
Ecological Engineering 206 (2024) 107317

0925-8574/Crown Copyright © 2024 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Rock fishways: Natural designs for an engineered world 

Ivor G. Stuart a,*, Timothy J. Marsden a,b, Matthew J. Jones c, Matt T. Moore d, 
Lee J. Baumgartner a 

a Gulbali Institute for Agriculture, Water and Environment, Charles Sturt University, P.O. Box 789, Albury, New South Wales 2640, Australia 
b Australasian Fish Passage Services, 31 Botanica Ave, Fern Bay, New South Wales 2295, Australia 
c Arthur Rylah Institute for Environmental Research, 123 Brown St, Heidelberg, Victoria 3084, Australia 
d Catchment Solutions Pty Ltd, Suite 4/85 Gordon Street, Mackay, Queensland 4740, Australia   

A R T I C L E  I N F O   

Keywords: 
Fish migration 
Fish passage 
Hydraulics 
River flows 
Australia 

A B S T R A C T   

Globally, fishways have been constructed as a technical solution to reduce the damaging effects of dams and 
weirs on fish movement. Some common design typologies are rock fishways and nature-like bypasses. While rock 
fishways are common in Australian rivers, there has been no general evaluation of their effectiveness, location, or 
costs to demonstrate their success and help guide future investment. Our objective was to develop an Australian 
inventory of rock fishways to visualise their location, major design elements, capital cost and frequency of 
evaluation. We also present two rock fishway case-studies that highlight key ecological and engineering design 
criteria, field evaluation of effectiveness and a summary of construction learnings. In Australia, there were 332 
rock fishways, most typologies were lateral-ridge rock ramps (161), random rock fishways (123), nature-like 
bypasses (13) and hybrid designs (10). Approximately 20% of these have biological monitoring. Trends over 
time, included: (i) a slight flattening of fishway slope (from 1 V:20H to 1 V:30H) (ii) a progression from dumped 
loose rock to keyed-in formalised lateral-ridge fishways, increased use of natural sealing and (iii) an emerging 
tendency to hybrid concrete baffle and rock designs. Construction costs were available for 183 sites, with a total 
adjusted investment of USD$22 M and although highly variable the average cost per metre differential head was 
USD$110,000 (range USD$4500–286,000) per vertical-metre making rock fishways one of the most cost- 
effective designs available. Two field case-studies provided support for passage of a broad size range (15–410 
mm long) of fish at a wide range of flows with hydraulic reliability over considerable design life-spans (i.e., >25 
years). The publicly-available rock fishway database forms a platform for sharing technical information to 
promote more effective designs, contributing to continued global development of rock fishways and conservation 
of freshwater fish communities.   

1. Introduction 

To combat global declines in freshwater fish, fishways have been 
constructed on stream barriers to maintain migratory pathways and 
enable fish to access separate habitats (Clay, 2017). In Europe, North 
America and Canada, rock fishways are commonly built at low head 
barriers (i.e., <3 m high), including rock ramp and nature-like typol
ogies (Jungwirth, 1996; Franklin et al., 2012; Newbury, 2013; 
Landsman et al., 2020). These fishways follow a design philosophy 
where rocky substrates provide hydraulic and substrate heterogeneity 
and fish can choose from multiple migration pathways and resting pla
ces (Bretón et al., 2013; Raabe et al., 2019). A key design element to 
hydraulic heterogeneity are emergent rocks which create a wake zone 

and thus provide a continuous pathway for fish to ascend (Redeker, 
2010; Baki et al., 2017a,b; Baki and Azimi, 2021). 

While rock ramp fishways are superficially similar to nature-like 
fishways in that they simulate a rocky stream bed they differ because 
they are usually more engineered, and are characterised by: (i) being 
built within the main river channel at a typical gradient of 1 V:20 to 1 
V:30H and (ii) being constituted by a series of boulders, either as a 
‘boulder garden’ or in regular rows to create a series of step-pools for fish 
ascent (Stoller et al., 2016). Rock ramp fishways can occupy the full 
river-channel width so that all flow passes down the ramp (Broadhurst 
et al., 2012; Richer et al., 2020). Or, like nature-like fishways, the rock 
ramp footprint can occupy part of the river channel width (i.e., partial- 
width). 
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From a biological perspective, rock fishways have gained global in
terest with nature-like typologies particularly popular in Europe, North 
America and Canada because they pass a wide variety of species and fish 
sizes, most notably small-bodied fish (i.e., <100 mm long) and their 
aesthetics are often preferred over conventional technical (i.e., concrete 
or equivalent) fishways (Jungwirth et al., 1998; Calles and Greenberg, 
2005; Richer et al., 2020; Landsman et al., 2020). In Australia, there are 
also some nature-like fishways, but rock ramps are usually preferred due 
to many rivers having very low baseflows which would not support the 
relatively high discharge needed in a separate nature-like bypass chan
nel (Thorncraft and Harris, 2000). In addition, highly variable flows 
often manifest as large fluctuations in headwater which can drown-out a 
nature-like channel providing limited passage for flow-cued species 
(Baki and Azimi, 2021). 

Formal rock ramp fishway technology was first applied in Australia 
in the 1980s and 1990s and was based on designs from North America 
and Germany (Newbury and Gaboury, 1988; Thorncraft and Harris, 
1996). Design and construction were facilitated by a cross-disciplinary 
approach with engineers and fish ecologists but many early fishways 
had a highly variable ecological and hydrological performance, and a 
limited functional life-span due to poor design and/or construction 
techniques (Harris et al., 1998). There has, however, been considerable 
design and construction advancement over the past 30+ years, with 
many hundreds of rock ramp and nature-like fishways built, which 
incorporating both local and international technical standards and in
novations (Wildman et al., 2003; USBR, 2007; O’Connor et al., 2015; 
Turek et al., 2016; Witheridge, 2021). Construction techniques have 
evolved to provide high functional reliability and when integrated with 
design parameters based on local hydrology and fish ecology then rock 
fishways can provide the appropriate hydraulic conditions to meet high 
performance standards (O’Connor et al., 2022). 

While rock fishways are common in Australian rivers, there have 
been few evaluations of their effectiveness, location, typology and costs. 
Hence, the objective of this manuscript was to develop a national in
ventory of rock fishways to enable visualisation of their location, major 
design elements (rock fishway type, slope), capital cost and frequency of 
evaluation. We also provide two major case-studies that also highlight 
key ecological and engineering design criteria, field evaluation of 
effectiveness and a summary of construction learnings. As pioneered by 
CanFishPass (Hatry et al., 2013), the underlying database of 332 fish
ways forms a platform for sharing technical information, contributing to 
continued global development of rock fishways and conservation of 
freshwater fish communities. 

2. Methods 

2.1. Rock fishway: a definition 

The fishway database included designs where rock was used to 
facilitate fish passage as a primary function. There are a variety of 
natural rock fishway designs and typologies, including: lateral-ridge, 
random and nature-like bypasses (Table 3). The classic nature-like 
bypass fishways, commonly found in Europe and North America are 
characterised by a very low gradient (e.g., 1 V:50H to 1 V:200H, or 
flatter) side channel connecting upstream and downstream, lined with 
natural materials: rocks, boulders and logs (Parasiewicz et al., 1998; 
Tamario et al., 2018). Other fishway types include hybrid designs where 
both natural rock and concrete media were employed. For example, 
rocky channels that include pre-cast concrete baffle units which simu
late rocks and are also known as ‘dragons tooth’ fishways (Baumgartner 
et al., 2018; Stuart and Marsden, 2021). 

Excluded are bed control structures where the primary design pur
pose was to control upstream migrating bed incision (i.e., erosion 
requiring a rock bed control or head cut control structure) and where 
fish passage was not a specific objective. Also excluded were bed level 
culverts where a road culvert was counter-sunk below river-bed level 

and natural accumulation of stones and pebbles helps to promote fish 
passage (Baker and Votapka, 1990). A final exclusion were First Nations 
rock fish traps, which constitute some of the oldest human-made 
structures on Earth (Mathews, 1903; Dargin, 1976). The primary pur
pose of these structures was to trap migratory fish as a food source and 
there are many thousands of rock and natural material traps around 
Australia which have been assembled elsewhere (Rowland and Ulm, 
2011; Kelly, 2014; McNiven et al., 2015; Martin et al., 2022). 

2.2. Rock fishway database 

We created an Excel database of Australian rock fishways which can 
be accessed https://data.gov.au. Information integrated into the data
base was sourced from: (i) state agency fishway records, (ii) a literature 
review using Google Scholar and Google web searches using combina
tions of search terms of ‘fishway’, ‘rock ramp’, fish ladder’, ‘nature-like’, 
‘bypass’, ‘Australia’, ‘fish migration’. To source additional fishway re
cords, an email containing the Excel fishway database was sent to 
relevant jurisdictional researchers, managers, water authorities, con
sultants and engineering firms. Each email solicited any new or missing 
information regarding the known fishways and associated metadata. We 
queried the final database to summarise key metadata, including: site 
name, location, rock fishway typology, slope, barrier type, barrier ver
tical height, construction date, annual operating costs and ecological 
evaluation until December 2023. Construction cost data (US dollars; 
USD), excluding design, were also collected for as many fishways as 
possible. Original costs in Australian dollars were converted to USD 
using the exchange rate of the time of initial fishway construction (Bruch 
and Haxton, 2023) and for comparative purposes then converted to USD 
2023 values (https:// www.usinflationcalculator.com/). Due to fishway 
asset cost sensitivities no individual site costs are reported, or publicly 
accessible. 

3. Results 

3.1. Rock fishways 

We identified 332 rock fishways which were present in all Australian 
states and territories, with the exception of the Northern Territory 
(Fig. 1). The construction date was available for 292 fishways, which 
highlighted the first being constructed in the 1980s which constituted 
dumped loose rock but more recently comprised formal engineered 
designs (Fig. 2A). In southern temperate Australia, there were 156 (134 
coastal, 22 inland) rock fishways in Victoria, in sub-tropical and tropical 
Queensland there were 97 rock fishways (92 coastal, 5 inland), in 
temperate New South Wales there were 64 rock fishways (31 coastal, 19 
inland), 5 each in temperate regions of Western Australia and South 
Australia, respectively, 4 in temperate Tasmania and 1 in the temperate 
Australian Capital Territory. Most (268 of 332; 81%) rock fishways 
occurred on coastal rivers relative to inland rivers. In terms of design 
typology, most (i.e. 48% of total) rock ramps were lateral-ridge (i.e. 
step-pool) fishways, with 80 and 81 full-width lateral and partial-width, 
respectively (shown as rock fishways in Fig. 2B). Random rock fishways 
(i.e., without discrete pools) were also common (42% of total) with 123 
full-width (at least 77 of these were dumped loose rock) and 16 partial- 
width. There were 13 nature-like bypass fishways and 10 hybrid designs 
which incorporated both rock and concrete elements (Fig. S1). In 
addition, there were two bedrock fishways in Victoria, where a channel 
was cut into the existing native bedrock to provide a permanent low flow 
pathway for migratory fish, usually at sites where a river had been 
diverted for mining or industry. 

Rock fishways were installed on low head barriers (e.g., 62% ≤1 m 
high, 91% ≤2 m high, and 95% ≤3 m high) with the highest at 15 m on 
the Delaney River Dam, Queensland. Most rock fishways were on fixed 
crest water supply weirs (35%), followed by gauging weirs (26%), 
causeways (17%), culvert crossings (11%) and erosion control structures 
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(3%; Fig. 2C). The remaining 8% of structures were made up of tidal 
barrages, penstocks, fords, bund walls, a single dam (15 m high), and a 
gas main crossing. 

3.2. Gradient and costs of rock fishways 

The longitudinal slope of rock fishways was highly variable but there 
was a slight but non-significant trend toward flatter slopes over time, 
from 1 V:20H (5% gradient) in the early 1990s to 1 V:30H (3.3% 
gradient) in late 2023 (Fig. 3A). The construction (excluding design) 
costs were available for 183 (55%) rock fishways built over the past 25 
years (i.e., since 1998; Fig. 3B). For comparative purposes, individual 
fishway construction costs were standardised to $AUD at 2023 rates 
(www.inflationcalculator.org). Construction costs, in 2023 $USD 
values, ranged from $2500–5.5 M and on average were $110 K (range 
$4.5 K–286 K) per vertical metre of head for all rock fishway types 
(Fig. 3C). Construction cost sensitivities included: sheet pile for securing 
the fishway toe, rock quantity and rock transport. 

3.3. Patterns in biological and hydraulic evaluation 

Relatively few rock fishways, 67 of 332 (20%) have had any form of 
biological evaluation. In NSW, there was some early ecological moni
toring (e.g., in the 1990s and early 2000s; Thorncraft and Harris, 1996, 
2000) but in the past 20 years ecological monitoring has shifted to 
Victoria, Queensland and Western Australia. In the peer reviewed 
literature there were only five articles (Harris et al., 1998; Beatty et al., 
2007; Broadhurst et al., 2012, 2013; Amtstaetter et al., 2017). By 
contrast, there were far more fishways (approximately 62) briefly 
ecologically evaluated, usually known as compliance monitoring, in the 

‘grey’ literature which were mostly agency, workshop reports or con
ference proceedings. Most passage efficiency evaluations used replicated 
trapping, fyke netting, or electrofishing to provide species, sizes and 
counts of fish exiting rock fishways with a small number also collecting 
fish from the fishway entrance. We did not find any rock fishways that 
had any form of evaluation via biotelemetry. 

All jurisdictions have policy requirements that rock fishways are dry 
and wet commissioned at the pre-completion phase, for example in 
Victoria (O’Connor et al., 2015) but the results of these evaluations are 
rarely published. Dry commissioning consists of checking that all rocks 
are stable, and within design tolerance particularly at the hydraulic 
control point (Fig. S3). As-constructed (i.e., rock mapping) drawings can 
also be provided at this point. Wet commissioning, using flowing water, 
is necessary because the design process, including any computational 
fluid dynamics (CFD) or physical-scale modelling, can never completely 
predict field conditions. This process ensures that upstream and down
stream water levels are: (i) within range for normal operation, (ii) all 
pool heights and drops are within design tolerance, (iii) pool depths are 
checked, (iv) there are no reverse flows at the fishway entrance. This 
fine-tuning process can be the difference between a poor or well- 
functioning fishway. Finally, the dry and wet commissioning measure
ments can be integrated into a CFD model for calibration and future use. 
Commissioning reports usually constituted internal memos between the 
designers and asset owners and were rarely more broadly available in 
the public domain. Where wet-commissioning was undertaken, it 
occurred at a brief point in time and not under the full range of hy
drological conditions that the fishway was designed to operate over. 

CASE STUDY 1: East Barham River full-width lateral rock ridge 
fishway: temperate coastal river. 

The East Barham River fishway was located on the mid-reaches of the 

Fig. 1. Distribution of rock fishways across Australia.  
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16 km long narrow coastal river in south-eastern Australia (Fig. 1). The 
site-specific challenge was an incised rock cliff face along the entire left 
bank (looking downstream). Immediately upstream of the cliff face there 
was an active concrete stream gauging weir which was 0.85 m high. In 
March 2010, a full-width, lateral-ridge (i.e., step-pools set at 90o to flow) 
rock fishway was installed which was 18 m long (1 V:25H; Fig. 4). The 
length of the fishway was limited due to the cliff face on the left side 
precluding keying-in of toe rock except where there was a crack in which 
to tie-in with a large (1.8 m diameter, approximately 5 t) keystone rock 
for structural stability. A ‘V’-shaped fishway channel cross-section was 
not constructed due to the cliff face on the left bank. Instead, a lateral 
slope (1 V:15H) grading up to the right bank was included. This grade 
created shallow depths hydraulic heterogeneity and thus a continuous 
pathway for fish to ascend, even as headwater rose and submerged the 
left side. The lateral slope also assisted with moving floating debris 
downstream. 

The fishway was approximately 8 m wide with eight rock ridges 
creating 2 m long clear space pools (e.g., rocks ridges were 3 m apart 
from rock centre-to-centre). Each lateral-ridge included 10–13 rocks and 
9–12 ‘V’-shaped flow-gaps (0.1–0.25 m wide and 0.4 m high), with a 
0.12 m (±0.05 m) head drop with a maximum theoretical water velocity 
of 1.53 m.s− 1 at the vena contracta and low average pool turbulence (39 

W/m3; Cd = 0.65; average volumetric dissipated power. The gaps be
tween the rocks were offset from the adjacent upstream ridge to reduce 
hydraulic ‘carry over’. The drops between pools were governed 
(controlled) by the bottom of the ‘V’-shaped slot (e.g., hydraulic control 
point; Fig. S3) between the ridge rocks which fish swim through. The 
minimum pool depth was designed at 0.4 m for at least 50% of the pool 
area at low flows. Discharge variation among ridges was calculated at 
5–6% and a contemporary construction sequence adopted (Table S1; 
Fig. S2). 

CASE STUDY 2: Sandy Creek partial-width lateral rock ridge fishway: 
tropical coastal river. 

The Sandy Creek partial-width rock ramp fishway was located in the 
lower reaches of a moderate sized coastal river system (485 km2 

catchment) that flows into Sandringham Bay and the Coral Sea 
approximately 15 km south of Mackay. For most of its length Sandy 
Creek is a sinuous sand bed stream with sugar cane the predominant 
adjacent land use. 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 (mean 4.5 days) due to the relatively small catchment, how
ever, there are low level flows for long periods of time during and after 
the wet season. 

Fig. 2. Meta-data relating to Australian rock fishways: (A) number constructed each year with an increasing trend from dumped-loose rock toward formal engineered 
designs through time. (B) Types of rock fishways where the most frequent typology ‘rock’ includes both lateral-ridge and random designs. (C) Types of riverine 
structures most frequently associated with rock fishways. 
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In 2020, the 0.8 m high by 10.5 m wide Palm Tree Road causeway 
was retro-fitted with a 25 m long by 3.0 m wide partial-width lateral- 
ridge rock fishway consisting of nine ridges, with six 200 mm (at base) 
wide slots discharging water, each with a 0.1 m (± 0.005 m) head drop 
(1 V:30H longitudinal gradient), a maximum theoretical water velocity 
of 1.39 m.s− 1 at the vena contracta and low average pool turbulence (24 
W/m3; Cd = 0.65; average volumetric dissipated power; Fig. 5). The 
ridges consisted of hard igneous rock (1.2 m diameter), spaced 2.5 m 
apart from rock centre-to-centre and placed by an excavator with a rock 
grab. Pool depths were set at a minimum of 0.4 m at commence to flow 
to maximise resting areas. There was a 1 V:20H lateral gradient on the 
fishway which merged into a 1 V:30H gradient for the bank protection 
rock, which also assisted fish passage at high flows. During low flow 
conditions, the low depths on the pool margins provide fish resting areas 
with greater depths through the central slot. Poly-fibre reinforced 
pumped concrete 0.15 m thick was applied on top of the bank protection 
rock and between the ridge rocks to further secure the fishway. Concrete 
enabled precise ridge control heights (Fig. S3) and ensured each pool 
was sealed which was particularly advantageous for the common low 
flows. Cutoff walls were installed below the bank armour and at the 
fishway toe. 

3.4. Biological evaluation 

The ecological objective of both the East Barham River and Sandy 
Creek fishways was attraction and upstream passage of a diverse array of 
native fish species and life-stages present in Australian coastal rivers, 
including diadromous and potamodromous species. Typically, the target 
size range of fish was between 15 and 400 mm long, plus short-finned 

eels and shortheaded lampreys. These fish migrate from baseflows up 
to 1-in-1 year flow events which encompasses the design hydrological 
operational range of the fishways (Amtstaetter et al., 2017). 

Individual passage at the two case-study fishways was assessed by 
comparing the sizes (not numbers as these may be highly variable be
tween 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 
paired double-wing fyke nets (6 m long and 3 mm mesh) which spanned 
the full river width at East Barham River. At Sandy Creek, a cage trap, 
with a double entrance funnel, measuring 2.4 × 1.0 × 1.1 m was set at 
the top and bottom of the fishway, shade-cloth wing walls prevented fish 
from swimming around the sides. To reduce escapement, the fyke nets 
and cages included funnel-traps and were covered in 2 mm diameter 
square mesh; these traps are efficient for small-bodied tropical fish 
species (Stuart and Mallen-Cooper, 1999). 

During trapping, all fish were identified, counted and a sub-sample of 
20 randomly selected fish per species measured (FL: fork length for 
forked-tail species and TL: total length for all others) where large 
numbers were captured. We acknowledge that subsampling for fish 
length has inherent biases which may be reduced by measuring a large 
random sample or with correction formulae (Bettoli and Miranda, 2001; 
Schultz et al., 2016). Fish were released above the weir structures. For 
each species, the pooled-sample size distributions from the top and 
bottom of each individual fishway were compared to assess if smaller 
fish, with a correspondingly poorer swimming ability, were unable to 
ascend the fishways. A Kolmogorov-Smirnov, two-tailed test was used 
for this comparison which computes the “D” statistic, the largest dif
ference between two cumulative frequency distributions at any step 
(McKillup, 2011). Fish species where fewer than a total of 30 individuals 
were collected 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 inferences. Sampling was conducted 
between December 2013 and February 2015 at the East Barham River, 
and March and June 2021 at Sandy Creek. 

On the Barham River, there was also backpack electrofishing (Smith- 
Root model 12B) sampling upstream and downstream of the fishway to 
evaluate any differences in catch rates or length-classes of common 
galaxias over a larger temporal scale. For this work there was a total of 
500 s (time on; 10 × 5 min at 400 V and 30 Hz) of single-pass electro
fishing effort upstream and downstream of the fishway which was 
completed over two separate trips in February and March 2015. All 
habitats were targeted for electrofishing and an assistant dip netted the 
fish into a bucket before fish identification an enumeration (Jones and 
O’Connor, 2017). 

4. Results 

4.1. East Barham River, temperate Victoria 

A total of six diadromous fish species and 2237 individuals were 
collected in ten paired samples at the top and bottom of the full-width 
lateral-ridge fishway (Table 1). Common galaxias (Galaxias maculatus) 
formed 96% of the total catch, followed by short-finned eels (Anguilla 
australis). For fish from all sampling trips, there were significantly larger 
common galaxias (D205,294 = 0.384, p = 0.001) from the fyke nets at the 
top of the fishway compared to the bottom (Fig. 6A). This trend 
appeared seasonal with no difference in fish sizes at the top and bottom 
of the fishway during higher summer water temperatures (D122,146 =

0.149, p = 0.108) (Fig. 6B). The smallest fish to successfully pass 
through the fishway was a 48 mm long common galaxias. The fishway 
had received no maintenance in the 5 years since construction so that 
during the field evaluation headloss was variable (60–140 mm). From 
the riverine backpack electrofishing sampling, all six fish species 

Fig. 3. Meta-data relating to Australian rock fishways (top) longitudinal slope 
with a linear regression indicating a slight but non-significant trend toward 
toward flatter slopes. (middle) construction cost of fishways as adjusted in 
$USD in 2023 rates. (bottom) construction cost as related to barrier height (m). 
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collected by fyke nets were present in the electrofishing upstream and 
downstream of the fishway, an additional species was spotted galaxias 
(Galaxias truttaceus). From backpack electrofishing, there was no sig
nificant difference in the sizes (D492,511 = 0.043, p = 0.740; Fig. 6C) or 
catch rates of common galaxias upstream and downstream of the 
fishway (Mann Whitney test = 46, n = 2206, P = 0.762). 

4.2. Sandy Creek fishway, tropical Queensland 

A total of 17 fish species and 5661 individuals were collected in four 
paired samples at the top and bottom of the partial-width lateral-ridge 
fishway (Table 2). Ten species were diadromous and seven were pota
modromous. Empire gudgeons, Hypseleotris compressa) formed 87% of 
the total catch, followed by Pacific blue-eye (Pseudomugil signifer). There 
were more empire gudgeons at the bottom of the fishway as these fish 
arrived in two large winter pulses. There were no differences in the size 

of empire gudgeons (D120,124 = 0.486, p = 0.97; Fig. 6D) from the traps 
at the top and bottom of the fishway. The smallest fish to successfully 
pass through the fishway was a 15 mm long empire gudgeon. 

4.3. Ecological & hydraulic learnings 

From field evaluation of the two case-study sites, a brief summary of 
the key learnings included:  

• Rock fishways passed a diverse fish species (23 species) and size 
range (15–410 mm long), many of these small-bodied fish have a 
very limited maximum swimming speed but their ascent appeared 
promoted by high hydraulic diversity and higher summer water 
temperatures.  

• A lateral channel profile extended the headwater operational range 
for rock fishways, especially for full-river-width designs. 

Fig. 4. East Barham full-width lateral-ridge rock fishway in temperate Victoria 10 years post construction. (Top) Looking upstream there was a lateral slope toward 
the true left bank, and (bottom) the submerged concrete gauging weir on the far left. 
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• Rock fishways were rarely maintained and so headloss was variable 
in the East Barham River fishway (e.g., 60–140 mm). Despite this 
issue, fish still ascended and so we suggest a maximum headloss 
criterion (e.g., no headloss to exceed 40% greater than design) be 
utilised as a maintenance diagnostic.  

• At Sandy Creek, concrete was used to seal the pools and promote 
surface flow while also setting ridge control levels within each slot. 
Concreted slots provided consistent headloss between pools and 
reduced maintenance.  

• Stream gauging can still occur from lateral-ridge rocks fishways, 
especially where the cross-section was stable, debris loads are low, 
and where accuracy at low flows (e.g., <2ML/d) is a priority. 

5. Discussion 

A total of 332 Australian rock fishways were identified but prior to 
this study there were limited published data available on their location, 
design, cost, and relative effectiveness. Our objective was to develop a 

Fig. 5. Sandy Creek partial-width lateral-ridge rock fishway in tropical Queensland (top) before construction, (bottom) post construction.  

Table 1 
Total number of fish collected in the East Barham River full-width lateral-ridge 
rock fishway between December 2014 and February 2015. Note that there were 
two fyke nets sets in the top and bottom of the fishway. Shading indicates a 
diadromous species. #indicates non-native species. An additional diadromous 
species, spotted galaxias, were collected during backpack electrofishing but not 
in fyke nets.  

Species Common Name Fishway Location  

Bottom Top Size range 

Galaxias maculatus common galaxias 1922 234 43–143 
Anguilla australis short-finned eel 35 25 N/A 
Prototroctes maraena Australian grayling  2 163–170 
Mordacia mordax shortheaded lamprey 5 3 N/A 
Pseudaphritis urvillii tupong 7 2 106–164 
Salmo trutta brown trout# 1 1 101–108 
TOTAL 1970 267 43–170  
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national inventory of rock fishways to enable visualisation of their 
location, typology, major design elements (rock fishway type, slope), 
capital cost and frequency of evaluation. The early (e.g., pre-2000) 
dumped loose rock fishways had poor design lives and ecological effi
ciencies which highlighted the need for more research (Thorncraft and 
Harris, 1996; Harris et al., 1998). By contrast, more contemporary rock 
fishways have seen major advancements in terms of engineering design, 
construction techniques, design life, hydraulics and ecological perfor
mance (USBR, 2007; Witheridge, 2021). The two case-study evaluations 
demonstrated considerable structural longevity and passage of entire 
fish communities, with varied swimming abilities and migratory ecol
ogy. The technical aspects and lessons are shared in the publicly 
accessible national rock ramp fishway database to promote more 
effective designs, for continued global development of rock fishways and 
conservation of fish communities. 

From our national rock fishway database, ecological and hydrolog
ical efficiency, and structural longevity of rock fishways was relatively 
poor in the first two decades (1980s and 1990s) compared to the past 20 
years (Harris et al., 1998; Amtstaetter et al., 2017). In the early designs, 
variation in biological, hydrological and structural performance was 
often related to poor design, with relatively steep slopes (e.g., 1 V:20H), 
uniformly sized small, rounded rock (i.e. D50 250 mm; D50 refers to the 

average rock diameter of which 50% of the rocks are smaller) dumped 
loosely on-site, with infrequent maintenance (Thorncraft and Harris, 
1996). Most of these fishways structurally failed within a few years due 
to erosion at the crest and toe, and movement of rock downstream. The 
relatively small rock media was a legacy of rock chute designs which do 
not readily translate to rock fishways with non-submerged protruding 
boulders (Pagliara and Chiavaccini, 2006). 

Analysis of data from the national database revealed a more recent 
(e.g., the past 20 years), shift toward more formal engineered rock 
fishway designs including random rock, lateral-ridge, nature-like and 
hybrid rock-concrete solutions. These fishways have had more reliable 
performance which mostly appeared related to advances in design and 
construction quality, with flatter slopes (e.g., 1 V:25-30H), keyed-in and 
inter-locking rock (Moore and Marsden, 2011). In our recent experience, 
loss or movement of rocks is highly unusual and the expected life-span of 
modern rock fishways will likely exceed 25 years. This increase in 
operational structural reliability and ecological/hydraulic performance 
signals a profound role for rock fishways to finally take their place in 
assisting in restoration of migratory fish populations. 

Within the national rock fishway database, a considerable proportion 
(i.e., 28%) of rock fishways occurred on stream gauges but this was only 
a small percentage (~2.5%) of the total number of gauges which exceeds 

Fig. 6. Length-frequency plot of common galaxias captured in fyke nets at the top and bottom of a lateral-ridge rock fishway on the Barham River, Victoria: (A) all 
sampling combined showing statistically smaller fish at the bottom, (B) summer only sampling showing statistically similar sizes at the top and bottom. (C) The 
length frequencies for common galaxias collected via backpack electrofishing in the river upstream and downstream of the fishway were statistically similar. (D) 
Length-frequency of empire gudgeons at the top and bottom of a lateral-ridge rock fishway on Sandy Creek, tropical Queensland. 
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3500 sites nationally. These gauges perform an important function in 
measuring stream discharge for water accounting or flood warning 
(www.bom.gov.au/waterdata/). Our case-study at East Barham Weir 
demonstrated that reliable stream gauging could occur within a rock 
ridge profile and hence underscores an opportunity to move away from 
crude concrete structures to sophisticated multi-purpose rock fishways, 
particularly where highly accurate low flow data are not warranted (e. 
g., flood warning sites). A reliance on fixed concrete structures is, 
however, not unique to Australia with 6785 USGS gauges in the USA 
(Falcone et al., 2010); hence the sheer ubiquity of stream gauges re
mains as a major global challenge to fish passage (Krabbenhoft et al., 
2022). 

Rock fishways are characterised by high hydraulic and substrate 
habitat heterogeneity, typified by multiple continuous fish migration 
pathways, high roughness, dynamic hydraulics and variable velocities, 
as rivers rise discharge via full-width rock fishways increases (Bretón 
et al., 2013). These are the fundamental elements of rock fishways that 
enable high attraction and passage of multiple fish species and are the 
inherent advantages of natural materials versus technical (i.e., concrete) 
designs (Sánchez-Pérez et al., 2022). Another advantage of nature-like 
and rock fishways is as compensatory lotic habitat, which is a globally 
endangered hydraulic habitat (Tamario et al., 2018; Grill et al., 2019) 
exploited by fishes specifically adapted for riverine conditions (Aarts 
et al., 2004; Parasiewicz et al., 2022). At a site-specific scale, nature-like 
bypass designs and rock ridge typologies that maximise the available 
flowing pools habitats, with low turbulence, appear to have promoted 
passage of small-bodied fish (<100 mm long; Beatty et al., 2007; Amt
staetter et al., 2017). 

The national database indicated that full-width fishways were used 
nearly twice as often as partial-width fishways. An inherent quality of 

full-width rock ramps is that because they extend across the full-width of 
the stream they can include a V-shaped cross-section (e.g., 1 V:6-20H 
lateral slope) which can assist in extending the operational range. Spe
cifically, as headwater rises, fish can ascend along the higher fishway 
margins, which is a desirable option for effective fish passage (Leader 
and Smit, 1997). Full-width fishways have additional advantages, over 
partial-width designs, especially in providing excellent fishway discov
ery for fish migrating both upstream and downstream over a broad range 
of river flow conditions (Witheridge, 2021). In certain situations, how
ever, it is not possible, or too costly, to provide a full stream-width rock 
fishway. Hence, the need for partial stream-width rock ramps; these 
fishways, however, have a relatively narrow headwater operational 
range, usually operating most effectively during low flows, after which 
the rocks drown-out and there is limited fish passage (Thorncraft and 
Harris, 1996). For partial-width rock fishways, an axiom to efficiently 
attract upstream migrating fish, is that the entrance to the partial-width 
fishway should be as close as possible to the ‘upstream limit of fish 
migration’ (O’Connor et al., 2022). Within the different rock fishway 
typologies there are advantages and disadvantages which are summar
ised in Table 3. 

Australia appears illustrative of a global pattern where relatively few 
(approximately 20%) rock fishways are evaluated (Katopodis et al., 
2001; Baumgartner et al., 2018). This is partly because rock fishways are 
difficult to sample with netting or trapping because they often occupy 
the full stream-width, are irregular in nature and are subject to high 
discharge. Our case-studies, consisting of fish trapping at East Barham 
and Sandy Creek revealed successful passage, a biodiverse and broad 
size range of fish (e.g., 23 species and fish from 15 to 410 mm long), at a 
wide range of flows, though we encourage further evaluations to assist 
in refining ecological and fishway design knowledge. In designing rock 

Table 2 
Total number of fish collected at the top and bottom of the Sandy Creek partial-width lateral-ridge rock 
fishway during two monitoring events in March (summer) and May (winter) 2021. Shading indicates a 
diadromous species. #indicates non-native species. 

Species Common Name Summer 

Bottom

Summer 

Top

Winter 

Bottom

Winter 

Top

Size 

range

Ambassis vachellii Vachelli’s glassfish 5 42 31-70

Arius graeffei Blue catfish 2 380-410

Gerres sp. silver-biddy 13 44 23-81

Hypseleotris compressa empire gudgeons 110 621 4143 49 15-21

Monodactylus argenteus diamondfish 4 61 24-61

Megalops cyprinoides tarpon 3 8 72-182

Notestes robusta bullrout 1 160

Redigobius bikolanus speckled goby 5 1 1 21-28

Scatophagus argus spotted scat 185 20 21-47

Craterocephalus 

stercusmuscarum

fly-specked 

hardyhead

9 4 1 1 31-52

Hephaestus fuliginosus sooty grunter 2 183-204

Hypseleotris bucephala boofhead carp 

gudgeon

1 33

Melanotaenia splendida eastern rainbowfish 48 24 5 7 22-62

Nematalosa erebi bony herring 7 50-78

Neosilurus hyrtlii Hyrtl’s tandan 1 136

Poecilia reticulata guppy# 1 4 3 21-24

Pseudomugil signifer Pacific blue eye 132 7 86 19-39

TOTAL 521 854 4239 58 15-410
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fishways for small-bodied fish, such as empire gudgeons and common 
galaxiids, with very limited maximum swimming speeds, there is pro
motion of passage of other aquatic fauna (e.g., invertebrates) which 
traditionally struggle to ascend technical fishways (Stuart and Mallen- 
Cooper, 1999; Marsden and Stuart, 2019; Burnett et al., 2024). 

Electronic tagging (or ‘biotelemetry’) is purported to be the ‘gold 
standard’ in global fishway meta-evaluations (Bunt et al., 2012; Cooke 
and Hinch, 2013; Hatry et al., 2013; Hershey, 2021) but such studies are 
rarer for rock fishways. This is because full-river-width rock fishways are 
often more technically challenging to install PIT monitoring systems to 
evaluate attraction efficiency. Also in biodiverse tropical rivers, many 
species are small-bodied (e.g., fish approximately 40 mm long typically 
weighs <2 g) fragile and very difficult to implant with active or passive 
tags. For these reasons, we think that short-term active tagging and 
trapping in various locations in a fishway, along with mark-recapture 
studies (e.g., Sánchez-Pérez et al., 2022), will continue to provide 
important information on passage efficiency, though this may change 
with future miniaturisation of biotelemetry technology (Jacoby and 
Piper, 2023). Trapping is also advantageous in providing data on long- 
term inter-annual fish migration patterns over a wide range of envi
ronmental conditions (Mallen-Cooper and Brand, 2007). 

We documented relatively few nature-like bypasses compared to 
within-river rock ramps and here we briefly examine some reasons as to 
why these appear so infrequently relative to rock ramps. Firstly, there is 
a greater cost to acquire the extensive land resources needed to contain a 
very low slope nature-like footprint. Secondly, the relatively greater 
water resources to operate nature-like fishways compared to rock ramps, 
especially in Australia where rivers are characterised by hyper-variable 
flows and often very low baseflows (Walker, 1985). A final factor likely 
limiting their adoption, are constructability challenges, chiefly that the 
downstream entrance of nature-like fishways can be difficult to arrange 
at the weir face (e.g., the ‘upstream limit of migration’) where space can 
be very limited but this is usually where fish aggregate (Larinier, 2008). 
This common but seldom reported problem, with nature-like entrances 
10s to 00s of metres downstream, as evident in South Korea (Kim et al., 
2015), Sweden (Calles and Greenberg, 2007), Canada (Bruch and Hax
ton, 2023) and the United Kingdom (Dodd et al., 2017). Occasionally a 
nature-like fishway entrance can be over 1 km downstream (Sun et al., 
2023). While nature-like fishways remain popular in Europe, in rivers 
with high baseflows and limited headwater variability, they appear to 
remain less prevalent in Australia and none have been evaluated and so 
their success remains as a high priority knowledge gap. 

Rock fishways have at times suffered from a reputation of poor 
structural longevity, loss of rock following flooding, and deterioration in 
hydraulic reliability (Thorncraft and Harris, 1996). From our national 
analysis, each design type has its own inherent issues to consider: 
lateral-ridge (i.e., step-pool) fishways were more formal in design and 
construction and so are more readily constructed and maintained 
(Table 3). They do, however, have more issues with debris blockage on 
the upstream ridges and thus can have higher maintenance re
quirements. By contrast, random rock fishways often have less blockage 
issues but were complex to construct and diagnose for maintenance. 
Older (i.e., pre-2005) fishways had more design commonality with 
erosion control chutes than modern rock fishways with three main 
modes of failure (Robinson et al., 1998; Ladson et al., 2006). Firstly, 
fishways simply consisting of dumped loose rock, often of small (e.g., 
250 mm) uniform diameter, usually failed due to loss of the loose crest 
face rocks, where highest hydraulic stresses typically occur (Leader and 
Smit, 1997). Secondly, there could be scour (i.e., erosion) at the ramp 
toe due to poor dissipation of energy within the structure and ultimately 
collapse and unravelling of the ramp (Witheridge, 2021). Thirdly, 
exfiltration of fines from the fishway eventually caused larger rocks to be 
undermined and become unstable. Nature-like fishways had combina
tions of these issues as well as the additional complication of protection 
during flood events. 

In our experience, a frequent cause of functional failure of rock 

Table 3 
Advantages and disadvantages of rock fishway typologies in Australia.  

Fishway type Advantages Disadvantages 

Lateral-ridge 
rock ramp (i. 
e., step-pool) 

Relatively inexpensive. 
Operate over a wide range of 
river levels. 
Upstream and downstream 
migrating fish can easily find 
the fishway entrance (full- 
width). 
Excellent micro-roughness 
and hydraulic and substrate 
heterogeneity. Can pass 
crustaceans. 
Can pass high biomass (full- 
width). 
Can be constructed without 
site de-watering. 
Can use concrete to set precise 
ridge levels and to promote 
surface flow. 
Aesthetically pleasing. 
Low maintenance. 

Require maintenance, 
especially to clear blockages at 
most upstream ridge and clear 
weed encroachment. 
Can be complex to construct. 
Requires supervision by rock 
fishway specialist. 
Operation can be limited by 
variable headwater 
particularly in partial-width 
fishways. 
Infrequent failure of a small 
number of ridge rocks - these 
can usually be easily fixed. 
Can have shallow depths at 
low flows. 
Can reduce river discharge and 
raise headwater at high flows, 
especially where the lateral 
profile is flat. 

Random rock 
ramp 

Relatively inexpensive. 
Operate over a wide range of 
river levels. 
Upstream and downstream 
migrating fish can easily find 
the fishway entrance (full- 
width). 
Excellent micro-roughness, 
hydraulic and substrate 
heterogeneity. 
Can pass crustaceans. 
Can pass high biomass (full- 
width). 
Can be constructed without 
site de-watering. 

Scour of foundation material 
by turbulence. 
Erosion of loose rock, 
especially at the head and toe. 
Can be difficult to diagnose 
when maintenance is needed 
and regular clearing of weed 
encroachment. 
Can have shallow depths at 
low flows. 

Nature-like 
bypass 

Looks like a natural stream 
(aesthetic and cultural value). 
Can pass a broad size range of 
fish and crustaceans. 
Excellent micro-roughness, 
hydraulic and substrate 
heterogeneity. 
Can provide additional lotic 
habitat. 
Can pass high biomass. 

Relatively expensive due to 
low slope. 
Can require a large land area to 
build. Locating downstream 
entrance near weir or main 
discharge can be problematic. 
Operation can be limited by 
variable headwater. 
Requires high discharge and 
can impact power generation 
at hydro-power plants. 
Regular maintenance to clear 
siltation and weed 
encroachment. 
Construction requires site de- 
watering. 

Concrete baffle 
rock ramp 

Will pass small fish at low 
flows, while larger fish pass at 
high flows.  

High consistency of baffle 
headlosses. 
Upstream and downstream 
migrating fish can easily find 
the fishway entrance (full- 
width). 
Can pass high biomass (full- 
width). 
High discharge fish attraction 
flow. 

Poor aesthetic and cultural 
value in natural settings. 
No published biological data to 
demonstrate effectiveness. 
Less hydraulic and substrate 
heterogeneity and  
may not pass crustaceans. 
Baffle failure (i.e., due to 
settling or damage) can require 
major intervention. 
Thick concrete baffles can 
reduce hydraulic 
heterogeneity as fish pass 
through the slot. 
Tend to be filled with small (e. 
g., D50 220 mm) dumped rock 
which can move downstream. 
Very wide channel creates a 
large construction footprint. 
Less effective fish passage at 
high flows unless integrated 
with bank armour. 
Construction requires site de- 
watering.  
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fishways is not just poor design but poor construction supervision and 
quality control. An experienced supervisor (e.g., eco-engineer) is 
required to select and place each rock and ensure these meet the design 
drawings and measurable specifications (e.g., elevation of all rock 
ridges, size of rock, depth of pools; O’Connor et al., 2022). In many 
cases, the rock fishway can be built within a ‘live’ river, so that the 
supervisor can wet commission the hydraulics during the construction 
which is an advantage in achieving continuous optimal hydraulic 
pathways for fish ascent. An experienced construction team is the major 
requirement for a cost-effective fishway investment with strong on-site 
construction supervision by a proficient rock fishway expert to fully 
manifest the state-of-the-art. 

One of the most frequent causes of functional failure of almost any 
riverine infrastructure, including fishways, is inadequate maintenance 
(Moore and Rutherfurd, 2017). Rock fishways have relatively low 
maintenance requirements because there are multiple flow pathways 
and hence strong redundancy to debris blockage, unlike many technical 
fishways, where if the slot becomes blocked then hydraulic and fish 
passage function is compromised. Unfortunately, for nearly all fishways 
we examined there was a near-complete lack of maintenance and no 
policy obligation for asset owners. In many instances, water authorities 
do not see fishway maintenance as ‘core business’ and this can only be 
changed by clearly articulating obligations as a component of weir li
cencing (Vogel and Jansujwicz, 2022). In rock fishways, three common 
maintenance requirements are: firstly, debris on the most upstream 
rocks which can be minimised with a ‘V’-shaped cross-sectional profile 
and rocks that have low water emergence (Redeker, 2010). Secondly, 
deposition of fines can lead to encroachment of weeds which needs to be 
regularly checked and removed (Masumoto et al., 2023). Thirdly, rocks 
sized to withstand flood events and any movement quickly rectified. 

We provide baseline construction costs for 183 rock fishways with a 
collective 2023 investment value of USD$22 M. On face value, rock 
fishway costs (USD$110 K per vertical metre) were an order of magni
tude lower than for technical fishways (on average > USD$1.5 M per 
vertical metre for vertical-slots; Leader and Smit, 1997; Nieminen et al., 
2017; Bruch and Haxton, 2023). In our experience, the main cost 
sensitivity of rock fishways were: (i) rock and haulage cost (often 50% of 
construction costs) plus other materials (e.g., sheet pile), and (ii) 
contractor risk costs for contingencies like flooding. By contrast, expert 
ecological supervision tends to be a low-cost item. More broadly, rock 
fishways continue to be among the most cost-effective fishway design 
options with an additional aesthetic benefit (Raabe et al., 2019) and can 
contribute to fish community restoration (Amtstaetter et al., 2023). 

Computer modelling of the hydraulic dynamics of rock fishways is 
growing in the literature (Bretón et al., 2013; Baki et al., 2017a) and we 
see strong application to several entrenched knowledge gaps, such as 
refining the understanding between fish behaviour and ascent success 
with the geometric layout of boulders and rocks (Golpira et al., 2022). 
Specifically, when rocks break the water surface they create roughness 
which also generates low water velocity wake zones for fish ascent 
(Redeker, 2010). There is, however, work required to determine the 
influence of hydraulic parameters, such as turbulence, flow vectors, 
streaming versus plunging flow, pool depth and roughness (Mallen- 
Cooper et al., 2008; Kalathil and Chandra, 2023). Construction tech
niques and materials also continue to evolve with multimedia (e.g., rock, 
pre-cast and cast in situ concrete, steel, HDPE) increasingly being used 
(Cassan et al., 2023). In some cases, ‘rocks’ are precast from concrete 
and there is ongoing effort to match the texture of natural rock rough
ness but with the benefit of a known ‘rock’ geometry (Stuart and 
Marsden, 2021; Brittain, 2022). Another innovation is ‘rock arch rapids’, 
where the rock ridges angle upstream to increase structural strength (i. 
e., the Roman arch; Raabe et al., 2019). Considering the spectrum of 
rock fishway design variants this field provides a rich area for ongoing 
innovation and development of highly repeatable designs. 

6. Conclusions 

Rock fishways constitute one of the most cost-effective global design 
options to improve instream connectivity for fish, yet we found little 
published information for Australian rock fishways. Hence, our database 
of 332 fishways provides valuable metadata. A lack of biological eval
uation is, however, impeding learning and further development of 
fishway technology; with a flow-on inability to demonstrate ecological- 
value-for-money to stakeholders. In this manner, Australia is no 
different from other countries where a call for fishway evaluation has 
largely gone unheeded (Bunt et al., 2012). Despite these issues, there has 
been steady progress with design of rock fishways, enabling them to 
reliably pass a biodiverse and broad size range of fish, a key has been 
interdisciplinary cooperation. Over the past 30 years, practitioners have 
taken a variety of design approaches and the lessons learned contribute 
to continued global development of fishways for improved connectivity 
and conservation of freshwater fish communities. Our publicly available 
national fishway database forms a platform for sharing technical infor
mation to promote more effective designs, contributing to continued 
global development of rock fishways and conservation of freshwater fish 
communities. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ecoleng.2024.107317. 
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