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Appendix C: Experimental Technologies 

C.1 Introduction 

NMFS considers new technologies to achieve safe and timely fish passage to be 
experimental until they have been installed, tested, and proven to perform well in a variety of 
locations.  

Experimental technologies should be viewed as temporary alternatives to approved 
technologies covered in the NOAA Fisheries West Coast Region Anadromous Salmonid Passage 
Design Manual (the Manual).  They should be installed in a manner that allows the technology 
to be removed and replaced with approved, conventional technologies without adverse impacts 
to the resource in case the technology fails to meet performance objectives and does not receive 
NMFS’ approval.  

In the event the experimental technology gains NMFS’s approval for testing, an adaptive 
management phase will be required to further refine the technology and test its adaptability and 
compatibility with other sites and operating conditions.  Once this adaptive management phase 
of study has been completed, NMFS can approve the technology for use under specific site and 
operating conditions.  

Until an experimental technology is proven safe and effective and is approved by NMFS, 
an applicant that proposes to use an experimental technology in lieu of an approved technology 
should also develop designs based on approved technologies on an aggressive, but reasonable, 
schedule to minimize project delays and impacts to fish populations.  The system designed using 
approved technologies should be scheduled for installation in a time frame that is independent of 
the experimental efforts.  NMFS will approve uses of an experimental technology on an interim 
basis and based on potential biological benefits.  Approving the use of an experimental 
technology does not constitute NMFS’ overall endorsement of the technology.   

The criteria described in the Manual apply to the design of fish passage facilities for 
anadromous salmonids that have been proven to provide successful fish passage and protection.  
Periodically, major initiatives in fish passage technologies have been advanced to examine the 
feasibility of developing new fish passage technologies.1  This applies to downstream and 
upstream fish passage and exclusion facilities.   

                                                      
1 An example of a technology NMFS views as being experimental would be one that relies on the behavior of fish 
(e.g., strobe lights and sound) rather than conventional (i.e., positive-exclusion) screens, which are described in 
Chapter 8 of the Manual. 
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In some cases, a project proponent may request that NMFS consider experimental 
approaches for a specific project.  To advance innovations in fish passage, NMFS will not 
oppose tests to develop new approaches.  However, the tests should proceed according to the 
process outlined in Section C.2 of this appendix.  It is important to note that this process is not 
intended to allow conventional-type structures that deviate from existing criteria to be installed.  
Rather, the process allows for development of concepts and guidance technologies that differ 
from conventional technologies.   

While an experimental technology may have the potential to perform at or above the level 
of conventional, proven technologies, there is also considerable risk that the experimental 
technology will perform at a lower level than a conventional technology or will fail to pass or 
protect fish.  This risk of poor performance—and the consequences of failure to NMFS’s trust 
resources—means that NMFS will require concurrent development of a conventional passage or 
screening solution to ensure that a conventional design can be implemented without additional 
delay in case the performance of the experimental guidance system is less than that of a 
conventional technology.   

If experimental technologies are performing comparably to conventional facilities while 
abiding by the process outlined in Section C.2 and NMFS judges these devices to provide safe 
and effective fish passage conditions, they could be installed in lieu of conventional passage 
facilities.  

C.2 Process for Developing Experimental Fish 
Passage Technologies 

The process for developing a new fish passage technology and gaining NMFS’s approval 
is the same for upstream and downstream fish passage.  New concepts are considered 
experimental until they have been through the process described herein and proven to meet 
appropriate performance standards for upstream or downstream passage.   

Section C.2 provides the elements that should be addressed as part of the experimental 
fish passage technology approval process; the process is listed in general order of execution.  It 
should be noted that the approval process is iterative and may require revisiting previous phases 
as new data and information are gathered to better inform and refine the approval process.   

C.2.1 Review Earlier Research 

A thorough review of similar or contributing technologies, engineering and biological 
concepts, and study and monitoring methods should be performed and documented with a 
bibliography and submitted to NMFS as part of the study plan.   
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The bibliography includes a summary of how the references directly or indirectly relate 
to the proposed experimental technology.  When references contain biological performance 
standards related to fish mortality, injury, stress, delay, or otherwise, the standards should be 
clearly identified.  

C.2.2 Performance Standards 

The applicable performance standards should be identified prior to initiating studies or 
prototype development.   

NMFS performance standards for delay, survival, injury, stress, or otherwise, will be 
provided based on existing standards for upstream and downstream passage.  

C.2.3 Develop a Study Plan 

Based on the review of similar technologies and applicable performance standards, a 
study plan should be developed and presented to NMFS for review, comment, and approval.   

It is essential that studies and testing occur over the expected range of physical, 
hydraulic, biological, atmospheric, and water quality (e.g., temperature and dissolved oxygen) 
conditions that the technology is expected to experience or operate under.  Study requirements 
might include observing fish injury, mortality, stress, disease transmission, and behavioral 
response under expected operating conditions.  Failure to receive an agreed upon study plan 
approval from NMFS for the studies that will be conducted may result in NMFS disputing the 
study results and conclusions.  

C.2.4 Conduct Laboratory Research 

Laboratory experiments under controlled conditions may be required; if so, these studies 
should be designed and conducted using the fish species, sizes, and life stages to be protected.   

For technologies and studies based on fish behavioral responses, laboratory study plans 
should clearly demonstrate how expected operating and maintenance conditions will provide the 
hydraulic conditions that induce the desired behavioral response.  Testing for the required 
behavioral response should be conducted using all of the species the experimental technology is 
targeting and examining whether fish acclimate to, delay at, or reject the experimental guidance 
or passage technology over time.  The duration of the behavioral tests should match the expected 
duration fish will be in contact with or exposed to the experimental technology.  

C.2.5 Evaluate Prototype Units 

Once laboratory tests have shown a high potential to meet or exceed the passage success 
rates of conventional technologies, further examination of the experimental technology under 
prototype (field) conditions is needed.   

The prototype evaluation phase may require additional iterations to fully test the 
experimental technology over a range of site conditions, mechanical configurations, supporting 
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technologies, and project-specific operating and maintenance procedures.  This also includes 
revisiting previous phases of the approval process as new data and information become available 
to better inform and refine the design. 

C.2.6 Summarize Study Results 

Results of both the laboratory and prototype evaluations should demonstrate that the 
technology achieves a level of performance (Section C.3) that meets or exceeds conventional 
standards for upstream or downstream passage before NMFS may support permanent 
installations of the experimental technology. 

C.3 Experimental Technology Performance 
Standards 

C.3.1 Downstream Performance Standards  
Based on Conventional Technologies 

NMFS expects that experimental technologies for downstream fish protection or 
exclusion will meet or exceed the performance standards that have been developed for 
conventional screen technologies.  These performance standards are presented in Table C-1. 
Table C-1.  Performance standards for conventional (i.e., positive-exclusion) fish screen systems designed 

and built to the guidelines and criteria described in Chapter 8 of the Manual.  New 
experimental technologies would need to meet these standards to be approved. 

Smolt Mortality Smolt Injury Fry Mortality 

Design performance objective 
<0.5% 

Design performance objective 
<2% 

Design performance objective 
<2% 

Actual mortality >0.5%, but <2% 
requires additional work to lessen 
mortality 

Actual injury >2%, but <4% 
requires additional work to 
lessen injuries 

Actual mortality >2%, but <4% 
requires additional work to 
lessen mortality 

Actual mortality >2% requires 
major operational or structural 
changes  

Actual injury >4% requires 
major operational or structural 
changes  

Actual mortality >4% requires 
major operational or structural 
changes  

The injury and death of juvenile fish at intakes have long been identified as a major 
source of overall fish mortality at water diversions (e.g., Spencer 1928; Hallock and 
Woert 1959).  For example, fish entrained into agricultural and municipal water diversions may 
experience 100% mortality if no egress route back to the river is provided.  Mortality from water 
diversion may result in fish population declines, especially if instream habitat below the 
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diversion is no longer suitable for adult holding and spawning, egg incubation, or juvenile 
rearing or migration.   

Fish diverted into hydroelectric turbines can incur up to 40% or more immediate 
mortality, depending on the type of turbine and local conditions such as hydraulic head 
(Bell 1991).  In addition, fish can experience sub-lethal injury and disorientation when passing 
turbines that may increase predation-related losses downstream of the project (Ferguson et 
al. 2006).   

Conventional technologies that screen the entire flow being diverted have long been used 
to prevent or reduce the entrainment of fish at flows up to 6,000 cubic feet per second.  
Conventional (i.e., positive-exclusion) screens are designed to minimize entrainment, 
impingement, and delay or predation from the point of diversion through the screen facility to the 
bypass outfall.  Conventional screens are very effective at preventing entrainment (Pearce and 
Lee 1991).  Carefully designed bypass systems that utilize conventional screens minimize the 
exposure of juvenile fish to the screens and impingement and provide hydraulic conditions that 
safely return fish to the river downstream of the diversion (Rainey 1985).  In recent decades, 
design improvements have been implemented that increase the biological effectiveness of 
positive-exclusion screen and bypass systems by taking advantage of known behavioral 
responses of target fish species to hydraulic conditions.  For example, results of recent 
evaluations of the River Mill Hydroelectric Project on the Clackamas River in Oregon 
demonstrated high success rates.  Fish guidance efficiency was 99% (standard error equals 0.01) 
for a screened juvenile fish collector under no spill conditions, and project survival ranged from 
95.2 to 99.1% (standard errors for the pooled survival estimates ranged from 0.015 to 0.027) for 
steelhead and Chinook and coho salmon under no spill conditions (Ackerman and Pyper 2015).   

Design criteria for positive-exclusion screens have been developed, tested, and proven to 
minimize adverse effects to fish at diversion sites.  Based on studies of conventional screen 
technologies conducted at many locations, NMFS has adopted performance standards for fish 
screening systems based on the criteria described in Chapter 8 of the Manual; these performance 
standards are provided in Table C-1.  For example, NMFS expects that smolt mortality and 
injury will be less than 0.5 and 2%, respectively, and fry mortality will be less than 2% for fish 
passing these types of systems.  If system performance does not meet these criteria, additional 
work or major operational or structural changes to a conventional-screen juvenile fish bypass 
system will be required to bring the system into compliance with the performance standards 
(Table C-1).   

C.3.2 Upstream Performance Standards  
Based on Conventional Technologies 

NMFS expects that experimental technologies for upstream fish passage will meet or 
exceed the performance standards that have been developed for conventional fish passage 
technologies.  These performance standards are presented in Table C-2. 
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Table –C-1. Performance standards for conventional upstream fish passage systems designed and 
built to Chapters 5 and 7 of the Manual. 

Standard Criteria 

Survival 99.5% of adult salmonids arriving in the tailrace will be passed upstream of the 
barrier and will survive as survival is defined herein. 

Project Delay Adult salmonids approaching the passage facility should pass the project within 24 
hours. 

Post-capture 
Delay 

Adult salmonids entering fishway or trap will be passed upstream of the barrier no 
later than 24 hours following entry into the facility. 

Design criteria for conventional adult fish passage systems have been developed, tested, 
and proven to minimize adverse effects to fish at barriers.  Based on studies of conventional 
passage technologies conducted at many locations, NMFS has adopted the performance 
standards listed in Table C-2 for upstream fish passage systems based on the criteria described in 
Chapters 5 and 7 of the Manual.  New experimental technologies to pass adult fish migrating 
upstream past water diversions and barriers would need to meet these standards to be approved 
by NMFS.  

Regardless of the percentage of fish safely passed, no consistent, identifiable mechanism 
causing mortality or injury will be permitted to persist. 

Fish passage barriers, whether complete or partial, may block or delay upstream fish 
migration.  Caudill et al. (2007) observed that unsuccessful individuals (defined as those not 
observed to reach spawning areas) had longer passage times at nearly all dams than fish that 
eventually reached tributaries.  Passage delay can result in increased predation and pre-spawn 
mortality as well as population-level effects involving run timing and spatial distribution.  
Further, even if timely passage is provided, passage systems that injure fish, expose them to 
disease, or induce undue stress can reduce the spawning effectiveness of anadromous fish 
populations.  Safe, timely, and effective upstream fish passage can minimize these negative 
effects.   

For the purpose of the Manual, survival includes all physical, biological, temporal, and 
environmental parameters that allow an upstream or downstream migrant to complete a 
successful migration.  In other words, a migrant should pass a given site without undue delay, 
injury, or stress to have survived passage.  Migrants are not considered to have survived if their 
physical condition results in their death at a later point in their migration, or if they pass in a 
condition that impairs their subsequent migratory behavior, growth, or reproduction.  An 
upstream migrant should not exhibit any trauma, loss of equilibrium, or descaling that is greater 
than 20% of its body surface.  Trauma is defined as injuries such as hemorrhaging, open wounds 
without fungus growth, gill damage, or bruising greater than 0.5 centimeters in diameter.  
Descaling is defined as the sum of the area on one side of the fish that shows recent scale loss; 
this does not include areas where scales have regenerated or where fungus has grown.   
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Conventional upstream passage systems, such as fish ladders and trap and transport 
systems, provide effective fish passage with minimal delay.  For example, the upstream survival 
standard for the Federal Columbia River Power System, which includes eight dams on the 
Columbia and Snake rivers, ranges from 82% for Snake River fall-run Chinook salmon to 92% 
for Snake River spring-run Chinook salmon for passage through the eight dams.  Actual survival 
for single-dam upstream passage is often greater than 99%.   

Similar passage efficiencies have been applied to dams in smaller tributaries to the 
Columbia River.  For example, Drenner et al. (2017) noted that the 98% passage survival 
standard applied at Merwin Dam on the Lewis River in southwestern Washington is consistent 
with passage standards applied at other facilities in the Columbia River basin, regardless of 
passage type (i.e., fishway versus trap and haul), species, and dam location.  With respect to the 
passage timing standard, Keefer et al. (2004) found that once adult salmon and steelhead were 
detected in the tailrace of main-stem Columbia and Snake river dams, the median passage time to 
pass the barrier ranged from 0.2 to 2.7 days (Caudill et al. 2007), a.  Once adult salmon and 
steelhead exit a tailrace and enter the adult fishway, the fish typically pass from one fishway pool 
to the next within 2 to 5.8 minutes (Clay 1995).2  NMFS experience shows that from the time 
that fish enter the tailrace, the majority of adults should pass the project within 24 hours.   

C.4 Alternative Behavioral Guidance 

Proposals for behavioral (non-physical) guidance technologies will be held to the same 
performance standards as those for physical technologies, which are listed in Section C.3.1. 

Considerable effort has been directed at developing behavior altering devices that 
substitute for conventional fish protection technologies and facilities based on positive-exclusion 
screens (Jesus et al. 2021; Noatch and Suski 2012, Taft et al. 2001; EPRI 1986). The goal of 
these efforts was to use behavioral technologies to develop effective, but less expensive, systems.  
A behavioral technology, as opposed to a conventional screening system, requires volitional 
responses on the part of the fish to avoid entrainment.  Some behavioral technologies were 
developed to guide fish to a safe passage route, while others were designed to repel fish from 
entering an unsafe route.  The technologies tested were typically designed to produce a 
behavioral response from fish in the form of a startle response. 

Experimental work has been ongoing for decades with a wide variety of stimuli 
considered to meet resource agency goals to guide fish around or away from barriers or water 
diversions. Behavioral barriers, unlike conventional physical structures, are not based on the 
swimming speed of the fish but instead are designed based on non-physical cues that alter 
behavior to avoid harm (volitional taxis). Non-physical deterrence can be defined as “any 
stimulus or non-solid obstruction that discourages or prevents a selected species from passing 

                                                      
2 These observations should be used with caution as this testing was directed more toward determining ladder 
capacity for numbers of fish (Clay 1995). 
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through a target region.” (Noatch and Suski 2012). These behavioral devices are predicated upon 
understanding the predator-response relationship of these animals (Bui et. al. 2013). Responses 
to stimuli vary by species, life stage and physiological state. How information from the 
environment is received and processed by an individual depends on their sensory capabilities, 
and hence, responses to extrinsic signals are species-specific (Bui et. al. 2013). 

Ideally, behavioral methods can repeatedly elicit startle responses in various species and 
life stages of fish, but the problem of getting fish to move consistently in the desired direction 
has proven to be more difficult. It is also worth noting that given the limited swimming ability of 
many out-migrating juveniles, behavioral mechanisms may not be able to direct fish to bypasses 
that are small in flow compared to an intake or river flow (Fish Passage Technologies 1995). It is 
rarely feasible to provide a significant percentage of flow to juvenile fish bypass systems, so 
guidance systems (such as nets or walls) are more likely to increase fish use to fish bypasses than 
behavioral response systems. 

In general, NMFS’ finds that the guidance efficiency of technologies that depend on 
volitional fish behavior is consistently lower than for conventional screens.  In addition, NMFS 
has the following concerns regarding behavioral technologies: 

 

• Behavioral responses can vary widely among individual fish of the same size, life stage, and 
species as well as between species and under different water quality conditions. 

• Fish responses to specific stimuli cannot be predicted with certainty.  
• Even if juvenile fish do respond to the stimuli produced by the behavioral technology, 

weaker swimming fish may still not be able to avoid entrainment.  This might be the case 
even if smaller fish were guided into the appropriate area by the proper behavioral and 
hydraulic cues, due to their limited swimming ability.  

• Fish that are repeatedly exposed to a behavioral stimuli may habituate to it after an 
acclimation period.  

Therefore, until it can be shown conclusively through laboratory studies that fish respond 
to a behavioral technology in a consistent manner, NMFS assumes that many fish cannot discern 
the directional source of a behavioral signal and are therefore not being provided a clear pathway 
to safely pass a barrier. 

NMFS has observed that field tests of behavioral devices have not controlled ambient 
hydraulic conditions to optimize fish guidance and foster safe passage of fish away from water 
intakes.  For example, a training wall could be used to create uniform flow conditions and 
minimize stagnation zones or eddies that may increase the exposure of target fish to predation. 
The failure to consider the large role hydraulic conditions may have in guiding fish away from a 
water intake stems from a project proponents’ desire to minimize construction and maintenance 
costs, or their assumption that the behavioral device will overcome any tendency for poor 
guidance associated with marginal hydraulic conditions.  However, it is NMFS’ finding that 
understanding existing hydraulic conditions and providing satisfactory passage conditions are 
key elements to the success of conventional (positive-exclusion) screen designs.  Much of the 
cost in positive-exclusion screen facilities is related to the construction of physical structures that 
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provide hydraulic conditions known to optimize fish guidance.  Therefore, it is likely that the 
cost advantage of behavioral guidance technologies compared to conventional screen 
technologies is compromised when behavioral guidance systems have to be fully integrated with 
hydraulic control structures to optimize juvenile passage. 

Currently, there are few examples where behavioral technologies alone are used as fish 
protection facilities.  Those that have been installed and evaluated seldom show guidance 
efficiencies greater than 60% (Vogel et al. 1990; EPRI 1986).  In some cases, the study results 
were based on small sample sizes, testing was conducted under various operating conditions, or 
unforeseen operational and maintenance problems and safety hazards were experienced.   

Performance of any passage technique is generally considered to be site-specific. In 
general, one can expect that the operation of a behavioral device would be similar from site to 
site. It is the species response that is expected to vary, due to site characteristics and 
environmental conditions. Each behavioral deterrent has advantages and disadvantages. 
Therefore, each site or project must determine which site characteristics could hinder or increase 
the effectiveness of a deterrent system. The result of this literature review is meant to help 
understand behavioral deterrent technologies and to determine which of them, if any, could be 
considered for installation based on site-specific conditions. 

There are two general types of exclusion barriers, physical and behavioral. This 
Appendix covers Behavioral Exclusion Barriers and Section 6 in the Design Manual focuses on 
Physical exclusion barriers. Types of behavioral exclusion barriers include, but are not limited 
to: lights (strobe), acoustic (sound), electric fields, louvers, air bubble curtains, and bio-acoustic 
fish fence (BAFF) systems.  
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C.4.1 Needed Research 

For the most part, knowledge of fish behavior is limited for many fish species in response 
to various stimuli, flow conditions, and structures. In the more well-studied species, large 
informational gaps remain in our knowledge of behavioral responses. Analysis and statistical 
methods are not always used to assess the effectiveness of the techniques. Much work is not peer 
reviewed, and gray literature often does not contain sufficient information to allow critical 
analysis and possible replication of the experiment. In some cases, claims of high levels of 
guidance and reliability of equipment have not been supported in further field tests. 

A recent literature review assessing Acoustic and Light Selective Behavioral Guidance 
Systems for Freshwater Fish (Jesus et al. 2021) shows recent research (2012-2019) being aimed 
primarily at Cyprinids, specifically being used as deterrents to support management programs by 
means of repulsing or stopping passage into protected areas. Jesus (2021) found research with 
salmonids was very limited (5 studies) in that same period, clearly pointing out that more work 
needs to be done involving salmonids.  

While acoustics and light represent the majority of research being carried out, we 
acknowledge that combinations of these behavioral technologies and other promising potential 
deterrents merit examination. Although these promising lines of research are yielding some 
interesting results, needs exist for further studies in the laboratory phase. The variability of 
observed results (effectiveness), sometimes for the same species, may indicate the need to define 
well-characterized and truly reproducible methodologies, so that repeatability and validation 
reinforce the value of the results. 

Because there are many variables involved when interacting with living organisms, 
especially in uncontrolled environments, there have been many cases when lab results have not 
been repeatable in field tests. Therefore, laboratory research of fish behavior is not sufficient. 
Nor are field experiments alone. Data from field work needs to be evaluated in the lab to fully 
understand the nature of the results. Studies to determine basic sensory abilities of fishes are best 
done in a laboratory, while studies of overall fish behavior in response to environmental 
variables might be started at field sites. But there needs to be close collaboration between 
fieldwork and the laboratory if behavioral methods are to be clearly understood. Understanding 
mechanisms of response is necessary to design widely applicable systems to control fish 
behavior (Fish Passage Technologies 1995).  

Because non-physical fish barriers come in many varieties that vary in effectiveness with 
individual project circumstances and barrier characteristics, a guide to current fish deterrent 
techniques would benefit managers and researchers alike (Noatch and Suski 2012). A best case 
scenario would be a combination of academic, government, and industry expertise working 
together to focus science and technology resources to accomplish this goal. 

While NMFS maintains that conventional fish passage facilities are most effective for 
protection of salmon and steelhead at all impediments; NMFS supports efforts to improve fish 
passage and protection through experimental technologies. Until such needed work is undertaken 
to complete a guide to fish deterrent techniques, NMFS has established procedures that allow 
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testing of experimental systems, provided a tiered evaluation process is followed (described 
elsewhere in this appendix). 

C.4.2  Light Deterrents  

Light used in systems to alter fish behavior is directly related to the visual and spectral 
sensitivity of the species being tested and to the environmental conditions, which includes, but 
not limited to natural conditions like turbidity (Vetter et al. 2019) and also water temperature 
(Douglas and Hawryshyn 1990) which can change throughout the day. Fish, unlike most 
mammals, do not have a mobile iris, which reduces their ability to react to changes in light 
(Noatch and Suski 2012; Li et al, 2006). Fish vision comprises photoreceptors specialized in the 
absorption and conversion of light into nerve impulses: rods and retinal cones. The rods are used 
for scotopic (black and white) vision, in low light conditions, while the cones are used for 
photopic (color) vision in bright light conditions (Stenkamp 2011). The visual acuity of fish is 
closely related to the density of retinal cones, which varies greatly from species to species 
(Douglas and Hawryshyn 1990). Teleost fish also increase their rod-to-cone ratio through life 
stage development (Li et al. 2006) increasing their visual acuity with age.  

This presents another important aspect that needs additional work; to understand visual 
stimuli based on the differences in the visual acuity of the fish according to their age. In this 
regard, Stenkamp (2011) suggested that adult fish are more sensitive to changes in light 
conditions than younger individuals, i.e., the age of the fish may have a differential influence in 
distinct age classes when exposed to light stimuli (Li et al. 2006; Sullivan et al. 2016). This 
factor needs consideration when developing behavioral systems based on light stimuli. 

Two approaches using lights to protect fish are light deterrents (strobe lights) and light 
guidance using continuous lighting. Most light systems are proposed to stand alone, but either 
approach could enhance the effectiveness of conventional fish passage facilities (depending upon 
approach and site-specific conditions). This section addresses light deterrents (strobes) and not 
light guidance as the general use of light in conventional fishways (transitions and attraction) is 
well understood and covered in multiple chapters in the Design Manual (Chapters 5, 6, and 8). 

The use of underwater strobe lights as a mechanism to repel fish away from routes that 
may cause injury, mortality, or both, have been investigated for many years. Salmon and 
steelhead must migrate downstream as part of their development and a deterrent can be paired 
with a downstream passage route to enhance performance. In some situations, strobe lights show 
behavioral response by salmon and steelhead and, in certain scenarios, some studies demonstrate 
a statistically significant response to strobe lights (that deter or move fish away from a location 
or in some scenarios appear to attract fish). However, transferability of results from those studies 
is inappropriate across projects as unique project characteristics affect the efficacy of strobe 
lights (e.g., physical features, hydraulics, predators, repeated exposure leading to habituation, 
system reliability and more). 

Study results are mixed, with some studies showing a reduction in entrainment and others 
demonstrating attraction of fish. In a study conducted at the Hiram M. Chittenden Locks Project 
in Seattle, Washington, strobe lights did show a reduction in entrainment of anadromous fish. Of 
the available downstream passage routes, use of the large lock-filling culverts is considered the 
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most harmful to fish because of potential entrainment contact with the barnacle-lined culvert 
walls. Results indicated that strobe lights significantly reduced (75%) entrainment into the large 
lock, an estimated 1,427 fish being entrained during lights-off treatments versus 350 during 
lights-on (Johnson et al. 2005). In this instance, the motivation for passage likely played a 
significant role in the effectiveness of the strobe lights to deter fish from enter the culvert. 
Juvenile anadromous salmonids are highly motivated to move downstream at this location and 
likely encountered the strobes one time during downstream movement. Despite this result, efforts 
ended at this location due to reliability issues (keeping the lights working) and inability to 
maintain the strobe equipment. 

By comparison, at Cowlitz Falls studies of strobe lights to deter fish from the intake 
induction slots indicated that the strobe lights did not successfully discourage fish from entering. 
Rather, the opposite was true (Evans et al. 2001). In that study more fish passed the induction 
slots outfitted with strobe lights than other unlit routes.   

Recent studies of light-emitting diodes to determine behavioral responses of Chinook 
salmon avoidance tendencies demonstrated that the diodes did not stop fish from becoming 
entrained in an unscreened diversion. The results of this experiment suggest that using the 
ATET-tech behavioral guidance device to repel Chinook salmon smolts from water diversion 
pipes on the Sacramento and San Joaquin rivers may be ineffective and likely increase 
entrainment during the night (Hansen et al. 2019). Additionally, differences in light intensity can 
change the stimulus from being repulsive to attractive (Nemeth & Andersen 1992; Hansen et al. 
2019).  

Guidance of fish is complicated and can vary based upon operation, water quality and 
other effects. Therefore, relying upon a system that does not provide a physical barrier is a risk 
and results are likely to be highly variable. For example, studies show that ambient lighting can 
decrease the effect of strobes in general. Further, at night fish can be falsely attracted toward the 
general region of the lights, whereas deterrence doesn’t occur until much closer to the strobes 
(within 10 m). In that scenario overall guidance of fish in a forebay may ultimately be affected as 
fish guide to a region of the forebay and affect fish ability to find the egress route (PNNL 2005). 
If juvenile fish respond to a behavioral device, limited size and swimming ability may preclude 
small fish from avoiding entrainment (even if they attempt to move, to the best of their abilities, 
in the intended direction). Another concern is repeated exposure; fish may no longer react to a 
signal after an acclimation period. In addition to vagaries in the response of an individual fish, 
behavior variations due to species, life stage, and water quality conditions can be expected 
(NMFS 2011). 

Flamarique et al. (2006) showed that strobe light exposure at close range (1 m) for 1 min 
or more induced torpor in juvenile sockeye salmon and 3-h exposure resulted in pronounced 
vision loss. Additionally, eye hemorrhage was observed in fish that did not survive the 3-h 
treatment periods. Consequently, Flamarique et al. (2006) cautioned that strobe light-induced 
torpor observed in sockeye salmon juveniles could result in fish being “pulled into the dam 
(turbine) intake (or other irrigation diversion) with little chance of survival.” (Kock et al. 2009) 

There are positive attributes recognized with lighting systems, such as: low initial cost of 
the system, low cost of modifying/moving the system if needed, and the operation of the system 
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does not affect project operations. There are, however, many outstanding aspects of lighting 
systems that need refining and additional study: results vary across projects and even within the 
same project as conditions change; guidance is affected by physical features, hydraulics, 
predators, frequency of exposure leading to habituation; system reliability can lead to frequent 
repair of system; lights can pose a far field false attraction; and ocular impairment and potential 
damage of fish need to be resolved. 

In some scenarios, underwater strobe lights can pose a public nuisance or danger. In the 
late 1990’s, Washington Department of Fish and Wildlife placed strobe lights in a backwatered 
pond adjacent to the Columbia River (to deter fish from entering a pump intake). This 
installation was near a highway and visible to a high number of motorists. Drivers saw lights in 
the water and alerted emergency services that they thought there was a submerged vehicle. As a 
result, this installation was removed due to safety concerns. 

C.4.3  Acoustic 

The degree to which an individual fish is affected by underwater sound exposure depends 
on a number of variables, including the fish species, differences in sensitivity to acoustic 
pressure, the presence of a swim bladder, hearing sensitivity, the proximity and linkage of the 
swim bladder to the inner ear, and the fish’s size in relation to its life cycle stage (Popper et al. 
2003; Ramcharitar et al. 2006; Braun and Grande 2008; Deng et al. 2011). The sound generated 
in water consists of pressure waves that may be detected by tiny hairs within the inner ear and 
(or) lateral line of fish (Bass and Lu 2007; Schilt 2007). The use of acoustic barriers depends on 
the hearing capabilities of target species. (Jesus et al., 2019) Because there is a significant 
difference between their capabilities, it is not appropriate to extrapolate data from one fish group 
to another, such as from clupeids to salmonids (Carlson et al. 1997) 

Salmonids do not possess specialized hearing modifications, like clupeids or cyprinids 
(Harding et al. 2016) and therefore auditory sensitivity is reduced, especially in the higher 
frequencies. Unlike fish that are sensitive to sound pressure due to a connection between the 
swim bladder and the inner ear, a salmon’s bladder is connected to its digestive system via the 
pneumatic duct, increasing their sensitivity to particle motion and infrasound (Hawkins 2015).  
Their range of frequency is between 5 and 270 Hz, with peak sensitivity between 100 and 200 
Hz (Hawkins and Johnstone 1978) and more recent studies suggest that Atlantic (Harding et al. 
2016) and Chinook salmon (Halvorsen et al. 2012) also detect higher frequencies (400–800 Hz) 
(Puland and Mensinger 2019). When looking at decibels (dB), salmonid species only detect 
sound louder than 90–100 dB sound pressure level (SPL) re. 1 μPa (Jesus et al. 2019).  

The fright response of salmonids to sound is typically a “startle” or “start” behavior 
(Burner and Moore 1962, Moore and Newman 1956). Such behaviors involve sudden bursts of 
swimming that are short in duration and distance traveled. Few studies have shown that sound 
can attract or repel salmonids over great distances or for long lengths of time. Fish typically 
“habituate” to sound stimuli in their environment, evidenced by a rapid return to pre-stimulus 
behavior (Feist 1991). The effectiveness of the acoustic stimulus to a given fish species depends 
on the technical specifications of the stimulus and its suitability for the physiological and 
behavioral performance of the target and non-target species (Putland and Mensinger 2019), plus 
it must be repeatable. Putland and Mensinger (2019) mentioned that most studies do not allow 
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conclusions to be drawn, as they did not indicate in a quantitative way the effectiveness of the 
studied acoustic stimulus, or whether there is habituation to the stimulus. 

An important consideration when evaluating potential damage to auditory structures from 
noise is determining the sound level at which hearing loss has significant implications for 
behavior and associated fitness consequences such as preventing individuals from detecting 
biologically relevant signals (Hastings 2002). Expected damage of auditory hair cells in salmon 
do occur with exposure to continuous sound at about 200 dB (Root Mean Square - RMS), 
which equates to a peak sound level of 203-dB peak as the onset of damage to the sensory 
hearing cells of salmon. 
Species with no hearing specializations, such as salmonids, are only able to detect particle 
motion and their hearing sensitivity is restricted to low frequency sounds of up to a few hundred 
Hertz; e.g., 400 Hz in Atlantic salmon L. 1758 (see figure 2.1 in Popper & Schilt 2008).  

 
(Popper & Schilt 2008) 

Due to the large variation in hearing structures, different species may react differently to 
an acoustic barrier, emphasizing the need for species-specific behavioral evaluation tests (Jesus 
et al. 2019). In the following figure, the auditory thresholds of four fish species are plotted, 
showing that salmon, when compared to others, are more sensitive to motion rather than sound.  
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(Popper et al. 2019) 

It wasn’t until the development and application of infrasound (60 Hz) that laboratory and 
field studies began to demonstrate startle and avoidance responses by salmonids to sounds 
(Carlson et al. 1997; Knudson et al, 1997). Sand and Karlsen (2000) observed juvenile salmonids 
to present notable avoidance to infrasound and suggests that this trait has evolved in order to 
avoid predators while migrating downstream among a school.   

Implementing sound deterrents may be a tool to use during temporary maintenance 
activities when other solutions may be more cost prohibitive. However, salmon typically will cue 
up behind the behavioral barrier and then shoot through it. In addition there are, other aspects 
that need to be considered when selecting an acoustic system as a behavioral barrier including: 
hearing abilities vary greatly among species and life stages of fish which can reduce the efficacy 
of a system that is targeting more than one type of fish or age group; acoustic barriers are not 
100% effective at stopping fish from moving past the exclusion; and this type of control would 
require maintenance of mechanical devices and monitoring of equipment, surrounding 
infrastructure, and fish populations to gauge the effect of repeated pressure waves (USACE 
2013). 

There are many gaps in critical information covering a wide array of aspects that need to 
be understood for guiding fish with acoustic stimuli. Measurement of particle motion levels is 
currently difficult to perform as standard calibrated sensors and measurement protocols are not 
available and must be developed (Hawkins 2015). There is a need to extend our knowledge of 
the hearing abilities of salmon. In particular, there is a need to examine auditory thresholds for 
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infrasonic frequencies (below 20 Hz) and to examine the abilities of salmon to determine sound 
source direction and distance.  

To allow repeatability in the complex sounds, they must be properly characterized, not 
only in the ranges of frequencies they use (Hz), but also by the sound pressure level (SPL; re. 1 
Pa). These sound characteristics can be used as selective filters between the target and non-target 
species, if their hearing abilities are known. Audiograms may reveal some dimensions of the 
diversity of fish auditory capacities (Ladach and Fay 2013). These differences in sensitivity can 
contribute to producing selective filters in the development of selective behavioral barriers (Jesus 
et al. 2021). Therefore, the development of audiograms for each species may be an essential tool 
in the development of selective barriers based on the acoustic sensitivities of specific fish 
species. 

Despite the physiological differences, determined by the elaboration of rigorous and 
credible audiograms, they are also of special importance for the determination of the acoustic 
sensitivity of the target species when we carry out tests in natural field conditions, but aquatic 
environmental variables must be considered too as they may interfere with the behavior of the 
fish (Hawkins 2014; Neo et al. 2016; Slabbekoorn 2016).  Currently we have only poor 
knowledge of behavioral responses in the wild and how they change with different types and 
levels of sound (Hawkins 2014). Specifically, there is a need for more information on the 
ambient noise levels prevailing in the river, and in and around man-made structures.  

Another aspect to consider in future projects includes the elaboration of audiograms, 
not only of the target species, but of all the species present, thus promoting the proper 
knowledge of the acoustic sensitivities to find differentiating elements that allow the 
establishment of selective filters, in which they will only stimulate the target species, without 
affecting the other species and the integrity of the ecosystem. 

Other considerations include understanding how to transfer results from a laboratory e.g, 
tanks and artificial materials) and how noise behaves differently than in natural environments, 
which may cause different behavioral reactions (Akamatsu et al. 2002). Water temperature may 
also influence the acoustic sensitivity of fish (Ladach and Fay 2013; Wysocki et al. 2009). There 
are many other factors that may affect reactions: the stress response, genetic history or 
surrounding noise from pumps and motors to depth of water are a few examples. These marked 
differences can really make the difference between the effectiveness of laboratory and field 
experiments. 

Research on behavioral responses of free-swimming salmon in their natural habitats 
following exposure to sound stimuli are required. There is also a need to determine 
dose/response curves for behavioral responses to sound exposure to allow behavioral sound 
exposure criteria to be defined (Hawkins 2015). 

The focus of this work is to review behavioral devices that substitute for conventional 
fish protection. Ongoing research is primarily examining the use of acoustics (e.g., Continuous 
Wave and Pulsed Pressure Wave) to stop fish from passing into unwanted areas for management 
purposes (e.g., control of invasive species) (USACE 2013). There have been few studies of 
natural noise levels in rivers, especially at the low and infrasonic frequencies that salmon can 
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detect and respond to. Current efforts are seeking to find ways to lower or eliminate noise that 
could impact passage at barriers. These aspects are not covered by this review. 

In summary, additional work is needed to solve the challenging aspects of employing 
acoustics as a tool for behavioral (non-physical) guidance (Carlson 1997). 
 

C.4.4  Electrical Fields  

The number of variables which affect the behavioral response and physiological 
condition of fish in electric fields is quite large. These variables and their effects on fish in 
general are directly linked to species, life stage, and life history biology; environmental and site 
conditions; and the size, shape, and intensity of electric fields. The following represent a list of 
variables which affect fish behavior and health (Snyder 2003): 
 

• Water conductivity 
• Water chemistry 
• Orientation of electric field to stream flow (e.g., parallel, perpendicular, skewed) 
• Conductivity of bed and bank material (e.g., substrate, concrete, steel) 
• Species, life stage, and life history specific behavioral, sensitivity, and injury 
• Current, waveform, pulse, duty cycle, voltage, and amperage 

While the above is not a comprehensive list, it does provide context into the inherent 
multivariate challenge of predicting fish behavior and injury thresholds, relative to electric fields. 
No literature was identified which directly studied the use of electric fields on salmonids for the 
purpose of creating a barrier or directing fish. The majority of the literature covers electrofishing 
studies which may inform but are not appropriate for determining or quantifying the multivariate 
nature of electric fields on corresponding fish behavior and health for the purposes of creating a 
fish passage barrier. 

Many if not most of the variables listed above are not measured and accounted for in 
published studies. Even when several variables are identified and measured, there is a lack of 
consistency within the body of research with respect to the variables observed and measured, the 
units they are reported in, electrical terms and definitions, and reporting errors. Studies 
conducted to measure the harmful effects of electric fields on fish are dominated by simplified or 
heavily controlled studies which makes extrapolation beyond a general correlation or 
relationship difficult or impossible. The result is a body of study on which general conclusions 
can be made. For example, research has established that mortality of fish increases with duration 
of electrical exposure in YOY Chinook salmon (McMillan 1929; Collins et al. 1954).  

Comprehensive review of the literature identified the absence of specific consistent 
electromagnetic thresholds for mortality or injury in YOY Chinook salmon in electric fields. 
Such is the current state of the body of electric field literature as a whole. There are general 
relationships which can be made, but extrapolating them into discrete design parameters to 
construct an electric field for the specific purpose of maintaining fish health while manipulating 
or predicting fish behavior is not yet achievable due to the lack of corresponding data.  
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In summary, the interdependent multivariate nature of designing and constructing 
electrical fields for fish passage or exclusion purposes requires each design to go through a 
verification process to ensure expected fish behavior and health. Some populations may be 
endangered to the extent that the risk of the project outweighs the potential biological risk of 
injuring fish during a verification of function phase. While species-specific variables might 
eventually be controlled for in a laboratory setting, too many variables across spatial (e.g., 
topography and site conditions) and temporal dimensions (e.g., annual fluctuations in water 
discharge, chemistry, and temperature) currently exist to omit a process for verification of 
function. While real world applications of Graduated Field Fish Barriers (GFBB) may be 
successful at meeting fish behavioral and health goals, GFBB and similar applications of electric 
fields are likely to produce varied outcomes, with no guarantee of success. In light of this, site-
specific verification and proof of outcome is needed.  
 
Photo: Hills Ferry Barrier. Photo taken from the Hills Ferry Bridge by George Heise looking 
south up the San Joaquin River. The Merced River is seen off to the left.  

                                                                                                                   

C.4.5  Louvers 

Louvers consist of an array of vertical slats that are placed on a diagonal across a flow 
field to cause hydraulic turbulence and, thus, fish avoidance. Louver systems are typically 
designed in a configuration similar to flat plate screens, with a linear placement that leads to a 
bypass entrance. One attractive aspect for louver systems is cost are typically less expensive 
when compared to flat plate screens. However, guidance efficiencies observed for louvers vary 
depending on flow conditions, fish species, life stage, fish condition, size and fish swimming 
strength.  



C-19 

The louver system consists of a fence-like series of vertical steel slats set with their broad 
faces at right-angles to the direction of flow and placed across the channel in a diagonal line 
terminating at a narrow bypass (Bates & Vinsonhaler 2011). The slats are separated at a 
consistent distance of 1 to 2 inches from each other allowing the current to pass through the 
structure as shown in Figure A below (BOR 2006). The series of vertical slats are placed in a 
diagonal line across the migratory path of downstream migrating fish as a behavioral deterrent 
(Ruggles & Ryan 1964). Louver systems rely on the fact that fish sense pressure fluctuations that 
guide them around obstacles. Fish tend to move with the passing flow along this turbulence line, 
maintaining a distance from the louver face, and are guided to bypass entrances. 

The fish, upon approaching the slats, tend to avoid them while continuing downstream, as 
seen in Figure A, and are guided or carried to a bypass located at the downstream end of the 
louver where they are conveyed back to the river or a holding tank (Bates et al. 1960).    
 

 
Figure A (Bates et al. 1960).  

Spacing between louver slats is typically larger than the body width of many fish to be 
excluded. In such cases, louvers do not physically exclude fish from the intakes, but instead, 
create hydraulic conditions that cause fish avoidance and lead to fish guidance along the louver 
face (BOR 2006). Louver effectiveness depends, in part, on maintaining good sweeping flow 
across the louver face. If fish holdup, for example because of avoidance of the bypass entrance, it 
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is more likely that the fish will eventually pass through the louver line (Bates et al.1960). 
Louvers are not an absolute barrier for the smaller fish in the system. Therefore, louvers as a fish 
deterrent should be heavily analyzed if juvenile fish are in the system. While surface louvers can 
be cost effective (Ruggles et al.1993), they are known to have the following concerns: tend to 
collects debris (Jahn & Kier 2020); may need to be removed for cleaning (Smith 2019) leading to 
entrainment of juveniles; have high predation loss related to facilities and loss through the 
openings when louvers are being cleaned, the slats need to be maintained at 90 degrees 
(Shepherd et al. 2011); the louver does not cover all fish sizes (Cooke et al. 2020) and water 
velocity needs to be maintained (Shepherd et al. 2011). 

Jahn & Kier (2020) analyzed that under average conditions, juvenile salmonids survived 
entrainment into the forebay of the Tracy Fish Collection Facility at a rate of less than 10%. The 
last update which calculated louver efficiency was in the 1980’s (Jahn & Kier 2020), and since 
then it has been discussed that the structure of the slats also misguided fish, rather than deterring 
them. In a study by Smith (2019) it was found that from 2000 to 2014, recapture data indicated 
that Central Valley Project (CVP) sampling efficiency was maximized at moderate velocities, 
and declined at both high and low primary intake channel velocities. 

For relicensing their hydro project, the Central Oregon Siphon-Central Oregon Irrigation 
District (COID) completed an evaluation study of their fish louvers for passing fish safely. Study 
results indicated a fish guidance of 50-60%. Consequently, the louvers were replaced with 
screens in 1995 (ODFW 2020). 

Vogel et al. (1990) assessment of downstream salmon passage at the Tehama Colusa 
Canal headworks shows that care is needed as smaller fish are less protected than larger 
juveniles. Fish guidance rates with Chinook salmon ranged from: 35% at 35 mm; 75% at 40 mm; 
97% at 50 mm; and 98% at 60 mm fork length.  

Portland General Electric's TW Sullivan hydro project’s relicensing studies found the 
forebay hydraulics caused problems with guiding small salmonids to the bypass route. 
Consequently, after receiving the new license in 2005, the forebay guide wall and racks were 
realigned to improve the hydraulics. It should be noted that TW Sullivan does not technically 
have a louver system design - it was not part of the intent of the passage design. However the 
facility has a significant sweeping velocity that makes it function as such (T. Shibahara, personal 
communication, May 6, 2022). Fall Chinook juveniles (85 to 150 mm) attained 94% safe passage 
to bypass and spring out migrants (140 to 295 mm) 90%. 

Louvers may be effective at deterring fish if they are clean and set up correctly for water 
velocity to guide fish away, but not all louvers are built for every fish species. Floating louvers 
screen only surface flows in order to deter salmonid smolts, which migrate near the surface, in 
order to reduce the cost of fish screening (Ruggles et al. 1993). However, sturgeon migrate at the 
bottom of the water column, and would not be deterred by this system. Although there is little 
research on louvers to guide sturgeon, particularly green sturgeon, some studies show louvers 
can be effective for those 20 cm in length or longer (Cooke et al. 2020). 

The effectiveness of louvers is based on the maintenance of the system and if it has a 
bottom overlay design on the channel floor (Cooke et al. 2020). Every third or fourth slat of the 
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guide vanes should be regularly investigated (Shepherd et al. 2011), and debris should be absent 
from the system in order to continue optimal velocity over the series (Smith 2019).  

As with fish screen structures, a trash rack will usually be needed to protect the louvers 
and fish bypass from debris. Louvers generally require cleaning which can include individually 
lifting each panel out of the water so it can be pressure washed. This process can take extended 
periods where juveniles can be entrained and lost in the diversion canal or for predators to move 
into the forebay where there is potential for high rates of predation to occur. If slatted panels are 
removed from the water a bulkhead or another deterrent should be considered during the 
cleaning process.  
The fish species of interest for deterrent options should be addressed since fish size influences 
swimming performance and how velocity may dictate the type of guidance method that should 
be used (Cooke et al. 2020). 

The louver system is an example of a behavioral device with a poor success record. 
Entrainment can be high, particularly when operated over a wide range of hydraulic conditions 
(Vogel, 1988; Cramer, 1982; Bates et al., 1960). In general, louvers tend to be most effective in 
excluding larger, stronger swimming fish and are poorer performers with smaller, weaker 
swimming fish. Again, the influence of velocity, water quality (as it influences fish condition), 
and louver system configuration must be considered with each evaluation. Louvers do offer a 
viable exclusion option at sites where 100% exclusion efficiencies are not necessary and where 
site-specific debris is well managed (Fish Passage Technologies, 1995). Since effective fish 
exclusion is not ensured with louvers, care must be taken with each site-specific design process. 

C.4.6  Air Bubble Curtains 

Air bubble curtains have been used extensively for many years to attenuate the pressure 
waves associated with underwater construction and explosions. Bubble curtains are walls of 
bubbles rising from a bottom-resting bubbler manifold (perforated pipe) supplied with 
compressed air. More recently, several attempts have been made to investigate the use of air 
bubble curtains to exclude migrating fish from undesired routes or to block targeted fish species 
from entering river reaches where these fish have not historically been present. Much of this 
research has been focused on invasive carp species in the upper Midwest region of the United 
States (USACE 2013). There has been limited investigation on the use of air bubble curtains in 
the exclusion or direction of salmonid species, particularly Pacific salmon. 

Attempts to use air bubble curtains for exclusion of migrating fish has shown mixed 
results. For example, in a series of experiments with Atlantic salmon noted that air bubble 
curtains were effective at guiding downstream migrating Atlantic salmon at a rate of 96% in an 
experimental flume, and 90% in natural conditions (Leander 2020). Conversely, Noatch and 
Suski (2012) found that bubble curtains as a stand-alone fish barrier have limited potential. 

It is unclear what stimulus arising from the bubble curtains is actually effective in 
inhibiting fish movement. In Leander et al.’s experiments with Atlantic salmon, it was found that 
the guidance efficiency all but disappeared in darkened conditions, suggesting that there was a 
visual cue component of the bubble curtain that was critical in its effectiveness (Leander 2020).  
Conversely, experiments with common and Asian carp found that air bubble curtains were more 
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effective in darkened conditions (Zielinski et al. 2014). An additional complicating factor may be 
that most bubble curtains have an inability to maintain equal air pressure across differing depths 
(Noatch and Suski 2012). 

Several experiments using air bubble curtains with other stimuli have indicated that air 
bubble curtains used in combination with other behavioral influences may be more effective as a 
barrier to fish movement than air bubble curtains alone. For example, a comparison of bubble 
curtains alone, strobe lights alone, and the combination of the two showed the best performance 
under the combined conditions (Sager 1987). Another study found that the combination of air 
bubbles and sound provided a more effective barrier (Welton 2002). 
 

C.4.7  Bio-acoustic fish fence (BAFF) system  

Acoustic air bubble curtains can be deployed in much the same way as a standard air 
bubble curtain, but its effectiveness as a fish barrier is potentially enhanced by the addition of a 
sound signal. Bubble curtains have been used for many years to protect fish from the effects of 
pressure waves created by explosions from underwater construction (Keevin & Hempen 1997). 
When used with sound at an effective frequency, bubble curtains can contain and amplify sounds 
that repel some species of fish (Kuznetsov 1971; Hocutt 1980). 

There is little demonstrated use of this system with salmonids in the west. The California 
Department of Water Resources has two installations to-date, one on the Head of Old River and 
another at the Georgiana Slough. The latter application at Georgiana Slough was studied in 2012 
with late-fall run Chinook and found that the combined stimuli can alter the movement paths and 
fates of migrating juvenile salmon. However, the study notes “variation in environmental 
conditions and complex physical settings pose both challenges and opportunities for devising a 
behavioural guidance system capable of directing fish away from potentially dangerous 
locations” (Perry 2012). Additional numerical modeling efforts were conducted by USACE, 
USBR and University of Iowa demonstrating influence and extent of the deterrence stimuli. This 
was presented at the 2014 International Conference on Engineering and Ecohydrology for Fish 
Passage. The modeling presented demonstrates the diminishing spatial extent of energy imparted 
by the BAFF in a simplified Georgiana Slough geometry with flowing water (Politano 2014). 

The work that has been completed does not appear to have been broadly successful in 
influencing salmonid behavior or movements (achieving physical barrier effectiveness). There 
appears to be significant dependence on environmental and site conditions for any measure of 
success.  A larger body of work has been conducted on other species not addressed here. 

C.4.8  Conclusions  

This review shows the challenging goal to use behavioral technologies to develop 
effective, but less expensive, systems has to date been difficult to attain with complex living 
organisms. Detailed data on behavioral responses of free-swimming fish in their natural habitats 
following exposure to deterrents is complicated and imperfectly known. There are many 
outstanding knowledge gaps that need additional understanding before behavioral deterrents can 
be widely applied. The scale of needed work is substantial. This situation is unlikely to be 
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alleviated until the means to have science-based studies answer many of these outstanding data 
gaps - and achieve guidance standards as those of physical technologies. 
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