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Fish passage developments for small-bodied tropical fish: field case-
studies lead to technology improvements

Tim Marsden® and Ivor Stuart®
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ABSTRACT ARTICLE HISTORY
In tropical coastal lowland rivers, there are frequently biodiverse upstream migrations of Received 4 February 2019
post-larval and juvenile diadromous fish from estuaries into freshwater. Tidal barriers com- Accepted 18 July 2019

pletely block major migratory pathways for these fish and have contributed to major losses
of freshwater biodiversity. In northern Australia, early efforts to improve tropical river fish
passage with salmonid-style fishways completely failed. Since the mid-1990s, low gradient tidal barrier; cone fishway;
vertical-slot and rock fishways improved fish passage but the smallest and most abundant rock ramp; ’Australia; !
fish (i.e. from 10 to 100 mm long) often still failed to ascend. Since the mid-2000s, there was Bynoe River

a paradigm shift in hydraulic design criteria for new fishways, with a renewed focus on: (i)

low turbulence, (ii) maximized roughness and hydraulic boundary layers to optimise fish

ascent. We used a combined methodology, firstly developing a conceptual model of fish

movement to inform fishway design criteria, secondly tabulating past and present fishway

design criteria, and thirdly conducting a series of brief field case-studies, at tidal barriers in

tropical rivers for new technical and rock fishways. Our objective was to evaluate the success

of these new designs for passage of very small (from 9mm long) diadromous fish on low

head barriers (i.e. <3m high). We conclude that while there have been improvements in

passage of small-bodied fish at tidal barriers further experimental work is still needed to test

and refine current ecohydraulic fishway design criteria.

KEYWORDS
Fishway; fish migration;

Introduction between average pool turbulence (i.e. energy dissipa-
tion factor) and water velocity, and their effects on
the local suite of fish species, sizes and behaviours
(Baumgartner et al. 2014, 2018). In some cases, fish-
ways have led directly to recovery of upstream fish
communities (Marques et al. 2018), particularly for
diadromous species on low-head barriers in coastal
rivers (Amtstaetter et al. 2017; Rourke et al. 2019).
In tropical South America, some fishways have
restored connectivity (Gutfreund et al. 2018;
Celestino et al. 2019). However, in other cases, fish-
ways have not enabled adequate passage rates to
support population recovery and there are calls for

more transparency as to whether fishways alone can
the experience has been in-between these two  eyer offset the highly detrimental impacts of new

extremes; where fishways have been partially effect-  dams on a river’s intrinsic ecological and hydraulic
ive, providing passage for some species and size  integrity (Agostinho et al. 2007; Brown et al. 2013).
classes during a sub-set of hydrological conditions  There is even less guidance concerning appropriate
(Roscoe and Hinch 2010; Bunt et al. 2012; Thiem  performance standards for upstream fish passage

In regulated rivers, fishways are often included on
new infrastructure or are retro-fitted to existing
dams and weirs to improve passage for migratory
fish (Silva et al. 2018). Functionality varies for con-
ventional technical pool-and-weir style fishways,
from highly effective for northern hemisphere tem-
perate anadromous salmonids (Landsman et al
2017) and some tropical southern hemisphere spe-
cies (Gutfreund et al. 2018), to highly ineffective for
other temperate and tropical species (Agostinho
et al. 2007; Castro-Santos et al. 2017). However, for
many engineers, fisheries biologists and managers,

et al. 2013). efficiency to maintain the functional integrity of
At low-head (e.g. <3 m high) barriers, low gradi-  riverine fish communities (Noonan et al. 2012).

ent technical fishways can be reasonably effective Despite these varied experiences, the key

for passage of a broad range of non-salmonid spe-  advancements in fishway technology have invariably

cies and sizes, especially where there is a strong  been via detailed field (and laboratory) monitoring
understanding of the complex hydraulic relationship ~ to enable refinement of existing designs or

CONTACT Tim Marsden 8 tim.marsden@ausfishpassage.com @ Australasian Fish Passage Services, 6 Spinifex Street, Fern Bay, Newcastle, NSW
2295, Australia.
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occasionally development of new solutions for
regional native species (Mallen-Cooper 1999; Stuart
et al. 2008). Fishway hydraulics highlight this point.
One field study demonstrated that passage success
for small-bodied potamodromous fish (i.e.
20-100mm long) was dramatically improved by
simply altering the vertical-slot geometry to reduce
discharge and pool turbulence (Mallen-Cooper et al.
2008). Other work continues to improve fishway
function based on more effective combinations of
internal fishway hydraulics and fish ecology know-
ledge (Silva et al. 2012; Bice et al. 2017; Romao
et al. 2018).

Tropical rivers are under unprecedented develop-
ment pressure and encapsulate some of the greatest
fish passage challenges, including: (i) biodiverse and
abundant fish communities, (ii) a broad range of
size classes and life-stages constantly migrating
upstream and downstream, (iii) highly variable
stream flows with very low flows in the dry season
and high flows or flooding during the wet season
(Hamilton and Gehrke 2005), and (iv) significant
economic, social and human nutritional benefits
associated with tropical fisheries (Millar et al. 2018).
The world’s tropical rivers require an urgent
increase in research investment to develop highly
flexible fishway technology to maintain fish migra-
tions and fisheries (Dugan et al. 2010; Birnie-
Gauvin et al. 2018).

In the tropical north of Australia, these ecological
challenges are underscored in coastal rivers where
tidal barriers block major migrations of whole
cohorts of small (from 104+ mm long) recruits of
diadromous species to receiving freshwater habitats.
These tidal barriers were usually installed to supply
potable water for local communities and often
incorporated fish passage. However, without excep-
tion, the older pool-and-weir salmonid-style fish-
ways have completely failed in these tropical rivers
and at tidal barriers major biodiversity losses have
occurred upstream (Kowarsky and Ross 1981;
Harris et al. 2017). The challenge of developing effi-
cient fishways for tropical rivers remains and is fur-
ther complicated by increasing scarcity of freshwater
flows to estuaries and human population growth
(Gillson 2011).

The early failure of salmonid-style fishways in the
tropical north of Australia was partly addressed via
a major paradigm shift to lower gradient (i.e. 1 ver-
tical: 20 horizontal) and lower velocity (typically
maximum 1.4m/s) vertical-slot fishways in the mid-
1990s (Stuart and Mallen-Cooper 1999). Over the
next decade, many fishways were built on tidal bar-
riers and there was a major improvement in passage
efficiency over the early salmonid designs (Stuart
and Berghuis 2002). Nevertheless, very small fish

(i.e. 10-50 mm long) could not pass many of these
fishways, remaining trapped below these tidal bar-
riers. Studies elsewhere demonstrated that this
results in greatly reduced survival due to predation
by larger fish and piscivorous birds (Baumgartner
2007; Guillerault et al. 2019). To address this func-
tional fish passage deficiency, there has been a
renewed research interest in providing more suitable
hydraulic conditions to improve passage for small-
bodied fish (Bice et al. 2017; Rolls et al. 2018; Stuart
and Marsden 2019).

Here, we synthesize 25years of fish passage
research from Australia’s northern coastal tropical
rivers, we: (i) conceptually outline the ecological
need to provide passage for small-bodied fish, (ii)
we then tabulate past and present hydrological,
hydraulic and biological fishway design criteria to
identify transparent fish passage performance crite-
ria, and (iii) provide three field case-studies where
there was field evaluation of three different kinds of
fishways for upstream passage of small-bodied at
tidal barriers. Our objective was to demonstrate a
25-year evolution of hydraulic criteria based on field
evaluations that has incrementally improved passage
success of small-bodied fish in coastal trop-
ical rivers.

Methods

Conceptual outline of the ecological need to
effectively pass small fish

In north-eastern Australia, most fish are either cata-
dromous or amphidromous and so upstream migra-
tions to freshwater are dominated by small post-larvae
and juveniles (10-100 mm long; Figure 1). From a
brief review of the relevant literature, we developed a
conceptual model for fish movement, based on prior
research data, which could be used to inform fishway
design for passage of these small-bodied fish.

Past and present fishway design criteria

Over the past 40years of field-based fishway evalu-
ation in tropical rivers, the cumulative knowledge of
the migratory behaviour of Australian native fish
has developed greatly. We reviewed the ecohydraulic
design criteria for tropical river fishways over the
past 40years and summarise these in table form
(Table 1).

Case-study field evaluations: study area

The three fishway case-study field evaluations were
conducted in tropical northern Australia and con-
sisted of: (i) a lateral rock ramp at Gooseponds
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Figure 1. Small juvenile fish (i.e. 10+ mm long) commonly migrating in coastal systems of tropical northern Australia, (a)
long-finned elvers (Anguilla reinhardtii), (b) empire gudgeons (Hypseleotris compressa), (c) barramundi (top; Lates calcarifer) and
oxeye herring (bottom; Megalops cyprinoides), (d) mangrove jack (Lutjanus argentimaculatus), (e) striped mullet (Mugil cepha-

lus), and (f) bullrout (Notesthes robusta). (Data from: Stuart and Berghuis 2002; Moore and Marsden 2010).

Creek, (ii) a vertical-slot at Waterpark Creek, and
(iii) a cone fishway at the Bynoe River (Figure 2).

Gooseponds Creek Rock Fishway

The rock ramp fishway was located at the tidal
interface of Gooseponds Creek, a coastal system that
flows into the Pioneer River in Central Queensland.
The tropical climate delivers high rainfall (mean
1.58 m annually) throughout the wet season (i.e.
December to April) with a distinct dry season for
the remainder of the year. Flow events are short in
duration due to the relatively small catchment, how-
ever, there are low level flows for long periods of
time during and after the wet season. During the
dry season Gooseponds Creek often stops flowing.

In June 2012, the 0.5m high concrete tidal bar-
rage was retro-fitted with a rock ramp fishway con-
sisting of seven ridges, each with a 60mm head
drop, a maximum water velocity of 1.08 m.s~" at the
vena contracta and low average pool turbulence
(24 W/m?® Cd = 0.65; average volumetric dissipated
power). The fishway was 15m long, the pools were
2.0m long, 4.0 m wide and 0.4 m deep and daily dis-
charge was 12 ML/d.

Waterpark Creek Weir

Waterpark Creek Weir is located immediately above
the tidal interface on the 35km long system that
flows into Corio Bay and the Coral Sea. The tropical
climate delivers high rainfall (mean 1.45m annually)
throughout the wet season with perennial low flows
during the dry season. Rainfall induced flow events
are buffered by the large sand dunes and along with
the relatively small catchment (1,836 km?), results in

relatively few high flow events. The average annual
discharge is 138 gigalitres (GL).

In September 2010, the 1.0m high Waterpark
Weir was retrofitted with a vertical-slot fishway con-
sisting of 10 baffles with 80 mm wide vertical-slots
and 67mm head drops between pools, creating a
maximum water velocity of 1.15m.s™" at the vena
contracta and low pool turbulence (27 W/m’; Cd =
0.65). The fishway was 18 m long, each pool was
1.2m long by 1.2m wide and 1.0m deep with a
daily discharge of 5.1 ML/d. This weir is the only
man-made barrier on the system.

Bynoe River Crossing

The Bynoe River crossing is a causeway crossing
located at the tidal interface of the Bynoe River, a
coastal river system that flows into the Gulf of
Carpentaria in North Queensland. The tropical cli-
mate delivers moderate rainfall (mean 0.93 m annu-
ally) throughout the wet season with high flow
events often of a long duration due to the relatively
large catchment. The Bynoe River causeway is inun-
dated at low levels for long periods of time during
and after the wet season but the river stops flowing
for much of the dry season.

In June 2009, the 1.0 m high Bynoe River cause-
way was retrofitted with a concrete cone fishway
consisting of 8 baffles with 50 mm head drops
between pools, creating a maximum water velocity
of 0.99m.s™ " at the vena contracta and low average
pool turbulence (22 W/m’; Cd = 0.65). The fishway
was 22m long, each pool was 1.5m long by 2.0m
wide and 0.7m deep with a daily discharge of
7.4ML/d.
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Figure 2. Fishways in the northern tropical coastal rivers of Queensland, Australia. The three case-study fishway sites at
Gooseponds Creek rock ramp fishway, Waterpark Creek vertical slot fishway, and Bynoe River crossing cone fishway are shown.

Source: Author and QGIS.

Field methods

Individual passage at each of the three field case-
study fishways was assessed by comparing the sizes
(not numbers as these may be highly variable
between samples due to the schooling nature of the
species concerned) of small-bodied fish that located
and entered the fishway (bottom of fishway), with
an independent sample of those that located,
entered, and successfully passed the full length of
the fishway (top of fishway). Migrating fish were
trapped at the top and bottom of the fishway using
a cage trap which completely blocked the fishway
exit (Figure 3). To reduce escapement, the cages
included a funnel-trap and were covered in 3 mm
diameter square mesh; these traps are efficient for
small-bodied tropical fish species (Stuart and
Mallen-Cooper 1999). Due to predation of small-
bodied fish, all large-bodied fish (>100mm long)
were excluded from the trap with 25mm square
mesh on the funnel entry.

At each site, fishway sampling commenced when
fish were migrating during the wet season, when the
river was flowing and usually on the recession of
the first major flow event. Fishway sampling con-
sisted of randomized paired samples where the trap
was either placed at the top or bottom of the fish-
way (starting location randomly selected after
Mallen-Cooper 1999). Trapping began at approxi-
mately 8 am for 4hours after which the trap was
moved to the alternate location at approximately
1pm for another 4hours. This sampling regime
constituted a paired sample. All studies at all sites
were of short duration, only paired samples were
used in data analysis, although other samples pro-
vided observational data used to improve fishway
operation. Specifically, at Bynoe River cone fishway
there were six paired samples between May and
June 2011, at Gooseponds Creek rock ramp fishway
there were five paired day samples between January
and February 2013 and at Waterpark Creek vertical-
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Figure 3. Trap like those used in the case studies, showing small mesh size and large fish exclusion mesh.

slot fishway there were seven paired day samples
between November and December 2011.

Individual passage at each of the three case-study
fishways was assessed by comparing the sizes of
small-bodied fish that located and entered the fish-
way (bottom of fishway), with an in-dependent sam-
ple of those that located, entered, and successfully
passed the full length of the fishway (top of fish-
way). Due to the brief nature of the sampling we
were unable to statistically test fish passage rates
with hydraulic co-variates within each fishway.
Furthermore, we did not compare among the three
fishways because the timing of field sampling was
different and because each site required specific
sampling methods, which are described above.

During trapping, all fish were identified, counted
and a sub-sample of 50 randomly selected fish per
species measured (FL: fork length for forked-tail
species and TL: total length for all others). Fish
were released above the weir. For each species, the
pooled-sample size distributions from the top and
bottom of each fishway were compared to assess if
smaller fish, with a correspondingly poorer swim-
ming ability, were unable to ascend the fishways. A
Kolmogorov-Smirnov, two-tailed test was used for
this comparison (p= <0.05). This computes the

“D” statistic, the largest difference between two
cumulative frequency distributions at any step
(McKillup 2005; Stuart et al. 2008). Fish species
where fewer than a total of 30 individuals were col-
lected at a single trapping location were excluded
from this analysis, this reduced the number of
paired days available for analysis but improved our
ability to make our inferences from the
data analyses.

Results

Conceptual outline of the need to pass small-
bodied fish

Australian tropical coastal rivers support high fish-
eries biodiversity and while many systems still retain
their natural flow regime, they have severely
impaired ecological function because tidal barriers
disrupt connectivity (Hamilton and Gehrke 2005).
Most fish are either catadromous or amphidromous
and so upstream migration to freshwater are domi-
nated by small post-larvae and juveniles
(10-100 mm long; Figure 1). Conceptually, fishways
that effectively attract and pass small fish have par-
ticular relevance in tropical rivers because any delay
below tidal barriers can have three major impacts:



(i) migration failure for adult diadromous fish
returning upstream from estuarine/marine spawning
habitats, (ii) failure of freshwater dispersal migra-
tions of whole cohorts of juvenile diadromous fish,
and (iii) increased predation (Harris 1984; Sheaves
et al. 2014). Diadromous fish communities have
undergone dramatic declines in freshwater reaches
upstream of tidal barriers and at an operational
level, fishways that support the lives of small-bodied
fish, add recruitment value to recipient freshwater
populations (Rolls 2011; Sheaves et al. 2015). From
the literature a conceptual model of fish movement
was developed to help inform fishway design objec-
tives (Figure 4).

Past and present fishway design criteria

By recognising the ecological significance of
upstream passage of small-bodied fish, specific fish-
way hydraulic standards can be transparently deter-
mined: these relate to depth, velocity, turbulence,
and hydraulic gradient. These standards are specific
to biogeographic regions and to the species and
sizes of fish present. For tropical rivers and passage
of small-bodied fish there have been progressive
reductions in technical fishway hydraulic design cri-
teria (Table 1). In the 1970s fishways were charac-
terized by high average theoretical turbulence
(energy dissipation factor) of up to 292W/m’ and
maximum water velocities of 2.5m/s (calculated as
per White and Pennino 1980). In the late 1990s and
early 2000s, in an attempt to pass more small-bod-
ied fish, these hydraulic design criteria were reduced
to 50 W/m’ and maximum water velocities to 1.4 m/
s (Mallen-Cooper 2000; Stuart and Berghuis 2002).
Further experimental work suggested even lower
turbulence was required to pass small-bodied fish
(Mallen-Cooper et al. 2008) and current criteria rec-
ommend <30 W/m® and maximum water velocities
of 1.2m/s (O’Connor et al. 2015). Pool turbulence
has been reduced via two main ways: (i) reducing
the head drop between pools, and (ii) reducing the
open area of the fishway slot to reduce pool dis-
charge (Mallen-Cooper et al. 2008). Early fishways
were based on fish passage principles for large-bod-
ied temperate anadromous species, however research
determined that most migratory tropical Australian
species were diadromous and small-bodied (usually
< 100 mm long) (Kowarsky and Ross 1981).

Bynoe River Cone Fishway

A total of 18 fish species and 2243 individuals were
collected in 6 paired samples at the top and bottom
of the cone fishway (Table 2). Five species were dia-
dromous and 13 were potamodromous. Bony
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herring (Nematalosa erebi) formed 50% of the total
catch, followed by empire gudgeons (Hypselotris
compressa) at 21%. Three species, Rendahl’s catfish
(Porochilus rendahli), spangled perch
(Leiopotherapon  unicolor) and  spotted  scat
(Scatophagus argus) were only captured in the bot-
tom trap, while two species, longtom (Strongylura
krefftii) and gulf grunter (Scortum ogilbyi) were only
captured in the top trap. Each of the species only
captured in one trap were caught in low numbers
(<10 individuals).

Gooseponds Creek Rock Ramp Fishway

A total of 13 fish species and 847 individuals were
collected in 5 paired samples at the top and bottom
of the rock ramp fishway (Table 3). Five species
were diadromous and eight were potamodromous.
Empire gudgeons formed 40% of the total catch, fol-
lowed by bony herring at 19%. Spotted scat were
only captured in the bottom trap, while threadfin
silverbiddy (Gerres filamentosus), carp gudgeon
(Hypseleotris spp) and spangled perch were only
captured in the top trap. Each of the species only
captured in one trap were caught in low numbers
(<3 individuals).

Waterpark Creek Vertical-slot Fishway

A total of 10 fish species and 419 individuals were
collected in 7 paired samples at the top and bottom
of the vertical-slot fishway (Table 4). Seven species
were diadromous and three were potamodromous.
Empire gudgeons formed 84% of the total catch, fol-
lowed by long-finned eels (Anguilla reinhardtii) at
8%. Four species, pinkeye mullet (Trachystoma
petardi), sea mullet (Mugil cephalus), barramundi
(Lates calcarifer) and flathead goby (Glossogobius
giuris) were only captured in the bottom trap, while
three species, bullrout (Notesthes robusta), striped
gudgeon (Gobiomorphus australis) and Hyrtl’s tan-
dan (Neosilurus hyrtlii) were only captured in the
top trap. Each of the species only captured in one
trap were caught in low numbers (<13 individuals).

Comparison of fish sizes at the top of the
fishway and at the bottom

At Bynoe River cone fishway, there were no differ-
ences in the size of empire gudgeons
(Ds4115=0.088, p = 0.320) and giant glassfish
(Parambassis gulliveri) (Djps106=0.121, p = 0.244)
from traps at the top and bottom of the fishway,
though there were significantly larger bony herring
(Dsg1,607 =0.347, p<0.005) at the top (Figure 5).
The minimum size fish to successfully pass through
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Figure 4. Conceptual model of fish movement in Australian tropical coastal streams, highlighting the return of small and

juvenile fish through the tidal interface. Source: Author.

the cone fishway were a 9 mm long seven-spot arch-
erfish (Toxotes chatareus) and goby
(Glossogobius sp.).

At the Gooseponds Creek rock ramp fishway, there
were no differences in the size of empire gudgeons
(D169,160 = 0.082, p = 0.590) between the top and bot-
tom of the fishway, although there were significantly
smaller and larger bony herring (Dgg04=10.496,
p= <0.001) at the bottom of the fishway. The min-
imum size fish to pass the fishway was a 15 mm long fly-
specked hardyhead (Craterocephalus stercusmuscarum).

At the Waterpark Creek vertical-slot fishway
there were no differences in the sizes of empire
gudgeons (Dj7550=0.149, p = 0.133) between the
top and bottom of the fishway.

Discussion

Tropical coastal rivers support high fisheries diver-
sity, but tidal barriers disrupt connectivity and have
caused direct losses to wupstream biodiversity
(Hamilton and Gehrke 2005; Barlow et al. 2018). In
northern Australia, older fishways did not pass small
amphidromous fish below tidal barriers, highlighted
by millions of 10+ mm empire gudgeons aggregated
below tidal barriers (Stuart and Marsden 2019).
From our three case-study field evaluations, there
was passage of a wide range of small-bodied fish
species and sizes highlighting that modern fishways
can mitigate some of the detrimental effects of
stream barriers, and potentially help restore migra-
tory small-bodied fish communities (Amtstaetter
et al. 2017; Pennock et al. 2018; Rourke et al. 2019).

In the tropical rivers of northern Australia, a ser-
ies of field evaluations have now demonstrated that
fishways for low-head tidal barriers can help small
fish (i.e. >9mm long) to complete their upstream
migration from estuaries to freshwater (Marsden
et al. 2003; Ferguson et al. 2008; Moore and
Marsden 2010; Stuart and Marsden 2019) and thus
help to restore the original function of lowland
tropical rivers and wetlands (Sheaves et al. 2014). A
relatively small number of early fishway evaluations
first identified the inability of salmonid fishway
designs to pass native fish, especially fish <100 mm
long (Kowarsky and Ross 1981; Harris 1984;
Mallen-Cooper 1999). In response, a resurgence in
fishway work began to develop more suitable
designs which provided a platform for guidance to
practitioners to design fishways for passage of fish
from >40mm long (Stuart and Mallen-Cooper
1999, Stuart and Berghuis 2002). The present case-
studies now highlight that very small fish (i.e.
>9mm long) can now ascend rock and technical
fishways and these designs have since been adopted
for small-bodied tropical species in SE Asia
(Baumgartner et al. 2018).

A key element to the development of more effect-
ive fishways was integration of ecological knowledge
and hydraulic criteria. This ecohydraulic logic can
be summarized as: (i) define a transparent ecological
fish passage objective, (ii) from the ecology select
the hydrological range of river levels over which the
fishway operates, (iii) select appropriate internal
hydraulic fishway design criteria, (iv) choose the
fishway type that meets these ecohydraulic objec-
tives, and (iv) field evaluation and further design
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Table 2. Total number of fish collected at the top and bottom of the Bynoe River cone fish-
way. Shading indicates a diadromous species.

Fishway Location

Species Common Name Bottom Top
Neoarius paucus Carpentaria catfish 15 1
Toxotes chatareus seven-spot archer fish 8 10
Hypseleotris compressa empire gudgeon 292 190
Glossogobius giuris flathead goby 23 59
Glossogobius sp. goby 13 10
Parambassis gulliveri giant glassfish 106 206
Porochilus rendahli Rendahl’s catfish 5 0
Craterocephalus stercusmuscarum fly-specked hardyhead 82 60
Brachirus selheimi freshwater sole 1 1
Neoarius berneyi Berney's catfish 5 5
Neosilurus hyrtlii Hyrtl's tandan 3 3
Leiopotherapon unicolor spangled perch 1 0
Scortum ogilbyi gulf grunter 0 1
Oxyeleotris lineolatus sleepy cod 1 1
Melanotaenia splendida inornata chequered rainbowfish 3 15
Scatophagus argus spotted scat 10 0
Nematalosa erebi bony herring 607 505
Strongylura krefftii longtom 0 1
Total number of fish 1175 1068

Table 3. Total number of fish collected in the Gooseponds
Creek rock ramp fishway. Shading indicates a diadro-
mous species.

Fishway Location

Common Name Bottom Top
Anguilla reinhardtii Species 1 1
Gerres filamentosus Whipfin silver-biddy 0 1
Hypseleotris compressa ~ empire gudgeon 169 169
Neoarius graeffei blue catfish 23 1
Scatophagus argus Spotted Scat 2 0
Ambassis agassizii Agassiz's glassfish 103 4
Craterocephalus fly-specked hardyhead 1 90

stercusmuscarum

Glossamia aprion Mouth Almighty 1 1
Hypseleotris spp carp gudgeon 0 3
Leipotherapon unicolor ~ spangled perch 0 1
Melanotaenia splendida  eastern rainbowfish 7 53
Nematalosa erebi bony herring 94 64
Gambusia holbrooki gambusia 9 39
Total number of fish 420 427

Table 4. Total number of fish collected in the Waterpark
Creek vertical slot fishway. Shading indicates a diadro-
mous species.

Fishway Location

Species Common Name Bottom Top
Anguilla reinhardtii long-finned eel 31 4
Trachystoma petardi pinkeye mullet 3 0
Mugil cephalus sea mullet 1 0
Lates calcarifer barramundi 1 0
Hypseleotris compressa empire gudgeon 75 275
Notesthes robusta bullrout 0 1
Glossogobius giuris flathead goby 1 0
Gobiomorphus australis  striped gudgeon 0 13
Melanotaenia splendida  eastern rainbowfish 11 1
Neosilurus hyrtlii Hyrtl's tandan 0 1
Total number of fish 124 295

refinements. Once passage of small-bodied fish
became an explicit design objective, then hydraulic
criteria including very low turbulence (i.e. 15W/
m?), floor-slopes (e.g. 1 V:25H), and water velocities
(1.0m/s) can be selected. In this way, letting the fish
ecology, fishway hydraulics and river hydrology

drive the fishway design, provides for a robust and
inclusive process (Mallen-Cooper 1999).

In northern Australia, older fishways where char-
acterized by high turbulence (Kowarsky and Ross
1981) which can impact on fish stability and swim-
ming (Lupandin 2005; Goettel et al. 2015). In tem-
perate Australia, low turbulence fishways facilitate
small-bodied fish passage (Mallen-Cooper et al.
2008) even though there is non-uniform spatial dis-
tribution of theoretical turbulence in a fishway pool
(Fuentes-Pérez et al. 2018). While we were unable
to statistically test the influence of ecohydraulic cri-
teria on fish passage in our field case-studies the
tabulation of tropical fishways, demonstrated that
low turbulence designs (i.e. <30 W/m?®) are now
common. However, to pass the smallest fish (i.e.
9-50mm long) the latest research suggests even
lower turbulence (i.e. 15W/m’; O’Connor et al.
2019; Stuart and Marsden 2019) may be required
and further experimentation is needed to provide
guidance here.

Turbulence is a function of the pool head drop,
pool volume and pool discharge (Clay 1995) and for
tropical small-bodied fish we used very low pool
drops (i.e. 67mm for the vertical-slot). From the
three case-studies, our observations also suggest that
rather than engaging the whole pool in dissipating
energy, deliberately designing for non-uniform
hydraulic conditions, with continuous pathways of
very low turbulence, may provide a strong direction
to further improve passage of small-bodied fish.
This was a cost sensitive design decision because
low head drops increase fishway length and high-
lights the need for further experimental work. By
contrast, the pool head drops for the lateral ridge
rock ramp fishways were greater (i.e. 100 mm),
because of greater inherent roughness and boundary
layers. Small fish can exploit these layers while they
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Figure 5. Pooled size distribution of six small-bodied (<100 mm long) fish species from multiple sampling events at the top
(upstream) and bottom (downstream) of the fishways. Note that the scale of the x-axis varies.

Figure 6. Purple spotted gudgeons migrating upstream
adhere to the roughened slope adjacent to high flow.

ascend, especially along the bed or shallow channel
margins (Watson et al. 2018). For example, purple-
spotted and empire gudgeons when migrating often
partially emerge and use their pectoral fins as
hydrofoils to adhere to the sloped concrete surfaces
(Figure 6). To assist this type of passage, roughened
concrete surfaces that create low velocity boundary
layers could be incorporated into the design of tech-
nical fishways (Goodrich et al. 2018).

To maintain consistent fishway hydraulics at each
of our sites, there was individual tailoring of designs
to cater for local conditions, such as highly variable
tidal tailwater, long periods of low flow during the
dry season, or major flooding during the wet season.
Design modifications included very narrow slots
(e.g. 80mm) to (i) reduce total discharge and
increase operational time during the dry season, (ii)
reduce theoretical pool turbulence, and (iii) improve
ascent conditions for small-bodied fish (Stuart and
Marsden 2019). In addition, the low profile of
internal baffle elements helped to prevent blockages
during high flows and enable the fishways to recom-
mence operation, without maintenance, on the flow
recession. The inclusion of a tailwater stabilization
pool helped to maintain the design hydraulics even
during major tidal recession of the tailwater (Stuart
and Marsden 2019). Lastly, the use of low pool step
heights along with roughened pools and ridge slots
assisted the smallest fish sizes in their ascent of the
fishway. These design decisions depend on a thor-
ough understanding of tropical river fish ecology
and fishways hydraulics and have been implemented



Table 5. Ecohydraulic fishway design criteria suitable for Australian tropical amphidromous, catadromous and potamodromous fish at pool-type fishways on low-head tidal barriers.

Maximum water

Distribution of

Turbulence

Maximum head
drop between pools

velocity (Q vena

Target river

Target fish size range (mm)

Fishway type and

slot-width

Reference

Roughness
Bice et al. (2017),

turbulence

(Cd = 0.65)
15-25 Wm?

contracta)

flow range

and potential biomass

none required

Throughout pool

50-75mm

Low to high flows 1.0-1.2 m/s

10-600 Large

Vertical-slot (0.1-0.18 m)

QO’Connor et al. (2019)
Stuart and Marsden (2019)

none required

1.2 m/s 60-80 mm <15Wm? Edges and bottom low,

Low to moderate flows

10-600 Large

Concrete cone (0.1-0.31 m)

centre high
Edges and bottom low,

QO’Connor et al. (2015)

maximum

<30wWm?

100 mm

1.4 m/s

Low flows

10-600 Moderate

Rock ramp (0.1-0.25 m)

roughness

surface high
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at many other tropical fishways where small-bodied
fish passage is a priority. From the latest research, a
summary of ecohydraulic design guidance, for low-
head fishways that enhance passage of small-bodied
tropical fish at tidal barriers is provided in Table 5.
For tropical rivers worldwide, especially where little
information exists, we suggest that these criteria
provide a useful guide but that further field testing
and refinement for local species is still required
(Baumgartner et al. 2012).

There are still many unresolved challenges in
terms of optimising fish passage technology and
applications, such as: (i) continuing to develop new
solutions based on integrated ecological and
hydraulic criteria, (ii) improving entrance attraction
efficiency so that fish pass into freshwater habitats
quickly (i.e. within one or two tidal cycles), (iii)
developing fishways that pass the smallest and larg-
est fish, as well as high biomass, (iv) efficient fish-
ways for a broad range of river conditions, (iv)
evaluation of small-bodied fish passage and ener-
getic costs in long fishways (Thiem et al. 2016), and
(v) ongoing evaluation as to whether fishways con-
tribute to upstream fish recovery and long-term
maintenance of viable populations (Birnie-Gauvin
et al. 2018). The 25-years of fish passage experience
at low-head tidal barriers in northern Australia,
began with grossly inadequate fishways (Harris
1984) but is now characterized by significant pro-
gress toward recovery of freshwater fish populations
(Baumgartner et al. 2012; Bice et al. 2017; Stuart
and Marsden 2019).

Accumulations of large numbers of small-bodied
tropical diadromous fish below low-head tidal bar-
riers and ineffective fishways were the initial
impetus for researchers to develop improved eco-
hydraulic design criteria (Kowarsky and Ross 1981;
Russell 1991). While there have been improvements
in passage of small-bodied fish at tidal barriers (Bice
et al. 2017; Stuart and Marsden 2019) further
experimental work is still needed to test and refine
current eco-hydraulic fishway design criteria.
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