable to 
ascend the fishways.

Results

Discharge�in�the�Murray�River�

Flows in the Murray River at Lock 8 were in phase 
with inflows to Lake Victoria, with a maximum of 
14,041 ML d-1 in early November 2005 (Fig. 3.2).  
Diversion of water into Lake Victoria, upstream of 
Lock 9, reduced the height of the flow peaks in the 
Murray River, which was most evident in spring 2004. 
On average 47% of the daily Murray River flow was 
diverted to Lake Victoria between November 2003 
and November 2005, a higher than normal amount 
due to a prevailing drought.  Water temperature in 
the Murray River below Lock 8 varied from 9.4°C in 
July 2004 to 31.3°C in January 2006.

Figure 3.2: Layout of the new vertical-slot fishway completed at Lock 8 in November 2003. The 
fishway operates over a wide range of river levels as it has five exits which are progressively opened 
as the tail-water rises.
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Exit�and�entrance�comparison

A total of 30,409 fish representing 13 species were 
caught within the Lock 8 fishway, in 40 paired sample 
days (20 each) plus an additional 17 samples at the 
exit of the fishway only between November 2003 and 
November 2005 (Table 3.1).  Two native crustaceans, 
freshwater prawn (Macrobrachium australiense) and 
freshwater shrimp (Paratya australiensis) species 
were abundant in the entrance of the fishway; these 
included immature and mature life-stages. In total, 
67.9% of fish were sampled from the entrance and 
32.1% from the exit of the fishway (Table 3.1). Two 
small-bodied fishes, Carp gudgeons (Hypseleotris 
spp) and Australian smelt (Retropinna semoni), 
dominated, forming 36.5% and 35.6% of the entrance 
and exit catch respectively. Carp (Cyprinus Carpio), 
Goldfish (Carrasius auratus), Gambusia (Gambusia 
holbrooki), and Redfin perch (Perca fluviatilis) were 
the only non-native fish collected.

The numbers of the five most common fish species 
were examined for the 40 paired-day samples at the 
exit and entrance of the fishway. Statistical analyses 
using a one-way analysis of variance (ANOVA) 
showed, for the large-bodied fishes, that there were 
significantly (P = <0.05) more Carp (F = 9.15; d.f. 1, 
39) and Golden perch (F = 35.30; d.f. 1, 39) at the 

exit of the fishway than at the entrance (Fig. 3.3). In 
general, more Silver perch, Murray cod, Golden perch 
and Carp, were collected at the exit compared to the 
entrance, indicating some behavioural inhibition at 
the entrance trap. 

In contrast, there were substantially more small-
bodied Unspecked hardyhead (Craterocephalus 
stercusmuscarum fulvus) collected at the entrance of 
the fishway. Although there were larger numbers of 
fish at the entrance, there was no significant  
(P = >0.05) difference in the number of Bony 
herring (Nematalosa erebi; F = 3.12; d.f. 1, 39) 
and Australian smelt (F = 0.74; d.f. 1, 39) from the 
number collected at the exit of the fishway. For these 
two species this was partly related to the relatively 
high variation in catch rates, with up to 26% of the 
total sample collected in a single day. For Murray 
rainbowfish (Melanotaenia fluviatilis) and Carp 
gudgeons there were too few fish at the exit of the 
fishway for analysis.

Fish successfully reaching the exit ranged in size 
from a 31 mm long Australian smelt to a 1030 mm 
long Murray cod (Maccullochella peelii peelii). There 
was no significant difference in the size of Golden 
perch (D1202,133=0.044, P >0.05) at the exit compared 
to the entrance of the fishway (Fig. 3.3). There were 

Table 3.1: Total numbers of fish trapped from the exit and entrance of the Lock 8 during 40 paired  
sample days and 17 exit samples between November 2003 and November 2005. An asterisk denotes  
a non-native species. 

Common�Name Species�name�[Family�name] Exit Entrance
Exit�only�
samples

Total�size�
range�
(mm)

Large-bodied�fish
Bony herring Nematalosa erebi 2,079 836 260 27-382
Golden perch Macquaria ambigua 672 170 1304 161-552
Carp* Cyprinus Carpio 524 178 1554 207-675
Silver perch Bidyanus bidyanus 36 0 55 98-420
Murray cod Maccullochella peelii peelii 1 0 13 185-1030
Goldfish* Carassius auratus 6 2 2 132-330
Redfin perch* Perca fluviatilis 0 1 42

Small-bodied�fish
Carp gudgeon Hypseleotris spp 4 9,528 21-50
Australian smelt Retropinna semoni 2,551 6,748 22-72
Unspecked hardyhead Craterocephalus stercusmuscarum 163 3,416 18-65
Murray rainbowfish Melanotaenia fluviatilis 14 270 25-74
Flatheaded gudgeon Phylipnodon grandiceps 5 11 32-60
Gambusia* Gambusia holbrooki 0 6 32-44

Crustacean�species
freshwater shrimp Macrobrachium australiense Present Abundant
freshwater prawn Paratya australiensis Present Abundant

Total 6,055 21,166 3,188
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significantly smaller Australian smelt (D553,723=0.188, 
P <0.05), Unspecked hardyhead (D120,671=0.566,  
P <0.05; Fig. 3.4) and Bony herring (D786,449=0.477,  
P <0.05) collected from the entrance trap. In 
contrast, there were significantly smaller Carp 
(D93,732=0.289, P <0.05) collected from the exit. 

For Murray rainbowfish and Carp gudgeons there 
were too few (<25 individuals) fish at the exit of the 
fishway for analysis. For Silver perch there were 
no fish captured at the entrance of the fishway, but 
individuals between 75 and 425 mm were able to 
successfully ascend.

Figure 3.4: Log mean catch rates (mean +S.E.) of fish per day, at the exit and 
entrance of Lock 8 fishway. An asterisk denotes a significant difference.

Figure 3.3: Daily flow (ML d-1) in the Murray River at Lock 8 (black line) and total flow without diversions to 
Lake victoria (grey line). Fishway samples are indicated by square symbols. Water temperature in the river 
immediately downstream of Lock 8 is indicated by the dotted and dashed line.
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Spring�migration�of�sexually�mature��
large-bodied�fish

In spring (October/November) 2005, the highest 
number of Golden perch (maximum 202 fish per 
day) and Carp (maximum 415 fish per day) were 
migrating at Lock 8 fishway. Of the 615 Golden 
perch collected over three consecutive weeks, most 
(94%) were adults (based on length at maturity; 
Mallen-Cooper and Stuart 2003; mean 363 mm TL, 
range 219–552 mm). 234 were ripe males, while 13 
females expressed eggs. Similarly, of the 360 Carp 
measured, all were adult fish (based on length at 
maturity; Brown et al. 2005; mean 381 mm FL, range 
310–615 mm). 110 were ripe males, while 14 females 
expressed eggs. Of 54 Silver perch (Bidyanus 
bidyanus), less than half (42%) were adults over  
300 mm FL (based on length at maturity; Mallen-
Cooper and Stuart 2003; mean 307 mm FL, range 
137–420 mm). 28 were ripe males, while 2 females 
expressed eggs. For Bony herring, all 128 fish 
collected in spring (October/November) 2005 were 
adults (based on length at maturity; mean 251 
mm FL, range 140–343 mm). 67 were ripe males, 
while 2 females expressed eggs. Young-of-the-year 
Bony herring were present in summer and autumn 
(December to March). Australian smelt and Carp 
gudgeons were also observed to exude eggs or 
milt on capture.

Discussion

Effectiveness�of�the�fishway

The Lock 8 fishway successfully provided passage 
for the target fish species and size range, including 
small and large fish (31 to 1030 mm long). In doing 
so the fishway passed the widest size range of 
any design within the Murray-Darling Basin. This 
included the original aim of all fish, for each species, 
from a minimum of 31 mm long, all medium sized 
fish from 90 to 600 mm long, and adult Murray cod to 
a maximum of 1000 mm long (Fig 3.5 & 3.6). 

For small-bodied fish, the length data used to 
develop design criteria for Lock 8 fishway from 
passage studies of closely related tropical species, 
approximates the actual performance (Fig. 3.7; 
Stuart and Mallen-Cooper 1999). Nevertheless, 
young-of-the-year Bony herring (<60 mm FL), and 
the juvenile size classes of Unspecked hardyhead, 
Murray rainbowfish and Australian smelt (less than 
approximately 40 mm long) were unable to ascend. 
Small-bodied fishes numerically dominated the total 
catch at the Lock 8 fishway and during spring and 
summer the bulk of these were juveniles and young-
of-the-year. This highlights a need for an additional 
fishway design criterion that includes seasonal 

changes in fish sizes and migratory biomass, rather 
than simply aiming to pass a minimum length 
criterion alone. 

Adult and juvenile Carp gudgeons, a species  
complex not known to grow over 50 mm long, 
were almost completely unable to ascend the 
low gradient fishway (<0.05% ascent success). 
The upstream movement of Carp gudgeons was 
not observed or recognised before the present 
assessment program and highlights the need to 
identify the migratory community prior to fishway 
construction (Mallen-Cooper 1999). The inability of 
Carp gudgeons, and crustaceans, to successfully 
ascend the low slope vertical-slot fishway with 
embedded rocks at Lock 8 was probably related 
to the overall length of the channel, the number 
of pools and turbulence within each, and water 
velocities between pools; or a combination of 
these factors. In a vertical-slot fishway altering 
these parameters to facilitate the passage of Carp 
gudgeons would increase capital cost.

For Australian smelt, Carp gudgeons and 
crustaceans, there is genetic differentiation between 
regions and even within large catchments; hence 
facilitating dispersal migrations of all sizes of small 
fish could promote genetic mixing of fragmented 
populations (Bertozzi et al. 2000; Richardson et 
al. 2004; Cook et al. 2006; Hammer et al. 2007). 
Additionally, some of the adult Australian smelt, 
Carp gudgeons and crustaceans were ripe adults 
and facilitating movements of pre-spawning 
individuals would constitute another benefit of 
passage restoration for small-bodied fishes. 

Large numbers of these small fish and crustaceans 
attempted to migrate at Lock 8, as observed in other 
fishways (Stuart and Mallen-Cooper 1999). There 
is, however, little understanding of the scale of the 
migrations, or of the relative importance within a 
potamodromous life-history. Nevertheless, fishways 
that facilitate passage of these animals, between 
separate habitats, might provide an off-set for 
other effects of low-level weirs. These effects could 
include altered population abundance and timing of 
breeding (Richardson et al. 2004). We suggest the 
inclusion of crustaceans and small-bodied fish into 
current models of potamodromous fish migration 
would likely benefit biologists and engineers during 
the fishway design stage.

A potential solution to provide passage for both very 
small and large fish is to construct two separate 
fishways. Instead of one low-slope and expensive 
fishway, large fish (>120 mm long) could be provided 
with a relatively cheaper and steeper (i.e. 1:18 
gradient) vertical-slot design (Mallen-Cooper 1999), 
while a fish lock for small fish (<120 mm long) could 
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Figure 3.5: The size distribution of four common large-bodied fish species at the exit (hashed 
bars) and entrance (solid bars) of the Lock 8 vertical-slot fishway. Arrows indicate the 
approximate minimum length at maturity for females. Note that the scale of the x-axis varies.
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be provided (Barrett and Mallen-Cooper 2006). 
Fish locks are capable of passing very small fish 
(Baumgartner 2005; Stuart et al. 2007) and would 
be of relative low cost if designed with a small 
lock chamber and a more limited tail-water range 
(i.e. 1 m variation). In the present study, small-
bodied fish and young-of-the-year migrated at 
low and medium flows in summer and autumn, 
though no high flows occurred during the two-year 
assessment. Hence, compared to the present  
design, two fishways could provide a cost-
neutral solution but a potentially greater level of 
biological functionality.

This recommendation has recently been adopted 
on the Murray River at Lock 3 approximately 300 
km downstream of Lock 8. Here a steeper (1:18 or 
5.5%) vertical-slot fishway and a fish lock tailored for 
small-bodied fishes will be completed in 2008. The 
value in assessing the biological function of the Lock 
8 fishway early in a broader construction program 
was that the biological observations were directly 
incorporated into new designs. 

Adult (>380 mm TL; Fig. 3.8) Golden perch migrated 
upstream at Lock 8 during a rising spring flow 
and 41% were running ripe males. Upstream and 
downstream spawning migrations, of up to 2500 km, 
have been suggested to explain spring movements 
of tagged Golden perch (Reynolds 1983; O’Connor 
2005; Mallen-Cooper and Brand 2007). Juvenile 
Golden perch (1+ years old) were absent at Lock 8 
though they have been common in fishways further 
upstream (Mallen-Cooper and Brand 2007). Absence 
of this size class from the Lock 8 at fishway from 
the 2003–2005 sampling period may be related to 
a lack of recruitment during the prevailing drought 
and further investigations of the age-structure of 
migrating fish are needed. 

Management�implications�

Few non-native fish species were captured in the 
fishway, with the exception of adult Carp. Fishways 
provide adult Carp with an effective dispersal route, 
with 87% successful ascent of PIT tagged Carp at 
Lock 8, and up to 31% of males in a pre-spawning 
condition. Carp often dominate the migratory 
biomass (Mallen-Cooper 1999) and this problem has 
led the MDBC to prioritise installation of automated 
devices for removing Carp at each of 13 new or 
existing fishways along the lower 2000 km of the 
Murray River (Stuart et al. 2006). 

In conclusion, the Lock 8 vertical-slot fishway with 
large pools, low head losses and low turbulence 
met the performance target of enabling passage 
of fish 40 to 1000 mm long, though smaller size 
classes and some species were excluded. This 
design appears to provide an effective passage 
option and has since been used as a template at 
Locks 7, 9 and 10 where three similar fishways are 
now operational. For the smaller sized fish (12+ mm 
long) other innovations and designs require further 
testing before field application. Prior to fishway 
construction, investigation of the migratory fish 
community regarding proportions that locate the 
entrance can help. Post-construction assessment 
can also help to tailor designs, as can rigorous 
review of the ecological performance targets 
including new criteria for seasonal changes in fish 
sizes and biomass. For new fishways, continuing to 
improve our movement models for potamodromous 
fishes will help address the challenge of passing 
the smallest and largest migratory species and 
ultimately aid in maintaining and improving 
biodiversity in regulated lowland rivers.

Figure 3.6: An adult Murray cod trapped at the top 
of Lock 8 fishway. Photo: Ivor Stuart – ARI.

Figure 3.7: Australian smelt collected from 
Lock 8 fishway. Photo: Ivor Stuart – ARI.
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Figure 3.8: An example of the data used to develop design criteria for Lock 8 fishway. The upper 
graph shows the length distributions for fly-specked hardyhead (Craterocephalus stercusmuscarum 
stercusmuscarum) in a low gradient (1:20) vertical-slot fishway on the Fitzroy River, Queensland 
(Stuart and Mallen-Cooper 1999). The lower graph shows the length frequency distribution for 
Unspecked hardyhead (C. sterc. fulvus) in the Lock 8 fishway.
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Introduction
Installation of fishways is the most common method 
used to restore longitudinal connectivity in a river 
following dam or weir construction (Mallen-Cooper, 
1999; Thorncraft & Harris, 2000). Pool-type fishways 
were the first type constructed in Australia and 
consist of a series of pools connected by an orifice or 
vertical-slot. Water flows from pool to pool and fish 
ascend by progressively migrating upstream through 
the structure (Clay, 1995). Pool-type fishways 
require a rigorous design phase to ensure hydraulic 
conditions within each pool are suited to the target 
species. Design criteria for fishways in the Murray-
Darling Basin have been subsequently refined and 
adapted since 1985 and it is now recognised that 
vertical-slot designs are the most effective (Mallen-
Cooper, 1999). 

Three major size classes of fish dominate the 
migratory community in the Murray River (Barrett 
and Mallen-Cooper, 2006): 20-70 mm (e.g. Australian 
smelt, Unspecked hardyhead and Carp gudgeon), 
90-600 mm (juvenile) Murray cod and immature and 
mature Silver perch, Golden perch and Bony herring) 
and greater than 600 mm (adult Murray cod) (Barrett 
and Mallen-Cooper, 2006). Given the diverse range 
of species and size classes requiring passage, the 
design criteria for the Murray River fishways aimed 
to pass a range of fish from all of these major size 
classes (20-1000mm). Passing such a large size 
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Figure 4.1: NSW DPI and State Water staff 
processing fish from a fishway trap at Lock 10 
on the Murray River.

Table. 4.1: Summary of fishway design specifications at Lock 7, Lock 9 and Lock 10 on the Murray River.

Site Lock�7 Lock�9 Lock�10

Design Vertical-slot Vertical-slot Vertical-slot and Denil

Floor�slope 1:32 1:32 1:32 / 1:6

Total�operating�head 1.9m 2.8m 3.3m

No.�of�pools 18 27 34 (VS)

Operating�flow�range Full range until drownout Full range until drownout Full range until drownout

No.�of�Exits 5 5 4

range of fish from a range of species presented 
many challenges, since the swimming ability of 
individuals varies considerably. Vertical-slot fishways 
have been determined to be most effective at passing 
a wide variety of size classes of Australian native fish 
(Mallen-Cooper, 1999), and so this design was used 
to facilitate fish passage at Locks 7, 9 and 10. 

The vertical-slot fishways became operational at 
Locks 7, 9 and 10 in November 2004, 2005 and 2006 
respectively (Figure 4.1). Subtle variations in design 
parameters were required among sites to ensure 
each fishway could provide a head difference of 0.1 m 
at the entrance over a range of river flows (Table 4.1). 



1000 200 300 400 500 600 7001000 200 300 400 500 600 700

Murray-Darling Basin Commission

32

The Sea to Hume Dam: Restoring Fish Passage in the Murray River

To facilitate passage of small fish and invertebrates, 
rocks (0.15 m average diameter, spaced 0.15m 
apart) were fixed into the floor of the fishways. Each 
fishway has a minimum operating depth of 1m, 
with the channel deepening towards the entrance 
(maximum 4 m). Five exits ensure that each fishway 
remains operational over a wide range of tail water 
levels, until the abutments are eventually inundated 
by rising flood water.

A key aspect of the Murray River Fishway 
Assessment Program is an assessment of each 
fishway following construction to ensure that a full 
range of species and sizes of fish are utilising it. 
This chapter reports on the performance of Locks 
7, 9 and 10 fishways in terms of the original fishway 
design criteria.

Methods

Fishway�trapping

At Locks 9 and 10, the number, size-range and 
diversity of fish entering and exiting the fishways 
were assessed using consecutive paired-day 
samples by trapping the fishway entrance and exit, 
each for a 24 hour period. Trapping at the fishway 
entrance was undertaken to determine the structure 
of the migratory fish community attempting to 
ascend the fishway. Subsequent trapping was 
performed at the exit to allow a comparison between 
fish attempting to migrate (entrance) with those 
successfully ascending (those reaching the exit). 
This process was repeated for multiple weeks within 
the peak migratory season (spring to summer) to 
establish a reliable dataset. The lock 9 fishway was 
assessed throughout the 2005–06 and 2006–07 
migratory seasons, whilst Lock 10 was assessed 
during the 2006–07 migratory season. Because the 
entrance of the Lock 7 fishway did not suit trapping, 
samples were only taken from the exit of this fishway 
during the 2004–05 and 2005–06 migratory season.

Fish were trapped as they entered the entrance 
pool (except at Lock 7) or exited through the final 
slot of the fishways. The trap consisted of a metal 
cage (2m long: 2m wide: 2m high) covered in 
6mm2 mesh. The cage incorporated a cone-funnel 
entrance to reduce escapement. All trapped fish 
were identified, counted and measured to fork 
length (for fork tailed species) and total length for 
all other species (Figure 4.1). When large catches 
of individuals were encountered, a sub-sample of 
50 fish per species was measured for length. Water 
temperature and river flow conditions were recorded 
daily during sampling. 

Data�analyses

Data were analysed using the PRIMER (Version 
5.0) multivariate statistical package, S-PLUS 2000 
(Insightful Corporation, 2001) and Microsoft. The 
number of individual species caught in each trap 
was standardised for time (number per hour) and 
the mean and standard error was calculated for 
the entrance and exit at each fishway. Although 
data from the Lock 7 fishway exit is presented, 
the absence of entrance data means that this 
fishway is excluded from all comparisons between 
the entrance and exit samples. For Lock 9 and 10 
fishways, a two-way, nested, Analysis of Similarities 
(ANOSIM) was used to test for fish community 
differences between the entrance and exit. A total 
of 20,000 Monte-Carlo randomisations was used 
to calculate approximate probabilities. For the 
purposes of this study, fish communities were 
defined by species counts (standardised to fish per 
hour) that were converted to Bray-Curtis similarity 
values as described in Clarke and Warwick (1994).

A one-way factorial Analysis of Variance (ANOVA) 
was performed to identify any significant differences 
in the relative abundance of individual species 
sampled between the entrance (bottom) and exit 
(top) of the fishway. Prior to performing ANOVA an 
F-test determined non-homogeneity of variances 
within the data set and a variance stabilising 
transformation (log x+1) was subsequently 
performed. Quantile-quantile plots (as described 
in Insightful Corporation, 2001) confirmed the data 
were approximately normally distributed.

Two tailed Kolmogorov-Smirnov tests (KS: Sokal and 
Rohlf, 1996) were performed on the most common 
species from each site to assess differences in 
length frequency distributions among fish collected 
from the entrance and exit. For the purpose of the 
present study, length frequency analysis revealed 
whether particular size classes were unable to 
ascend the fishways. 

Results

Species�ascending�fishways

There was a difference in the fish community 
entering and exiting Lock 9 and 10 fishways 
(Figure 4.2; ANOSIM: Global R= 0.445, p<0.01). This 
difference between entrance and exit samples was 
primarily due to larger numbers of Golden perch 
and Carp at the fishway exits, and larger numbers 
of Australian smelt at the entrances. No significant 
difference was detected among the migratory 
fish communities trapped at each site (ANOSIM: 
Global R= 0.5, p>0.05), suggesting that the fishways 
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service a similar migratory community and have 
similar functionality. 

A total of 13,326 fish from 13 different species 
was trapped within the Lock 7, 9 and 10 fishways 
over the sampling period (Table 4.2). Catches 
were dominated by medium-bodied Golden perch 
(n=4,704), Carp (n=3,856) and Bony herring (n=2,895). 
Large numbers of Australian smelt (n=1,529) were 
also sampled from the entrance of fishways at Lock 
9 and 10. Although small-bodied species such as 
Australian smelt, Carp gudgeon and Unspecked 
hardyhead were trapped exiting Lock 9 fishway 
(Table 4.2), significantly fewer were sampled at the 
exit than were sampled at the entrance, indicating 
these species faced difficulty in ascending the 
fishway (Figure 4.3) (ANOVA: Australian smelt d.f.=1, 
F=4.68, p<0.05; Carp gudgeon d.f.=1, F=5.35, p<0.05; 

Unspecked hardyhead d.f.=1, F=4.68, p<0.05).  
Several small-bodied species were detected 
entering the Lock 9 and 10 fishways but were 
poorly represented from exit samples. In particular, 
Unspecked hardyhead, Carp gudgeon and Gambusia 
were collected in relatively high numbers from 
the entrance of both fishways (Table 4.2). Both 
Gambusia and Carp gudgeon were collected in 
greater numbers at Lock 10 than at Lock 9. Murray 
rainbowfish were also collected from the entrance of 
both fishways, but in very low numbers, suggesting a 
lack of migratory activity during the study period or a 
reluctance to enter the fishways. 

Significantly more medium-bodied species such as 
Carp (ANOVA: d.f.=1, F=8.08, p<0.01), Golden perch 
(ANOVA: d.f.=1, F=22.52, p<0.01) and Silver perch 
(ANOVA: d.f.=1, F=8.19, p<0.01) were trapped from 

Figure 4.2: Multidimensional Scaling (MDS) ordination showing the dissimilarity of the fish community 
between entrance (yellow: Locks 9 and 10) and exit (blue: Locks 7, 9 and 10) trapping samples (stress 0.15). 
Ordinations b-d show bubbles superimposed onto ordination a, representing relative CPUE abundance 
(number of fish per hour) for Australian smelt, Carp and golden perch. The size of the bubble is scaled 
according to abundance, with the larger bubbles reflecting larger abundances.
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the exit of Lock 9 fishway than the entrance (Figure 
4.3). Similarly, larger numbers of Carp and Golden 
perch were also collected from the exit of the Lock 
10 fishway (Figure 4.3) (ANOVA: d.f.=1, F=5.63, 
p<0.05). These observations suggest a potential 
behavioural inhibition to traps set at the entrance 
of the fishways. There was no difference found in 
the number of Bony herring trapped at the entrance 
and exit of Lock 9 (ANOVA: d.f.=1, F=0.36, p>0.05) 
or Lock 10 (ANOVA: d.f.=1, F=0.04, p>0.05) fishways 
(Figure 4.3). In terms of relative abundance, these 
observations suggest Bony herring are successfully 
using the fishways.

No entrance samples were taken from the Lock 
7 fishway but 6,381 fish from 9 species exited the 
fishway during this study. Catches were dominated 
by the medium-bodied species Carp (n=2,620), 
Golden perch (n=2,271) and Bony herring (n=1,420) 
(Figure 4.3). Only two small-bodied species, 
Australian smelt and Carp gudgeon were sampled 
from the exit. Few Murray cod were sampled from 
all three fishways although seven were trapped 
from the Lock 7 fishway exit; Silver perch were also 
trapped in moderate numbers (Figure 4.7).

Size�of�fish�ascending�fishways

Analyses of size data indicated that the three fishways 
were successfully operating to design specifications 
as Golden perch, Silver perch, Bony herring and 
Australian smelt between 40mm and 1000mm were 
sampled from the fishway exits (Figure 4.4, 4.5, 4.6). 
Unspecked hardyhead, Australian smelt and Carp 
gudgeon smaller than the minimum design criteria 
of 40 mm were also sampled from the entrance, 
however, were not collected from the exits thus 
indicating their inability to negotiate the fishways. 
Although all fishways were performing to design 
specifications, fish collected at the fishway entrances 
were often smaller than those collected at the exits 
(Figure 4.5, 4.6). Significantly more juvenile Bony 
herring (40-80mm), for instance, were sampled at the 
entrance of the Lock 9 and 10 fishways than at the 
exits, suggesting less than optimal passage for fish 
within this size class (Figure 4.5, 4.6). Significantly 
more Gambusia, a small-bodied introduced species, 
were similarly sampled from the entrance of the Lock 
10 fishway than at the exit, indicating the inability of 
this small fish to negotiate the structure (Figure 4.6). 
Small fish (<300 mm) of another introduced species, 
Carp, were also largely ineffective at ascending Lock 
9 fishway (Figure 4.5). Juvenile Silver perch ascended 
the Lock 7 fishway (Figure 4.7).

Table. 4.2 Summary of all fish trapped at the entrance and exit of Lock 7, 9 and 10 fishways. 

�
Common�name

Lock�7 Lock�9 Lock�10 Grand�
TotalEnt* Exit Ent Exit Ent Exit

Small-bodied�fish�(<100mm)

Australian smelt - 16 821 193 279 220 1,529

Carp gudgeon - 1 53 1 183 0 238

Gambusia - 0 1 0 211 7 219

Murray rainbowfish - 0 4 0 2 0 6

Flatheaded gudgeon - 0 12 1 2 5 20

Unspecked hardyhead - 0 52 2 3 1 58

Medium-bodied�fish�(100-600mm)

Bony herring - 1,420 306 530 294 345 2,895

Carp - 2,620 11 1,104 1 120 3,856

Golden perch - 2,271 215 1,315 212 691 4,704

Goldfish - 1 0 1 0 1 3

Redfin perch - 1 0 0 0 0 1

Silver perch - 44 5 26 1 13 89

Large-bodied�fish�(>600mm)

Murray cod - 7 0 0 0 1 8

Grand Total - 6,381 1,480 3,173 1,188 1,404 13,626

* No entrance trapping was conducted at the Lock 7 fishway
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Figure 4.3: Mean number of individuals trapped (per hour) exiting Lock 7 fishway and entering (shaded 
bar) and exiting (unshaded bar) Lock 9 and 10 fishways. Species shown include: AS Australian smelt; 
Bh Bony herring; CA Carp; Uh Unspecked hardyhead; gP golden perch; Cg Carp gudgeon.; gF goldfish; 
and SP Silver perch. 
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Figure 4.4: Length frequency distributions and kolmogorov-Smirnov statistics for the most frequently 
sampled species from the exit of the vertical-slot fishway at Lock 7. kS is the kolmogorov-Smirnov critical 
value calculated using n (number) of individuals and p is the significance level of the test. The shaded plot 
area depicts fish outside the design range of the fishway (40-1000 mm).
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Figure 4.5: Length frequency distributions and kolmogorov-Smirnov statistics for the most frequently 
sampled species from the entrance (shaded bar) and exit (unshaded bar) of the vertical-slot fishway at Lock 
9. kS is the kolmogorov-Smirnov critical value and p is the significance level of the test. The shaded plot area 
depicts fish outside the design range of the fishway (40-1000 mm).
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Figure 4.6: Length frequency distributions and kolmogorov-Smirnov statistics for the most frequently sampled 
species from the entrance (shaded bar) and exit (unshaded bar) of the vertical-slot fishway at Lock 10. kS is 
the kolmogorov-Smirnov critical value calculated using n (number) of individuals and p is the significance level 
of the test. The shaded plot area depicts fish outside the design range of the fishway (40-1000 mm).
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Discussion
Monitoring of the fishways at Locks 7, 9 and 10 
demonstrated that each structure is operating 
within the target design specifications of passing 
fish between 40-1000 mm. Large numbers of Golden 
perch, Bony herring and Australian smelt were 
successful in reaching the fishway exit. In addition, 
wide size ranges of some species were also trapped 
from the fishway exit, suggesting that the fishways 
are also effective at providing passage for both 
juvenile and adult Golden perch, Silver perch and 
Bony herring. The reduced floor slope of recent 
fishway designs (1:32 slope), combined with large 
pools to dissipate energy, are likely to be responsible 
for the improved passage of large numbers and size 
classes of fish. 

Previous studies have identified that fishway 
efficiency can be greatly reduced if fishways are 
constructed on steeper slopes. For instance, the 
vertical-slot fishway at Torrumbarry Weir on the 
Murray River (1:18 slope) only provides passage 
for native fish greater than 110 mm (Mallen-
Cooper, 1999). Similarly, no fish less than 160 mm 
successfully ascended a submerged orifice fishway 
at Euston Weir on the Murray River (1:9 slope). The 
size classes of fish migrating through the Locks 
7, 9 and 10 fishways were substantially smaller 

than these previous benchmarks. These fishways, 
therefore, will provide substantial improvements to 
fish passage along the Murray River.

Although all fishways passed fish between  
40-1000 mm, and therefore performed to design 
specifications, there were species-specific variations 
in the minimum size of successfully ascending fish. 
In particular, many Bony herring (<50 mm) and 
Golden perch (<80 mm) could not negotiate the 
fishways. These results are consistent with data 
from the fishway on Fitzroy Barrage (Queensland, 
Australia), where many small-bodied species were 
unable to ascend a vertical-slot fishway constructed 
with a 1:20 slope (Stuart and Mallen-Cooper, 1999).

An unexpected finding was that fish smaller than 
the minimum target design size (40 mm) were 
unsuccessfully attempting to gain upstream passage 
through the fishways. This provides interesting new 
information on the size range of the migratory fish 
community in the Murray River. Providing passage 
for these very small individuals can be logistically 
difficult and also greatly increase capital cost 
(Barrett and Mallen-Cooper, 2006). Unfortunately, 
the ecological significance of upstream migrations 
is largely unknown for fish within these smaller size 
classes. Further studies to determine the nature and 
extent of these migrations should be undertaken to 

Figure 4.7: A juvenile Silver perch (Bidyanus bidyanus) trapped from the exit of the Lock 7 fishway.  
Photo: Nathan Reynoldson – NSW DPI.
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determine whether these size classes of fish should 
be considered as target species for the construction 
of future fishways.

Factors such as water velocity and turbulence are 
likely to be inhibiting the passage of small-bodied 
species and smaller individuals of medium-sized 
species in the studied fishways. Flume experiments 
have demonstrated that fish passage can be 
substantially reduced when the size of the 
turbulence vortex and fish body length were similarly 
matched (Lupandin, 2005). Results from the Lock 7, 
9 and 10 fishways demonstrate that fish of 30-60 mm 
size class were ineffective at passing under an 
average cell turbulence of 43 W.m2. Although this 
level of turbulence is low when compared to other 
fishways, the results suggest that it may still be too 
high for very small fish to successfully negotiate. 

In an attempt to improve the passage of small-
bodied benthic species such as Australian smelt, 
Carp gudgeon and Unspecked hardyhead, rocks 
were installed in the bottom of Lock 7, 9 and 10 
fishways to enhance hydraulic diversity and cover. 
Despite these attempts, significantly greater 
abundances of these species were consistently 
sampled at the entrance of the fishway, suggesting 
that there has been little improvement made to 
the passage of these species. Similar results were 
recorded from a fish lock on the Murrumbidgee 
River where small-bodied species such as Carp 
gudgeon and Unspecked hardyhead were sampled 
in larger numbers from the bottom of the fishlock 
(Baumgartner, 2003). Fishways at Locks 7, 9, and 10 
currently have less than 50% floor cover with rocks, 
which may be ineffective at providing a barrier layer 
sufficient for small-bodied fish passage. To greatly 
improve hydraulics, and generate a sufficient barrier 
layer, rocks should be tightly packed to provide 
100% floor cover (White and Mefford, 2002). This 
hypothesis will be tested in future fishway designs. 

Significantly more Carp and Golden perch were 
observed from the fishway exit and this is a likely 
indication of entrance trap shyness. This assertion 
was confirmed through the use of a dual-frequency 
identification sonar (Baumgartner, 2006), which 
identified many individuals actively avoiding the trap, 
particularly when set at the fishway entrance. This 
avoidance behaviour was primarily characteristic 
of large individuals and likely contributed to the 
larger proportion of smaller fish being trapped at 
the entrance of these fishways. When the trap was 
removed substantially more Golden perch passed, 
and subsequently exited, the fishway (NSW DPI, 
unpublished data). Entrance trap avoidance is likely 
to result in an underestimation of fishway success, 
which may be evident from the disparity in relative 

abundance from trap data between the entrance 
and exit. Factors contributing to trap shyness could 
include a behavioural impediment to small mesh 
size, altered flow patterns, the cone morphology or 
the actual presence of the trap itself. It is necessary 
to Identify and mitigate the causal factors of trap 
shyness or to adjust calculations to account for 
the bias in order to provide a more representative 
estimate of migration rates from trapping data.

High numbers of Carp trapped from fishway 
exits highlights a potential mechanism to control 
migrations of this species throughout the Murray-
Darling Basin. The recently developed ‘Williams 
Separation Cage’ would have direct application 
in fishways, where it has the potential to remove 
large biomasses of this pest species from fishways 
within the Murray-Darling Basin (Stuart et al, 2006). 
Initial trials of this technology have demonstrated 
that the traps can effectively remove over 88% Carp 
that enter fishways (Stuart et al, 2006). The cages 
are relatively low-cost and have straightforward 
operating protocols. The subsequent installation of 
these cages at other fishways as part of the ‘Sea to 
Hume Dam Project’ could potentially help to control 
Carp over a large spatial scale, thus contributing to 
the goals of the Native Fish Strategy (MDBC, 2003). 
Due to the apparent avoidance of entrance traps by 
large Carp, Carp separation cages should be located 
at the fishway exits to maximise catch. This practice 
will also reduce the likelihood that any permanently 
installed trap will prevent passage of large bodied 
native species through the fishways.

Data from Lock 7, 9 and 10 fishways provides a 
representative sample only during an extremely low 
flow period. Increases in migration rates, particularly 
for medium and large-bodied species, may be 
expected under high flows, particularly for Murray 
cod (Mallen-Cooper, 1999). Whilst these initial trials 
have demonstrated fishway success, it is important 
that the fishways maintain these ecological 
standards over a wide range of river flows. Mallen-
Cooper (1996) demonstrated that high biomasses 
of migratory fish (up to 3,000 Golden perch) can 
approach fishways in a 24 hour period. If the Lock 
7, 9 and 10 fishways are unable to effectively pass 
such high densities of fish during these expected 
times of peak migration, fish may be unable to 
complete important life history stages. It is therefore 
necessary to replicate the current assessments 
under a range of river flows and climatic conditions. 
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Introduction
River regulation and associated changes in stream 
hydrology have dramatically affected the ecological 
function of river, floodplain and estuarine ecosystems 
in the Murray-Darling Basin (Arthington and Pusey, 
2003; Kingsford, 2000; Walker and Thoms, 1993). 
These issues are highlighted in the Murray Estuary 
(incorporating the Lower Lakes and Coorong) where 
completion of five tidal Barrages in 1940 reduced a 
dynamic estuarine zone to 10% of its original area and 
formed an abrupt physical, ecological and chemical 
barrier (Gehrke et al., 2002; Harvey, 1996). 

The Murray Barrages form the last regulatory 
structure before freshwater enters the Coorong and 
discharges to the sea, and form the first in a series of 
barriers, which obstruct upstream migration of fish. 
River regulation and water extraction have reduced 
flows into the Coorong to 27% of the natural median 
flow and caused a subsequent decline in ecological 
health (Lamontagne et al., 2004 Gippel et al., 2002; 
Maheshwari et al., 1993). 

Regulatory structures such as the Murray Barrages 
create barriers that affect longitudinal and lateral 
connectivity and in particular impede the movement 
of fishes (Lucas and Baras, 2001). Isolation of the 
estuary and a reduction in freshwater inflows has 
led to a decline in commercial fisheries production 
of freshwater and estuarine species, and a decline 
in the distribution and abundance of smaller native 
fishes (Ye et al., 2006; Sloan, 2005; Wedderburn and 
Hammer, 2003; Hall, 1984). In coastal drainages in 
south eastern Australia up to 70% of native freshwater 
fish species may migrate between freshwater and 
estuarine/marine waters at some stage during their 
life cycle (Zampatti et al., 2003; Harris, 1984). In many 
cases this movement is a critical life history phase 
and essential to sustaining the integrity of estuarine 
and freshwater fish assemblages.

In 2001 the Murray-Darling Basin Commission 
instigated a program to provide passage for migratory 
fish from the sea to Hume Dam, a distance of 2225 
km. This included all Locks and weirs on the River 
Murray and the tidal Barrages that separate the 
Coorong estuary from the Lower Lakes. Estuaries, 
as a result of their dynamic nature, tend to support 
highly diverse and complex fish assemblages with a 
broad range of life history requirements (Whitfield, 
1999). The gradual salinity gradient from the mixing 
of freshwater inflows and tidal incursion in the lower 
reaches of rivers generally supports the greatest fish 
diversity (Whitfield and Paterson, 2003; Whitfield, 
1999). Consequently, to facilitate passage for a diverse 
range of freshwater, marine and estuarine fish 
species in a highly variable hydrological environment, 
an experimental approach to fish passage was 
adopted at the Murray Barrages.

The MDBC Fish Passage Task Force (FPTF; 
Barrett and Mallen-Cooper, 2006), in consultation 
with barrage operators and commercial fishers, 
recommended three fishways that were considered 
to offer the highest potential for effective fish passage 
at the Murray Barrages: vertical-slot, Denil and rock 
ramp (Mallen-Cooper, 2001). A stepped program 
was initiated commencing with the construction 
of a vertical-slot fishway at Goolwa Barrage and a 
vertical-slot and rock-ramp fishway at Tauwitchere 
Barrage. A Denil fishway was not constructed as this 
type of fishway is unable to operate effectively with 
variable headwater, a common scenario in the Lower 
Lakes (Clay, 1995).

The Murray Barrage Fish Passage Assessment 
Program commenced in 2001 and was divided into 
three phases:

Stage I - Pre-fishway assessment of the migratory 
fish community.

Stage II -Trial fishway assessment, comparison and 
fishway experiments.

Stage III - Post-fishway optimisation.
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Stage I was conducted between 2001–02 and 
2003–04 and involved an assessment of fish 
communities in the Lower Lakes and Coorong to 
determine the presence of potential migratory fish 
species (Ye et al., 2006). Stage II commenced in 2005 
following the completion of rock-ramp and vertical-
slot fishways at Tauwitchere Barrage. An initial 
performance assessment of the vertical-slot fishway 
was conducted in January and early February 2005 
(Stuart et al., 2005).

Following improvements to the Tauwitchere rock-
ramp fishway and the completion of a new partial 
depth vertical-slot fishway at Goolwa Barrage in 
2005 a monitoring program during the 2005/06 
spring-summer period was initiated to further 
assess the performance of the three trial fishways.

This report summarises the latest assessments 
of the three fishways including the species 
composition, size range and abundance of fishes 
attempting to utilise and successfully ascending the 
fishways. We also discuss how improved biological 
knowledge acquired during the program has been 
incorporated into the design of future fishways at the 
Murray Barrages.

Methods

Study�Site

The River Murray terminates into an expansive 
shallow (mean depth 2.9 m) lake system, 
comprising Lakes Alexandrina, Albert and the 
Coorong, before discharging into the Southern Ocean 
through the Murray Mouth (Fig 5.1). This region 
covers 953 km2 and historically formed the Murray 
estuary, a dynamic interface between marine and 
freshwater systems. 

Five tidal Barrages (Fig 5.1) with a total length 
of 7.6 km and comprised of 593 gated bays were 
constructed in 1940 to prevent saltwater intrusion 
into the Lower Lakes. This situation created an 
impounded freshwater environment upstream of 
the Barrages that is now regulated to 0.75 m above 
mean sea level (ASL) in order to maintain a stable 
freshwater storage for water extraction. Despite 
regulation, the expansive surface area of the Lower 
Lakes experiences rapid water level fluctuations (up 
to 0.6 m) in response to wind seiche. These short 
term variations provide an important ecological 
function to the wetland and floodplain areas 

Figure 5.1: Location of the Lower Lakes, Murray Barrages, Coorong estuary and Murray Mouth.
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surrounding the Lakes, but negatively impact on 
water management and extraction (Murray-Darling 
Ministerial Council, 2005).

Water level fluctuations below the Murray Barrages 
are influenced by tidal cycles and freshwater inflows 
as well as local meteorological conditions, especially 
storm surges. A fortnightly spring-neap tidal cycle 
exists, with semi-diurnal amplitudes between 0.3 m 
and 0.8 m (ASL) at low and high water, respectively. 
Sedimentation processes at the Murray Mouth 
directly influence tidal incursion and water exchange 
within the estuary. Since the construction of the 
Murray Barrages the tidal prism has been reduced 
by an estimated 87-96% (Harvey, 1996) and this has 
significantly impacted the hydrodynamic, ecological 
and littoral transport systems within the Coorong 
(Murray-Darling Ministerial Council, 2005).

Drought conditions throughout the catchment in 
combination with high extraction levels have seen 
inflows through the Murray Barrages decline 
significantly over the last decade. Periods of 
extended low or zero flows are now more frequent 
and have contributed to a reduction in estuary depth 
and an overall decline in water quality, notably 
hypersaline conditions (Geddes, 2005; Harvey, 
1996). In 2002, after 600 continuous days of barrage 
closure, sandbars formed across the Murray Mouth 
effectively isolating the Coorong from the Southern 
Ocean. Since this time the implementation of a 
dredging program to artificially keep the Murray 
mouth from closing has facilitated some tidal 
exchange within the system.

Fish�assemblages�of�the�Lower�Lakes��
and�Coorong

Fifty-nine fish species have been recorded within 
the Coorong since barrage construction (Eckert 
and Robinson, 1990). Thirty-four of these are 
primarily marine and are irregular visitors to 
the region, eleven are estuarine and fourteen 
freshwater (Higham et al., 2002). Four fish species, 
yellow-eyed mullet (Aldrichetta forsteri), black 
bream (Acanthopagrus butcheri), greenback 
flounder (Rhombosolea tapirina), and mulloway 
(Argrosyomus japonicus), support important 
commercial and recreational fisheries in the 
Coorong (Sloan, 2005). In total, 31 species have 
been collected which potentially migrate between 
the estuary and freshwater environments at the 
Murray Barrages. These include two catadromous 
(Congolli, Pseudaphritis urvilli and Common 
galaxias, Galaxias maculatus) and two anadromous 
species (shortheaded lamprey, Mordacia mordax and 
pouched lamprey, Geotria australis) (Stuart et al., 
2005; Bice et al., 2007). 

Fishway Design

Goolwa�Vertical-slot�

The installation of an experimental partial-depth 
vertical-slot fishway to facilitate the passage of large 
bodied (>150 mm) fish at the Goolwa Barrage was 
completed in 2005. Four pre-cast vertical-slot baffles 
were installed in one barrage bay utilising the pre-
existing concrete piers and floor. The vertical-slot 
baffles are sequentially raised above the flat barrage 
floor using pre-cast concrete stop-logs, creating sills 
below the baffles and a hydraulic gradient between 
pools. Each of the three pools measures 2.7 m long 
and 3.6 m wide and depth averages 3.5 m depending 
on estuary and lake levels. The vertical-slots are  
2.0 m high and 0.3 m wide. The fishway was designed 
to operate with a head loss of 0.2 m between each 
baffle, corresponding to a maximum velocity of 2.0 m 
s-1 and a discharge rate at median flows of 40 ML/d. 
Based on the design hydraulics, the fishway was 
expected to pass fish from 0.15 m to 1.0 m in length 
for the top 0.8 m (80%) of the tidal range (SKM, 2002).

Goolwa Barrage lies 8 km upstream of the Murray 
Mouth where a natural deepwater channel (4-7 
m depth), scour holes (10 m deep) directly below 
the barrage, and complex calcareous reef and 
polychaete worm habitats provide a suitable 
environment for the movement and shelter of 
large-bodied fishes. The location of the vertical-slot 
fishway adjacent to the navigation lock chamber is 
anecdotally the site of seasonal accumulations of 
large-bodied estuarine fish species in response to 
spring/summer freshwater inflows. 

Tauwitchere�Vertical-slot�

The installation of an experimental full depth 
vertical-slot fishway to facilitate the passage of large 
bodied fish at Tauwitchere Barrage was completed 
in 2004. Three prefabricated concrete vertical-slot 
baffles were installed. These created two pools 
between existing concrete piers, each measuring 
2.3 m long and 4.0 m wide. To create a hydraulic 
gradient on the flat floor, metal sills were placed 
within the bottom of the slots to achieve a head 
loss between the pools of 0.2 m, and a maximum 
water velocity of 2.0 m s-1 (Mallen-Cooper, 2001). 
The vertical-slots are 0.3 m wide and extend the 
full depth of the pool. The fishway was designed to 
operate at a pool depth of 0.8 m and at median flows 
discharge 31 ML/d. Based on the design hydraulics 
the fishway was expected to pass fish from 0.15 m 
to 1.0 m in length for the top 0.6 m (60%) of the tidal 
range (SKM, 2002).

The presence of a permanent freshwater discharge 
from bedrock directly downstream from the fishway 
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was anecdotally believed to be important for the 
attraction of large-bodied fish. In addition, an 
existing natural channel of between 1.0-1.5 m in 
depth extends perpendicular to the barrage and 
connects the fishway to deeper water habitats.

Tauwitchere�Rock�Ramp

The installation of an experimental rock-ramp 
fishway at Tauwitchere Barrage served to 
complement the larger vertical-slot fishway by 
facilitating passage of small-bodied fish (40-150 
mm). The rock-ramp fishway was initially completed 
in early 2004 but assessment was delayed to 2005 
due to design and construction issues. Situated 
adjacent to the eastern shoreline abutment of the 
barrage, the rock ramp connects upstream and 
downstream littoral habitats thought to be important 
for the movement of small-bodied fish (Mallen-
Cooper, 2001).

The rock-ramp fishway was designed to an overall 
longitudinal grade of 1:27 and to be operational 
for the top 0.89 m (89%) of the tidal range (SKM, 
2002). The fishway was constructed within the first 
barrage bay where two pre-cast concrete sills contain 
the rock-ramp and determine the top and bottom 
operating water levels. The exit sill effectively shuts 
off flow to the rock-ramp at lake levels of 0.65 m ASL. 

Downstream the entrance sill prevents fish passage 
when the Coorong water level falls below 0.18 m 
ASL. A pre-cast V shaped baffle in the middle of the 
fishway provides a point of closure using an existing 
automated radial gate. The fishway’s ability to pass 
fish reduces with depth, with 0.2 m being optimal for 
small-bodied fishes (Mallen-Cooper, 2001).

Fishway�sampling

Specifically designed traps were constructed for the 
entrance and exit of each fishway (Figure 5.2). To 
reduce escapement of fish, each trap was covered 
with 5 mm square wire mesh and incorporated a 
cone-shaped entrance. Cone configurations took 
into account flow orientation to maximise fish entry 
whilst minimising escapement. A mobile crane 
was used to set and remove the cage traps with 
assistance of on-site SA Water staff.

Due to low flows in the River Murray, freshwater 
release from the Barrages was intermittent in 
2004/2005. Nevertheless, a small environmental 
water allocation enabled some fishway sampling 
from December 2004 to February 2005. After a brief 
pilot study in December 2004, the efficiency of the 
Tauwitchere vertical-slot fishway was assessed  
bi-daily in January and early February 2005, by 
trapping fish for two consecutive days at the 

Figure 5.2: Fishway trapping cage at the Tauwitchere vertical-slot fishway. Photo: Ivor Stuart – ARI.
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entrance and exit of the fishway. Trapping was 
conducted over 18 hours thus providing paired 
samples of those fish that entered the fishway as 
well as an independent sample of those that fully 
ascended. To enable smaller fish to enter the bottom 
sample, water flow through the fishway was reduced 
so that the entrance head loss was lowered from  
200 mm to 30–50 mm.

Between 22 July 2005 and 22 March 2006 
approximately 660 GL of freshwater flowed through 
the Barrages, enabling the fishways to operate 
continuously. This was the most significant release 
since 2001, and previously the barrage gates had 
been closed for 284 days. Four sampling trips were 
undertaken between July 2005 and March 2006, 
extending from two to five days, totalling 15 field 
days. During this period the Goolwa vertical-slot 
fishway and the Tauwitchere rock-ramp fishway 
were assessed in the manner described above, 
whereas only exit samples were collected from the 
Tauwitchere vertical-slot fishway 

During all sampling events fish were removed 
from the traps and held in large aerated tanks. 
Where possible all fish were identified, counted, 
measured and released upstream of the fishway. For 
abundant species (>100 individuals), a sub-sample 
of 100 individuals was measured to represent the 
size structure of individuals utilising the fishway. 
Measurements of fish lengths were taken to the 
nearest mm, dependent on species-specific tail 
morphology (FL or TL).

Data�analyses

For the most abundant species at each fishway  
(>25 individuals from both entrance and exit 
samples) the number of individuals from entrance 
and exit samples was compared using a Wilcoxon’s 
rank sum test. To determine at what size individuals 
were potentially excluded from ascending the 
fishway, the length frequency distribution of the 
most abundant species was compared (Kolmogorov-
Smirnov goodness of fit) to detect any statistical 
difference between entrance and exit samples. This 
test computes the “D” statistic, the largest difference 
between two cumulative frequency distributions at 
each step. 

Results

Goolwa�Vertical-Slot��
(October�2005�–�February�2006)

During the sampling period, estuary water levels 
ranged between –0.29 m and 0.84 m, closely 
reflecting coastal tidal variations, whilst lake water 

levels fluctuated between 0.41 m and 1.13 m. 
Consequently, total headloss across the Goolwa 
Barrage ranged between -0.075 m and 1.083 m and 
reverse flow conditions (i.e. Coorong water level 
higher than Lower Lakes water level) were recorded 
on 5 separate occasions. At the vertical-slot fishway 
the headloss between each baffle ranged between 
100 mm and 330 mm as measured at the start and 
end of each sampling event. 

A total of 12,378 individuals, representing 11 fish 
species, was collected during six paired days 
sampling at the fishway entrance and exit (Table 5.1). 
Overall abundance and species diversity was highest 
at the fishway entrance. A total of 11,797 individuals 
and 11 species was collected during entrance 
sampling while 581 individuals and 7 species were 
collected at the fishway exit. The marine/estuarine 
species sandy sprat (Hyperlophus vittatus) was 
the most abundant species (n = 9231 individuals) 
comprising 74.6% of the total catch. Other common 
species were the freshwater Australian smelt 
(Retropinna semoni), catadromous Congolli 
(Pseudaphritis urvillii) and estuarine Small-mouthed 
hardyhead (Atherinosoma microstoma), which 
contributed 9%, 7% and 6.3% to total abundance, 
respectively (Table 5.1).

The abundance of all species was highest at the 
fishway entrance with the exception of two larger-
bodied species. Larger individuals of the displaced 
freshwater species Bony herring (Nematalosa 
erebi) and Carp (Cyprinus Carpio) were capable 
of successfully ascending the fishway in greater 
numbers relative to their downstream abundance. 
On a single sampling occasion a pulse of large 
Bony herring (183-292 mm in length) successfully 
ascended the fishway, which accounted for 
72.4% of their total abundance during sampling 
at this fishway. Exactly half of the Carp sampled 
successfully ascended the fishway. 

Numbers of fish entering the fishway ranged 
between 38 and 237 individuals per hour (mean 
82.2 fish/hr). At the exit, numbers were low for 
all samples ranging between <1 to 12 individuals 
per hour (mean 4.1 fish/hr). Significantly greater 
numbers of sandy sprat (P<0.05), Congolli (P<0.05) 
and Small-mouthed hardyhead (P<0.05) aggregated 
below the fishway than were able to successfully 
ascend. No significant difference was detected 
for Australian smelt (P>0.05), Common galaxias 
(Galaxias maculatus) (P>0.05) and Bony herring 
(P>0.05). A broad length distribution was sampled 
from above and below the fishway (Fig 5.3). The 
smallest individual was an 18 mm Small-mouthed 
hardyhead and the largest a 730 mm Carp (Fig 5.3). 
Overall, 91.8% of the individuals measured for all 
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species were <150 mm long. For three species, 
Australian smelt (D149,83= 0.23, P <0.001), sandy  
sprat (D232,106 = 0.23, P <0.001) and Congolli  
(D236,78 = 0.32, P <0.001), significantly larger 
individuals were present at the fishway exit. 
Insufficient individuals from all other species  
were collected to allow similar analyses.

Tauwitchere�Vertical-Slot

In 2005 the entrance head loss at the Tauwitchere 
vertical-slot fishway was reduced to 30-50 mm for 
all entrance sampling and was often less during 
high tide or during strong southerly winds. For exit 
sampling the head loss across each baffle varied 
from 170-320 mm but occasionally fell to 100 mm 
during strong southerly winds. For all samples 
the maximum total head across the barrage was  
>0.8 m but on one occasion (2 February 2005), 
reverse flow (tailwater 50 mm higher than 
headwater) was observed.

A total of 2,874 fish representing 13 fish species 
was collected during eight-paired days sampling 
at the fishway entrance and exit (Table 5.1). A 
further 105,065 fish were collected at the entrance 
of the fishway during a reverse flow event. Overall 
abundances were greatest at the fishway entrance. 
Excluding those fish caught during the reverse flow 
event, a total of 2,477 individuals from 9 species 
was sampled at the entrance of the fishway while 
397 individuals from 12 species were sampled at 
the exit. Congolli was the most abundant species 
(n=1029), comprising 35.8% of the total abundance. 
Other common species were Small-mouthed hardy 
head and Common galaxias respectively contributing 
30.9% and 25.6% to total abundance. 

Significantly greater numbers of Small-mouthed 
hardyhead (P <0.05), Common galaxias (P <0.05) and 
Congolli (P <0.05) were collected at the entrance 
of the fishway. No difference was detected for 
Australian smelt (P >0.05), Bony herring (P >0.05), 

Figure 5.3: Species composition and length range of fish sampled from the exit    and 
entrance    of the goolwa vertical-slot fishway. Shading represents the life history strategy: 
Blue = freshwater, green = catadromous, Brown = estuarine and grey = marine/estuarine. Arrow 
indicates that the size range of Carp exceeded the length range described on the axis (maximum 
size at entrance 710 mm and exit 800 mm). Dashed line represents the expected minimum 
length of fish able to ascend the fishway when headloss between the pools is 200 mm.

October 2005 – February 2006
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Lagoon goby (Tasmanogobius lasti) (P >0.05) or flat-
headed gudgeon (Philypnodon grandiceps) (P >0.05).

A relatively narrow length distribution was sampled 
from the fishway entrance and exit. The smallest 
individual was an 18 mm Small-mouthed hardyhead 
and the largest a 275 mm Bony herring (Fig 5.4). 
Overall, 96% of the individuals measured for all 
species were <100 mm long. For three species, 
Congolli (D632,257=0.46, P <0.001), Australian smelt 
(D55,46=0.31, P <0.001) and Common galaxias  
(D476,42 =0.61, P <0.001) significantly arger individuals 
were collected at the fishway exit. Insufficient 
individuals from all other species were collected at 
the fishway exit to allow statistical analysis.

During the spring/summer sampling of the 
Tauwitchere fishways in 2005–06 lake levels ranged 
between 0.34 m and 1.194 m, whilst the estuary 
fluctuated between 0.22 m and 0.65 m. Despite low 
lake levels during late October and early November 

and high estuary water levels during mid-December, 
negative headloss conditions were not recorded 
and total headloss across Tauwitchere barrage 
during the sampling period ranged between 0 and 
1.03 m. At the vertical-slot fishway, headloss at the 
entrance and exit cells ranged between 105 mm and 
290 mm as measured at the start and end of each 
sampling event.

A total of 3,399 individuals representing 9 species 
was collected during 14 days sampling immediately 
above the vertical-slot fishway (Table 5.1). Australian 
smelt was the most abundant species, with a total of 
3,056 individuals collected, which comprised 89.9% 
of the total abundance for all species. Congolli and 
Common galaxias were also present, contributing 
3.9% and 1.1% to total abundance, respectively. 
Exit rates from the fishway were between <1 and 
67 individuals per hour (mean 12 fish/hr). A broad 
length distribution of species successfully ascended 
the fishway. The smallest individual was a 24 mm 

Figure 5.4: Species composition and length range of fish sampled from the exit    and 
entrance    of the Tauwitchere vertical-slot fishway. Shading represents the life history 
strategy: Blue = freshwater, green = catadromous, Brown = estuarine and grey = marine/
estuarine. Arrow indicates that the size range of Carp exceeded the length range described on 
the axis (maximum size at exit 800 mm). Dashed line represents the expected minimum length 
of fish able to ascend the fishway when headloss between the pools is 200 mm.
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Tamar goby (Afurcagobius tamarensis) and the 
largest an 800 mm Carp (Fig 5.4). Overall 96.9%  
of the individuals measured for all species were  
<150 mm long.

Tauwitchere�Rock�Ramp:�October�2005�
–�February�2006

A total of 39,789 individuals representing 16 fish 
species was collected during seven paired days 
sampling at the fishway entrance and exit (Table 5.1). 
Overall abundance and species richness was highest 
at the entrance. A total of 32,264 individuals and 16 
species were collected during entrance sampling 
while 7,525 individuals and 10 species were collected 
at the fishway exit. Australian smelt was the most 
abundant species (n=23,133), comprising 58% of the 
total catch. The marine/estuarine sandy sprat was 
also common (n = 12,181) although no individuals 
were collected exiting the fishway. Other species 
present were Bony herring, Congolli and Small-
mouthed hardyhead, which contributed 3.9%,  
2.3% and 2% respectively to total abundance.

Abundances were highest at the fishway entrance, 
with the exception of two species. On separate 
sampling occasions displaced freshwater species 
Golden perch (Macquaria ambigua) and Redfin perch 
(Perca fluviatilis) were able to ascend the fishway 
in higher numbers relative to their downstream 
abundance. Numbers of fish entering the fishway 
ranged between 21 and 461 individuals per hour 
(mean 199 fish/hr). For all exit samples, except 
one, the rate of fish exiting the fishway was low, 
ranging between <1 and 12 fish/hr (mean 6 fish/hr). 
Nevertheless, on one occasion an extremely high 
number of fish successfully ascended the fishway at 
a rate of >600 fish/hr. This event represented 89% 
of the total abundance of fish sampled above the 
fishway. Significantly greater numbers of Australian 
smelt (P <0.05), Common galaxias (P <0.01),  
sandy sprat (P<0.05), Small-mouthed hardyhead 
(P <0.01) and Bony herring (P <0.01) were collected 
at the entrance of the fishway whilst no significant 
difference was detected for Congolli (P >0.05) or 
Redfin perch (P >0.05).

A broad length distribution was sampled from the 
fishway entrance and exit. The smallest individual 
was a 16 mm Small-mouthed hardyhead and the 
largest a 725 mm Carp (Fig 5.5). Overall, 96 % 
of the individuals measured for all species were 
< 150 mm long. Significantly larger Australian smelt 
(D355,205=0.3, P <0.001), Congolli (D309,150=0.17,  
P <0.001), Common galaxias (D196,70=0.42, P <0.001) 
and Redfin perch (D73,114=0.8, P <0.001) were sampled 
at the fishway exit. Insufficient individuals from all 
other species were collected at the fishway exit to 
allow statistical analysis.

Fishways at tidal Barrages in Europe and North 
America have traditionally been designed to 
facilitate the passage of diadromous salmonids 
with little consideration of other components of the 
fish fauna (Lucas and Baras, 2001). In Australia, 
there has been greater consideration in subtropical 
coastal rivers in north-eastern Australia to facilitate 
the passage of large and small-bodied fishes using 
vertical-slot fishways (Stuart and Berghuis, 2002).

An aim of the MDBC’s ‘Sea to Hume Dam Program’ 
is to facilitate the uninterrupted movement of both 
large and small-bodied fishes in the Murray River. 
It is difficult, however, to pass a broad size range of 
fish within the hydraulic constraints of one fishway 
and it is likely that a combination of fishways will be 
required at the Murray Barrages. The construction 
and assessment of the trial vertical-slot and rock-
ramp fishways at the Goolwa and Tauwitchere 
Barrages represent the first step in developing a 
network of fishways at the Murray Barrages.

The trial barrage fishways facilitated the passage of 
17 species of fish including 2 diadromous (Congolli 
and Common galaxias), 7 freshwater, 7 estuarine/
marine and 1 marine species. Diadromous species 
undertake facultative movements between fresh 
and salt water to complete their lifecycle and since 
barrage construction, Congolli, which were once a 
commercially fished species in the lower lakes, have 
undergone a decline in distribution and abundance 
(Eckert and Robinson, 1990). The fishways will 
be important in maintaining and potentially 
rehabilitating these populations. Interestingly, 
during finer-scale seasonal monitoring in spring 
2006, two additional diadromous fishes, namely 
shortheaded lamprey and pouched lamprey were 
collected attempting to migrate through all three 
barrage fishways.

Discussion

Passage�of�large�bodied�fishes

Although the Goolwa and Tauwitchere vertical-slot 
fishways were designed for large-bodied fishes  
(>150 mm), no large bodied estuarine fish species 
(i.e. mulloway and black bream) were collected in 
the fishways despite their presence in the vicinity 
of the fishway entrances. The vertical-slot fishways 
were effective, however, in facilitating the upstream 
passage of displaced large-bodied freshwater fish 
such as Golden perch. The return migration of 
displaced potamodromous fishes is an important 
ecological consideration in large rivers (Stuart and 
Berghuis, 2002) and the current vertical-slot fishways 
appear to effectively facilitate this.
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The relationship between freshwater inflows, fish 
movement and the recruitment ecology of large 
bodied estuarine species is not well understood. 
Movement of large-bodied estuarine species is 
greatest during spring and early summer when 
adult black bream are known to form spawning 
aggregations in response to environmental cues 
(MDBC, 2004) and when the abundance of juvenile 
and sub-adult mulloway increases as fish enter the 
estuary from the sea (Sloan, 2005). Recent fishway 
sampling in February/March 2007 indicated that 
adult black bream, sub-adult mulloway and adult 
and sub-adult flat tail mullet (Liza argenta) may 
attempt to utilise the fishways during periods of low 
and reverse flows. Prior to barrage construction, a 
gradual salinity gradient would have been present 
during these events and large–bodied estuarine 
fish may have followed this gradient. Under current 
conditions fish are confronted by a sudden change 

in salinity and the biological and behavioral effects 
of such abrupt gradients are generally unknown 
worldwide (Larinier, 2002). An investigation of the 
ecology of large-bodied estuarine species in the 
Coorong/Lower Lakes is required, particularly in 
relation to freshwater inflows and the provision of 
fish passage.

Passage�of�small�bodied�fishes

Over 98% (57,446 individuals) of the fish collected 
across all barrage fishways were small-bodied 
species (<100 mm long). Many of these individuals 
were collected attempting to use the fishways 
though unable to ascend due to the design 
hydraulics, particularly at the vertical-slot fishways. 
Nevertheless, ascent of some small-bodied species 
was observed during periods of low or negative 
headloss between the Lower Lakes and Coorong.

Figure 5.5: Species composition and length range of fish sampled from the  exit    and 
entrance    of the Tauwitchere rock-ramp fishway. Shading represents the life history 
strategy; Blue = freshwater, green = catadromous, Brown = estuarine, grey = marine/estuarine 
and Orange = marine. Arrow indicates that the size range of Carp exceeded the length range 
described on the axis (maximum size at entrance 725 mm and exit 712 mm).
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Given the high biomass of small-bodied fish species 
attempting to migrate, the construction of future 
fishways at the Murray Barrages will include a 
range of fishways that can facilitate the passage of 
fish from 20 to 150 mm. Fishway types identified as 
being suitable to facilitate small-bodied fish passage 
include small fish locks, low-head vertical-slot and 
rock-ramp fishways. To be effective and efficient at 
facilitating the passage of small-bodied fish over a 
long migration season (potentially August to March) 
these fishways will need to operate over a broad 
range of flow and headloss conditions.

Environmental�allocation�of�freshwater�
releases

Assessment of the trial fishways has identified that a 
large proportion of migratory fish species are 
attempting to move during periods of low flows. 
Facilitating fish passage during these periods is 
essential to meet the aim of restoring estuarine 
and freshwater fish populations. Securing 
environmental water allocations and delivering 
these in a manner that resembles natural 
seasonal cycles will potentially deliver the greatest 
ecological benefit. This has been difficult over the 
previous six years of low flows in the Murray-Darling 
Basin and in future will require close cooperation 
between the MDBC, River Murray Water, SA Water 
and the South Australian Department of Water, 
Land and Biodiversity Conservation. The Murray 
Barrage fishways should be recognised as 
providing the broad ecological function of 
facilitating fish passage and also delivering 
freshwater inflows to the Coorong to restore 
estuarine conditions below the Barrages. As such 
the fishways should be considered as a ‘first on  
last off’ regulatory structure.

Future�of�the�Murray�Barrage�fishways

The biological assessment of the three trial 
fishways at the Murray Barrages has generated new 
knowledge on the performance of the fishways and 
on the potential migratory fish assemblages in the 
Coorong and Lower Lakes. These data are being 
used to inform the design and optimization of a suite 
of new fishways at priority locations including the 
Goolwa, Tauwitchere and Boundary Creek Barrages, 
and at Hunters Creek. The greatest challenge to the 
design and operation of fishways will be the ability 
to facilitate fish passage in a dynamic system that 
experiences large independent variations in head 
and tail water levels. Furthermore, environmental 
water allocations for the fishways are likely to be 
an ongoing issue. During prolonged periods of low 
flow, fishways that can ease fish passage whilst 

discharging low volumes of freshwater will be  
best in meeting the ecological requirements of 
migratory fish communities in this highly regulated 
system. High flow fishways with diffuse discharge 
will, however, also be needed to improve fish 
passage during future periods of high discharge 
from the Barrages.
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Introduction
Fishways are commonly used to mitigate the 
physical impact of dams and weirs on fish movement 
and restore longitudinal connectivity in regulated 
rivers (Clay 1995; Cowx and Welcomme 1998). In 
order to build efficient fishways which will maintain 
and potentially restore ecosystem integrity, an 
understanding of the spatial and temporal behaviour 
of fishes at both the fishway scale and the catchment 
scale is essential.

Worldwide, there has been increasing use of Passive 
Integrated Transponder (PIT) technology to remotely 
study the spatial behaviour of freshwater fishes, 
including habitat use in streams, behaviour in 
fishways and assessing fishway efficiency (Castro-
Santos et al. 1996; Lucas et al. 1999; Aarestrup 
et al. 2003). Traditional methods for investigating 
fish behaviour and the efficiency of fish passage 
structures, such as visual observation and video 
techniques, are limited by the location and number 
of viewing stations, cost of equipment and reliance 
upon favourable water and light conditions (Irvine et 
al. 1991). Furthermore, radio telemetry techniques, 
although useful for monitoring both broad and 
fine-scale fish movements (Gowans et al. 1999), are 
typically limited to small sample sizes. The large 
size of tags also limits long-term studies to relatively 
large-bodied species (Castro-Santos et al. 1996). 
PIT tags, by contrast, are relatively non-intrusive, 
small in size (may be applied over a broad size range 
of fish), low cost and have a theoretically infinite 
lifespan. Thus they provide an affordable tool for 
the long-term monitoring and minimal handling of 
large-scale movements of large numbers (1,000s) of 
fish (Lucas and Baras 2000). 

As a component of the ‘Sea to Hume Dam Program’ 
over 11,000 fish have been implanted with PIT tags. 
Fixed PIT readers have been installed in four new 
vertical-slot fishways at Locks 7-10 on the Murray 
River. The movement of PIT tagged fish both within 
fishways and at the broader catchment scale was 
studied over a four-year period in the Lower Murray 
River. In this chapter we provide a summary of 
the species of fish PIT tagged and describe the 
movements of those detected within the fishways. 
These data are used to infer fishway efficiency and to 
establish ascent rates and seasonality of movement. 
Preliminary information on ‘movement from location 
of initial capture’ is also discussed.

Methods
Since the inception of the Murray River Fishway 
Assessment Program (MRFAP) in 2002, PIT tags 
(Texas Instruments Eco Version: 23mm, half-duplex) 
have been implanted into Murray cod, Golden perch, 
Redfin perch, Bony herring, Silver perch, Carp and 
Goldfish over 150 mm. Between 2002 and March 
2007 PIT tags were implanted in 11,800 fish sampled 
within or downstream of the four fishways (Locks 7-
10) and in the lower reaches of the River Murray 
(Locks 1-3). The most common species tagged 
were Golden perch (5,875) and Carp (5,077), with 
considerably lower numbers of Murray cod (405) and 
Silver perch (325) (Table 6.1).

PIT tags were inserted with a needle into either the 
dorsal musculature, intraperitoneally or, in large 
Murray cod, in the cheek musculature. Due to the 
low risk of tag expulsion, sutures were not required 
to close the small puncture wound (Skov et al. 
2005) and subsequent recapture of PIT tagged fish 
indicated that the entry wound healed quickly (within 
weeks) and completely.
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To detect fish movements, a four-antenna fixed 
PIT reader system (Texas Instruments RIS Series 
2000 tuners and readers) was installed into each 
fishway. Antennas were installed at several points: 
at the fishway entrance, in the first vertical-slot 
upstream, at the mid-point of the fishway and also 
at the exit. In this way the direction of movement 
(i.e. upstream or downstream) of fish within the 
fishways could be determined. The read range 
of the antennas was approximately 0.4–0.6 m. 
Each antenna/reader was connected to a laptop 
computer operating TIRIS Multi-reader Program 
software (Conte Anadromous Fish Research Centre 
– USGS-BRD, version 2). 

When a tagged fish was detected the computer 
recorded the antenna number, unique PIT number, 
date and time. A record of a PIT tagged fish does 
not necessarily imply that the fish successfully 
ascends that particular fishway. Records were 
divided into successful ascents (a fish entering 
the bottom of the fishway and exiting the top), 
unsuccessful ascents (a fish entering the bottom 
of the fishway and then exiting the bottom) and 
descents (a fish entering the top of the fishway 
and exiting the bottom). Anomalous records are 
those where fish exhibited no discernible pattern 
of movement (i.e. antenna recordings not in 
sequence) or where fish were recorded on antenna 
4 (the exit of the fishway) upon being released from 
the exit trap. Anomalous records were excluded 
from analysis. 

The number of different individuals that successfully 
ascended the fishway (those that passed all 
antennas in sequence) were compared with the 
number of individuals that attempted to ascend the 
fishway (successfully and unsuccessfully), providing 
a measure of passage efficiency for each species at 
each fishway. Ascent times (time taken from entering 
(antenna 1) to exiting (antenna 4) the fishway) of 
individual fish were also calculated. Mean ascent 
rates for given species were then calculated for each 
fishway and compared using a two-way factorial 
analysis of variance (ANOVA). Individuals that took 
longer than 12 hours to ascend a fishway were 
deemed to be not actively attempting to ascend and, 
as such, were excluded from analyses.

PIT tag data has been recorded from Lock 8, 7, 9 and 
10 since November 2003, August 2004, February, 
2005 and July 2006 respectively. The 2006/2007 PIT 
tag record are, however, the most complete dataset 
for all four fishways and as such, investigations 
of seasonality of movement are restricted to this 
time period. Data collection for Lock 7-9 was 
continuous from April 2006 to March 2007 with 
the exception of late December/January at Lock 8 
due to lightning striking the control box. At Lock 
10 PIT tag data recording commenced following 
fishway commissioning in July 2006. Seasonality 
of movement data was analysed against river flow 
and water temperature using linear regression 
techniques to elucidate any correlation between fish 
movement and these factors.

Table 6.1. Summary of fish PIT tagged at a range of locations in the Lower Murray-Darling Basin between 2002 
and 2007 as part of the Murray River Fishways Assessment Program (d/s = downstream of the weir structure).

Silver�
perch

Golden�
perch

Murray�
cod

Bony�
herring Carp

Redfin�
perch Goldfish Total

Tagging�location
Lock 1 36 245 29 4 1,276 4 1,594
Lock 2 32 121 4 1 663 3 2 826

Lock 3 44 75 3 19 451 1 1 594

Lock 7 d/s 9 559 122 10 316 1 1,017

Rufus River 8 169 10 2 124 4 3 320

Lock 7 29 1,055 7 321 1,412

Mullaroo Creek 2 38 9 14 63
Lock 8 d/s 23 732 190 30 499 1 12 1,487

Lock 8 51 1,351 8 9 598 4 2,021

Lock 9 22 797 22 385 1,226

Frenchmans�Ck 12 46 2 60

Lock�10�d/s 4 194 10 18 221 5 452

Lock�10 8 466 2 11 64 1 552

Euston 57 50 2 1 98 208

Torrumbarry 11 9 1 21

Total 325 5,875 405 127 5,077 9 35 11,853
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Data�analyses

A two-way factorial Analysis of Variance (ANOVA) was 
performed to identify any significant differences in 
ascent rates of given species for each fishway. Prior 
to performing ANOVA a Shapiro-Wilk test indicated 
the data were not normally distributed and a log 
transformation was subsequently performed 
(Keene 1995).

Linear regressions of the number of fish successfully 
ascended/week against water temperature and mean 
flow (ML/week) were performed for Golden perch 
and Carp at each fishway to determine if correlations 
existed between the abundance of fish migrating and 
water temperature and flow.

Results

Movement�within�fishways

All fish species that have been implanted with PIT 
tags as part of the Murray River Fishway Assessment 
Program, with the exception of Redfin perch, have 
been recorded within the fishways. In total, 2,333 
individual fish have been recorded at Lock 7, 8, 9 or 
10. Over 67% of the recorded fish were Golden perch 
(1,584 records) and over 24% were Carp (569 records). 
Low numbers of Murray cod (n=41) and Silver perch 
(n=34) have been recorded. Bony herring and Goldfish 
account for < 5 records each. Approximately 100 fish 
remain unidentified and may have been PIT tagged as 
part of other investigations.

The greatest number of fish has been recorded at 
Locks 8 and 9, and the least at Lock 10 (Table 6.2). 
The greatest number of fish was also tagged at Lock 
8 (downstream n = 1,487 and Lock 8 fishway exit n 
= 2,021) and this fishway has been operating for the 
longest time (since November 2003; Table 6.1). The 

Lock 10 fishway, however, has only been in operation 
since July 2006.

The number of successful and unsuccessful ascents, 
descents, and anomalous PIT tag records from the 
Lock 7-10 fishways is presented in Table 6.2.

In the Lock 7-10 vertical-slot fishways, passage 
efficiency (i.e. the proportion of individuals that exited 
the fishway after entering from downstream) was 
similar among fishways for Carp and Golden perch 
but highly variable for Silver perch and Murray cod, 
most likely due to small sample sizes (Table 6.2).

Passage efficiency of Golden perch and Carp was 
over 80% at the Lock 7, 8 and 9 fishways but slightly 
less at Lock 10 (Carp 71% and Golden perch 66%). 
Passage efficiency for Silver perch ranged from 50% 
at Lock 9 to 100% at Lock 10, and for Murray cod from 
33% at Lock 9 to 82% at Lock 7. 

Ascent�rates

Mean ascent rates of Golden perch, Silver perch 
and Carp through the Lock 7-10 fishways differed 
significantly between species (Two-way factorial 
ANOVA, F2,2066=276.76, p <0.001). Mean ascent rates 
of Carp and Silver perch were generally <1.5 hours, 
whilst rates for Golden perch were generally slower 
(i.e. 2-3 hours; Fig 6.1). Nevertheless, the interaction 
of ‘species’ and ‘fishway’ was also significant 
(F6,2066=4.63, p =0.001) indicating ascent rates of 
individuals within each species also differed among 
fishways. Carp exhibited a significant difference in 
ascent rates between the Lock 8 and 9 fishways 
(Tukey HSD). Golden perch ascent rates also varied 
among fishways with fish at Lock 10 exhibiting the 
fastest rate (Tukey HSD; Fig 6.1). Murray cod had 
the slowest mean ascent rate (>7 hours) but this 
was highly variable, most likely as a result of small 
sample sizes (Fig 6.1).

Table 6.2: Total number of each PIT tagged species recorded at the Lock 7-10 fishways and the number of 
successful or unsuccessful ascents, descents or anomalous records for each fish species at each fishway.

Silver�perch Carp Golden�perch Murray�cod

L7 L8 L9 L10 L7 L8 L9 L10 L7 L8 L9 L10 L7 L8 L9 L10

Successful 
ascents

7 10 5 4 62 222 223 82 121 398 802 184 9 15 1 -

Unsuccessful 
ascents

1 7 5 - 11 34 36 33 23 95 145 93 2 10 2 -

Passage 
efficiency (%)

88 59 50 100 85 87 86 71 84 81 85 66 82 60 50 -

Descents 1 4 1 - 4 44 16 1 13 86 14 9 1 4 - -

Anomalous 
records

- - 5 - 4 21 10 6 24 72 83 12 - 4 - -

Total 9 21 16 4 78 305 283 122 176 636 1,036 298 11 29 3 0
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Seasonality�of�movement

Data on the timing of movement of the two most 
abundant PIT tagged species, Golden perch and 
Carp, recorded moving through all four fishways 
between April 2006 and March 2007 are presented 
in Figure 6.2. In 2006/2007 the migratory season for 
PIT tagged Golden perch extended from August to 
March with the highest numbers moving from late 
August through to January (Fig 6.2). At Locks 8 and 9 
peak movement commenced in mid August as water 
temperate increased from an annual minimum of 
approximately 10ºC (Fig 6.2). Linear regressions 
of the number of fish that successfully ascended/
week against water temperature during the peak 
migratory season indicate no correlation between 
the number of fish moving and water temperature 
at Locks 8 (R2=0.2011) or 9 (R2=0.0248). Similarly, 
linear regressions displayed no correlation between 
the number of fish successfully ascended/week 
and mean flow (ML/week) at Locks 7 (R2=0.0987), 8 
(R2=0.0119), 9 (R2=0.0003) and 10 (R2=0.0024).

Carp movement in 2006/2007 extended from August 
to January with the highest rates of movement 
recorded from August through until December. 
Like Golden perch, Carp movement appears 
to commence in late August at Locks 8 and 9, 

corresponding with water temperatures rising 
above 10°C (Fig 6.2). Nevertheless, no correlation 
between number of fish successfully ascended/week 
and water temperature was established at Lock 
8 (R2=0.0154) or 9 (R2=0.1486). Similarly, linear 
regressions indicate no correlation between the 
number of fish successfully ascended/week and 
mean flow (ML/week) at Locks 7 (R2=0.0259), 8 
(R2=0.0009), 9 (R2=0.0031) and 10 (R2=0.0859).

Large�scale�movements

PIT tags have provided extensive data on large-scale 
movements of Golden perch, Silver perch, Murray 
cod and Carp. 61 Carp recorded at the Lock 7-10 
fishways (> 10% of Carp recorded at the fishway) 
were originally tagged in the vicinity of Locks 1-3, 
over 550 km downstream of Lock 10. In addition, two 
Silver perch that ascended all four fishways were 
originally tagged downstream of Lock 3 (Table 6.3). 
These long distance movements occurred during 
low flow years when weirs were not drowned out 
or removed, consequently fish may have used the 
navigation locks to bypass the structures.

The longest distance movements recorded for 
Golden perch were from the Chowilla Anabranch 
in South Australia. Sixty (3.78%) of the Golden 

Figure 6.1: The mean (±SE) rates of ascent for Silver perch (n=7, 10, 5 and 4, Lock 7-10 respectively), Carp 
(n=62, 219, 218 and 82), golden perch (n=120, 380, 776 and 184) and Murray cod (Lock 7 n=9, Lock 8 n=15) 
at the Lock 7-10 fishways.
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Figure 6.2: The number of PIT tagged golden perch and Carp that ascended the Lock 7-10 fishways per week 
between April 2006 and March 2007. Solid line is daily flow (ML/d) and dotted line is daily water temperature 
(°C) at each Lock.
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perch that were recorded at the Lock 7-10 fishways 
originated from the Chowilla Anabranch system 
which is approximately 83 km downstream of Lock 
7 and 212 km d/s of Lock 10. Many of these Golden 
perch ascended multiple fishways (Table 6.3).

Murray cod recorded at the Lock 7, 8 and 9 
fishways were predominantly tagged downstream 
of the fishway they were recorded at (Table 6.3). 
Nevertheless, at least one PIT tagged Murray cod 
travelled from the Rufus River and through both 
the Lock 7 and Lock 8 fishways, a total distance of 
approximately 30 km.

Limited large-scale downstream movement has 
been recorded for PIT tagged fish. Low numbers  
(<5 fish) of Silver perch, Golden perch and Carp have 
been recorded moving from Lock 10 to Lock 8 or 
Lock 9 to Lock 7, total distances of 70-100 km  
(Table 6.3).

Discussion
Over 11,000 PIT tagged fish are now at liberty in the 
lower Murray River (downstream of the Darling River 
junction) and remote monitoring at the Lock 7-10 
fishways is contributing to improved knowledge of 
fish movement and behaviour within and between 
the new Murray River fishways. The low cost of PIT 
tags, their small size, unlimited life span and ease 
of insertion means that large numbers of individual 

fish can be tagged thus providing an effective means 
of investigating fishway efficiency (Castro-Santos 
et al. 1996). Passage efficiency has been quantified 
in a small number of studies in pool and orifice, 
Denil and nature-like bypass fishways (Bunt et al. 
1999; Gowans et al. 1999; Aarestrup et al. 2003). 
However this is the first study to quantify passage 
efficiency in a temperate vertical-slot fishway using 
PIT tags and remotely operated reader systems. Our 
investigations in the fishways at Locks 7-10 indicate 
that passage efficiency for Golden perch and Carp, 
the two species recorded in sufficient numbers, 
ranges from 66-85% and 71-87% respectively.

Fishway efficiency is often not investigated or 
reported therefore it is difficult to find comparisons 
for the efficiency measured using the ascent success 
of PIT tagged fish. Lucas and Baras (2001) suggest 
a target of 90-100% for fish displaying marked 
potamodromy. For species such as Golden perch we 
are currently unsure what proportion of a population 
may be migratory, consequently 80% passage 
efficiency, as assessed in the Lock 7-9 fishways 
may be considered acceptable. Passage efficiency, 
however, may be improved at steeper vertical-
slot fishways (e.g. 1:18 slopes) where greater 
discharge may provide a stronger ascent stimulus. 
Nevertheless, to fully assess fishway efficiency there 
is still a need to quantify attraction efficiency at the 
vertical-slot fishways (Aarestrup et al. 2003). 

Table 6.3: The number of PIT tagged fish from each original tagging location recorded at the Lock 7-10 
fishways between November 2003 and March 2007.

Silver�perch Carp Golden�perch Murray�cod

Capture�
Location

L7 L8 L9 L10 L7 L8 L9 L10 L7 L8 L9 L10 L7 L8 L9 L10

Lock 1 3 17 4

Lock 2 10 12 8 6

Lock 3 1 2 2 2 11 20 11 7

Chowilla 1 5 10 5 33 25 24 10

Lock 6 1 2 1 2 5 5 4 2

Rufus River 2 3 1 8 8 4 8 3 4 1 1 1

Lock 7 3 4 2 31 54 57 12 112 285 344 68 8 2

Lindsay-
Mullaroo 

2 25 18 5 2 22 26 6

Lock 8 1 9 5 2 6 154 143 35 13 293 518 69 26 2

Lock 9 2 2 5 1 31 48 3 2 111 83 1

Frenchmans 
Creek

1 1 1 59

Lock 10 1 2 7 1

Total 9 20 16 4 78 305 284 122 176 636 1,036 298 9 29 3 0
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The rate at which fish ascend fishways is an 
important consideration in fishway design as delays 
in ascent may decrease fishway efficiency and 
result in accumulations of fish downstream of the 
fishway (Clay 1995). We have utilised PIT technology 
to determine ascent rates for Golden perch, Silver 
perch, Murray cod and Carp in four low-slope (1:32) 
vertical-slot fishways. The ascent rates of these 
species have not previously been investigated in 
vertical-slot fishways in Australia and hence provide 
an important baseline for future fishway design and 
assessment.

Mean ascent rates for Silver perch and Carp 
were generally faster than for Golden perch and 
Murray cod. Whilst fish behaviour may account for 
some differences (e.g. Murray cod are a relatively 
sedentary species), fish physiology may also be 
important. Silver perch and Carp have been found 
to have enhanced aerobic and anaerobic swimming 
capabilities relative to Golden perch and Murray cod 
(Kolotelo et al. 2004). Consequently passage rates 
through a long, low-slope vertical-slot fishway may 
be slow for fish such as Murray cod that are both 
poor burst swimmers and take longer to recover 
between bursts. Further investigations, however, 
are required to clarify the behaviour of Murray cod in 
fishways.

The separation of fishway functionality at Lock 3 
through the construction of a steeper (1:18) vertical-
slot fishway, and a small-fish fish lock, may see an 
increase in the ascent rates of Golden perch and 
Murray cod. Higher discharge and velocities in the 
1:18 vertical-slot fishway than in a 1:32 vertical-
slot fishway may provide a stronger impetus for 
movement through the fishway. This will minimise 
the potential for accumulations of fish downstream.

In 2006–07, the migration season for Golden 
perch and Carp through the Lock 8 and 9 fishways 
extended from August to March and August to 
January, respectively, which is longer than previously 
considered (Mallen-Cooper et al. 1995; O’Connor et 
al. 2005). High numbers of PIT tagged fish ascended 
the Lock 8 and 9 fishways in late August/early 
September 2006. This was two months earlier than 
that observed by Mallen-Cooper et al. (1995) at the 
Torrumbarry vertical-slot fishway in the mid reaches 
of the Murray River. 

Furthermore, the initiation of Golden perch and Carp 
movement in mid August at Locks 8 and 9 appears to 
correspond with water temperatures increasing from 
an annual minimum of 10ºC. This water temperature 
is slightly lower than that recorded at Torrumbarry 
where small numbers of Golden perch commenced 

upstream migrations at temperatures of 12-13°C 
(Mallen-Cooper et al. 1995). Torrumbarry is over 
800 km upstream of Locks 8 and 9 and it is probable 
that Golden perch may exhibit spatial and temporal 
variation in migratory behaviour across the Murray-
Darling Basin.

PIT tags are also providing extensive data on 
the catchment scale movement of several fish 
species, in particular Carp and Golden perch. Early 
investigations into the ecology of Carp in the lower 
Murray River suggested Carp were non-migratory 
and made only random, short-distance movements 
(<100 km; Reynolds 1983). Furthermore, Reynolds 
(1983) indicated that no externally tagged Carp 
moved upstream though the Locks and weirs 
during normal flows. In a more recent tagging 
study of over 3000 Carp in the mid reaches of the 
Murray River, Stuart and Jones (2006) found that 
80% of recaptured fish had moved <5km but over 
7% of the recaptured fish had moved over 100 km 
(upstream or downstream). The majority of large-
scale movements were downstream movements by 
intermediate sized males (Stuart and Jones 2006).

Our PIT tagging data indicate that Carp undertake 
extensive upstream migrations during low flows 
(<10,000 ML/d) in the Murray River. Over 60 PIT 
tagged Carp (> 10% of the recorded Carp) negotiated 
at up to six Locks were found to travel distances of 
over 550 km. The timing and scale of movement of 
Carp, particularly through the newly constructed 
fishways, has direct application to the control of 
this species by trapping and removal from fishways 
(Stuart et al. 2006). Based on our PIT tag data on the 
temporal movement of Carp through the Lock 7-10 
fishways we would suggest the deployment of Carp 
separation cages in these structures from August to 
February at a minimum.

As a component of the ‘Sea to Hume Dam program’ 
PIT tags are enabling the study of the large and 
small-scale spatial and temporal behaviour of 
native and exotic fish species at a scale that is 
unprecedented in Australian Rivers. In particular, 
PIT tag data are revealing new information about 
the species composition of native and exotic 
fish utilising the fishways, the performance of 
the fishways (e.g. passage efficiency and rate), 
seasonality of movement through the fishways and 
large-scale movements of tagged fish. These data 
are being used to refine and improve the designs of 
future fishways and are adding considerably to our 
knowledge of the ecology of freshwater fishes of the 
Murray-Darling Basin.
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Introduction
Radio Frequency Identification (RFID) technology 
has been around for over 50 years. RFID tags are 
used everyday for tracking livestock, identifying 
pet cats and dogs, for toll road transponders and 
numerous other applications. Modern day RFID tags 
have evolved from technology first developed in the 
early 1970’s but have greater read ranges, increased 
precision and are cheaper than earlier technology. 
As technology advances further, scientists gain 
an increased ability to collect information on the 
movements of individuals. This can lead to improved 
knowledge and management of wild populations.

Many electronic technologies have been used to 
monitor the movements of fish. Radio telemetry 
and acoustic tags are widely used to monitor the 
movements of individuals (Koehn and Stuart 2007). 
These technologies however, have high capital costs 
which usually limit studies to small sample sizes 
of fish. In recent years, the development of passive 
integrated transponder (PIT) technology has provided 
new opportunities to monitor migrations (Prentice 
et al. 1990, Castro-Santos et al. 1996). A PIT tag 
is a small glass capsule (23mm long; half duplex) 
which contains electronic circuitry that is individually 
coded with a 12-digit identification number (Figure 
7.1). PIT tags do not require internal battery power 
to operate; they are powered electromagnetically 
when moved within the vicinity of an antenna. The 
electromagnetic field generates a small voltage 
which charges the circuit and transmits the unique 
number. In most standard applications, tag details 
are recorded on a laptop computer, along with any 
number of peripheral information such as time, date 
or temperature.

A major objective of the ‘Sea to Hume Dam Program’ 
is to gain information on the timing, duration and 
nature of freshwater fish migrations in the Murray-
Darling Basin. To achieve this, PIT antenna arrays 
are being constructed within each fishway as part of 
the program (Barrett and Mallen-Cooper 2006). To 
collect information on fish migrations, over 25,000 
fish have been implanted with PIT tags in the Murray 
River and several tributary streams. The antenna 

7.   ThE DEvELOPMENT OF AN AUTOMATED 
INTERROgATION AND DOWNLOAD SySTEM TO 
MONITOR ThE PASSAgE OF PIT TAggED FISh.

Karl Pomorin
Senior Technician, Arthur Rylah Institute

Figure 7.1: A Texas instruments eco-version Pit tag. 
Photo: Brenton Zampatti – SARDI.

systems on fishways search for these tagged fish 
four times every second and generate a large 
amount of data during peak migration periods. Using 
this information to determine specific information on 
fish migrations will provide mechanisms to develop 
management practices to protect native fish.

Standard Antenna configuration
Initial antenna construction for fishways involved the 
use of laptops to record information on migrating 
fish. Antennas (constructed out of high grade OFC 
speaker cable) were installed at four strategic 
locations within the fishway. An antenna was 
installed at the fishway entrance, to gain information 
on fish behaviour as they attempt to migrate through 
the structure. A second antenna was installed at 
the first upstream baffle. This antenna provided 
information on fish that may have entered the 
fishway but did not choose to ascend. A third antenna 
was placed at the mid-point, to determine how long it 
took fish to progress to the halfway point. Finally, an 
antenna was located at the fishway exit, to determine 
whether all fish were successfully ascending the 
fishway (Figure 7.2). These systems are in place at 
Locks 7, 8, 9, 10, 15, 26 and Yarrawonga Weir. Lock 
1 fishway will also have a PIT antenna system by 
late 2007 and there are several other systems on 
tributaries of the Murray and Murrumbidgee rivers.
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Each antenna was powered by 12V control modules 
(Texas Instruments Series 2000) which transmitted 
and received information from the antennas via twin-
axial cable. Control modules were connected to a 
laptop via a communications link (RS232). The laptop 
was used to run software (Multireader program) 
which controlled the operation of the PIT system. 
The system was housed within an on-site control box 
set above the local flood height (Figure 7.3). Each 
time a tagged fish migrated through an antenna, the 
tag number, antenna number and Julian date was 
transmitted to the laptop and stored on a hard drive.

This system worked effectively initially but was 
labour intensive because it required research staff 
to visit sites frequently to manually download data. 
In addition, the system was sensitive to power 
failures and staff were required to manually re-start 
the system in the event of a blackout. If staff were 
not available, the system may have been offline for 
a considerable period of time without collecting 
information. Researchers recognised the need for 
a more robust system that reduced the reliance on 
manual operations for data collection and basic 
maintenance. After a substantial workshopping 
period, the tri-state team developed a system with 
operational flexibility and increased reliability. 

Figure 7.2: Schematic layout of fishway antenna configuration.

Figure 7.3. PIT reader control gear. 
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This “Autologger” system provides enhanced abilities 
with respect to:

Data collection, compression and storage.

System monitoring and management.

Data transfer via e-mail.

Remote dial-in access to:

– Upload updated system software.

– Immediately download system logs.

– Allow for unscheduled PIT tag data 
downloading.

– View PIT readings live. 

The Autologger system
The Autologger is essentially an industrial PC 
coupled with a wireless modem. The software 
package (Automate) was programmed with a  
specific script which generates actions in response 
to certain triggers. The Autologger’s primary 
function is to co-ordinate the collection of PIT tag 
data which is e-mailed to researchers on a weekly 
basis. Its secondary function is to maintain system 
integrity to ensure the collection and distribution of 
data is maintained.

The industrial PC runs the standard multireader 
program and routinely collects tag data from the 
PIT antennas located within the fishway. Data is 
compressed and stored as an individual file on a 

•

•

•

•

daily basis to ensure data size is minimised for 
efficient transfer via e-mail across a mobile phone 
network. Each week an e-mail is automatically 
generated and a single file, containing seven days 
of compressed data, is attached. E-mailed data is 
also archived on the Autologger to provide a backup. 
After transferring the weekly data set, the system 
continues to collect and prepare PIT tag data for the 
next e-mail cycle.

To maintain reliable operation, the Autologger 
monitors and manages all connected hardware. 
Power levels at the mains, battery backup 
and internal circuitry are monitored, as is the 
temperature of critical components such as the 
hard-drive. The Autologger also continually checks 
for normal operation of the PIT readers.

If abnormal operation of a monitored device is 
detected the Autologger sends an e-mail alerting 
researchers of the potential problem. Such a 
problem could be: low and critical power levels, 
high and critical temperatures, or hardware 
malfunction warnings. Depending on the nature of 
the problem the Autologger may initiate a remedial 
reponse to restore system integrity. For example, 
when operating temperatures become too high 
(+65oC) the system will enter a ‘standby’ state to 
avoid irreparable damage to vital components, 
system failure and data loss. Normal operation 
automatically resumes when temperature returns 
below critical values. 

Table 7.1. Technical specifications for the PIT tag reader and Autologger.

Item Technical�Specification

System design

Transponder mode                

Type

Transmission antenna design                   

Read range                        

Transmission cable                 

Power requirements (readers)         

Power requirements (PC)         

Read frequency                

Synchronisation                         

Data transmission mode         

Control software                         

Autologger software framework

Uninterruptible power supply 

RS232-USB converter

Industrial PC

Wireless modem

Texas Instruments Series 2000 

Half duplex               

Texas Instruments 23mm Eco-version 

High grade OFC housed in electrical conduit

0.5-0.6m maximum

100ohm twinaxial

12 volt continuous

240 volt mains
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In the case of mains power failure and backup-
battery exhaustion, the Autologger will re-boot 
the system when mains power is restored. The 
Autologger will also re-boot when an abnormality 
is detected in the operation of a PIT reader. 
Abnormalities with PIT readers are usually rectified 
after one or two reset cycles. If the fault is not 
corrected the Autologger sends an e-mail describing 
the situation and enters an idle state ready to accept 
remotely issued commands. The development of 
the Autologger system (Table 7.1) now provides 
an increased reliability of data collection and 
transmission with a decreased reliance on manual 
intervention when problems arise. 

Limitations of the Autologger system
Currently the greatest limitation of the PIT tag 
Autologger system is the requirement of mains 
power, limiting installation at un-powered sites. 
Alternative sources of energy such as solar power 
will be tested in the near future and if successful 
the systems could be deployed to very remote areas, 
assuming availability of mobile phone reception.

All RF emitting antennas in the applications 
described above have a limited range of about 
40-50cm from the plane of the antenna-loop. 
Read range requires that the antennas are tuned 
to maximum ‘inductance’ which is dependent on 
ambient temperature. Antennas must therefore 
be ‘tuned’ several times annually to optimise 
performance. However the recent development  
of automatic tuners would further reduce the 
reliance on manual intervention to maintain the 
integrity of PIT reader systems. Further work is 
also needed to assess detection efficiencies. Other 
studies have reported 88 to 96% efficiency(Castro-
Santos et al. 1996).

A final system limitation is that the PIT tags can only 
be inserted into fish greater than 150 mm in length, 
limiting application for the abundant small-bodied 
fish community. The development of smaller tags 
with equal read ranges would increase the generality 
of data collected by the system and provide 
information to inform fisheries management at a fish 
community level.

Data management
With hundreds of fish being detected each week the 
Autologger system, in e-mailing compressed data, 
can generate substantial sized text files. There was 
unforseen difficulty in storing and manipulating 
large amounts of data and manual extraction of fish 
passage trends from the unfiltered data, from seven 
Murray River fishways and several other tributary 

sites, was not feasible. This led to the development 
of a new MDBC project to develop a centralised PIT 
tag database. 

The database will automatically accept and integrate 
data provided by the Autologgers. The database will 
automatically receive e-mail data, filter the files 
with pre-generated algorithms and produce data 
summaries. This will include the number of fish at 
each fishway, passage times between weirs and 
within fishways, ascent success rates, day versus 
night movement behaviours, and alerts for individual 
species or fish of interest. Researchers will also be 
able to interrogate the database remotely to obtain 
information on tagged fish movement. The database 
project is a collaborative effort co-ordinated by the 
Arthur Rylah Institute for delivery in 2008. Once the 
database is completed it will reside at the MDBC 
in Canberra and might eventually be linked to a 
webpage maintained by the MDBC for public access.

In addition to providing researchers with a constant 
stream of reliable data, the combination of the 
Autologger and PIT tag database will provide the 
means to receive real-time information on fish 
movement. For example a researcher may want to 
know and be continually updated on the whereabouts 
of a particular fish. The researcher could request the 
database to send e-mail alerts containing location 
information each time the fish was recorded by an 
Autologger. If the fish was detected in a particular 
fishway, fishway traps could be deployed should 
the researcher want to recapture the fish for 
examination.

Future Applications and Innovations
The Autologger is currently being tested in solar 
powered remotely based radiotelemetry towers 
and appears to have a strong future at these sites.  
PIT readers have also been recently installed on 
rock bars in rivers (Seven Creeks) to provide fish 
movement data without the need for a technical 
fishway.

Detection of PIT tagged fish in fishways relies on 
migration of fish and the percentage of mobile 
fish within a population remains unknown. As the 
detection range of RFID technology increases, 
mobile PIT recording systems may become a useful 
tool in large lowland rivers. Mobile systems could 
be fitted to research vessels so that the antenna 
could be moved within range of the fish for capture 
independent data.

Further applications of the system allow integration 
of environmental data into the Autologger operation 
including: dissolved oxygen, water temperature, 
electrical conductivity, pH, turbidity, river 
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levels and water velocities. These variables are 
important stimuli for fish and the PIT tag readers 
can provide important information in this area. 
The Autologger might also play a role in invasive 
species management by real time data acquisition 
in Carp control devices such as the ‘Williams Carp 
Separation Cage’.

Conclusion
The development of the Autologger system has 
significantly increased the reliability of the PIT 
reader infrastructure and the continuity of the data 
collected. The data is now much more accessible 
for researchers. The concurrent development 
of a database will also assist in managing and 
analysing the fish movement data. Much progress 
has been made in developing the PIT technology 
and Autologger equipment. These developments 
will provide an important tool for researchers 
and managers in the long-term monitoring and 
management of fish movements along broad river 
reaches of the Murray-Darling Basin.
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Introduction
In regulated rivers, the restoration of fish passage 
has contributed to improved connectivity of fish 
populations, including important commercial and 
recreationally fished species (Lucas & Baras 2001). 
In Germany and Austria, there has been a particular 
focus on the development of innovative fishways that 
facilitate the passage of a broad range of fish sizes 
and species (Northcote 1998; Jansen et al 2000). In 
particular, rock fishways or ‘nature-like’ designs 
have proven useful in passing small-bodied fishes 
(Harris et al 1998; Aarestrup et al 2003). 

In order to improve the ecological integrity in riverine 
systems, small-bodied fish (<60 mm long) must 
be considered during fishway design and this is 
a common area for ecological compromise. One 
way to pass a range of migratory aquatic biota is 
to construct multiple fishways, each with separate 
ecological and hydrological design functions (Barrett 
& Mallen-Cooper 2006). This would typically involve 
the construction of a large fish fishway with relatively 
high water velocities and discharge, and a second 
facility for the smaller-bodied fish. The latter fishway 
could be a low slope Denil or vertical-slot design, a 
rock fishway, a bypass channel or fish lock (Harris 
et al. 1998; Jansen et al. 2000; Lucas & Baras 2001; 
Mallen-Cooper & Stuart 2007). 

For migratory invertebrates there are specific 
fishways, usually rocky channels, designed for 
climbing biota (Fievet 2000). Few fishway designs 
pass crustaceans or small-bodied fish because 
most have little commercial value and it is largely 
assumed that there is an increased capital expense 
required to create suitable hydraulic conditions. 
For these reasons fishways that pass both small 
and large fish, and crustaceans, have not been 
adequately addressed or successfully demonstrated. 
This is particularly true for small-bodied non-
salmonid fishes (Northcote 1998; Jansen et al. 2000; 

Mallen-Cooper & Stuart 2007; Mallen-Cooper & 
Brand 2007). 

A great challenge for passing both small and large 
fish in one fishway is the widely differing swimming 
abilities of the 302 Australian species of freshwater 
fish that potentially require free movement along 
rivers (Allen, Midgley & Allen 2002; Pusey et al., 
2004).  Some fish are medium and large sized (100 to 
600 mm long), though many are small-bodied  
(<60 mm long) and several species of small migratory 
crustaceans are also present (Mallen-Cooper 1999; 
Stuart & Mallen-Cooper 1999). To accommodate 
all of these biota, the slope of fishways, including 
vertical-slot and rock designs, has been progressively 
reduced (from 5% to 3.1%) to produce conservative 
internal hydraulics. As a consequence costs have 
increased by up to 50% (Mallen-Cooper 1999; Barrett 
& Mallen-Cooper 2006). 

Biological assessments of low slope fishways 
frequently report that passage efficiency for small 
fish (>35 mm long) is greatly improved but even 
smaller fish (12+ mm long) are still unable to 
ascend. These smallest fish often numerically 
dominate the migratory fish community, particularly 
during low river flows (Stuart & Berghuis 2002; 
Stuart et al., in review). In addition, these studies 
observe large numbers of climbing invertebrates 
failing to ascend. To meet the challenging objective 
of restoring riverine connectivity for a wide size 
range of migratory biota (Barrett & Mallen-Cooper 
2006), further decreasing the fishway slope from 
3.1% would improve internal hydraulics but this is 
unproven and might be cost prohibitive.

While assessing a new low-slope (3.1%) fishway 
on the lower Murray River, large numbers of 
small-bodied fish and crustaceans were observed 
accumulating in the most upstream pool under 
the de-watering gate at the fishway exit. This 
phenomenon only occurred when the de-watering 
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gate was closed and trickle leakage under the 
gate maintained a low depth (approximately 50 
mm). Hence the migratory biota had ascended the 
fishway without negotiating the standard operating 
hydraulics or the full differential head of the weir. 
Our aim was to investigate whether modifying 
operation of a low-slope vertical-slot fishway could 
efficiently pass small-bodied fish and crustaceans.

Methods

Fishway

The Lock 8 fishway, completed in November 2003, 
is a vertical-slot design with 3 m long by 2 m wide 
pools and an operating depth of 1 m. The 1:32 
fishway has a relatively low slope (3.1%) and 0.10 
m head difference between pools, with a maximum 
water velocity of 1.4 m s-1 and an average pool 
turbulence of 41 W m3. To improve passage of 
small fish and invertebrates, rocks (0.15 m average 
diameter, 0.15 m spacing) were fixed into the floor  
of the fishway. The Lock 8 fishway enables 
passage of a broad size-range (35–900 mm long) of 
migratory fish, though fish less than 35 mm cannot 
ascend and these are abundant below the weir 
(Stuart et al. in review).

Experimental�design�and�procedure

Fish were trapped at three locations in the fishway 
using a randomised block design with 18 replicates 
between December and March (summer and early 
autumn) in 2006 and 2007. One replicate (comprising 
three fishway operation treatments of 1.5 hours 
each) was completed each day between 10 am and  
5 pm. The first treatment (standard operation) 
involved operating the fishway under design 
conditions, with a headloss of 100 mm between 
pools. A trap was placed in the weirpool, upstream 
of the last baffle, to collect fish that successfully 
exited the fishway. The second treatment (entrance 
treatment) provided a comparison of fish attempting 
passage at the fishway entrance. For this treatment, 
discharge through the fishway was reduced to 
simulate trickle leakage by partially closing the 
exit de-watering gate and lowering the entrance 
headloss to approximately 50 mm. Hence, passage 
of small-bodied fish was facilitated and these were 
trapped at the entrance. 

The final treatment (lock treatment) also utilised a 
reduced discharge but without the entrance trap. 
This allowed fish an opportunity to swim upstream 
the entire length of the fishway. Under these 
conditions fish could potentially migrate as far as the 
exit pool where further passage was inhibited by the 
de-watering gate. After 1.5 hours, a wooden baulk 

was placed into the vertical-slot two pools below the 
exit, to stop water flow. The de-watering gate was 
also slowly lifted to allow the upper two pools to fill. 
This procedure simulated lock conditions and after 
the depth in the top two pools had equalised with the 
headwater, the exit gate was fully removed and fish 
and macro-invertebrates were allowed a further 
 30 minutes to exit into the weirpool, where the trap 
was located. 

Each experimental treatment was run for 
approximately 1.5 hours. Between each of the 
three experimental treatments the fishway was 
operated in standard mode for 30 minutes to remove 
any small fish from the vicinity of the fishway 
exit. This experimental protocol provided a direct 
comparison of fish entering the fishway with those 
that successfully exited under standard operating 
conditions and during the modified lock operation.

The trap used at all three locations was 1.12 m long, 
1.50 m high and 0.73 m wide. It was covered in 4 mm 
square wire mesh and incorporated a cone-trap. All 
fish and macro-invertebrates were identified and 
counted, with a sub-sample of 100 measured per 
species. For large samples (>1,000 individuals), total 
abundances were determined by sub-sampling. Fish 
were enumerated by multiplying the mean numbers 
of each species in three replicate sub-samples of a 
known volume (200 ml) by the total number of sub-
samples. Fish were released into the weirpool.

During each experiment head loss was measured 
at the entrance and exit of the vertical-slot of the 
fishway and at the vertical-slot downstream of the 
dewatering gate. During the lock experiment water 
depth was also measured at the latter location. 
Water temperature and dissolved oxygen were 
recorded during each experiment. 

Data�analysis

All statistical analyses were performed with  
S-PLUS 2000 software (Insightful Corporation, 
2001). Catch rates among the lock, entrance and exit 
samples were compared with a two-way analysis 
of variance (ANOVA) (without replication), using 
treatments and blocks as factors, to determine 
any significant differences (P = <0.05). Prior to 
performing the ANOVA, quantile-quantile plots 
(as described in Insightful Corporation, 2001) 
confirmed the data were not normally distributed 
and a normality stabilising transformation (log x+1) 
was subsequently performed. The length-frequency 
distributions of fish were tested among the lock, exit 
and entrance samples with a Kolmogorov-Smirnov 
(K-S) pairwise comparison. Fish species where 
fewer than 30 individuals were collected at a single 
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trapping location were excluded from the length-
frequency analyses. A one-way factorial analysis 
of variance was also performed on water quality 
variables (temperature and dissolved oxygen) to 
determine if water quality had a significant influence 
on fish passage success among treatments. 

Results
The water temperature varied from 22.0 to 27.6°C 
and the dissolved oxygen concentration from 6.1 to 
9.4 mg L-1, but there was no significant difference 
in these variables between treatments (ANOVA, 

P = >0.384). Observations at the fishway entrance 
suggested fish abundances peaked in the early 
afternoon (approximately 2 to 3 pm) of most days. 

The depth during the lock treatment which was 
measured vertically from the invert of the most 
upstream baffle, ranged from 35 to 82 mm in all 
treatments. Turbulence was low as the fishway acted 
as a nature-like design with high roughness around 
the half submerged rocks and a maximum wetted 
perimeter in the pool (Fig. 8.1). By contrast, during 
the entrance treatment, head loss (at the entrance) 
ranged from 50 to 80 mm (0.98 to 1.25 m s-1; 17 to  
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Figure 8.1: A diagrammatic representation of the lock setup in the exit chamber of the Lock 8 fishway. 
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34 W m3), and during the standard operating 
treatment (at the exit) from 100 to 140 mm (1.40  
to 1.66 m s-1; 48 to 79 W m3).

Species�composition

A total of 10 fish species, 2 macro-invertebrate 
species and over 100,000 individuals were captured 
(Table 8.1). Two fish species were non native: Carp 
Cyprinus Carpio and Gambusia Gambusia holbrooki. 
Carp gudgeons Hypseleotris spp and Australian smelt 
Retropinna semoni dominated, comprising 46.1 and 
30.9% of the total catch respectively. Up to 9,700 
fish were collected in a single sample period. Large 
numbers of freshwater macro-invertebrates were 
collected, consisting of up to 70% Freshwater prawns 
Macrobrachium australiense and 30% Freshwater 
shrimp Paratya australiensis. There were both 
large adult (some being berried females) as well as 
juvenile freshwater shrimp. The smallest fish was a 

14 mm long Carp gudgeon and the largest a 434 mm 
long Golden perch Macquaria ambigua. Of the total 
number of fish captured, 95% were <60 mm long.

The�number�and�sizes�of�fish

The numbers and size distribution of the four most 
common fish species were examined. A two-way 
analysis of variance (ANOVA) revealed significant 
differences in the numbers of Carp gudgeons  
(F = 3.80, df = 2,36, P = 0.031), Unspecked 
hardyhead Craterocephalus stercusmuscarum  
(F = 3.26, df = 2,36, P = 0.049), and freshwater shrimp  
(F = 6.34, df = 2,36, P = 0.004) trapped during the exit, 
entrance, and lock treatments (Fig. 8.2). A post-hoc 
Tukey test revealed significantly greater numbers of 
Carp gudgeons, Unspecked hardyhead and shrimp at 
the fishway exit during the lock conditions compared 
to the exit during standard operation (Table 8.2). 
There was no significant difference in the number of 

Table 8.1: Total numbers of fish collected at the entrance, exit and during modified lock operation of the Lock 
8 vertical-slot fishway, Murray River between February 2006 and March 2007. An asterisk denotes a non-
native species.

Common�name Entrance Exit Lock Total Size�range�(mm)

Carp gudgeons 41,552 42 4,678 46,272 14-48

Australian smelt 15,957 2,052 13,005 31,014 20-59

freshwater shrimps 5,994 22 11,221 17,237 n/a

Unspecked hardyhead 3,004 27 1,812 4,843 16-60

Bony herring 380 396 100 876 25-365

Gambusia* 38 0 3 41 21-38

Murray rainbowfish 1 0 38 39 38-68

Flatheaded gudgeons 27 1 1 29 15-51

Golden perch 1 11 0 12 68-434

Carp* 1 4 0 5 355-405

Silver perch 0 4 0 4 62-192

Total 66,955 2,559 30,858 100,372

Table 8.2: The results of a post-hoc Tukey test for pairwise comparisons among the Lock 8 fishway experiments. 
Asterisks denote significance at * P = <0.05, ** P = <0.01. Blank cells denote a non-significant result.

Species Entrance�v.�exit Lock�v.�entrance Lock�v.�exit

Carp gudgeons * * *

Australian smelt

freshwater shrimps ** **

Unspecked hardyhead * *

Bony herring

Gambusia
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Figure 8.2: The mean (±SE) number of fish and crustaceans ascending a vertical-slot fishway under 
standard operation (exit), modified operation (lock) and at the fishway entrance.
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Australian smelt, Bony herring or Gambusia among 
the treatments, suggesting that these three species 
can ascend the fishway during both standard and 
lock operating conditions. 

Analysis of length-frequency distributions 
determined that only the lengths of Unspecked 
hardyhead and Bony herring Nematalosa erebi 
differed among the lock, exit and entrance 
treatments. Significantly smaller Unspecked 
hardyhead (D558, 30=0.339) and Bony herring  
(D192, 20=0.969) were captured at the fishway entrance 
compared to the exit during standard operation. 
Significantly smaller Bony herring (D63,20=0.974) 
ascended the fishway during the lock treatment 
compared to standard operation. Conversely, there 

were significantly smaller Unspecked hardyhead 
(D558,460=0.208) at the entrance of the fishway than at 
the exit during lock conditions (Fig. 8.3). 

Discussion
In Australia, there has been some success in 
passing small-bodied fish (<80 mm long) in pool-
type fishways, after a progression since the late 
1980s toward lower slopes, water velocities and 
pool turbulence (Mallen-Cooper 1999). Despite 
this, assessment studies in temperate and tropical 
systems continue to report that very small fish (<30 
mm long) and crustaceans cannot ascend fishways 
(Mallen-Cooper 1999; Stuart & Mallen-Cooper 1999; 
Stuart & Berghuis 2002). 

Figure 8.3: The size distribution of Unspecked hardyhead at the exit of the fishway during standard 
operation, modified lock conditions and at the entrance. 
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In the present study, the lock gate system 
demonstrated improved ascent rates for much larger 
numbers of small-bodied fish and crustaceans than 
during standard fishway operation. The increase in 
successful passage rates during the lock treatments 
was most noticeable for Carp gudgeons, Unspecked 
hardyhead, freshwater shrimp, and to a lesser extent 
Australian smelt. For Carp gudgeons, there were 
still greater numbers at the entrance suggesting a 
need for further improvement of the lock system.

 During the lock treatments, decreased water depths 
caused the roughness elements in the base of the 
fishway to project above the water surface. This 
created a hydraulic environment analogous to a low 
gradient, nature-like fishway. We suggest that these 
hydraulic conditions improved the passage success 
for small-bodied fish (Fig. 8.4). Nevertheless, the lock 
treatment similar to nature-like fishways has the 
inherent disadvantage of a narrow operating range 
and low depths for large fish (Harris et al. 1998). 

Several experimental aspects require further 
attention before widespread retro-fitting or 
application of the lock gate system. The present 
experiments were conducted in a low slope (3.1%) 
fishway and this probably assisted the successful 
passage of the small fish and crustaceans. Steeper 

slopes (i.e. 5%) are commonly applied in Australian 
vertical-slot fishways and experimental work 
at these gradients is needed to determine fish 
passage success with lock gates. To partly offset 
a steeper slope, a bottom closing gate near the 
fishway entrance might maximise the number of 
fish successfully ascending. Bottom closing gates, 
however, are limited by the need for full height 
channel walls, an uncommon design feature. Hence, 
experimentation with steeper slopes and bottom 
closing gates are the major research priorities.

Small-bodied fish are numerically dominant in 
many Australian rivers and providing opportunities 
for passage is likely to be important in maintaining 
the ecological integrity of riverine systems. Using 
the lock gate system there was passage of small 
fish (>14 mm long) and crustaceans. There is also 
further potential for small amphidromous fishes 
such as elvers (Anguilla spp). in coastal rivers. 
Rarely are such small fish considered in fish 
passage restoration and there is increasing evidence 
that dams and weirs influence the abundance, 
movements and reproduction of these biota 
(Pusey et al. 2004). For Australian smelt and the 
crustaceans collected in the present study there are 
potentially high levels of genetic subdivision among 
sub-catchments. Fishways that cater for such biota 

Figure 8.4: Small-bodied fish ascending the Lock 8 fishway during the “lock” experiment. 
Photo: Ivor Stuart – ARI.
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are thus likely to become key tools in maintaining 
population connectivity (Richardson Growns & Cook 
2004; Hammer, Adams, Unmack & Walker 2007). 

At Lock 8, costings for the installation of two 
lock gates give an estimate of AUD$30 K, or 
approximately 1% of the total fishway cost. An added 
advantage is a relatively low level of infrastructure 
compared to a standard Borland fish lock (Stuart et 
al., 2007; Baumgartner 2005). As an option for retro-
fitting into existing fishways, lock gates are a useful 
tool in improving ecological functionality. There are 
several similar but slightly steeper (5%) fishways 
in the Murray-Darling Basin and retro-fitted lock 
gates would likely improve passage for some of the 
smaller fish (<80 mm long) that cannot presently 
ascend (Mallen-Cooper 1999). 

Optimising the timing of the lock gate system by 
investigating ascent and exit times of small fish 
would be important in facilitating passage of small-
bodied fish.  The number and timing of lock cycles 
required per day to pass the migratory biomass is 
unknown and, for fish locks, is an area that requires 
additional experimentation (Baumgartner 2005). 
Observations of crustaceans and small-bodied fish 
at Lock 8 indicated many ascend the low-depth 
fishway within 20 minutes. Initial observations of 
the migratory biomass also suggest that a daytime 
lockage at about 2 pm would enable passage of large 
numbers of small-bodied fish. 

An additional benefit of the lock gate system is 
low water use (<1.0 ML d-1), compared to design 
discharge during standard fishway operation 
(approximately 25 ML d-1). There is, therefore, 
potential application at sites where water 
conservation is a priority. This includes tidal barriers 
and semi-arid streams where small-bodied fish 
often migrate during low flows (Stuart et al. in 
review). Fishways on these systems are usually 
designed for a broad hydrological range with 
fluctuating river levels, and many facilities may be 
closed during low river flows. We suggest that there 
is potential to leave a small attraction flow through 
the fishway and periodically use lock gates to pass 
small-bodied fish. At such a low discharge, however, 
the entrance location needs to be optimised. 

A functional deficiency of the lock gate system is 
that attraction and passage of large-bodied fish is 
compromised for the period that the lock operates. 
Hence, if large numbers of small-bodied fish 
require constant passage, or are seeking passage 
simultaneously with large-bodied fish migration, 
then the lock gates might have a limited application. 
At Lock 8, a single lockage each day was enough 
to pass many thousands of small-bodied fish and 
crustaceans. Although these numbers appear 

large they are still an unknown proportion of the 
total fish population in the river downstream and 
might not be ecologically significant. For each fish 
species, quantifying the migratory biomass within 
the context of the broader population is likely to 
be helpful in defining fish passage objectives and 
demonstrating benefits.

Bony herring were the only fish species with reduced 
passage success during the lock conditions and 
this can be attributed to the low water depths. 
Bony herring can grow to a large size (>400 mm 
FL), though most of those collected at Lock 8 were 
young-of-the-year (YOY) and 50 to 70 mm long (FL). 
For Bony herring, a relatively strong swimming 
species, the lock conditions have less application 
because small individuals can ascend the fishway 
during standard operation and YOY are often 
collected at the exit of other facilities (Mallen-Cooper 
and Stuart 2007). For YOY (>50 mm long) of other 
large-bodied species, such as Golden perch and 
Silver perch, the modified lock operation appears  
to have less application than to small-bodied fish 
(<50 mm long).

To accommodate the passage of small-bodied fish, 
further decreases in fishway slope (from 3.1%) and 
pool turbulence, or the construction of multiple 
fishways, are not always possible due to site and 
cost constraints. The lock gate system provides 
a potentially cost-effective technique to integrate 
greater functionality for small-bodied fish without 
altering the hydrological design or construction 
footprint of a standard vertical-slot fishway. The 
immediate potential of lock gates is that there is 
an ecological improvement over a single low slope 
fishway designed for a wide size range of fish. In 
conclusion, as fish passage moves toward a more 
holistic approach, lock gates within low-slope 
fishways will likely contribute to expanding the 
ecological functionality of existing fishways where 
small fish passage may be compromised. 
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Fishway Performance
Fishways initially constructed on Locks and Weirs 
as part of the ‘Sea to Hume Dam program’ were 
built on conservative slopes, with low turbulence 
and velocities, to provide passage for a wide range of 
migratory fish (40–1000mm long). An assessment of 
the first fishway constructed as part of the program 
(Lock 8) determined that all design specifications 
were being met (Chapter 3). The fishway provided 
passage for adult and juvenile large-bodied species 
(Golden perch, Murray cod, Silver perch and Carp; 
Figure 9.1) in considerable numbers. PIT reader 
information further confirmed that these species 
negotiated the fishway without delay (Chapter 6). 

Small-bodied (>40 mm long) fish species were also 
successful in negotiating the structure (Chapter 3). 
Australian smelt and juvenile Bony herring were 
sampled from the fishway exit in substantial 
numbers suggesting that small fish were able to 
ascend. Subsequent assessments of fishways at 
Locks 7, 9 and 10 revealed similar functionality 
(Chapter 4). The composition and size ranges of 
species successfully negotiating the fishway were 
within design specifications. Nevertheless, many 
other small-bodied (<40 mm long) species 
(Unspecked hardyhead, Carp gudgeon and 
Gambusia) and crustaceans were observed to  
enter the structures but could not ascend. 

Assessment of fishways at the Murray River 
Barrages demonstrated that many diadromous 
and displaced freshwater fishes undertook 
upstream migrations from the Coorong estuary to 
the freshwater Lower Lakes. Small-bodied fishes 
attempted to migrate through the fishways in 
relatively large abundances (Chapter 5). Movement, 
however, was inhibited by fishway hydraulics 
unsuitable for small-bodied fishes (<150 mm). 
Future fishway construction at the Barrages will 
therefore need to cater for the swimming ability of 
small-bodied fishes.

Large-bodied estuarine species such as black 
bream, mulloway and various species of mullet were 
noticeably absent from the fishways but present 
in the vicinity of the Barrages. The relationship 
between freshwater inflows, fish movement and 
the recruitment ecology of large bodied estuarine 
species remains uninvestigated. Prior to barrage 
construction, a salinity gradient would have been 
present at the estuarine/freshwater interface and 
large–bodied estuarine fish may have followed 
this gradient. Under current conditions fish are 
confronted by a sudden change in salinity and the 
biological and behavioral effects of such abrupt 
gradients are generally unknown worldwide 
(Larinier, 2002). Investigation of the ecology and 
behaviour of large-bodied estuarine species in the 
Coorong/Lower Lakes, particularly in relation to 
freshwater inflows and the provision of fish passage 
is still required.

Securing environmental water allocations for the 
fishways at the Barrages is likely to be an ongoing 
issue but is essential to facilitate fish passage 
between estuarine and freshwater reaches. Fishways 
that provide effective fish passage during periods 
of low-discharge have the greatest potential to 
meet the ecological requirements of migratory 
fish communities in this highly regulated system. 
Optimally, fishways which provide passage over the 
full range of flows (high and low) are designed to 
maintain connectivity over a range of river conditions. 

Many fish species of the Murray-Darling Basin 
migrate in response to increases in river flow and 
water temperature (Mallen-Cooper, 1996). The 
design criteria for ‘Sea to Hume’ fishways has 
required a detailed understanding of fish ecology 
and river hydrology to ensure the fishways facilitate 
fish passage under a range of flows. The fishways 
are designed to operate over the entire range of 
river flows until the weirs are ‘drowned out’ by flood 
waters. The Lock 7-10 fishways however, have only 
been assessed during the period of lowest flows 
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on record in the MDB. This has produced results 
dominated by small-bodied species with limited 
movements of larger migrants such as Murray cod or 
Golden perch. Whilst these results are significant, in 
order to fully assess the fishways and to gain a more 
complete understanding of migratory fish ecology, 
fish movement through the fishways still needs to be 
investigated during moderate and flood flows when 
species composition is expected to change.

New Ecological Information on  
native fish
The ‘Sea to Hume Dam Program’ represents the 
largest fish passage rehabilitation project ever 
undertaken in Australia. The objective is to restore 
passage to over 2,500km by rehabilitating 14 dams 
and weirs and will provide long-term benefits to fish 
communities within the Murray-Darling Basin. The 
concurrent assessment program has provided an 
important link between biologists, river operators 
and engineers. This has resulted in continued 
improvement of fishway design criteria. Importantly, 
this study highlighted the importance of aiming 
fish passage rehabilitation programs at the fish 

community level, as it was discovered that more 
species require passage opportunities than previously 
considered (Chapter 2, 3). High abundances of 
Carp gudgeon, Unspecked hardyhead and Murray 
rainbowfish observed accumulating downstream 
of Lock 1-3 and Lock 8 represented new ecological 
information on fish communities of the Murray-
Darling Basin. Such an observation is ecologically 
significant, as most small potamodromous Australian 
fish species were previously considered relatively 
tolerant to the effects of migration barriers (Harris 
and Gehrke, 1997).

Whilst the observations on small-bodied fish 
migrations were significant, trapping data reveals 
little about the ecological reasons for these 
movements. Fish often undertake migrations 
for spawning, feeding or dispersal (Lucas, 2000). 
Casual observations suggested that some migrating 
individuals were in spawning condition, but this was 
not the case for all small-bodied individuals and 
the relationship between reproductive condition 
and movement requires further investigation. 
Similarly, determining whether movements were 
related to feeding, dispersal or some other biological 

Figure 9.1: Staff from the tri-state team and Lock 10 releasing two large Murray cod captured within the 
Lock 10 fishway in 2007. Photo: Justin Stanger – NSW DPI.
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mechanism could not be determined with the 
current methodology. Research into the population 
dynamics of these small-bodied species is needed 
to determine why these fish are migrating. This 
information will help determine whether future 
fishways should provide passage for fish outside the 
existing target range (i.e. <40mm long). 

Effective mitigation of the ecological effects of a dam 
or weir requires an understanding of the nature and 
extent of impacts, over spatial and temporal scales, 
and the species and size classes involved. Studying 
migrations of fish communities over an extended 
temporal period was therefore essential to both 
identify and define the fish passage requirements of 
the migratory community (Chapter 3, 6). Although 
recent coastal studies have investigated migrations 
at the fish community level (Stuart and Berghuis, 
1999; Gehrke et al, 2002) many investigations still 
maintain a focus on a limited number of species 
of commercial or recreational importance (See for 
example Clay, 1995; Koehn and Nicol, 1998; Prignon 
et al, 1999; Vigneux and Larinier, 2002; White 2003; 
Ovidio, 2004). 

Studies restricted to a small number of fish species 
may indicate successful passage to some degree, 
but results cannot be generalised to the community 
or ecosystem scale (Pitcher and Pauly, 1998). 

Adopting an approach to fish passage rehabilitation 
at a fish community level would ensure that any 
proposed works benefit all species and size classes. 
Our observations of small-bodied fish movement 
confirm that continuing to construct fishways for a 
limited number of large-bodied species may result 
in continued ecological damage in some areas. 
Therefore, to mitigate the effects of dams and 
weirs, methods that target entire fish communities, 
including a wide range of size classes and life 
history stages, may potentially restore the ecological 
integrity of upstream and downstream reaches 
more successfully than methods such as fishways 
specifically designed for larger-bodied predators of 
commercial and recreational importance. 

Six years of quantitative data on fish assemblages 
in the lower River Murray have now been collected 
(Chapter 2). Catches were dominated mostly by 
small and medium bodied species during low flow 
conditions. Murray cod were rarely encountered but 
the captured population was dominated by large 
individuals (>700 mm). This observation suggests 
limited recruitment opportunities for this species in 
the lower reaches of the River and supports previous 
findings (Ye and Zampatti, 2007) that the last 
significant recruitment of Murray cod in the lower 
River was some time ago.

Figure 9.2: Fish trapped at exit of the Lock 8 fishway. Photo: Lee Baumgartner – NSW DPI.
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Before ‘Sea to Hume Dam’ commenced, few 
quantitative fish community studies had been 
undertaken in the Lock 1-3 region of the Murray 
River. Lloyd and Walker (1986) identified that 
Australian smelt, Bony herring, flat-headed 
gudgeon, Unspecked hardyhead, Murray rainbow 
fish and Carp gudgeon were common and 
widespread in the lower River Murray. Our data 
suggest that 20 years later these species remain 
common in the main channel of the lower River 
Murray. The combination of low-flows and abundant 
aquatic vegetation in weir pools provide ideal 
habitats for these species. Whether community 
composition remains unchanged under high flow 
conditions could not be determined from our results. 

Scale and timing of migrations
The development of a large-scale automated PIT 
reader system has provided, and will continue to 
provide, a large and complex dataset regarding the 
cues and scale for migration on a basin-wide scale. 
The construction of a fully integrated and automated 
transponder system in a single river is the first in 
the world and will provide important information of 
the life history of native fish in the Murray-Darling 
Basin. Presently, the system is providing important 
information on passage times between weirs, total 
distances travelled by individual fish and also ascent 
times through fishways (Chapter 5). Furthermore, 
in the long-term, the percentage of migratory 
fish within a whole population may become more 
apparent. These data can be interrogated to 
determine whether fish migration rates change at 
different times of year or under different river flows. 
This information can also be used to provide river 
operators with specific criteria to trigger migration 
events such as delivering flow releases at optimal 
times of year.

Fish are already migrating long distances even 
though fishway construction will not be completed 
until 2011. Golden perch have been detected 
migrating between Chowilla and Mildura Weir 
and non-native Carp have travelled from Lock 1 
to Torrumbarry Weir (Chapter 5). Prior to fishway 
construction, these migrations were only possible 
during flood conditions, or if timed to coincide 
with navigation lock operation. Significantly, the 
construction of a fishway at Lock 11 will open the 
entire Murray River between the South Australian 
border and Lake Hume. The installation of an 
integrated PIT reader system and the continued 
tagging of native fish (Figure 9.3) will enable 
scientists to monitor these migrations for many 
years to come.

Figure 9.3: Tri-state team staff collaborating with 
weir staff (Lock 10) to install PIT tags into native 
fish as part of this project. Photo: Lee Baumgartner 
– NSW DPI.

PIT tags are also furthering technology to control 
pest species. The MDBC is currently negotiating the 
construction of ‘Williams Carp Separation Cages’ 
(Figure 9.4; Stuart et al. 2006) within each fishway 
constructed as part of the program. PIT readers 
are providing information on seasonality of Carp 
migration and also the biomass of fish involved. 
Understanding the mechanisms of Carp migration 
will allow Carp harvest operations at times where 
catches will be maximised, and impacts on the river 
population may be significant. This is particularly 
important at Lock 1 where a large biomass of Carp 
aggregates below the weir each spring (Figure 9.5). 
A major program to remove these fish will begin in 
November 2007.

Figure 9.4: A Williams’ Carp separation cage 
installed at the exit of the fishway at Euston Weir 
(Lock 15). Photo: Lee Baumgartner – NSW DPI. 
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The system will also provide important information 
on fish migration into tributary streams. Reynolds 
(1983) performed the largest tagging study in the 
Murray-Darling Basin, and detected fish moving 
from the Murray River into many tributary streams 
during flood conditions. This study, however, used 
dart tags, so fish only provided information when 
recaptured by anglers. PIT tags provide capture-
independent information (after initial tagging) which 
is directly e-mailed to researchers on a weekly 
basis. Continued installation of antenna systems 
will reveal important information on the timing, 
duration and nature of fish movements and permit 
the development of a basin-wide migration model. 
The PIT reader system is currently being expanded 
to include remote readers on the Darling River 
(Burtundy Weir) and Murrumbidgee River (Balranald 
Weir), fishways on Slaney and Pipeclay Creeks in the 
Chowilla Anabranch system (South Australia), a rock 
bar on Seven Creeks (Victoria) and multiple fishways 
on Broken Creek (Victoria). Such an integrated 
system will provide a comprehensive dataset where 
movements between the Murray River and its 
tributaries will be continually monitored over the 
entire life-span of many fish (>20 years for several 
large-bodied species).

A�model�of�large-bodied�fish�migration�in�the�
mid-Murray�region

The Tri-State Murray fishway assessment project 
has generated data for new models of fish migration 
in the MDB. These generic models and the general 
context in which fish migration is discussed in this 

report are broadly consistent within Northcote’s 
(1978) definition of migration: “movements resulting 
in an alternation between two or more separate 
habitats occurring with regular periodicity and 
involving a large fraction of the population”. The 
important caveat to the data and observations from 
this report is that they are from one of the longest 
droughts (2001 onward) on record and hence require 
re-evaluation during high within channel flows 
and flooding. Moreover as other studies contribute 
primary data the models should be modified. 

Here we present a model for Golden perch and Silver 
perch, two large-bodied fish, where there were 
adequate data to propose a life-history and migration 
model for the mid reaches of the Murray River (i.e. 
Lock 7 to Echuca). It is likely, however, this model 
will be expanded and modified as new fishways are 
constructed and data collected from Locks 1-6 in 
the lower reaches of the Murray River. This region is 
downstream of the Darling River junction and Lake 
Victoria, which results in a differing hydrological 
regime to the mid reaches of the Murray River 
(Walker and Thoms, 1993). These differences in flow 
regime may influence fish ecology to an extent which 
is unknown at this stage.

For the small-bodied fish there remain some crucial 
knowledge gaps before a similar model can be 
constructed. These gaps include the proportion 
of the population migrating, the habitats which 
migrating fish target, the ecological reason for 
migration (spawning, dispersal, feeding) and the 
effect of river flow on fish behaviour. 

Figure 9.5: Electrofishing Carp below Lock 1 in October 2007, prior to the fishway opening in November 2007. 
Photo: Jarrod McPherson – NSW DPI.
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Golden�perch�and�Silver�perch

The broad geographic scale of the completed Murray 
fishways (Lock 7 upstream to Lock 26; 906 km, 
with the exception of Lock 11) enables presentation 
of movement data as a schematic model of fish 
movement and life-history. These data include 
fishway assessments at Lock 15 (Mallen-Cooper 
1996; Mallen-Cooper and Brand 2007; Mallen-
Cooper and Stuart 2007; Baumgartner unpublished 
data) and Lock 26 (Mallen-Cooper 1999a; Stuart 
unpublished data). This model presents not 
only what is currently known but also important 
knowledge gaps to be addressed in future. For 
example little is known of how the Darling River and 
Lake Victoria storage influence the dynamics of fish 
populations or how elevated flows might change 
the relative importance of habitats and suspected 
spawning sites.

From the Murray fishway data, there is an upstream 
migration of Golden perch in early spring which 
includes adults in spawning condition at Locks 
7-10. The PIT tag data demonstrate that many fish 
migrating past Lock 7 are subsequently detected at 
Locks 8, 9 & 10 before accumulating downstream 
of Lock 11. The increase in accumulations at Lock 
11 post Lock 10 fishway construction is noticeable 
and has been reported by anglers and fisheries 
inspectors. It is also evident from increased re-
capture levels of tagged fish. In 2006, exploitation of 
accumulating fish downstream of Lock 11 prompted 
a management response to extend the fishing closure 
downstream of the weir from 12 to 100 metres.

The accumulation of pre-spawning fish downstream 
of Lock 11 suggests that both golden and Silver 
perch may be seeking spawning habitat further 
upstream. Adult fish have been recorded migrating 
through fishways at Euston (Lock 15) and 
Torrumbarry (Lock 26) in early spring. Many fish 
also migrate downstream to this river reach and 
are speculated to spawn (O’Connor et al. 2005). 
These patterns of migration suggest that fish are 
attempting to access the 744 km stretch of river 
between Lock 11 and 26. This reach contains a 
diverse range of habitats including sandbars, rock 
shelves, extensive rocky reefs, snag piles, fast 
flowing waters, and deep holes (Wright 2002) which 
would support pre and post-spawning adults and 
also new recruits. 

There is further evidence for this movement and 
life-history model through the emerging of 1-year 
old juveniles and sub-adults from the Euston and 
Torrumbarry fishways. From 2001 to 2007 there 
have been few juvenile and sub-adult fish (<200 mm 
long) migrating upstream at Locks 7-10 (Chapter 
4). During the same years these size classes were 

relatively abundant in late spring/summer/autumn 
at Locks 15 and 26 (Baumgartner unpublished 
data, Stuart unpublished data). This is particularly 
apparent for juvenile Golden perch at Lock 15 and 
juvenile Silver perch at Lock 26 (Figures 9.6 & 9.7). 
These observations suggest a spawning and nursery 
area may exist between Locks 11 and 26. 

The lack of recruits between the Lock 7-9 reach 
may, however, result from decreased flows arising 
from increased diversions into Lake Victoria. These 
diversions reduce downstream flows in the main 
channel which would have reduced natural cues 
for the migration of juveniles and sub-adults. The 
suggested model has therefore been based on data 
during a low-flow period. Additional monitoring 
is required to detect the appearance of juvenile 
and sub-adult fish between Locks 7 and 10 during 

Figure 9.6: Adult golden perch and Silver perch 
migrating upstream through Torrumbarry 
fishway (Lock 26) in late spring 2006.  
Photo: Ivor Stuart – DRI.

Figure 9.7: Juvenile Silver perch (1+ years old) 
migrating upstream through Torrumbarry fishway 
(Lock 26) in January 2006. Photo: Terry holt – gMW.
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periods of elevated flows. The subsequent absence 
of these size classes would further support the 
upstream spawning model which is proposed.

The proposed model of migration accepts that 
recruitment may occur over a range of flow 
conditions but is based on the knowledge that Golden 
perch specifically require access to flowing riverine 
habitats or major flowing creeks. These habitats 
are abundant between Lock 11 and Lock 26 where 
major tributaries such as the Murrumbidgee, Wakool 
and Edward River provide additional inflows to the 
main channel. Further work is needed however, to 
quantify the level of spawning (and recruitment) in 
the reach upstream of Lock 11 in comparison to other 
known spawning sites near the Barmah forest and 
the Murray River upstream (King et al. 2005; Stuart 
and Jones 2006) and the Murray River downstream 
of Lock 7 (Zampatti unpublished data). Golden perch 
and Silver perch have a flexible life-history in terms 
of movement and recruitment, hence these models 
are not exclusive and in other rivers fish might follow 
different life-history strategies. 

Flow�management�to�enhance�fish�passage

Rising spring flow is an important environmental cue 
in stimulating movement and recruitment of Golden 
perch, as it is for other migratory fishes. However,  

in the 77 km river reach between Locks 7 and 9 
these rising spring flow patterns have been reduced 
by abstraction and storage of water in Lake Victoria. 
Hence, in the river reach between Lock 9 and Lock 
7 there is a need for consideration of a high security 
allocation (i.e. 50 ML d-1) to at least constantly 
operate the new fishways. Additional flow should be 
considered to provide an attraction flow to facilitate 
fish movements during peak migration periods. 

Small-bodied�fish

Small-bodied fish (Unspecked hardyhead, Murray 
rainbowfish, Australian smelt, Flatheaded gudgeons 
and Carp gudgeons) and crustaceans migrated 
upstream in the Murray fishways in large numbers 
from late spring through summer/autumn. As 
observed previously these included juveniles and 
“ripe” adult males and females. Small-bodied fish 
numbers were generally highest during relatively 
stable summer flows.

Facilitating passage of small-bodied fish was a major 
aim of the ‘Sea to Hume Dam’ fishway program to 
meet the objective of holistic community restoration, 
and may be important to maintain genetic exchange 
(Hammer et al. 2007). The knowledge gaps that 
remain in our understanding of the life-history of 
small fish are important research areas. Hence,  

Figure 9.8: A movement model for golden perch and Silver perch in the Murray River between Lock 7 and 
Lock 26. The model represents movements within the main river channel during in-channel flows only 
and lateral floodplain or tributary movements are not included. Adults migrate upstream through new 
fishways on Locks 7-10 and accumulate below Lock 11. Other adult fish appear to spawn between Lock 11 
and Lock 26. Larvae drift downstream and return upstream through Locks 15 and 26 as 1+ year old fish in 
spring/summer. These juveniles are strongly cued by rising river flows and small (0.15 m) daily variations 
in flow and display pulsed migration.
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a major objective remains to investigate the 
proportion of the small fish population that migrate 
upstream and are attracted to the fishway. Small-
bodied fish (<100 mm long) cannot be PIT tagged and 
other techniques are required (e.g. dyes, otolith 
marking etc) to investigate these questions. 

Knowledge of the proportion of migratory fish 
enables an assessment of the importance of 
providing fish passage for the whole population and 
for future fishway designs. In addition, the ecology of 
dispersing fish (pre-spawning adults and juveniles) 
including the habitats these fish target, warrants 
further investigation. These data are important to 
construct life-history models and to inform river 
managers about better management of the ecology 
of small-bodied fish populations in a large regulated 
lowland river.

Future of fish passage within the 
Murray-Darling Basin
The ‘Sea to Hume Dam Program’ has greatly 
advanced design options to reinstate fish passage 
at other sites in the Murray-Darling Basin. The 
establishment of a tri-state team has provided a 
dynamic and adaptable approach to assessment 
and monitoring programs. The establishment of 
collaborative relationships among weir staff and 
researchers has also provided important links for 
the development of assessment technology and 
the development of a long-term fishway-based 
monitoring program that will exist long after the final 
Murray River fishway is completed.

Results have also determined new ecological 
information on fish migrations within the Murray-
Darling Basin. Scientists identified many more 
migratory fish and crustacean species than were 
known before the assessment program began. 
These results initially suggest that future fish 
passage facilities should provide for a greater 
range of species and size classes than originally 
considered. The importance of these observations 
was recognised early in the assessment process 
and researchers were able to provide advice to the 
FPTF to refine the design of existing fishways. At 
the beginning of the program, a single vertical-slot 
fishway, constructed on a 1:32 slope was identified 
as the best for providing fish passage. Scientists 
are now recommending dual fishways, a steeper 
(1:18 slope) vertical-slot for large-bodied fish, and a 
lock for small-bodied fish to ensure fish passage is 
improved for the entire migratory community. 

Passage of small-bodied freshwater, diadromous 
and estuarine fishes was also more important than 
initially considered at the Murray Barrages with fish 

<100 mm comprising 98% of the 57,446 individuals 
that were collected attempting to migrate. A range of 
future fishways has been proposed for the Barrages 
with particular emphasis on low discharge, low-
turbulence vertical slot fishways and multiple rock-
ramp fishways that will accommodate the swimming 
abilities of small-bodied fish.

Observed changes in diel abundance patterns of 
fish assemblages in the lower Murray River (Locks 
1-3) have important implications for future fish 
passage studies. Sampling determined that both 
day and night samples were required to adequately 
describe the migratory community (Chapter 3). 
Generally, electrofishing is conducted during 
daylight hours which could underestimate the 
abundance of some species and size classes. It 
is common practice to survey fish communities, 
prior to fishway construction, to determine the 
required criteria to provide passage for all fish. Any 
future studies should consider adding a nocturnal 
sampling component to ensure all species and 
size classes are considered during the fishway 
design phase. 

Research and management priorities
1. For small-bodied fish, assess upstream 

attraction and dispersal rates (% of local 
population) and key habitats for juvenile dispersal 
and adult spawning behaviours in relation to 
fishway use.

2. Monitor the movement patterns and habitat 
use of adult Golden perch and Silver perch 
after completion of the Lock 11 fishway. Radio-
tracking or DIDSON technologies might be useful 
to achieve this.

3. Investigate the movement of large bodied 
estuarine fish in response to freshwater 
discharge and reverse flow events at the 
Barrages (acoustic tracking technologies would 
be an effective tool).

4. Investigate fishway attraction efficiency for large 
bodied PIT tagged fish (i.e. Golden perch, Murray 
cod, Silver perch and Carp). 

5. Investigate fishway attraction, efficacy and 
migration of fish during high flows and floods and 
re-evaluate life-history models.

6. Assess relative spawning and recruitment levels 
for Golden perch and Silver perch in the river 
reach between Lock 11 and Lock 26.

7. Examine long-term fishway data from Lock 15 
and Lock 26 post construction of Lock 11 fishway 
to determine if passage rates increase after 
restoration of fish passage downstream.
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8. Consider allocating high security water (i.e. 
50 ML d-1) for the Locks 7, 8 & 9 fishways for 
constant operation.

9. Investigate PIT tag retention and the effect of PIT 
tags on growth.

Conclusion
The Murray fishway construction and assessment 
program has resulted in considerable knowledge 
regarding fish migration, fish ecology, PIT tag 
systems and river system management. Many of 
these issues have significance at an international 
level and the MDBC program has focussed attention 
on the importance of fish community restoration. 
Several important engineering and biological 
priorities remain and these include facilitating 
passage of small (12+ mm long) fish, attraction 
efficiency, assessments of fishways during floods, 
and investigation of the broader ecology of fish 
migrations. 

The vision of the Murray fishway program, to restore 
connectivity to 2000 km of river, has required the 
fostering of communication between disciplines 
(engineers, river operators, managers and 
scientists). The co-operative, site-by-site design 
approach has succeeded because fish communities, 
hydrology and ecological aims vary. The present 
adaptive design and assessment process with the 
over-arching support of the FPTF has been integral 
in planning and recommending new fishway designs 
in light of the latest research information. The 
great number of fish already utilising the fishways 
is testament to the improved efficacy of the new 
designs and their significant contribution toward the 
50-year NFS vision of major restorations in native 
fish biodiversity in the Murray-Darling Basin.
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