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DISCLAIMER 
 
Intended Use and Technical Limitations of the Fish Passage Literature Review:   The sole purpose of 
this report is to: 1) briefly summarize various fish passage technologies and their efficiency 
described in peer-reviewed literature and in other technical documents; and 2) to inform the 
Mactaquac Project team, as an initial step in the process, of the potential engineering design 
options (NBP Project 2.1.3.1).  The information contained herein does not necessarily represent the 
opinion of the CRI. 
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EXECUTIVE SUMMARY  
 
The science of fish passage has a long history and many technologies exist to attempt to provide 
fish passage both up- and downstream of hydropower projects.  
 
Traditional upstream passage solutions include various technical (baffle and pool-and-weir fish 
ladders) and nature-like fishways which allow volitional passage of selected target species. Non-
volitional approaches include various fish lifts and fish locks that are a default choice in large, high-
head dams. In addition, species-specific solutions have been engineered for fish that cannot be 
passed using “generic” fishways (e.g. young eels and adult lamprey).  
 
Downstream passage is generally arranged using three main options: 1) spillway passage; 2) 
turbine passage; and 3) fish bypass structures (including various collection facilities of 
downstream migrating fish for transportation). Effective downstream passage will require full 
development of all three main routes, as all fish cannot be directed to any single route, and 
although some routes may be operated only during a short period of time (e.g. spillways), the 
operational timing may coincide with significant migration periods necessitating their full 
development for functional fish passage. Promising development has been recently achieved in 
environmentally enhanced turbine technologies meriting careful consideration in new hydropower 
developments.  
 
Other promising new technologies are also emerging and their utility should be further examined. 
Some examples of emerging solutions meriting additional research and development are 1) flow 
velocity enhancement systems capable of providing added velocity cues to guide fish; 2) 
decompression raceway technology potentially reducing the effect of barotrauma during 
downstream migration; and 3) volitional upstream passage using flexible conduits.  
 
The data at hand indicates that large uncertainty is still associated in arranging functional fish 
passage especially in a multi-species context, although good passage success can be achieved for 
some species in some cases (e.g. adult salmonid fishes). Recommendations justifying any particular 
fishway type cannot be made without applying careful site-specific considerations. However, 
general recommendations for a feasible process how to arrive in an informed decision regarding 
required fish passage structures exist and should be followed to avoid re-inventing the fish passage 
wheel. Due to the unpredictable nature that is inherent to the development of functional fish 
passage in large dams, adaptive management and passage flexibility will also be required.  
 
Arranging most efficient fish passage either up- or downstream will require trade-offs between 
power generation and the success of passage. This is due to the fact that attraction of fish must be 
induced by provision of flow. Novel technologies and careful engineering designs can mitigate the 
loss for power generation.  
 
This report is a Final Deliverable of the NBP Project 2.1.1, Literature Review: Large River Fish 
Passage. 
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1. INTRODUCTION 
 
One of the well-established effects of hydropower generation is the building of dams that create 
impediment for fish movements and migrations (e.g. Robson et al., 2011; Katopodis & Williams 
2012; Hatry et al., 2013). The effects of impediments are easily understood in the case of migratory 
species that undertake directed up- and downstream migrations to complete their life-cycle 
(Robson et al., 2011). Diadromous species of commercial fisheries concern have been the most 
studied fish and with the most engineering solutions for passage around dams (Katopodis & 
Williams 2012; Williams et al., 2012).  The migration requirements of many potamodromous 
species, however, are mostly neglected (Noonan et al., 2012). Despite these shortcomings in the 
status quo of fish passage research, many fish passage structures have been designed and 
implemented in an effort to mitigate the negative effects of dams on fish survival and their 
population status (e.g. Schilt 2007; Katopodis & Williams 2012).  
 
The Saint John River (SJR) is managed for hydropower by a provincial owner-operator, the New 
Brunswick Power Corporation (NBP). NBP operates a number of hydropower dams in the SJR 
system, and the largest are the Mactaquac Generating Station, Beechwood Generating Station, 
Tobique-Narrows Generating Station, and Grand Falls Generating Station.  
 
The first facility in the system (farthest downstream) is the Mactaquac Generating Station (MGS) 
located ~17 km upstream from the city of Fredericton and 115 km upstream of the Bay of Fundy 
on the mainstem of the SJR. The station began operating in 1968. The facility is ~1,100m long with 
a head ~40 m (see diagram). It has the capacity to generate ~670 megawatts of energy using six 
Kaplan turbines. The MGS supplies ~12 % of the electric power production for New Brunswick. 
 

 
 
The concrete portions of the station, ~300 m which include the diversion sluiceway, spillway and 
the powerhouse, are expected to reach the end of their service lives in 2030 because of problems 
with concrete expansion. The problem is Alkali-Aggregate Reaction (AAR) and occurs when 
concrete paste reacts with silica in the sand and gravel mix of the concrete. The reaction causes the 
concrete to swell and crack over time. The earthen dam is a rock-filled structure sealed with clay; it 
is not affected by AAR and remains secure.   
 

The Mactaquac Generating Station 
(NB Power 2014) 
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NBP has started a process to evaluate the future options for the MGS known as Mactaquac Project 
(www.mactaquac.ca/). These options are: 1) to repower the facility; 2) to retain the reservoir 
(commonly known as the headpond) but with no hydropower; or 3) to remove the dam and restore 
the river to a free-flowing state at the site.  
 
NBP has engaged the Canadian Rivers Institute (CRI) to design a large, multidisciplinary aquatic 
ecosystem study to help the company make an informed, science-based decision for a preferred 
option. The CRI initiated The Mactaquac Aquatic Ecosystem Study (MAES) which is a planned, 
whole-river ecosystem study and manipulation.   
 
In the first two options, a dam and headpond/reservoir would be retained and therefore, up- and 
downstream fish passage are major considerations in the programme of the MAES. The CRI is 
undertaking three approaches to address the specific issue of fish passage:  
 
1) The state-of-the-art in fish passage world-wide will be reviewed (published literature) along 

with direct input of expert advice from jurisdictions where fish passage solutions have been 
attempted in large rivers and/or in multi-species situations. [Project NBP 2.1.1] 

2) The organizing of a Fish Passage Expert Workshop where world experts in the field of fish 
passage science have an opportunity to comment on the current status of fish passage in their 
jurisdictions and provide lessons learned that may be applied to the Mactaquac Project. [Project 
NBP 2.1.2; Linnansaari et al., 2015] 

3) The provision of recommendations for conceptual design options for fish passage for multiple 
fish species for a new facility at the MGS site. [Project NBP 2.1.3] 

 
 
The intent of this report is to briefly summarize the wealth of fish passage literature. Greater 
emphasis was put on the more recent articles and meta-analyses describing various fish passage 
approaches. While not discounting the value of older literature, it was believed that i) the 
information described in the older literature would be contained within the numerous review 
articles and summary reports used in this report, and ii) the more recent articles are building upon 
the former knowledge and have potentially addressed some of the many deficiencies that the older 
studies have encountered. Specific engineering details of the various fish passage structures are 
not included in this report; the readers are directed to utilize the full references listed in the 
Section 7 for this information, and are specifically referred to Katopodis (1992), FAO (2002) and 
NMFS (2008) for a gentle introduction in engineering design of fish passage. This report is a Final 
Deliverable of the NBP Project 2.1.1, Literature Review: Large River Fish Passage.   
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2. GENERAL FISH PASSAGE CONSIDERATIONS 
 
Many fish species are not sedentary and travel among habitats to fulfill a variety of life history 
stage requirements, e.g., reproduction or feeding.  In the SJR, well-established migrations up- and 
downstream of the current Mactaquac Generating Station are (or were) known to exist to access 
habitats for reproduction, feeding and nursery of juvenile life history stages by diadromous 
species, e.g., Atlantic Salmon, Atlantic and Shortnose sturgeon, Striped Bass, Alewife, Blueback 
Herring, American Shad, Rainbow Smelt (Munkittrick et al., 2011) and the catadromous American 
Eel (Munkittrick et al., 2011).  Freshwater migrations (potamodromous species) are similarly well 
known (e.g., Smith 1969; 1979; Ingram 1981; Curry et al., 2002; Doherty et al., 2010).  In addition, 
some freshwater species inhabiting the SJR are known to have large home ranges (e.g. Curry et al., 
2002; 2007; Hanson & Curry 2004).  Overall, there are 54 species of fish in the SJR and majority of 
them are believed or known to move 100s to 1000s of meters during the course of a year.  
 
A major deficiency in fish passage science is the fact that most information regarding passage 
structures and their efficiency and suitability is limited to relatively few species that are considered 
socio-economically important. However, the functionality of rivers is increasingly recognized to be 
dependent on the interactions of multiple species and the energy flows that connects the fish to the 
river; for example, the role of marine derived nutrients has been shown to be imperative to well-
being of rivers and successful fish production in the Maritime region (Samways et al., 2015). While 
the role of diverse fish fauna is recognized, the specific solutions for functional passage of multiple 
species require financial investment in research. In reality, it is likely to take some time until 
research is able to answer the fish passage requirements off all various species, and therefore, 
alternative approaches have been proposed. For example, Kemp (2012) highlights the need to 
develop generalized criteria based on fish guilds (i.e. groups of fish with similar requirements in 
terms of morphology, behaviour and mode of locomotion).  
 
Almost every dam has “fish passage”.  Some passage, e.g., fish ladders, is engineered to the specific 
needs of selected target species while some passage is “accidental”, e.g., fish pass downstream via 
turbine or spillways in the absence of other, more specific routes or accommodations for fish 
ecology.  As recent a meta-analyses demonstrate, successful passage defined as either sustained 
populations, survival of individuals or efficiency of passing a high proportions of migrating fish 
either up- or downstream of obstructions is random, uncommon, and in general, uncertain (Bunt et 
al., 2012; Noonan et al., 2012; Haro & Castro-Santos 2012; Brown et al., 2013).  What is becoming 
well-established is that successful or functional fish passage requires three conditions to be met 
(e.g. Larinier 2002a; Brownell et al., 2012):  
 

1) Passage must be safe - minimal stress, injury, and mortality  
2) Passage must be effective - a large proportion (i.e., > 90 %) of fish must be passed (Lucas & 

Baras, 2001) 
3) Passage must occur with minimal delay – fish must be able to reach their destination within 

necessary ecological and physiological window of time. 
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These fundamentals of functional fish passage were reiterated in the recent Fish Passage Experts 
Workshop (Linnansaari et al., 2015), that is: 

• Restoration of a natural flowing river is the most effective and desirable option for 
successful fish passage   

• Functional fish passage in a multi-species setting is a very difficult challenge 
• A clear definition of “successful fish passage” is important for both up- and downstream 

passage 
• An adaptive management approach is required (active assessment and modification)  
• The cumulative impacts of the reservoir and multiple dams can’t be neglected  
• The behaviour of all fish species must be clearly understood 
• Biological understanding must be incorporated early and often in engineering designs. 

 
To help the process of developing functional fish passage in new (planned) hydropower dams, 
Baumann and Stevanella (2012) described 12 principles of fish passage in more detail (Table 1).   
 
 
Table 1. The principles of fish passage that should be considered in the planning and development of 
new medium and large dams (Baumann and Stevanella, 2012).  

1) Increase the knowledge on fish 
 

2) Get to know the project 

3) Study the applicability of existing 
standards  

4) Adapt existing fish passage designs  

5) Allow the possibility for adjustments  
 

6) Allow a continuous monitoring of fish 

7) Allow the possibility of trapping and 
sorting fish  

8) Identify research needs  

9) Address fisheries management concerns  10) Participate in technical cooperation and 
communication  

11) Consider opportunities and threats  12) Apply an Adaptive Project Management 
approach 

 
 
Other generally applicable considerations related to arranging functional fish passage have also 
emerged after years of research (Larinier 2002a; 2002b; 2002c; Williams et al., 2012).  
 
First, no fish passage structure, either up- or downstream, will function unless its entrance is 
located in such a way that fish will readily find it and further, enter it without hesitation (Williams 
et al., 2012). Successful fishways have entrances located as close to the dam as possible and have 
the entrance oriented such that fish can move as directly as possible in the current to enter the 
passage structure (Williams et al., 2012; Larinier 2002c; Figure 1).  
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Second, to make entrance location attractive, large enough of a flow volume must be provided that 
the migrating fish are enticed to enter the passage structure. For upstream migrants, 5% to 10 % of 
the total project flow is generally used for successful attraction (Williams et al., 2012). The water 
used for attraction flows does not necessarily need to be a loss for power production as with 
creative engineering design, power may be first produced from this volume of water and the water 
may then be released in a way as to provide attraction to fish.  However, fish attraction and 
guidance aspects are the most challenging, highly site- and species-specific factors that typically 
dominate overall effectiveness of fish passage in a project.  
 

Figure 1. General guidance with regard to situating the entrance of an upstream fish passage structure. Source: 
Larinier (2002c).  
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Third, when entrance locations are designed and subsequently attraction flows are provided it 
must be understood that the interplay of these factors need to create suitable hydraulic conditions 
that meet the species-specific biological needs and physical ability of target fish species. In other 
words, ddevelopment of functioning passage systems requires good knowledge of swimming 
capabilities and hydraulic preferences of fish (Williams et al., 2012). The passage efficiency is 
related to fish motivation to negotiate the hydraulic conditions encountered in the passage 
structure and aadapting passage systems to accommodate fish behavior remains a critical aspect 
for success. In general, the fish actively migrating upstream tend to seek areas with higher velocity 
gradients, whereas downstream migrants typically seek areas with the bulk of the flow volume and 
highest velocity, but the lowest velocity gradient (Williams et al., 2012).  
 
 
3. UPSTREAM PASSAGE TECHNOLOGIES 
 
Upstream passage solutions can be generally grouped to volitional and non-volitional structures, 
and further classified by their specific engineering principles. The different general categories are 
discussed below to give a basic understanding of their suitability to different applications and to 
discuss their efficiency, benefits and problems as described in published literature. In general, 
meta-analyses and review articles that have compiled the efficiency of different structures across 
various jurisdictions have all failed to find patters that could be used to provide specific scientific 
recommendations of certain structures for certain situations (Larinier 2002a; Bunt et al., 2012; 
Noonan et al., 2012; Hatry et al., 2013). According to Larinier (2002a):  
 
“Except for the solution of removing the obstruction, there is no “miracle” fish passage facility which is 
more effective than all the others: experience shows that numerous pool fish passes, Denil fishways, 
fish lifts and natural bypass channels have proved to be equally effective - or ineffective.” 
 
Some others consider that the engineered upstream passage constructions, despite their long 
history and developments, are outright failing to mitigate the effects of hydropower dams and that 
restoration is not possible without dam removals (Brown et al., 2013). 
 
 

3.1. VOLITIONAL PASSAGE STRUCTURES 
 
Volitional fish passage refers to structures where fish enter and navigate upstream without 
assistance, i.e., the fish willingly swim through the structures (preferably without significant delay 
within the natural species-specific window of migration). The general idea is to apportion the total 
vertical head of the obstruction into a series of smaller vertical increments that are made passable 
for the selected target species by slowing the water velocity using a series of baffles, weirs or other 
physical structures. Technical (engineered) fish ladders are historically the most traditional 
strategy for upstream passage and remain commonly used around the world today (Katopodis and 
Williams 2012). Many technical designs exist and have been, or are planned to be installed in even 
some of the largest dams (e.g. Baumann & Stavanella, 2012).    
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Baffle fishways offer the shortest upstream route around vertical barriers and are therefore 
installed in relatively steep slopes (e.g. 12 – 20 %; Larinier, 2002d). Therefore, baffle fishways are 
selective and best suited for species with relatively good swimming capabilities (i.e., fast swimmers 
with endurance). Their utility is generally reduced in high-head dams because there are no resting 
pools within the baffle fishways and the fish must pass the ladder in one attempt. In practice, a 
resting pool will be required for every 1.2 to 2.5 m of vertical drop, depending on the fish species 
and therefore, many baffled sections are required in high head installations (Larinier, 2002d). The 
most common baffle fishway types are the Denil and Alaska Steeppass designs (Figure 2) although 
many other designs exist (Larinier, 2002d).  The steeppass provides higher energy dissipation in 
comparison to the Denil, and can be installed in steeper angles (Brownell et al., 2012). Both baffle 
fishway types are somewhat prone to clogging with debris, and have limited tolerance for forebay 
and tailrace water level fluctuations (Brownell et al., 2012). Noonan et al., (2012) found that the 
Denil fishways had the lowest upstream passage efficiency (~ 20 %) for salmonid species among 
the fish passage technologies compared in their meta-analysis and an even lower efficiency was 
found for the non-salmonids (~ 17%). Another study found the attraction performance of Denil 
fishways to range between 21 % – 100 % (mean 61 %, median 57%) and overall passage efficiency 
to vary between 0 – 97 % with a mean and median efficiency of  51 % and 38 %, respectively (Bunt 
et al., 2012). 
 

 

 
 
 
 
 

 
Pool and weir fishways are the most common fishway type applied worldwide (Larinier, 2002e). 
The pools and weirs (cross-walls) are used alternatively to dissipate the energy of the flow, and 
provide a gradual passage upstream of migration barriers (Figure 3). Various engineering designs 
exist depending on the target species that pool and weir fishways are intended to pass; the detailed 
engineering details and the resulting velocities and flow dynamics are generally well understood 
(Katopodis, 1992; Larinier, 2002e; FAO, 2002). The weirs may be equipped with surface openings 
(notches), bottom openings (orifices), or both, and various fish species respond differently to the 
flow variations created by different openings. In general, the pool and weir fishways will provide a 
plunging flow (often necessitating a jump by migrating fishes to negotiate the free-falling part of 
the water flow) or streaming flow, which is generally better for species without leaping abilities. 

Figure 2. A schematic diagram showing a typical design of Denil (A) and Alaska steeppass (B) 
baffle fishways. Source: Modified from Brownell et al., (2012). 
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Pool and weir fishways may be sensitive to forebay water level fluctuations, and special attention 
must be directed to ensuring that suitable design flows are available in the fishway (Larinier, 
2002e).  
 
Fish passage efficiency of pool and weir fishways were recently independently collated by Noonan 
et al. (2012) and Bunt et al. (2012). The average attraction performance of 77% was the best 
among the compared fish passage structures (range 29 – 100%, median 81 %), however, the 
passage efficiency was found to be poor (range 0 – 100 %, mean 40 %, median 34 %; Bunt et al., 
2012). In contradiction, Noonan et al. (2012) concluded that the passage efficiency for pool and 
weir structures was among the best tested with > 70 % success for salmonids and > 40 % for non-
salmonid fishes.   
 
 
 

 
 
 
 
Ice Harbor fishway design (originally designed at the Ice Harbor Dam on the Columbia-Snake 
River System) has shown to be successful especially for adult salmonids (Figure 4); passage 
efficiency of > 90 % has been achieved for adult salmonids in the Columbia system (Brownell et al., 
2012).  The weir of a full Ice Harbor fishway has two orifices and two surface notches that are 
preferentially used by different fish species. As an example, adult salmonids preferentially pass 
through the orifices, whereas the American Shad only pass over the weirs using the notches (Ed 
Meyer, NOAA, Personal communication). The fishway can be adapted in size to accommodate a 
range of project sizes, and the width of the fishway may range from 2m to over 10 m with flows 
ranging from 1 m3/s to 6 m3/s (Larinier, 2002e).  
 
 
 
 
 
 
 

Figure 3. A schematic design of a typical pool and weir fishway. Source: FAO (2002).  
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The vertical slot fishway is another common pool and weir design used at larger dams. The 
structure allows fish passage using a vertical, top-to-bottom opening (Figure 5) providing a 
streaming flow (e.g. Larinier 2002e). Vertical slot fishways have been designed using both a single 
and double slot openings (e.g., the Hells Gate in the Fraser River; Clay, 1961, Hinch and Bratty, 
2000). A small baffle or sill is often situated at or close to the bottom of the vertical slot for 
turbulence reduction and to limit flow in the fishway (Larinier 2002e). In addition, rock substrate 
is sometimes installed to the bottom of the fishway to enable the passage of fish species with low 
swimming performance, e.g., some cyprinids and ictalurids; FAO (2002); Figure 5).  
 
One advantage of the vertical slot fishway is its hydraulic performance with fluctuating water 
levels.  Velocity and turbulence remain stable and a variety of depths are available for fish despite 
variations in water level in the reservoir. The design criteria are species-specific because species 
can be sensitive to the width of the vertical slot (Larinier 2002e, FAO 2002).  For example, the 
effectiveness of passing typical Atlantic Coast species has been uncertain (ASMFC 2010). The 
attraction performance of vertical slot fishways is variable (range 0 – 100 %; mean 63 %, median 
80%) and overall passage efficiency is mediocre (range 0 – 100 %; mean 45 %, median 43 %) in 
multi-species evaluation (Bunt et al., 2012). Similarly, Noonan et al., (2012) found a mean efficiency 
of ~52% for salmonid fishes and ~30% for non-salmonids. In Canada, the largest documented 
diversity of fishes (36 species) has been observed in the Vianney-Legendre vertical slot fishway in 
the Richelieu River, Quebec (Hatry et al., 2013). Vertical passes are recommended as preferred 
structures over other technical fish pass structures by the FAO (2002), but the fish passage 
efficiency data is not supportive of such distinction between fishway types based on recent reviews 
(Noonan et al., 2012; Bunt et al., 2012).  

 

Figure 4. A schematic design of full Ice Harbour fishway. Source: Brownell et al. (2012) 
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While the technical fish ladder types described above have been shown to function in certain 
circumstances for certain species, they are prohibitive for the migration of many others. American 
Eel and Sea Lamprey have attracted specific research interest in hydropower projects as their 
passage has not been particularly good in generic technical fish ladders. Like is the case for other 
volitional fish passage structures, no consensus option has yet been found but existing database is 
sufficient so that experimenting can continue to find a promising solution. The current 
understanding and most pressing research questions regarding eel passage is summarized in 
ASMFC (2013), and for different lamprey species in Moser & Mesa (2009) and Moser et al., (2015).  
 
Volitional fishways also include the nature-like fishway designs. Generally, nature-like fishways 
are used in to circumvent obstacles with relatively low hydraulic head, as passing high-head 
projects would require very long nature-like channels. The general idea of nature-like fishways is 
to design for low slope (commonly 2.5 % to 3.3%) so that velocities within the fishway remain 
passable for a wide range of target species (FAO 2002; Brownell et al., 2012). Instead of engineered 
structures, the energy dissipation is achieved by using natural materials, like boulders, rocks and 
cobble. These materials are arranged to create low velocity zones and resting pools for weak 
swimming species, while other areas of the fishway are designed for deeper flow paths with higher 
velocities for strong swimmers. Nature-like fishways are constructed in three general types: Rock 
(bottom) ramps, fish ramps and bypass channels (Figure 6; FAO 2002). Of these designs, the rock 
and fish ramps are generally suitable for obstacles of only a few meters in height, while bypass 
channels can theoretically be used to surmount an obstacle of any height. However, long natural-
like bypass channels incur relatively high construction cost, and require large space. Moreover, 
long nature-like channels may decrease the motivation of fish trying to pass these structures and 

Figure 5. A schematic diagram showing a generalized vertical slot fishway (A) and the effect of addition of 
bottom substrate on velocity. Source: (A) Brownell et al. (2012), (B) FAO 2002. 
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lead to lowered passage efficiency. Nature-like fishways offer the benefit that the structures may be 
used for both up- and downstream migration.  The attraction performance of nature-like fishways 
was recently found to range 0 – 100 %; mean 48 %, median 50%) with highest mean overall 
passage efficiency among the tested fishway types (range 0 – 100 %; mean 70 %, median 86 %) in 
multi-species evaluation (Bunt et al., 2012).  Noonan et al., (2012) found a mean upstream passage 
efficiency of ~65% for salmonid fishes and ~20% for non-salmonids. Detailed hydraulic 
engineering guidelines for nature-like fishways are provided in FAO (2002).  
 
 

 
 

 
 
 

3.2. NON-VOLITIONAL PASSAGE STRUCTURES 
 
Non-volitional passage structures encompass various fish lifts, fish locks and fish transport 
systems (Katopodis & Williams 2012). These engineered structures are termed non-volitional, as 
the fish that enter the structures are moved upstream of the migration barriers using mechanical 
means and not by (necessarily) by voluntary swimming. Also, fish are unable to use these facilities 
unless the lift operators are on-site to move fish (typically during daylight hours, ignoring the 
species that preferentially migrate at night). Furthermore, the fish passage timing is also limited by 
the operational cycle of the fish lift/ lock, and cannot necessarily move upstream at the time of 
their choice.  Non-volitional structures are most common in high-head dams (typically > 8m) due 
to the lower capital investment versus a large fishway (Brownell et al., 2012). However, these 
structures have higher, and continuous, maintenance and operational costs than technical 
fishways. In the United States, fish lifts seem to be almost exclusively used in the Northeast region, 

Figure 6. Three general types of natural-like fishways. Source: FAO (2002).  
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where a review of 269 hydropower projects requiring a license from Federal Energy Regulatory 
Commission found 7 projects using fish lifts in this region (FERC 2004). The regional discrepancy 
in fish lift usage in hydropower projects in the United States may be stemming from the fact that 
the projects in the Northwest region cater fish passage almost exclusively to salmonid passage, 
while the Northeast projects target a larger range of anadromous species thus making fish lifts a 
more desirable option.  
 
The general operational idea of both fish lifts and fish locks is similar whereby they crowd fish into 
an enclosure for subsequent transfer over the migration obstacle. The fish lifts move fish by the 
means of water-filled mechanical hopper (Figure 7) while the fish locks operate by filling an open 
or closed chamber with water which is then utilized by the fish to move above the dam (Figure 8). 
The fish lifts may also be used to collect fish at the dam for subsequent transport by a truck which 
is used to move fish to selected locations above the obstruction. Recently, fish lifts have been 
favored over the fish locks due to their lower construction expense and operational cost (Brownell 
et al., 2012). 
 
 
 
 

 
 

 
 

Figure 7. A schematic diagram and operational principle of a fish lift. Source: FAO (2002).   
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The largest benefit of fish lifts and locks is that they can pass most fish species including those with 
weak swimming capabilities (FERC, 2004; ASMFC, 2010). While a large range of fish species may be 
moved upstream using fish lifts they are not suitable for all species, particularly those that are 
either small and fall through the lift hopper screens (e.g. small sized eels), or those too large for the 
designed lift hopper (e.g. large sturgeon). These problems in passage can be managed by technical 
design of the lift hopper.  
 
The efficiency of fish lifts has been shown to be generally poor with mean passage efficiency for 
salmonids < 40 %, and < 20 % for non-salmonids (Noonan et al., 2012). In the three fish lifts 
evaluated by FERC (2004), the efficiency ranged 0 – 55% for American Shad, 45 – 55 % for Atlantic 
Salmon, and 57 – 67 % for river herring (Alewife and Blueback Herring). In Europe, fish lift 
efficiencies ranging from 47 % to 87 % have been documented for Atlantic salmon (Bach et al., 
2000; Larinier et al., 2005; Croze et al., 2008).  
 
The main problem associated with fish lift efficiency is related to poor attraction of fish into fish lift 
structures (Larinier et al., 2005; Croze et al., 2008). Therefore, auxiliary water release is required 
to provide attraction flows that are competitive in comparison to other project flows. Fish lift 
attraction flows of at least 1 – 5% of the project flow (Larinier, 2002c)  have been recommended, 

Figure 8. A schematic diagram and operational principle of a closed chamber fish lock. Source: Larinier (2002f). 
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but flows up to 10-20% of the turbine discharge maybe necessary if functional fish passage using a 
lift is desired (Larinier et al., 2005). As such flows represent a high proportion of total project 
flows, installation of small turbines is recommended so that power can be generated of the flows 
that will then provide attraction to the fish lift (Larinier et al., 2005). It should be mentioned, that 
provision of appropriate attraction is not an exclusive property of fish lifts; in general, attraction 
flows required for fish lifts are comparable to those required by efficient passage in large technical 
fishpasses (Brownell et al., 2012). 
 
  

3.3. NOVEL APPROACHES 
 
The science of fish passage is rapidly evolving and new engineered solutions are constantly 
introduced.  These new innovations still have no long-term data to show efficiencies, but research 
and development of novel technologies is a key to functional fish passage and overcoming 
problems with existing technologies.    
 
One emerging technology for upstream passage at high-head dams is a collapsible conduit 
transportation system known as WHooshh Fish Transport System.  The system creates a pressure 
differential in front and back of a fish that introduces a force which rapidly moves a fish along the 
conduit (a tube). The conduit system is lubricated by a mist of water and thus, the system does not 
require spillage of water.  It appears the system is a low-cost and easily modified method, but 
would still require attraction flow like any other passage structure). There is no theoretical limit on 
the head differential that the migrating fish can be moved, but practical limits for passage would be 
imposed by the time it takes for the fish to pass above the impediment. Initial tests show that no 
stress response is elicited during transport in the conduit in adult rainbow trout (Mesa et al., 
2013). In general, such a system is low cost (relatively) and easily modified with options for 
multiple and mobile operating systems. 
 
 
4. DOWNSTREAM PASSAGE TECHNOLOGIES 
 
 
While upstream passage has been widely studied and attempted, the science of downstream 
passage is much less advanced, largely because it is more difficult and complex to understand 
ecologically (fish behaviour) and technically (engineering solutions - Larinier, 2000; Williams et al., 
2012).  Many migratory species have complex life histories, e.g., juveniles and adults of diadromous 
species must migrate downstream to the ocean to complete their life cycles (e.g. Atlantic Salmon, 
American Eel). Iteroparous, anadromous species that spawn repeatedly require downstream 
passage for post-spawn adults.   
 
As with upstream passage, fish species have varied life history stages and thus, a solution which 
works well for one species might not work for another. The majority of the focus in downstream 
fish passage to date has been on passing juvenile salmonids; however, considerations for other 
species have also been made (Katopodis & Williams, 2012; Larinier & Travade, 2002). 
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Downstream passage through hydroelectric facilities takes three major forms: through spillways 
(including top-spilling sluiceways), through turbines, or through bypass systems (including 
collection galleries and subsequent transportation). Downstream passage also requires directing 
fishes away from hazardous areas or potential holding areas and directing fish towards the passage 
structures to ensure efficient and timely passage (Larinier & Travade, 2002). A number of different 
structures or designs may be needed in order to pass a variety of species (Noonan et al., 2012).  
Careful consideration is always required in order to find a balance between passage efficiency, 
operation and maintenance, and power generation. 
 
                 

4.1. SPILLWAY PASSAGE 
 
Functional downstream fish passage via spillway structures requires sufficient attraction to direct 
fishes away from unwanted routes and into the spillway.  Downstream migrating fishes generally 
use flow or currents to navigate and adequate flow is therefore required to direct fish into the 
spillways (Johnson & Dauble, 2006).  The volume of water passing through the spillway that is 
required to direct fishes from the forebay (and away from the turbines or potential holding areas) 
and through the spillways is species and site dependent (Johnson & Dauble, 2006; Muir et al., 2001; 
Wertheimer & Evans, 2005).  Ideal spill patterns for different species vary greatly, both the ideal 
spill location (i.e., bottom spill for bottom oriented species such as American eel and lamprey 
macrophtalmia) or top spill for surface oriented migrators such as salmonids, and timing of 
passage, e.g., diel patterns related to  fish that migrate at day vs. night (Ferguson et al., 2005; 
Watene & Boubée, 2005; Wertheimer & Evans, 2005).  
   
Fishes passing through spillways may experience either direct (i.e., impact with spillway structure 
or water) or indirect (i.e., predation of disoriented fishes) mortality (Larinier & Travade, 2002; 
Schilt, 2007).  Fishes are subject to shear stress and abrasion from spillway structures, turbulence, 
gas supersaturation (i.e., gas bubble disease), and rapid changes in velocities and pressure 
(Ferguson et al., 2005; Larinier & Travade, 2002; Larinier, 2000).  Fish pass through spillways in 
freefall (outside of the water column) or contained within the falling water column.  Impact 
velocities greater than 16.2 m/s will cause significant injury or mortality (Ruggles & Murray, 1983). 
This equates to a 13m drop in water, beyond which the probability of mortality increases to 100% 
at approx. 55-60m (Larinier, 2000).  For smaller fish, freefall is preferred because their terminal 
velocity is often less than the critical velocity. The risk of injury or mortality is similar for larger 
fish whether in water or in freefall (Larinier & Travade, 2002; Larinier, 2000).   
 
Spillway design is also important.  Designs which direct water away from the base of the dam are 
preferred as they decrease abrasion provided there are no structures to strike and that fish are 
directed to an entry pool with sufficient depth (Ferguson et al., 2005; Wertheimer & Evans, 2005).  
In many dams with vertical falls <10 m, spillway passage can be the safest form of downstream 
passage (Ferguson et al., 2005; Larinier & Travade, 2002; Muir et al., 2001; Ruggles & Murray, 
1983). In many large dams in the Columbia Snake River Basin (CSRB), vast majority (53 - 88%; 
depending on the dam, year, and species) of juvenile salmonids pass through spillways and 
provides acceptable, although not always best, survival for juvenile salmonids (94 – 100% in the 
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Bonneville, the Dalles and the John Day Dams in 2010-2011 for juvenile Chinook and juvenile 
steelhead; Ploskey et al., 2012).  
 
The volume of water directed through spillways is also important for attraction and passage 
survival.  Higher flows through the spillways increase the attractive current, directing fish to and 
through the spillway, and also raise the level of the tailrace which reduces the height of the  fall and 
increases the depth of the entry pool (i.e., stilling basin); these factors can increase survival 
(Larinier & Travade, 2002; Larinier, 2000; Muir et al., 2001).  For example, survival of yearling 
Chinook Salmon passing via the spillway at Lower Monumental Dam, Snake River, was highest 
when river flows were doubled and the tailwater elevation increased by 1.2m (98.7% vs. 83.4% for 
high and low flows, respectively; Hockersmith et al., 2004). 
 
The diversion of water through spillways reduces the volume of water that can be directed to the 
powerhouse, i.e., reducing the power generation. Spill schedules are important for striking a 
balance between downstream passage and power generation.  Ideal spill patterns will vary 
depending on the species requirements and interannual variation in flows and migration times.  
Monitoring is always required to properly implement spill patterns to match annual migrations 
(Ferguson et al., 2005; Schilt, 2007).  Diel patterns (i.e. daytime vs. nighttime migrants) may also be 
important in maximizing spill efficiency (Ferguson et al., 2005).  Efficient environmentally designed 
spilling schedule decreases the time fishes spend in the forebay and in the tailrace, which may 
positively influence downstream survival by reducing exposure to predators.  Reduced delay to 
migration as a result of efficient passage may also play an important role in ensuring migrants 
enter the ocean when conditions are most suitable for entry (McCormick et al., 1998; Ferguson et 
al., 2005; Scruton et al., 2008).  Biological data relating migration behavior and timing, and the 
responsiveness of fish to different environmental stimuli (flow, temperature, lunar phase etc.) is 
fundamental for arranging a spilling regime that is cost-effective (in terms of lost generation 
potential) but ecologically robust (directs maximum number of fish safely downstream with 
minimum delay).   
 
To date, downstream fish passage via spillways has focused on passing juvenile and post-spawned 
adult salmonids.  Spillway passage constitutes an important and largely functional downstream 
passage for Pacific salmon and trout in the Columbia Snake River Basin, Washington State 
(Ferguson et al., 2005; Wertheimer & Evans, 2005; Muir & Williams, 2012; Ploskey et al., 2012).  
Spillways are heavily relied on as a means of downstream passage for Atlantic Salmon smolts 
and/or kelts also on the Exploits River, Newfoundland (Scruton et al., 2003; 2007; 2008) and in 
Sweden (Calles et al., 2012). 
 
In addition to passing fish downstream using spill-at-depth, the surface migrating species may be 
cost-effectively passed using surface spill via a sluiceway. Surface spill is more cost-efficient than 
regular spill as the amount of released water can be drastically reduced as the spill takes place 
from the layer of water where the fish are aggregated (Schilt 2007). Generally, surface spill reduces 
the delay and results in higher survival (94 – 100%) of juvenile salmonid fish in comparison to 
regular spill (Ploskey et al., 2012) and may be attributable to the fact that pressure changes are not 
experienced by the fish. The proportion of fish guided downstream using surface spill varies 
between hydropower installations and techniques used for surface spilling. For example, relatively 
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low proportion (2 – 17 %) of juvenile salmonids are passed through surface spill in Bonneville, 
Dalles and John Day dams in the Columbia Snake River Basin (Ploskey et al., 2012), but recent 
retrofits in other dams in the same river system have been shown to be very successful in passing 
majority of downstream migrating juvenile salmonids (77% of tested juveniles with 99% survival 
at Wanapum; 55-85 % of daytime tested juveniles with 95 – 100% survival at Lower Granite) (e.g. 
Adams et al., 2014).  In the case of the Lower Granite Dam on the Snake River, Washington, the 
existing spillway has been fitted with a removable spillway weir in order to create an effective 
surface spill facility that passes 3 – 13 % of the total project discharge (Ferguson et al., 2005; 
Johnson & Dauble, 2006; Adams et al., 2014; Figure 9).  
 
 

 
 

 
 
The affinity of certain fish species to travel in the surface water column and to follow the bulk of 
the flow has been used to design specific surface-spilling hydropower installations. An example is 
the Wells Dam on the Columbia River that has a unique surface spill system known as a 
“hydrocombine” (Figure 10).  The hydrocombine derives its name of a unique design where the 
spillway entrances are situated directly above the turbine intakes. The design was developed to 
improve the passage for the surface-oriented juvenile salmonids (Skalski et al., 1996), but other 
surface migrating species would also benefit. The attraction flow that keeps fish in the upper 
sections of the water column and away from the turbine intakes is created by opening the top 
section of the gates when the adjacent turbines are operating.  Total discharge through the surface 
bypasses is 310 m3/s in the spring (approximately 7% of the facility’s total  discharge; Johnson & 
Dauble, 2006).  The Wells Dam bypass system is the most efficient bypass for juvenile salmonids on 
the Columbia River (Beckwith et al., 2013).  Fish passage and survival studies indicate that 89% of 
project passage was through the surface bypasses (Bickford & Skalski, 2000; Skalski et al., 1996). 
Despite the relative success of hydrocombine installed at Wells Dam, similar high success in 
passing surface oriented juvenile salmonids has not been achieved in other hydrocombine 

Figure 9.  Removable spillway weir. Source: Water Power Magazine 
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installations constructed after Wells Dam, and the specific reasons for high success in the 
prototype Wells Dam are not easily explained (Office of Technology Assessment 1995).   
 
 

 
 

 
4.2. TURBINE PASSAGE 

 
 
At some hydropower generation facilities, turbine passage is the only form of downstream passage, 
and especially so in larger dams where alternate downstream passage facilities are not considered 
cost-effective by power companies (FERC, 2004; Pelicice & Agostinho, 2008). Potential sources of 
mortality or injury to fish can be direct (see below) or indirect, due to disorientation and 
subsequent predation.  Direct mortality effects have three major mechanisms: mechanical (i.e., 
direct contact or collision with fixed or moving parts of the turbine), fluid (i.e., shear stress and 
cavitation), and barotrauma (i.e., rapid changes in water pressure).  These mechanisms may act 
singly or cumulatively to affect fish survival during turbine passage (Franke et al., 1997). 
Sources of mechanical injury and mortality are generally the result of being struck by or colliding 
with a moving or stationary part of the turbine (e.g., guide vanes, vanes, or wheel blades) or 

Figure 10.  Diagram of the “hydrocombine” design used at the Wells Dam on the Columbia River showing the 
vertical arrangement of the turbine intakes with spillways located directly above the powerhouse. Source: 
Skalski et al. (1996) 
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grinding between stationary and moving parts (i.e., between the blades and the hub or the blades 
and the discharge ring; Figure 11 ; Čada, 2001; Franke et al., 1997).  Mechanical injury and 
mortality rates are a function of fish length, the number of blades on the turbine, and the distance 
between the blades (Čada, 2001; Franke et al., 1997).  Mechanical injuries are the primary cause of 
fish mortality at dams <30m in height (Franke et al., 1997). 
 

 
 
 
 
 
Fluid mechanisms of injury and mortality include shear stress and cavitation within the turbine 
structure (Figure 11).  Injury and mortality as a result of shear stress forces is caused when fish 
encounter areas with drastic changes in water velocities, i.e., slow to fast velocity (Hogan et al., 
2014; Neitzel et al., 2004). Fish species show differential resistance to shear stress and for example, 
Neitzel et al., (2004) found that American Shad were much more susceptible than the Rainbow 
Trout and Chinook Salmon.  While all American Shad exposed to the highest strain rate died, 
Rainbow Trout and Chinook Salmon survived better but  had serious injuries including torn 
opercula and missing eyes (Neitzel et al., 2004).  Cavitation occurs when vapor pockets implode, 
sometimes causing the formation of high velocity water jets and high pressure shock waves 
capable of damaging metal, and consequently fish tissue near enough to the imploding vapor 
pockets (Odeh, 1999).    

Figure 11. Locations within a hydroelectric turbine where injuries are most severe. Source: Čada (2001) 
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Turbine passage exposes fishes to increasing pressure from the approach to the turbine to low 
pressures within turbines.  Fish exposed to a rapid decrease in pressure over a short period of time 
can result in body injuries and/or mortality (Figure 11; Čada, 2001; Coutant & Whitney, 2000).  In 
general, fish are most sensitive to decreases in pressure and rapid pressure changes such that the 
degree of pressure related injury is relative to their acclimation pressure prior to turbine passage 
(Čada, 2001).  The actual injury and mortality during turbine passage result from expansion and/or 
rupture of the swim bladder (Brown et al., 2012a; Coutant & Whitney, 2000; Larinier, 2000).  
 
Much of the knowledge related to pressure changes during turbine passage comes from “Sensor 
Fish” passing through turbines.  Sensor Fish are nearly neutrally buoyant, 24.5mm x 90mm 
electronic devices capable of recording 3-dimensional accelerations, rotational velocities, and 
pressures during turbine passage (Figure 12; Trumbo et al., 2014).  Using data obtained from 
Sensor Fish, researchers have been able to examine pressure changes and acceleration during 
turbine passage (Figure 13) and these values have been applied to simulate the effects of turbine 
passage of fish in laboratories (Brown et al., 2012a; 2012b; Colotelo et al., 2012).  In a typical 
turbine, the mechanism of pressure change is the rapidly decreasing pressure and rapid 
acceleration as a fish passes through the wicket gates and into the turbine runners (Figure 13).  
The bottom of the runner blade is the “suction side” and is the location where the lowest pressure 
is experienced.  This point is referred to as the pressure “nadir” (Figure 13 and 14; Trumbo et al., 
2014).  Computational Fluid Dynamics (CFD) models have also confirmed that pressure nadirs 
exist in the gap between the blade tips and the discharge ring and just below the leading edge of the 
blades (Richmond et al., 2014).      
 

 
 

 Figure 12.  “Sensor Fish” used to measure conditions inside turbines, here equipped with balloon tags that 
inflate following exposure to water for 2-3 minutes to allow for recovery of the Sensor Fish and a radio tag 
to aid in locating it. Source: Carlson et al. (2008) 
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Figure 13.  Example of the pressure change over time experienced by a Sensor Fish during passage through 
John Day Turbine Unit 9 on the Columbia River.  The turbine was operating at peak efficiency and the 
Sensor Fish passed near the runner tip. Source: Carlson et al. (2008) 

 

Figure 14.  Location of pressure nadirs in a Kaplan turbine based on Computational Fluid Dynamics 
(CFD) models. Source: Richmond et al. (2014) 
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Studies by Brown et al., (2012a; 2012b) found that the principal factor affecting mortal injury 
during simulated turbine passage (in relation to pressure) in juvenile Chinook Salmon was the 
ratio of the fish’s acclimation pressure to the minimum pressure of exposure during passage.  They 
concluded that injuries sustained during rapid decompression were mainly as a result of swim 
bladder rupture rather than expansion of gases in the blood.  Juvenile Brook Lamprey and Pacific 
Lamprey (fishes lacking a swim bladder) were exposed to similar simulated decompression 
conditions and experienced no mortality or perceivable injury as a result (Colotelo et al., 2012). 
 
Physostomous fish such as salmonids have a pneumatic duct that connects the swim bladder to the 
esophagus which allows for intake or venting of gas.  Some species (e.g. various perch) are 
physoclistous and do not have a pneumatic duct and thus rely on gas diffusion within the blood to 
regulate gas in the swim bladder (Odeh, 1999).  As a result, physoclistous fishes are generally more 
susceptible to pressure effects during turbine passage than physostomous fishes (Odeh, 1999).  
    

3.2.1 Kaplan and Francis Turbines 
Kaplan turbines (Figure 15) have a propeller type design with variable pitch blades that allow the 
turbines to be operated across a range of flows (Trumbo et al., 2014).  Francis turbines (Figure 16) 
typically have more blades and are  common at high head sites (Larinier, 2000).  The mortality rate 
of salmonids passing through Kaplan and Francis turbines can dramatically vary between sites and 
applications and is largely dependent on the design of the turbine, operation, head, and the size of 
fish passing through the turbines (Larinier & Travade, 2002).  Mortality rates for Kaplan turbines 
typically range from 5 -20%, while mortality rates for Francis turbines range from 5 to >90% 
(Larinier & Travade, 2002; Larinier, 2000).   
 
The difference between the mortality rates for the two turbines has been attributed to differences 
in application (Figure 17 and 18) (EPRI, 1992).  Francis turbines with their additional blades and 
smaller diameters  increase the probability of blade strike during turbine passage, particularly for 
larger fish (EPRI, 1992; Franke et al., 1997).  Fish mortality when passing Francis turbines may be 
due to narrow clearances between the wicket gates at low gate settings and between the trailing 
edge wicket gates and the runners at high gate settings (EPRI, 1992).  Increased free space between 
the runner blades, particularly in large Kaplan turbines, likely increases the survival of passed fish 
(EPRI, 1992; Franke et al., 1997).        
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Figure 15.  A schematic diagram of a Kaplan turbine. Source: Industrial Electronics 

 

Figure 16.  A schematic diagram of a Francis turbine. Source: Litostroj Steel 
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3.2.2 Environmentally Enhanced Turbines 
“Environmentally enhanced turbines”, also called “fish friendly” turbine designs, have emerged as 
an alternative to conventional Kaplan and Francis turbine designs.  These designs increase fish 

Figure 17.  Operating range for Voith Francis turbines. Source: Voith Hydro 

 

Figure 18.  Operating range for Voith Kaplan turbines. Source: Voith Hydro 
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survival while maintaining power generating efficiency.  Two environmentally enhanced turbine 
designs have emerged from the Advanced Hydropower Turbine Systems (AHTS) program (Sale et 
al., 2000), which was tasked with advancing the development of turbines that minimized injury and 
mortality of fish while maintaining downstream water quality and efficient power production 
(Odeh, 1999).  Despite closure of the program in 2005 due to lack of funding two designs emerged: 
the Alden turbine and the Voith Minimum Gap Runner (MGR) (Hogan et al., 2014).  The MGR is 
essentially a modified Kaplan turbine.  The Alden turbine is new turbine design built to improve 
fish survival during turbine passage (Hogan et al., 2014).  To date, both designs have yielded 
positive results in terms of fish passage and power generation.  The MGR has been installed and 
tested at a full scale in the Columbia River system.  A similar full scale trial has yet to be completed 
using the Alden turbine (Hogan et al., 2014).   
 
Minimum Gap Runner (MGR) 
The MGR turbine was developed by modifying a conventional Kaplan turbine to minimize the gaps 
between the adjustable runner blades and hub, and the blade tips and the discharge ring at all 
blade positions (Figure 19 and 20; Čada, 2001).  These modifications were intended to minimize 
the areas where fish injury and mortality occur as a result of grinding, high sheer stress, 
turbulence, and cavitation in the gaps between fixed and moving parts in the turbine (Hogan et al., 
2014).  These changes were also expected to improve the operating efficiency of the turbine in 
terms of power generation (Odeh, 1999). 
 
 

 
 

 Figure 19.  Minimum Gap Runner turbine and wicket gates. Source: Voith Hydro 
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The MGR has been installed and tested at three hydropower generation facilities in the 
northwestern USA, and each application has had positive results.  The first installation was at the 
Bonneville Dam, Columbia River in 1999 where power generation and fish passage survival were 
compared between a standard Kaplan unit and the new MGR unit.  While juvenile salmonid survival 
was not significantly different between the two turbine designs, survival through both turbines was 
high (>98%) and the MGR unit produced 15% more electricity than the regular Kaplan unit 
(Normandeau Associates 2000; Ploskey et al., 2007).  At the Wanapum Dam, Columbia River the 
MGR was tested against an existing Kaplan unit, again with comparable fish passage survival 
(Kaplan 97.7% vs. MGR 97.8% weighted mean survival) and increased power production (Dauble 
et al., 2007).  Eight of the old Kaplan units have now been replaced with MGR units and the last 
units were scheduled to be replaced in 2014 (Hogan et al., 2014). The final project is the Box 

Figure 20.  Comparison of conventional Kaplan turbines and the Minimum Gap Runner (MGR) turbine under 
two blade tilt scenarios (blade angle can be adjusted to maintain generating efficiency at different flows) 
illustrating areas where gaps have been minimized to reduce fish injury during turbine passage. Source: Čada 
(2001) 
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Canyon Project, Pend Oreille River where the original Kaplan unit and the new MGR were tested, 
resulting in similar fish passage survival for both adult and juvenile rainbow trout (but with a 30% 
increase in power generation; 22.5 MW vs. 17.25 MW ; Hogan et al., 2014).     
 
Alden     
The Alden turbine was designed to maximize fish survival during turbine passage, and the 
following design were undertaken: 1) limit runner speed; 2) have a high minimum pressure; 3) 
limit the rate of pressure changes; 4) limit maximum sheer flows; 5) minimize the number and 
length of leading blade edges; 6) maximize distance between runner inlet and wicket gates and 
minimize gaps; and 7) maximize the size of flow passages (Cook et al., 2003).  The design of the 
Alden turbine was based on two and three dimensional CFD analyses to meet the objectives set out 
for the new turbine design.  The final design (Figure 21) has three helical blades attached both to 
the hub and to an external rotating shroud, eliminating gaps where fish might be subjected to 
injury from grinding and/or sheer stress (Cook et al., 2003).  Water passes through a conventional 
scroll case, through a radial space with relatively few but long wicket gates (vanes), and into a 
gradual downturn leading to the runner entrances (Cook et al., 2003).  The long helical runner 
blade shape was selected to minimize pressure change rates which might affect fish survival 
through the turbine (Hecker & Cook, 2005). In addition to minimizing pressure differentials and 
minimizing the number and length of blades, the leading edge of the runner blades on the Alden 
turbine are wider than those found on traditional turbines.  Wider leading edges on turbine blades 
in conjunction with slower rotational speeds have been demonstrated to decrease fish mortality 
caused by blade strike (EPRI, 2007).  
 
 

 
 
 
 
 
Testing of the Alden turbine was completed using a scaled-down turbine at 1:3.25 scale.  The test 
loop regulated flows between 50-95 cfs (1.42-2.55 m3/s), heads from 35-85 ft. (10.7-25.9m) and 
rotational speeds from 200-375 rpm (Cook et al., 2003).  Biological testing was conducted to 
determine fish survival relative to size, species, and turbine operating conditions (Table 2).  

Figure 21.  A scale model of the Alden turbine. Source: Hogan et al. (2014) 
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Survival for a full size turbine was predicted using the survival data from the prototype testing and 
strike equations.  Survival was predicted to be >98% for fish <75mm in length and >96% for fish 
75-150mm (Figure 22; Cook et al., 2003).  Additionally, the full size Alden turbine might have 
greater survival because the  space between the blade leading edges would be much greater on the 
full size turbine at a designed 13ft vs. 4ft model (Cook et al., 2003).       
 
Table 2.  Immediate (1 hour) and Total (1 hour + 96 hour) survival of fishes passed through a 1:3.25 
reduced scale Alden turbine prototype at different operating conditions, with and without wicket 
gates (modified from Cook et al., 2003) 

Species 

Rotational 
Speed 
(RPM) 

Head 
(ft.) 

Wicket 
Gates 

Average 
Fish Length 
(mm) 

Immediate 
Survival (1hr) 

Total 
Survival (1 
hr. + 96 hr.) 

Rainbow Trout 240 38 No 94 94.80% 92.70% 
Rainbow Trout 240 38 No 174 89.1% 88.4% 
Rainbow Trout 345 80 No 93 92.5% 91.0% 
Rainbow Trout 345 80 No 173 84.2% 83.3% 
Rainbow Trout 240 40 Yes 38 97.6% 96.2% 
Rainbow Trout 240 40 Yes 85 96.5% 95.5% 
Rainbow Trout 240 40 Yes 170 90.4% 90.4% 
Rainbow Trout 345 80 Yes 38 96.0% 96.0% 
Rainbow Trout 345 80 Yes 85 93.3% 92.2% 
Rainbow Trout 345 80 Yes 175 82.0% 80.7% 
Smallmouth Bass 240 40 Yes 69 98.2% 97.4% 
Smallmouth Bass 240 40 Yes 155 92.6% 89.5% 
American Eel 240 40 Yes 249 100.0% 99.6% 
American Eel 240 40 Yes 431 100.0% 98.3% 
White Sturgeon 240 40 Yes 103 98.3% 97.0% 
Alewife 240 40 Yes 87 95.4% 93.7% 
Coho salmon 240 40 Yes 102 95.4% 93.1% 
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3.2.3 Alternative turbine designs 
Some alternative turbine designs may possess characteristics that make them “fish friendly. Most 
are designed for low heads (<20m and <3m), which precludes their use at most large hydropower 
generation facilities.  Two designs are garnering interest in low-head applications in Europe and 
North America: the Very Low Head (VLH) turbine and the Archimedes Screw turbine (Hogan et al., 
2014; Kemp et al., 2014).  
 
The VLH turbine (Figure 23) was developed in France in 2004 for existing low head hydropower 
facility.  The turbine is appropriate for heads of 1.4-4.2 m and flows between 10-30 m3/s.  It was 
developed to be easily integrated into suitable structures to reduce costs in construction (Hogan et 
al., 2014; Kemp et al., 2014).  The VLH turbine is designed to be mounted in an inclined position 
(30-50o) from horizontal and uses an 8-blade Kaplan style runner.  The unit is compact and 
decreases intake and outlet structure sizing by maximizing the diameter of the turbine runner 
(Kemp et al., 2014).   

Figure 22. Predicted immediate survival predictions versus fish length for the full size Alden turbine. Source: 
Cook et al. (2003) 
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The large diameter of the turbine contributes to slow rotational speeds which creates conditions 
more favorable for successful downstream passage.  Testing with live fish has been carried out in 
France where mortality rates were <5% for Atlantic Salmon smolts, Rainbow Trout, Carp and 
Tench (Hogan et al., 2014; Lagarrigue, 2013).  Several VLH turbines have been installed in Europe, 
but projects in North America have been hampered by climate, namely extremely cold 
temperatures and ice that affect the operation of the turbine components and the generator.  To 
that end Canadian Projects Limited, with support from Natural Resources Canada, have 
endeavored to solve the issues associated with operating VLH turbines in winter conditions 
encountered in North America (Kemp et al., 2014).   
 
The Archimedes screw is a simple turbine design for low head installations and minimal damage to 
fish during downstream passage.  Archimedes screw turbines are designed for low heads (<10 m) 
and have diameters between 1.5-3.5 m (Figure 24).  Their low rotational speeds and minimal 
pressure changes and shear forces minimize injury to fish that pass through this turbine (Figure 24 
and 25; Hogan et al., 2014).  The Archimedes screw turbine has been installed and tested at several 
sites in Europe and the UK with positive results for fish passage.  Studies indicate minimal to no 
injuries and no mortalities from downstream passage of adult European eels, larval and juvenile 
river lamprey, sea-run Brown Trout and Atlantic Salmon kelts (Bracken & Lucas, 2013; Fishtek 
Consulting, 2007, 2008, 2009, 2011; Hutton, 2012).        
 

Figure 23.  Very Low Head (VLH) turbine. Source: Coastal Hydropower 
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While the VLH and Archimedes screw turbines are designed for low head installations, opportunity 
may exist to employ these designs in fish bypass structures to generate power from the water 
directed away from the main turbines for downstream fish passage at a large hydroelectric facility.  
Water directed away from the main turbines to divert fish through bypass routes cannot be used to 
generate power in typical hydropower schemes; however, alternative turbine technologies could 
potentially be used to generate some, albeit not as much, power from this diverted water with 
minimal risk to passed fishes.  The potential also exists to install dewatering devices to direct a 
portion of the water used in the bypass facility towards an alternative turbine while the remainder 
of the water and the bypassed fish continue to an outfall below the dam.     

Figure 24.  Typical Archimedes screw turbine installation. Source: Hutton (2012) 
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4.3. BYPASS PASSAGE 
 
Structures that direct fish away from potential hazards such as turbines and towards safe, bypass 
routes are known as “Bypass Facilities”.  A multitude of bypass designs exist and all consist of two 
major components: 1) a design or system that directs or funnels downstream migrating fishes 
towards a safe passage route; and 2) a bypass facility that allows fishes to safely migrate through 
the dam works and into the tailrace (Figure 26).  Effective (functional) bypass routes must be 
designed and situated such that fish are funneled, directed, or enticed towards and into the bypass 
facility.  This requires a sound understanding of the biology of the fish to be passed, e.g., 
downstream migration patterns and swimming position in the water column (e.g., bottom vs. 
surface).  For example, downstream migrating fishes tend to move with the current, but salmonids 
also tend to avoid areas of quickly accelerating or decelerating flows that are typical of dam faces 
(Enders et al., 2009).  Some fish are surface-oriented migrants (migrate in the upper portions of the 
water column, e.g., salmonids and clupeids), while some others are bottom-oriented migrants, e.g., 
anguillids.  Effective bypass structures will attract fish, but must also consider the lost power 

Figure 25.  Archimedes screw turbine installed on the River Dart, U.K. Source: Western Renewable Energy 
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generation because water will be redirected away from the turbines (Johnson & Dauble, 2006; Muir 
et al., 2001).     
 
 

 
 

 
 
 
A multitude of bypass structures exist and the majority are designed specifically to pass salmonid 
species (Katopodis & Williams, 2012).  Consequently, salmonids are generally more successful at 
navigating these structures (74.6 % vs. 39.6 %, salmonids and non-salmonids, respectively; 
Noonan et al., 2012). While some salmonid focused designs may prove effective at passing other 
species, it may be necessary to incorporate multiple bypass structures to provide adequate passage 
for all target species. 
 
Guidance structures are often required for bypass facilities.  Guidance may consist of physical 
barriers (i.e. screens) which exclude fish from entering turbine intakes, and structural or 
behavioural diversion systems that guide fish towards a bypass using mechanical means (e.g., 
angled bar racks, and louvers) or take advantage of natural behaviors to attract or repel fish (e.g., 
bubble curtains and lights; EPRI, 2002; Larinier & Travade, 2002).  These structures function to 
prevent fish but must also direct them towards and into the designated safe passage route 
(Larinier, 2000). 
 

3.3.1 Physical Barrier Screens 
 
Screens are used as physical barriers to exclude fish from turbine intakes (Figure 27).  Flows in 
front of the screens must be designed for the swimming abilities of the native species, i.e., ensure 
they are not  impinged against the screens (Larinier & Travade, 2002).  Effective screening systems 

Figure 26.  The basic components of a bypass structure (shown is a surface-oriented structure); guidance 
and dewatering structures are not always present in bypass structures. Source: Johnson & Dauble (2006) 

 

33 
 



 MAES Report Series 2015-016 

are typically diagonally to the flow.  The screens can also be vertically tilted to direct fish upwards 
for surface-oriented bypass facilities (EPRI, 2002).  Screens are commonly made of plastic, metal, 
wedge wire, and bars.  The openings in the screen are based on the smallest fish to be excluded and 
usually less than Total Length / 12 (Larinier & Travade, 2002).  Regardless of the screen type, it is 
important to protect the screen from debris which might damage the screens or alter velocities and 
therefore the diversion effectiveness , i.e., cleaning and maintenance are critical  (EPRI, 2002).   
 
Barrier nets have also been used at some sites to exclude and guide fish.  These are effective if 
debris loading is low.  Rotating drum screens and travelling screens have the benefit of being 
relatively self-cleaned to maintain effectiveness (Figure 28) while angled screens (Figure 27) can 
be cleaned using travelling brushes or water backwash systems (EPRI, 2002). 
 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 27.  White River (Washington) angled screen diversion system. Source: EPRI (2002) 
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Modular Inclined Screens (MIS; Figure 29) and Eicher Screens (Figure 30) are installed inside 
turbine intakes and function to exclude and divert the passing fish from the penstock upwards into 
a bypass route.  Both the MIS and the Eicher screens can be reversed to clean the screen.  Both 
laboratory and field testing of both screens indicate effective passage of juvenile and adult life 
stages for a variety of salmonid species at approach velocities ranging from 0.6 - 3.0 m/s (EPRI, 
2002).  Trash racks at the intakes are added to prevent damage to the screens.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 28.  Rotating drum screen. Source: U.S. Bureau of Reclamation (2006) 
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Figure 29. Diagram of Modular Inclined Screen and fish bypass installed inside turbine intake Source: 
EPRI, (2002) 

Figure 30.  Diagram of an Eicher Screen and bypass system installed in turbine penstock. Source: EPRI, 
(2002) 
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3.3.2 Mechanical and behavioural diversion 
 
In addition to physical exclusion, engineered structures are also used to direct migrating fish 
towards bypass. Common solutions used for guiding are angled bar racks and louvers (Figure 31).  
Angled bar racks typically consist of a single bank of racks situated in in front of the turbine intake 
at a 45-degree angle to flow (Office of Technology Assessment 1995). Louvers are generally 
employed in similar fashion to angled bar racks, i.e., they are angled to the flow and act to direct 
fish towards a safe bypass (Figure 32).  Louvers create turbulence along a line which fish generally 
do not enter or cross, but rather follow to a bypass route (Figure 32).  Unlike angled bar racks, 
louvers generally do not extend the entire length of the intake channel and the spacing between the 
slats is generally such that it could still pass fish meant to be excluded; i.e. louvers rely on 
hydraulics and fish behavior to direct fish to the bypass (U. S. Bureau of Reclamation, 2006).  This 
trait has resulted in the increased use of angled screens and racks as opposed to louvers in the 
northwestern USA (EPRI, 2002).  Despite this, louvers have been employed to direct fish elsewhere 
with positive results, e.g., Atlantic salmon in Newfoundland (Scruton et al., 2007, 2008, 2003).  
Louvers can have high exclusion efficiencies, but this decreases for small fish, <3 cm (Beckwith et 
al., 2013).    
 
 

 
 

 

 

 

 

 
 

Figure 31.  Orientation of slats relative to the flow for bar racks and louvers for use in excluding fish 
from unwanted passage routes and/or directing them to a bypass. 
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Figure 32.  Diagram illustrating the reaction of fish to a louver system. Source: U.S. Bureau of Reclamation 
(2006). 
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Another form of mechanical guidance is provided by floating boom structures (Figure 33) that can 
be installed during key migration periods, and removed from the forebay when not needed. These 
solutions are intended to assist surface migrating species towards the entrance of bypass (or 
surface spill) systems. The research examining the efficiency of the guidance booms in ongoing.  
 

 
 

 
 
Mechanical diversion can also be applied deep in the turbine approach channel. For example, 
bypass systems designed for juvenile salmonids at several facilities on the Columbia River use 
either submersible travelling screens or extended submersible bar screens to direct smolts and 
adults (Rainbow Trout kelts) from the upper portions of the turbine intakes into the gatewells 
(Figure 34; Ferguson et al., 2005).  Fish are then directed upwards into a collection gallery in the 
upper portion of the gatewells and these lead to an outlet that directs fish through the dam.  These 
systems may also incorporate fish handling facilities.  The fish are returned to the tailwater of the 
dam or transported below the lowermost dam (Bonneville Dam) by truck or barge and released 
(Ferguson et al., 2005).  Such juvenile bypass structures do not completely prevent entrainment in 
the turbines, i.e., Fish Guidance Efficiency (FGE; the percentage of fish passed via non-turbine 
routes) varies greatly.  Ferguson et al. (2005) report FGE for juvenile bypass systems on the 
Columbia River system between 16-95%, (based on varying methods of assessment. i.e., fyke nets, 
tagging, hydroacoustic).  Wertheimer and Evans (2005) reported that only 47.2% of tagged 
Rainbow Trout kelts were directed away from turbine intakes by screen systems in their study.  
Extended submersible bar screens at the John Day Dam had FGEs >80% in the spring while FGEs in 
the summer were lower and more variable (Ploskey & Carlson, 1999)       

Figure 33. An example of floating fish guiding boom system. Source: Worthington Waterway Barriers.  
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In addition to mechanical guidance devices, behavioral guidance devices have also been proposed 
and tested for use at hydroelectric projects, taking advantage of visual, auditory, electrical and 
hydrodynamic stimuli to direct fish towards safe passage routes and discourage passage through 
hazardous routes.  Behavioral devices include bubble curtains, sound screens, chains, lights, and 
electrical screens.  Overall, the effectiveness of behavioral devices is inconsistent among sites and 
conditions (e.g., turbidity)(Larinier, 2000).  Most designs have had occasional success under some 
conditions and for certain species, but are considered overall effective for most fish most of the 
time (Katopodis & Williams, 2012). As most fish use water flow as a cue for directed movements, 
new technologies creating flow fields for fish guidance merit further examination (see Section 4.4). 
 

3.3.3 Considerations for bypass structures 
 
Bypasses are effective when they are built at the downstream end of the structure (where the fish 
are directed) typically towards one side of the dam or upwards into a collection gallery (Figure 35, 
36; Ferguson et al., 2005; Larinier & Travade, 2002).  Efficient bypass entrance design functions 
both by attracting fish to the entrance and their successful entry (Goodwin et al., 2014).  For 
example, Nestler et al. (2008) suggest an entrance design with a flow field where velocities 
increase gradually towards the entrance and thus, fish are not repulsed until water velocities 
exceed their swimming abilities and they “enter” the bypass facility. Research by many others 
further illustrates the importance of gradual and uniformly increasing flow velocities for functional 

Figure 34.  Juvenile bypass system employed at some Columbia/Snake River dams to reduce fish passage 
through turbines. Source: NOAA Fisheries 
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fish guidance systems and bypass entrances (Enders et al., 2009; Ferguson et al., 2005; Haro et al., 
1998; Johnson & Dauble, 2006; Larinier & Travade, 2002; Scruton et al., 2008).   
 

 
 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Conceptual siting of downstream bypass passage structures to aid in fish guidance. 
Source:  Larinier & Travade (2002) 
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Once fish have entered the bypass, they are either transferred directly downstream into the 
tailrace or collected and transported downstream (i.e., by truck or barge).  Direct transfer is 
generally by pipes or open channels.  Pipes are prone to clogging and maintenance can be difficult, 
and thus open channels are preferable (Larinier & Travade, 2002).  Regardless of the direct 
transfer method, the velocities must meet fish needs, sharp corners avoided to reduce impacts, and 
surfaces should be smooth to reduce abrasion (Larinier & Travade, 2002).  High water velocities 
through the bypass system and during entry to the tailrace may cause damage to fish, but detailed 
technical guidance exists how to minimize such effects by regulating the slope and thereby the 

Figure 36.  Conceptual designs for collection gallery type fish bypass systems. Source: Larinier & Travade 
(2002) 
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velocity of the water in the by-pass pipe (NMSF 2008). In large dams with high hydraulic head, the 
resulting by-pass systems are generally relatively long and costly engineered structures. As an 
example, the by-pass pipe in the Rocky Reach Hydro Project in the Columbia River system is > 1400 
m long, 3m in diameter, and funnels approximately 10 m3/s of water (Figure 37). New technologies 
exist to eliminate the need for long bypass pipe structures, and merit further investigation (see 
Section 4.4).  
 
 

 
 
 
 
It may be also be desirable to incorporate a dewatering device to separate fish from a portion of the 
water which reduces velocities and minimizes injury.  Dewatering is usually accomplished through 
the use of inclined screens or similar structures (Ferguson et al., 2005; Figure 38).  Fish bypass and 
dewatering structures are used at several large facilities on the Columbia River where the bypass 
facilitates sorting, measuring, and counting for management and scientific purposes (Ferguson et 
al., 2005).    

 
 
 
 

Figure 37. An aerial CAD illustration of the Rocky Reach Hydro Project with fish bypass pipe shown on the 
lower left corner. Source: Chelan County Public Utility District 

 

Figure 38. Example setup for dewatering using an inclined screen; screened water is diverted for other uses 
and fish continue to a bypass system. Source:  Beckwith et al. (2013) 
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Functional downstream fish passage will also minimize the predation in the immediate vicinity of 
the powerhouse, spillway/sluiceway and bypass exit locations. Migrating fish are typically 
disoriented regardless which downstream route they used to pass a dam and therefore, are easy 
prey for both predatory fish and avian predators. Efficient downstream exit will limit the presence 
of predatory piscivores by excluding them from the downstream exit area where the migrating fish 
enter, or diffuse the migrants in a zone that is not easily occupied by predators. Similarly, the 
presence of avian predators should be limited by technical installations like overhanging wires.  
 

3.3.4 Fish bypass by Floating Surface Collectors 
 
One type of bypass system is created by sieving the migrating fish out of the water for subsequent 
transport downstream. The Baker River Hydroelectric Project has downstream passage at the 
Upper Baker Dam provided using a Floating Surface Collector (FSC).  The FSC is a 130x60 ft. barge 
equipped with submerged screens, water pumps to create attraction flows, and fish handling 
facilities.  Guide nets extend from shore to shore and to the bottom of the forebay to direct 
migrating fish to the FSC (Figure 39 and 40).  The guide nets have 2.4 mm mesh in the upper 10 m 
of the net and 6.4 mm mesh below extending to the bottom of the forebay.  The nets have 
automated float lines which can be submerged in order to allow boat passage.  The pumps on the 
FSC produce ~15 m3/s of attractive flow (maximum is ~30 m3/s), which is necessary to attract 
downstream migrants because of the low approach velocities in the forebay (Khan et al., 2007).  
Screens on the FSC are used to separate fish from the pumped water, i.e., there is no lost water for 
power generation (Khan et al., 2007).  Fish collected by the FSC are transported downstream.  
Installed in 2008 to replace a similar structure at the facility, the FSC is estimated to collect 90-95% 
of downstream migrating juvenile salmonids.  The facility set a one day record when it collected 
94,000 juveniles (Beckwith et al., 2013).  The functionality of FSC and other similar floating surface 
collectors in high debris situations or locations that freeze over in winter remain untested.  
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Figure 39.  Floating Surface Collector (FSC) installed at Upper Baker Dam, Washington. Source: Puget Sound 
Energy 

Figure 2.  Floating Surface Collector (FSC) installed at Upper Baker Dam, Washington. Source: Puget Sound 
Energy 
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4.4. NOVEL APPROACHES 
 
The downstream passage presents two major problems for the fish; 1) finding the route to by-pass 
locations and then 2) pass the structure safely using the selected route. Novel technologies exist to 
address both of these problems and two promising technologies are described in more detail.  
 
To guide fish towards desired locations, a Flow Velocity Enhancement System (FVES) can be used 
to provide velocity cues that surface migrating fish may respond to. The FVES generates water 
currents with turbulence similar to natural rivers using maneuverable venturi pumps. Preliminary 
tests using acoustically tracked juvenile salmonids show that fish respond to the induced current in 
a desirable way, and the technology offers great promise for using behavioural guidance to direct 
fish (Coutant et al., 2013).  
 
A decompression raceway has been designed to reduce the risk of injury resulting from 
barotrauma (see Section 4.2) and to reduce construction costs of downstream bypass systems. The 
decompression raceway has been designed to return fish from a pressurized environment to 
atmospheric pressure at a controlled rate, minimizing barotrauma (Greif et al., 2013). The 
decompression raceway concept allows fish that have acclimated to high pressure (i.e. the fish 
travelling at depth) to be funneled from a deep-entry bypass to tailrace level using a short pathway 
with relatively fast water velocities, minimizing the footprint area and construction cost of a by-
pass facility. The decompression raceway uses gradual deceleration to slow down the water 
velocity at the tailrace level, contains the fish in pressurized holding area, and then goes through a 
short decompression cycle to bring the collected fish to surface pressure (Greif et al., 2013). 
Relatively short (~ 3 min) period is required for efficient decompression for young salmonids 
(Brown et al., 2012a). With multiple decompression raceway units, a continuous downstream by-
pass can be achieved where decompression units are synchronized so that when units undergo 
decompression and filling cycles, other units are collecting fish.  
 
 
5. CONCLUSIONS 
 
The science of fish passage is relative mature with a long history of applications (e.g. Katopodis & 
Williams 2012), but is far from being finalized in terms of functional overarching solutions (e.g. 
Bunt et al., 2012; Kemp 2012). Despite decades of work in the field of fish passage, guarantees for 
success in either up- or downstream passage in a multi-species complex remain utopia. With will, 
however, lessons that have been learned in various projects can be utilized in an effort to develop 
fish passage efficiency to a level that may be considered acceptable by agencies governing fisheries 
management. Many promising technologies do exist and have had success in passing certain 
species in certain circumstances (Williams et al., 2012). In general, the engineering and 
hydrological functionality of many existing fish passage structures is well understood (Katopodis, 
1992; FAO, 2002; NMFS, 2008); however, the fish behavior is often unknown and contributes to the 
difficulty of achieving functional fish passage. 
 
The step that the developers of a potential new hydropower project must take is to collate the best 
successes from previous projects and apply them into a project at hand, and draft a conceptual fish 
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passage design with species-specific outcomes in mind. Preconceived, fast-forward ideas (“building 
fish passage structures like we have always done”)  has been shown to not work (Bunt et al., 2012; 
Noonan et al., 2012; Haro & Castro-Santos 2012; Brown et al., 2013) and must be immediately 
abandoned for any future planning for functional fish passage. Arranging functional fish passage 
will require a team of realistic but optimistic engineers and ecologists, a vision, and likely 
significant investment from a project developer. To this end, developers of a potential future 
hydropower project should strive to learn from previous developments, and consult experts from 
other jurisdictions to learn from their successes and mistakes.  
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